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ABSTRACT

This thesis presents the results of an experimental study
to determine laminar flame speeds using the spherical flame
method. An experimental combustion chamber, based on the
constant-volume bomb method, was designed, built, and
instrumented to conduct these experiments. Premixed
Ethylene/air mixtures at a pressure of 2 atm, temperature
of 298+ 5K and equivalence ratios ranging from 0.8 to 1.5
were 1ignited and high speed video was taken to measure the
laminar flame speed in the expanding spherical flame front.
The results were compared published known data for

ethylene/air mixtures which yielded agreement within 5%.

An attempt was made to measure the laminar flame speed
for F-76 at a pressure of 5 atm and temperature of 500K;
however, premixed conditions were unable to be met due to
auto-ignition and vapor characteristics of F-76.
Suggestions for future work provide a potential solution

and improvement to the current design.
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I. INTRODUCTION

A. MOTIVATION

Petroleum-based fuel is a major driving force of our
everyday life. It provides a major source of energy to

manufacture and transport goods throughout the world.

However, in recent years growing environmental
concerns, national security implications due to a finite
supply, cost, and the need for a divers energy supply has
led to the renewed interest in alternative fuels by the

U.S. Department of Defense (DoD).

The United States Military depends on liquid
hydrocarbon fuels for power and propulsion of many of its
platforms and weapon systems, including surface ships,
aircraft and cruise missiles. According to the ©National
Defense Research Institute [1] the U.S. Navy consumes about
100,000 (bpd) barrels per day of jet fuel, JP-5 and JP-8,
and 46,000 bpd of F-76 (DFM).

In response to the nation’s growing environmental,
economic, and security concerns on October 14, 2009, at the
Naval Energy Forum, Secretary of the Navy (SECNAV) Ray
Mabus announced the Navy’s commitment to alternative and
renewable energy [2]. The plan outlined stated that by 2015
the goal was to reduce petroleum fuel consumption by 50%,
from 100,000 bpd to 50,000 bpd. By 2020, the aim is to have
40% of the Navy’s total energy will come from alternative
fuels and 50% of shore installations will come from
renewable sources. He also commissioned a Green Strike
Group, action ready by 2012, consisting of ships powered by

nuclear and biofuel.



The Navy has made progress 1in its commitment to
alternative fuels over past few years. On April 22, 2010
the successful test flight of the “Green Hornet” was
conducted, it flew on a 50-50 blend of JP-5 and camelina
derived Hydroprocessed Renewable Jet fuel (HRJ). Also on
October 25, 2010, they conducted a successful test of a
vessel powered by a 50-50 Dblend F-76 and algae-based

renewable Diesel.

While biofuels have been tested in a number of systems
there remain many unanswered questions as to the impact of
using pure or blended biofuels in Navy systems as drop-in
replacements. Along with long term fuel stability and the
material compatibility issues with fuel systems, use in
marine environments, and the physical and combustion
characteristics may differ due to the slightly different
change 1in chemical composition. While initial test in
recent test in both the U.S. Navy and Air Force have been
largely successful 1in demonstrating 50-50 blends in both
biofuels and Fisher-Tropsch (FT), these where mostly short

term demonstrations under normal conditions.

In order to deal with problems that may certainly
arise with these new fuels a better fundamental
understanding of their physical, chemical and combustion

kinetics are needed. It 1s well known that both the Octane

number in homogenous charge, spark ignition engine
applications and Cetane number in Diesel engine
applications are substantially influenced by fuel
composition [3]. A key component to resolving this problem

is to understand how the resulting chemical kinetic

properties of the fuels, both blended and pure, influence



combustion behavior. This 1is achieved through developing

and validating kinetic models.

The laminar flame speed is an important parameter when
determining kinetic information of a combustible mixture.
Laminar burning velocities of combustible mixtures have
received attention as being: (1) a basic physiochemical
property of the premixed combustible gases, (2) important
in studying flame stabilization, (3) directly determines
the rate of energy release during combustion, (4) a
fundamental parameter that influence the performance and
emissions of the combustion process 1n many combustion
devices, (5) a property that affects the quench layer
thickness, ignition delay time and ignition energy of the
combustible mixture, and (6) needed to calibrate and
validate the chemical reaction mechanisms for combustion
simulations of different applications [4]. These models,
based on the detailed kinetics information that the laminar
flame speed provides, allow designers to better be able to
optimize future engine designs. This need motivated the
design for a spherical combustion chamber to measure the
flame speeds of F-76, JP-5, Hydroprocessed renewable jet
(HRJ) and Hydroprocessed renewable diesel (HRD) fuels to
assist the U.S. Navy 1in gaining a Dbetter fundamental
understanding of combustion characteristics of alternate
fuels to be able to better screen future candidate fuels
and identify potential problems such as flashback, blowoff,
turbulent flame propagation, and in the “boundary” areas
(low temperature and high altitude) where renewable fuels

may have problems in critical operational environments.



