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Abstract

Relight is the process of reigniting an aircraft engine after the extinction of the flame in the
combustion chamber. With flameout typically occurring at low pressure and temperature
conditions, present at cruise altitudes, successful relight can be a challenge, especially for modern
low-NOX, lean-burn engines. This project aimed to replicate high-altitude combustor conditions
in a custom-built experimental apparatus. This design consisted of a counterflow configuration
supplied with fuel spray droplets to understand ignition and flame propagation relevant to high-
altitude relight. A pressure vessel and cooling system were designed to emulate high-altitude
atmospheric conditions. To improve the designs, structural, fluid, and thermal analyses were
conducted using ANSYS, FLUENT, and COMSOL. Lastly, testing was conducted to validate the

experimental apparatus.

“Certain materials are included under the fair use exemption of the U.S. Copyright Law and
have been prepared according to the fair use guidelines and are restricted from further use."”
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1 Introduction

1.1 Background and Literature