B. LITERATURE REVIEW

Combustion is a very complex set of physical processes
where long chain carbons react with mostly oxygen in the
air in a progressive set of breaking chemical H-C bonds and
recombining with available oxygen to form water and carbon
dioxide. This literature review will look at some of the
research that has been done relating to hydrocarbon/air
flames, conventional and alternative Jjet fuels, previous

findings and what remains to be unstudied.

The determination of laminar burning velocities can be
determined using wvarious approaches. There are five basic
types of experiments to measure flame speeds as discussed
by Kuo et al. [51, each utilizing different flame
configurations, such as the spherical flame method, Bunsen-
burner method, counterflow method, the flat-flame burner
method and the transparent-tube method. Depending on the
pressure, the spherical flame method can be conducted by
either the constant-pressure or constant-volume method. The
spherical flame method 1is not affected by the lack of
uniformity of the laminar flame speed over the flame
surface and can be performed at much higher pressures than
the other methods allowing it to be a more desirable method

for the current research.

Hassan et al. [6] studied the laminar burning
velocities for premixed hydrocarbon/air flames at various
pressures. Their research used the spherical flame method
to find the sensitivities of laminar burning velocities to
flame stretch as well as the fundamental laminar burning
velocities of unstretched flames. They measured flame

velocities for propane, ethylene, and ethane/air flames at

4



fuel-equivalence ratios of 0.8- 1.6, pressures of 0.5- 4.0
atm and temperatures at 298 + 2 K. Their predictions were
limited to wunstretched flames using mechanisms based on

GRI-Mech.

Figures 1-3 show their findings and those of Aung, [7]

Taylor [8] and Egolfopoulos et al. [9] for the laminar
burning velocities of propane, ethylene and ethane
respectively. The data showed good comparison Dbetween

measurements and predictions for the propane and ethane/air
flames; however, the comparison between measurements and
predictions 1s not as good for ethylene/air flames with
predictions generally 20-30% greater than the measurements

at fuel-rich conditions.
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Hassan et al. research concluded that laminar burning
velocities in the range of 220-450 mm/s for propane/air and
ethylene/air flames and 390-710 mm/s for ethylene/air
flames, respectively. They also noted that at modest

pressures flames showed either stable preferential-

8



diffusion Dbehavior at lean conditions for ©propane/air
flames or near-neutral behavior as noticed 1in ethane and

ethylene/air flames.

Egolfopoulos et al. [10] examined the laminar flame
speeds of nonpremixed JP-7, JP-8, S-8 (Fischer-Tropsch fuel
derived from natural gas by Syntroleum), R-8 (bioderived
fuel, produced by Tyson, from animal/vegetable o0il and
subsequently deoxygenated) and Shell-GTL (Fischer-Tropsch
fuel from gas to 1liquid, by Shell). The laminar flame
speeds were determined using the counterflow technique at
atmospheric pressure and elevated unburned reactant
temperatures. Their results, Figure 4, show that JP-7/air
and JP-8/air flames represented by a black triangle and
black circle respectively, have a lower propagation speeds
when compared to alternative fuels. Compared with n-
paraffins (n—-CioHz2/air and n-CipHze¢/air represented by a
white diamond and white square, respectively), S-8/air
(black diamond), Shell-GTL/air (white triangle), and R-
8/air (black square) flames exhibit similar unstretched
laminar flame speeds, while JP-7/air and JP-8/air flames
propagate, on average, 5% and 8% slower, respectively.
Their maximum unstretched laminar flame speeds were 62.7,
62.9, 62.8, 60.6, and 58.5 cm/s for S-8/air, Shell-GTL/air,
R-8/air, JP-7/air, and JP-8/air flames, respectively. They
state that the relative magnitude of the unstretched
laminar flame speed of the various fuels is largely caused
by differences in the oxidation kinetics of the different

compounds present in jet fuels.



Figure 4. Experimentally determined laminar flame speed as
a function of fuel-equivalence ratio JP-7/air, JP-
8/air, S-8/air, Shell-GTL/air, R-8/air, n-
CioHs2/air, and n-CiHys/air and computed S°, of n-
Cl0H22=air and n-CioHy¢/air reproduced from [107].

The experimentation conducted by Egolfopoulos et al.
[9], into the laminar flame speeds of JP-8 will provide a
baseline for my current research into the expected laminar
flame speed of JP-5 and HRJ. JP-5 and JP-8 have the same
light carbon molecules and differ in the requirement of JP-
5 to have a minimum flash point of 60°C (140°F). The
addiction of an additive should only affect the flame
speeds slightly and expected values should be close to that

10



of JP-8 at atmospheric pressure and elevated reactant

temperatures.

Kuo et al. [5] notes that an increase in pressure is
expected to increase the overall reaction rate and, hence,
increase the laminar flame speed. He also notes that the
preheat temperature influences the laminar flame speed
mainly through the changes in reaction rate and diffusive
properties. The rate of 1increase for the adiabatic
temperature is more for lean mixtures than for
stoichiometric or rich mixtures. Therefore, the expected
laminar flames of JP-5 and F-76 should be higher than those

measured by. Egolfopoulos et al. [9].

To the best of the author’s knowledge there is no open
source literature pertaining to the laminar flame speeds of
F-76/Air, JP-5/air, HRJ/Air or HRD/Air mixtures conducted

at high temperature and pressures.

C. OBJECTIVES

The objectives of this research are to:

1. Design, build, and calibrate a temperature controlled
high pressure combustion chamber used for measuring
laminar flame speeds of Navy Bulk Fuel and Bioblends.

2. Measure laminar flame speeds of Ethylene/Air mixtures
at 2 atm, 298 * 5K and equivalence ratios from 0.8-1.5
and compare with published data.

3. Measure laminar flame speeds of F-76/Air mixture at 5
atm, 500 K, and equivalence ratios from 0.8-1.5.

D. ORGANIZATION

Chapter II describes the design concept, components,
and data acquisition process used for measuring laminar

flame speeds.

11



Chapter III ©presents the method for <calculating
laminar flame speed using the spherical bomb method and the

method of data reduction.

Chapter IV presents and discusses the results of the

experiments.

Chapter V provides conclusions and recommendations for

future work.

12



II. EXPERIMENTAL APPARATUS

The experimental combustion chamber is comprised of 7
main modules: a) combustion chamber, b) fuel vaporization

and supply system, c¢) air supply system, c) spark ignition

system, d) exhaust system, e) a high-speed Schlieren
imaging system and f) a control system. The complete
experimental setup 1is shown 1in Figure 5. The material

specifications, analysis and components, as well as the

design considerations, are described in this section.

13



Figure 5. Layout of Experimental Set-up

A. COMBUSTION CHAMBER

The combustion chamber, shown in Figure ©6, was
designed for initial pressures less than 20 atm and initial

14



temperatures up to 500 K testing. The center chamber was
machined out of a single piece of stainless steel (SS-304)
to prevent any weakness introduced by potential
imperfections in welds and miss alignments. It has
dimensions of 125 mm and 209.5 mm (6in and 8.25in) for
internal and external diameters respectively with a total
length of 203.2 mm (8 in) in length including the flange
ends. The chamber has a total volume of 3.2 liters (196.6
in?) . The material selection of Stainless steel was
primarily based on its <chemical inertness, structural

rigidity and strength.

Figure 6. Center Combustion Chamber

The chamber has 9 ports (see Appendix) aligned along

its central plane: 1) two high voltage electrode ports, 2)
15



two pressure transducer ports (partial ©pressure, and
reaction measurement), 3) one fuel feed line port, 4) one
air feed line, 5) one vacuum pump port, 6) one thermocouple
port and 6) one exhaust port. These ports utilize national
pipe thread (NPT) connectors, Swagelok fittings and
stainless steel tubing to connect the auxiliary systems to

the chamber.

1. Window and Flanges

Two 203.2 mm (8 in) diameter and 50.8 mm (2 in) thick
Al optical fused quartz windows (Figure 7) are mounted on
opposite ends of the center chamber via window flanges
(Figure 8). The windows have a high fidelity transmission
of light in the visible spectrum and designed to withstand
pressure up to 17.27 KPa (2500 psi). Due to the physical
properties of fused Quartz it cannot have direct contact
with the metal surfaces at high temperatures. To prevent
failure a flat gasket was placed between the outer face of
the flange, an O-ring between the window and the chamber
end and silicon tape between the window side wall and the

flange sidewall.

The window flanges were made from a 254 mm (10 in)
outer diameter SS-304 bar stock (Figure 8). This secures
the windows against the flanged ends of the chamber,
compressing the O-ring between the window and the chamber
end. The 152.4 mm (6in) viewport provides unrestricted

visibility of the inside of the chamber.

16



Figure 7. Optical Window

Figure 8. Optical Window Flange

2. Pressure Transducers

Two super high temperature low G sensitivity pressure
transducers were flush mounted on the chamber. One pressure
transducer (make: Kulite, model: XTEH-10L-190-5004,
Pressure Range: 0 to 35 Dbar (0-500 psia), Temperature
Range: 26°C-454°C(80°F-850°F), accuracy: *0.1% FSO) was
used for measuring both the chamber pressure during the gas
fill process and the dynamic pressure history during
combustion. The other transducer was used for measuring the
partial pressures during the gas-filling process (make:

Kulite, model: XTEL-190-15A, Pressure Range: 0 to 2 bar (0-
17



30 psia), Temperature Range: 26°C-454°C (80°F-850°F),
accuracy: *0.1% FSO). To isolate and prevent the partial
pressure transducer from being damaged during experimental
operations, due to maximum pressure range of transducer, a
severe service needle valve (Swagelok SS-3NRS4-G) and
pressure adapter (see appendix for dimensions) were used.

Figure 9 depicts the instrumentations described above.

High Pressure

Transducer Partial Pressure

Transducer

Service Needle Valve

Pressure Adapter

Figure 9. Pressure Measuring Instrumentation

3. Thermocouples

A 1.575 mm (0.062 1in) Diameter 152.4 mm (6 in) Long

Inconel Sheathed Type K Thermocouple (Figure 10) (make: TC
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Measurement and Control Inc., Range: 0-1098.89°C (0-2010°F)
was used to measure the initial temperature of the reactant
mixture. A 1.575 mm x 3.175 mm (0.062 in x 0.125 in) NPT
stainless steel compression fitting was used to secure the

thermocouple to the chamber body.

Thermocouple
Figure 10. Thermocouple
B. SUPPLY SYSTEM
1. Fuel Vaporization and Supply System

The fuel vaporization and supply system (Figure 11)
consist of a single fuel tank (Figures 12 and 13), machined

from a single round stock of SS-304, with a 1id (Figure 14)
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connected to the combustion chamber by a Swagelok fitting
(Swagelok SS-400-1-0OR), 6.35 mm (0.25 in) 316 outer
diameter stainless steel tubing, a severe service needle
valve (Swagelok SS-3NRS4-G), heating tape (make: Omega,
model :STHO051-060), 12.70 mm (0.5 in) thermal blanket (make:
Isofrax, model: 1260C, melting point: 1,499°C (2,730°F), K-
type thermocouples and temperature controllers (make:
Omega, model: CNI8DH44-EI). The fuel tank and the stainless
steel tubing are wrapped with the heating tape with a
thermocouple placed on the line from the fuel tank to the
combustion chamber to ensure uniform temperature along the
line. The fuel tank has a volume of 0.128 liters (7.854
in’) . The pressure of the vaporized fuel in the tank is
measured by a pressure transducer (make: Kulite, model:
XTEL-190-15A, Pressure Range: 0 to 2 bar (0-30 psia),
Temperature Range: 26°C-232°C (80°F-450°F), accuracy: +0.1%
FSO) via a 4.039 mm (0.159 in) diameter hole with M5 x 0.08
UNEF (10-32 UNF).
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Service needle Valve

Thermocouple
Heating Tape
Fill Port
Pressure
Transducer
Fuel Tank
Figure 11. Fuel Vaporization and Supply System
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B30 P2254
2800
&¥ D 212 W 48D
1/4-28 UMF & 500
Figure 12. Fuel Tank Dimensions (All Dimensions 1In
Inches)
Figure 13. Fuel Tank

The fuel tank 1lid has 3 ports: 1) Fuel fill port, 2)
Fuel exit port 3) and a Thermocouple port. The two 9.931 mm
(0.391 in) diameter holes with M12 x 1.75 UNF (0.4375-20
UNF) were used for the fuel fill and exit ports. Both ports
are connected flush to the fuel 1lid via 6.35 mm (0.25 in)
straight Swagelok fitting (SS-400-1-OR). A 1.575 mm (0.062
in) Diameter 152.4 mm (6 in) Long Inconel Sheathed Type K
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Thermocouple (make: TC Measurement and Control Inc., Range:
0-1098.89°C (0-2010°F) was used to measure the temperature
of the fuel in the tank. A 1.575 mm x 3.175 mm (0.062 in x
0.125 in) NPT stainless steel compression fitting was used

to secure the thermocouple to the fuel tank 1lid.

Figure 14. Fuel Tank Lid (All dimensions In Inches)

2. Air Supply System

The air supply system to the combustion chamber
consists of a compressed air tank (Figure 15) with a
regulator (Matheson-tri-gas 3040-CGA-580) to deliver air
pressure from 689.47 to 17,236.89 KPa(l00 to 2500 psig).
Compressed air 1is delivered through 9.525 mm (0.375 1in)
stainless steel tubing to an electro-pneumatic ball wvalve
(Swagelok SS-43GS6-33C) and a 24 VDC electronic controlled
micro-solenoid (Figure 16) that is used to control the flow
of air (oxidizer) into the combustion chamber. A check
valve (Swagelok SS-56S6) upstream (Figure 17) of the flow
prevents backflow. Heating tape (make:

Omega, model: STH051-060) was placed around the 9.525 mm
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(0.375 in) tubing, near the combustion chamber, to allow

for uniform heating into the chamber.

Pressure Requlator

Compressed Air
Tank

Figure 15. Compressed Air Tank and Pressure Regulator

Electronic Controlled
Micro-Solenoid

Pneumatic Actuator

Figure 16. Swagelok Electro-pneumatic Ball Valves
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Heating Tape

Check Valve

Figure 17. Air Feed Line Check Valve and Heating Tape

C. IGNITION SYSTEM

Central ignition of theunburned gas mixtures was
carried out Dby electronic spark ignition through two
extended electrodes (Figure 18), machined to
specifications, (make: Ceramtec, model: 21143-01-A)with
copper conductors fixed at diametrically opposite points on
the pressure vessel via 9.525 mm (0.375 in) NPT ports. The
electrodes were fixed and Thence, the electrodes were

machined to have a gap of 1 mm (0.03937 in).
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Coprer Electrodes

Figure 18. Copper Electrodes Mounted on the Combustion
Chamber

A single spark ignition transformer (Figure 19) was
used to generate the required voltage across the copper
electrodes. When ignition is triggered in the control code
a signal is sent to the solid state relay (make: Crydome,
D1225) triggering 120 V to be sent to the transformer. The
voltage is then relayed via the high voltage cables to the
copper electrodes, creating a spark at the tip of the

electrodes.
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Figure 19. Ignition Transformer

D. SCHLIEREN SYSTEM

The general optical setup 1is a Z-type Schlieren
configuration (Figure 20) equipped with a 1,600 Watt
mercury/xenon arc lamp (Figure 21) (make: Newport Oriel
Instruments, model 66870) in combination with a constant-
current DC power supply (make: Newport Oriel Instruments,
model 69922) (Figure 22).The light is initially steered
off the first two flat mirrors through a condenser lens
and a spatial filter to clean up the light by filter out
excess light and focusing the light to a single point. The
light is then reflected off another spherical
mirror to a flat mirror through the combustion
chamber to a spherical mirror. The flame

propagation is then captured using a high-speed digital
27



camera (Figure 24) (make: Vision Research, model: Phantom
v31ll) at 1,024 x 800 resolution at a frame rate set to

3,200 fps.

Figure 20. Z-Type Schlieren System Configuration
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Figure 21. Mercury/xenon Arc Lamp
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Figure 22. Arc Lamp Power Supply

Condenser Lens

Flat Mirror

Figure 23. Spherical Mirror and Condenser Lens
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Figure 24. Phantom v311 High Speed Digital Camera

E. EXHAUST SYSTEM

The exhaust system (Figure 25) 1is connected to the
combustion chamber wvia a M12 x 1.75 UNF (0.4375-20 UNF)
through hole for a 6.35 mm (0.25 1in) Swagelok fitting
allowing for the products of combustion to be vented after
each test. The system consists of 6.35 mm (0.25 1in)
stainless steel tubing, heating tape (make: Omega, model:
STH051-060), a Severe-Service Union-Bonnet Needle Valve
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(make: Swagelok, model: SS-3NRS4-G-95C-12453) and a 24VDC

electronic controlled micro-solenoid.

Electronic Controlled
Micro-Solenoid

Actuated Needle Valve

Figure 25. Exhaust System

F. VACUUM SYSTEM

.The Vacuum system 1is connected to the combustion
chamber via a M20 x 2.5 UNF (0.75-16 UNF) through hole for
a 12.7 mm (0.50 1in) Swagelok fitting and 1s wused to
evacuate the combustion chamber before the unburned gas
filling process. The system consists of 12.7 mm 316

stainless steel tubing, severe service needle valve (make:
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Swagelok, model: SS-6NRS8-G), a vacuum gauge (Figure 26)

and vacuum pump.

Service Needle Valve

Vacuum Pressure Gauge

Figure 26. Vacuum System Service Needle Valve and
Pressure Gauge

G. HEATING AND CONTROL SYSTEM

The heating and control system (Figure 27) is used to
heat the combustion chamber as well as all of its auxiliary
lines to a uniform temperature prior to combustion. It also
records the pressure and temperatures throughout the fill
and combustion processes. The system 1is comprised of
heating tape (refer to previous subsystems), 4 Omega solid-
state relays (SSR) (make: Omega, model: SSRL240DC100), 2

finned heat sinks (make: Omega, model: FHS-06), 4
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temperature heat tape controllers (make: Omega, model:
CNI8DH44-EI), 3 ©pressure displays (make: Omega, model:
DP25B-S-A), 1 temperature display (make: Omega, model:
CNI832), a 24 VDC power supply and a 5VDC power supply.

Pressure Display

Temperature
Controllers

Temperature
Display

Figure 27. Heating and Control System

The heating tape for the center chamber and all of the
auxiliary lines are connected to SSR (Figure 28) wvia one
pin on the load side of the relay, the other is used to
provide either 120V or 240V to the heating system. The
control side connects to the Omega controllers. The
temperature is regulated by preset temperatures programmed

into the controllers and K-type thermocouples that act as a
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feedback input to the controller, where a control signal

causes the SSR to switch the load on or off.

Figure 28. Solid State Relays and Finned Heat Sinks

The pressures in the chamber and fuel tank are
monitored with three omega pressure display units. The
displayed ©pressures are then retransmitted across BNC
cables to a data acquisition system (DAQ). This DAQ allows
for the pressure to me monitored and recorded via a
National Instrument Graphical User Interface (GUI) program

(Figure 30).

Figure 29. National Instrument Data Acquisition System
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The ©National Instruments LabView program and the
control box depicted in Figure 27 serve as a centralized
controller for the air and exhaust actuators. The air and
exhaust solenoid valves are electrically wired and
controlled by CRYDOM SSR’s. A 24VDC power supply provides
power to the solenoid wvalves and the 5V DC used to supply
power to the SSR’s are provided by the DAQ.

Figure 30. National Instruments LabView GUI

The GUI pictured in Figure 30 sets all the parameters
for the camera trigger, ignition delay times and the
chamber purge sequence. Once the desired fuel/air ratios

were set manually, the camera and spark ignition is
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triggered by depressing the “Start Sequence” button on the
GUI. The program provides for a 10 second countdown prior
to ignition to provide for a safe standoff. A standard
operating procedure used to ensure proper startup, proper
sequence for ignition, and to provide a safe condition
directly after a runwas complete as well as for a complete

shutdown of the chamber.
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III. EXPERIMENTAL METHOD AND DATA REDUCTION

A. SPHERICAL BOMB METHOD

This research wuses the constant pressure spherical
bomb method to determine the laminar flame speeds. The
laminar flame speed 1s traditionally defined as the
velocity that a planar flamefront travels relative to the

unburned gas in a direction normal to the flame surface.

The constant pressure method uses a Schlieren system
to view the flame front propagation history of an expanding
spherical flame in a large confined chamber. This flame
propagation 1is observed to identify any instability that

may develop over the flame surface.

The effect of the flame stretch on the laminar flame
speed and unstretched laminar flame speed are highly
dependent on the unburned Markstein length. The stretched
flame speed S; with respect to the burned mixture 1is

determined from the flame front history dr:/dt using

where pp/py 1s the density ratio Dbetween the burned and

Equation (1).

unburned mixtures assumed to be in equilibrium and

calculated using CEQUEL code.

The flame stretch rate K for the spherical flame due
to the effects of curvature and flame motion is calculated

using Equation (2).
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K =(2/r;)dr, /dt )

where r¢f is instantaneous flame radius at time t.

The linear relationship between the stretch rate and
the stretched Dburning laminar velocity was used to
calculate the unstretched laminar burning velocity using

Equation (3).

s, =S,-LK 3)

where L is called the Markstein length corresponding to the
sensitivity of S, to the stretch rate. A linear
extrapolation of S; to zero stretch rate yields S, values.
The slope of the results yields the Markstein length. From
the Markstein 1length the Markstein number Ma can be

calculated from Equation (4).
- L
Ma = /5.3 (4)

where Op 1s the local characteristic flame thickness based
on the stretched flame speed and the mass diffusivity D, of

the fuel in the unburned gas.
D
Sy = %L ()

B. DATA REDUCTION

Through the optical window access of 152.4 mm a flame
radius was measured from 16 to 61 mm. The pressure change
inside the combustion chamber during the growth of the
spherical flame from initiation until the flame reached the

maximum viewing distance was observed to be constant. The
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images were then processed using a MATLAB® code and angle
measurement GUI (Figures 31 and 32). The corresponding
flame radii were determined by measuring from the flame
center perpendicular outward from the electrodes to the

flame.

Figure 31. Original 1Image of Ethylene/Air mixture of
d=1.
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Figure 32. Image of Ethylene/Air Mixture of &=1, using
Matlab Angle Measurement Tool.

The flame speeds were then calculated as the first
order derivative of two consecutive flame radii with
respect to time. The calculated flame speed using 2 points
was slightly scattered and wavy 1n nature. As noted by
Prathap et al. [11l] to remove the local disturbances and
waviness the time and flame speed data was processed using
the MATLAB® curve fitting tool. A LOWESS (low weighted
scatter plot smoothing) algorithm was then applied with a

window size of 0.35.

42



10000

9000 *
8000
*
¢

7000 |49 *
Q * WNENIO B & & o »
€ 6000
£ L R 2
o
2 5000
-3 @ without LOWESS
£ 4000 * » *e o+ o st A With LOWESS
ks ot ¢

3000 *

2
2000 ‘0 * OO0 6 G006 ¢ W
2 2
1000
0
0 2 4 6 8 10 12
Time (ms)
Figure 33. Flame speed as a Function of Time for

Ethylene/Air mixture of ®=1.1 Before and After
Using LOWESS algorithm.

The density ratios of the burned gases were determined
assuming the products to be in equilibrium, using CEQUEL.
The smoothed flame speed and density ratio was then used to
calculate the stretched burning velocity from Equation 1

and the flame stretch rate from Equation 2.

The stretched burning velocity was then plotted as a
function of the stretch rate as shown in Figure 34. The
data was again analyzed and potential ignition and wall
disturbances were removed. The remaining data was then

selected to obtain an R-squared value of 0.90 or greater.
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As shown in Figure 35 the unstretched burning velocity was

then obtained from the linear relationship of the stretched

Figure 34. Stretched Burning Velocity as a Function of
Stretch Rate for Ethylene/Air Mixture of ®=1.1.

44



Figure 35. Extrapolated Stretched Burning Velocity as a
Function of Stretch Rate for Ethylene/Air mixture
of ®=1.1 to yield Unstretched Burning Velocity.

This process was used for Ethylene/air mixtures at 2
atm with equivalence ratios ranging from 0.8 to 1.5, as
tabulated in Table 1, to calibrate and verify proper post-

processing procedure.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental conditions and results for
ethylene/air mixture at an initial temperature of 298K,
initial pressure of 2 atm and fuel equivalence ratio
ranging from 0.8 to 1.5. Laminar burning velocities were
measured as discussed earlier and compared with
experimental results of Hassan et al. [6]. The comparison
of present experimentation with those from literature will
serve for wvalidation. Table 1 shows the summary of test
conditions such equivalence ratios with their associated
unstretched laminar burning velocity, Markstein length and

R-squared coefficient.

Table 1. Summary of Test Conditions
® po/pu | Dulmm?/s] | Sulmm/s] | L R’
0.8 0.1353 15.8 427 0.938 0.94
1 0.1190 15.8 530 0.447 0.97
C2H4/Air -
(T=298K) 1.1 0.1214 15.8 551 0.236 | 0.975
1.4 0.1209 15.8 464 0.339 0.9
1.5 0.1235 15.8 359 -0.49 | 0.965

A. UNSTRETCHED LAMINAR FLAME SPEED

As mentioned in the previous section the unstretched
burning velocity is found by the linear extrapolation of
the stretched burning velocity to a zero stretch rate. An

example of this process was shown in Figure 35.
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Figure 36 shows the ©present unstretched laminar
burning velocities for ethylene/air mixtures as a function
of fuel equivalence ratio at 2 atm. also shown are the
experimentally determined burning velocities from Hassan et

al. using the spherical bomb method.

The present data trend is in good agreement with the
variation of the laminar flame speed with equivalence ratio
for hydrocarbons. As Figure 36 shows the peak of the flame
speed occurs at stoichiometric conditions or slightly fuel-
rich mixture. Hassan et al. [6] has the peak flame speed

occurring at the fuel-rich mixture of 1.2.

The comparison between measurements and those of
Hassan et al. is seen to be in good agreement over the test
range. The burning velocities are 3, 5.4 and 5% less for
equivalence ratio of 0.8, 1 and 1.1, respectively. The
burning velocity at equivalence ratio of 1.4 was found to

be 3.1% higher than that of Hassan et al. [6]
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Figure 36. Measured Unstretched Burning Velocities as a

Function of Equivalence Ratios. Measurements of
Hassan et al [6] and Present Experiment.

B. MARKSTEIN NUMBER

The slope of this straight line fit of Equation 4 is
defined as the Markstein length. The negatives value of the
Markstein 1length indicates unstable flames and increased
preferential diffusion instabilities. The Markstein number
is calculated from the measure Markstein Length wusing
Equation 4. Figure 37 shows the calculated Markstein number
as a function of equivalence ratio at 2 atm and 298K. The
data of Hassan et al are also plotted on the same figure.

The mass diffusivity of ethylene reported by Hassan et al.
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[5] was used for the calculations. The present Markstein
number values are much lower than those reported by Hassan
et al. [5] at all equivalence ratios. The present values as
well as those reported by Hassan et al. [5] i1indicate
negative Markstein length for all equivalence ratios. It 1is
currently unsure why there is such a disparity in the
Markstein Number values however, the present values could
be quite sensitive to the flame radii considered to obtain
the linear fit and associated R-squared. Hassan et al. [6]

did not report this information.
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Figure 37. Measured Markstein Numbers as a Function of
Equivalence ratio for Ethylene/Air. Measurements
of Hassan et al. [6] and the Present experiment.

C. UNCERTAINITY ANALYSIS

An analysis was made to determine the total error
associated with equipment accuracies and human error. The
uncertainty of the flame radius 1is estimated to on the
order of 1 pixel, which represents 0.22 mm. The uncertainty
of the time used to calculate the flame speed is taken to
be equal to the inverse of the frame rate, which is 0.31
ms. The error associated with the fuel equivalence ratio,
as shown by the X error bars in Figure 34, is due to the
Omega controllers used to monitor the partial pressure fill

of the combustion chamber. The controllers have a display
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precision that result 1in + 0.1 Psia inaccuracy. The
inaccuracy in controller precision lead to an uncertainty
in equivalence ratios equal to; 0.8 * 0.057, 1 * 0.057, 1.1
+ 0.054, 1.4 £ 0.061 and 1.5 £ 0.061.

The unstretched laminar burning velocities were
determined by taking the mean of 3 to 4 experimental runs.
The Y error bars shown in Figure 34 shows the associated
standard errors. The Dburning velocities had a standard
error of 427 + 11.1 mm/s, 530 + 59.2 mm/s, 550 * 29.5 mm/s,
464 £ 12.5 mm/s and 359 + 4 mm/s.
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A.

1.

V. CONCLUSION AND FUTURE WORK

CONCLUSION

A laboratory-based high pressure combustion chamber was
designed and fabricated with the intention of measuring
laminar flame speeds of F-76, JP-5, HRJ and HRD in
support of the US Navy’s alternative fuels test program.
To validate the combustion chamber design,
instrumentation, and post processing procedure the
laminar burning velocities of ethylene/air mixtures at a
pressure of 2 atm, temperature of 298K and fuel
equivalence ratios ranging from 0.8 to 1.5 were measured

and compared to published data.

. The results from experimental tests revealed that the

present data trend is in good agreement with the
variation of the laminar flame speed with equivalence
ratio for hydrocarbons. The comparison between present
experimental results and those of Hassan et al. was found
to be in good agreement over the range of conditions
evaluated. The burning velocities were 3, 5.4 and 5% less
for equivalence ratio of 0.8, 1 and 1.1, respectively.
The burning velocity at equivalence ratio of 1.4 was

found to be 3.1% higher than that of Hassan et al

. An attempt was made to measure the laminar flame speed

for F-76 at a pressure of 5 atm and temperature of 500K.
It was discovered that due to the wvapor characteristics
of F-76 auto ignition conditions were met prior to premix

conditions.
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B. FUTURE WORK
1. Dynamic Injection

Auto ignition of the fuel could possibly be eliminated
by redesigning the high pressure combustor chamber to
include four high pressure diesel injectors. This will
allow the fuel to Dbe dynamically injected into the
preheated chamber, Jjust below ignition temperature, and

ignited with the preexisting electrodes.

To verify the chemical composition and physical
properties of the 1liquid fuels throughout the experiment
spectroscopy instrumentation should be included in the
redesign. The current optical window access already

provides the means to accomplish these measurements.

2. Phase Doppler Particle Analyzer

A  second viable option to measuring the laminar
burning velocity would be utilize a Phase Doppler Particle
Analyzer (PDPA). Standard Navy fuels and their potential
replacements are relatively dense and to achieve near
engine conditions they must be heated and pressurized to
fairly high pressures. A PDPA could be flexible enough to

handle these requirements.
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APPENDIX A: STANDARD OPERATING PROCEDURES

Standard Operating Procedures
Test Cell #5

RUN Setup Procedures

1) On TC#5 desktop Computer (next to control panel)
a) “National Instruments Lab View” - OPEN
b) “SyntheticControlTC5.Septemberl.vi” - OPEN
1. Change data file name as needed, right click data
file, select “Data Operations”, select “Make Current
File Default”, File - SAVE
2) Verify power to the 120 V auxiliary and fuel tank heating
system-plugged in (outlet 1)
3) Verify power to the 240 VAC heating system- knife edge in
up position
4) Turn on power to control panel-(switch AC 1)
5) Turn on power to air/exhaust actuators-(Switch AC 2)
6) Verify power to 1600W light source-knife edge in up
position- (Switch 2)
7) Restore power to high speed Camera
8) On TC#5 Schlieren System laptop
a) Open camera software
b) verify frame rate per second and shutter rate for test
9) Turn on Arc lamp power supply (Oriel
10) Verify service needle valve for 0-50 psia transducer
(Kulite XTEL-190-15A) is in the open position.
11) Verify oil pressure in vacuum pump

Run Profile

1) Verify set points on heat tape controllers- 500°F
2) Heat chamber (for liquid fuels) and lines for
approximately 1 hour or until temperature reach 500°F.
(may need to recycle system after 15 minutes)
3) Place the chamber under wvacuum:
a. Ensure vacuum needle valve is in the closed
position.
b. Restore power to the vacuum pump-plugged in
c. Check for adequate vacuum pressure via mechanical
gage.
. Open needle valve to begin evacuating the chamber
e. Once under vacuum secure needle valve.
55
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f. Secure Vacuum-unplug

4) Manually open the fuel fill severe service needle valve,
slowly, until predetermined partial pressure is met and
then secure valve.

5) Isolate 0-50 psia pressure transducer

6) Actuate air solenoid valve and fill until testing

pressure and equivalence ration is met.

) for Lab Personnel - NOTIFY OF IMPENDING TEST

) LabView Program -RUN

) Exit test cell

0) Countdown (Beginning with 10 second count from after

the start sequence is initiated)

11 High Speed Data Recording - START
12 Spark ignition (for approximately 100ms)
13 High Speed Data Recording - STOPS

)
)
)
14) Air purge valve- OPEN
)
)
)

15 Exhaust valve- OPEN
16 Air/Exhaust valves-CLOSED
17 Sequence complete.

Run Shutdown Procedure

1) LabView Program —-STOP
2) If securing for the day secure power to heating system
and allow chamber to cool.
3) Secure light source (never secure via main power button)
a. Turn lamp off via lamp off button and allow lamp
to cool
b. Once lamp has cooled secure power source via
main switch on control panel.
c. secure power to the light source via knife edge
switch on breaker
4) Secure power to the 120 V auxiliary and fuel tank
heating system.
5) Secure power to spark ignition system.
6) Secure power to the 240 V heating systems -.
7) Close the testing program and power down the Lab View®
computer.
8) Power down the laptop for image capturing.
9) Power down high speed camera
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APPENDIX B: COMBUSTION CHAMBER ASSEMBLY DRWAINGS

Figure 38. Combustion Chamber Overview
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Combustion Chamber-Holes (1 of 2)
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Figure 39. Combustion Chamber-Holes (2 of 2)
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Figure 40.

Fuel Tank Overview

(1 of 2)
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Figure 41.

Fuel Tank

(2 of 2)
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Figure 42.

Vacuum Pressure Adapter
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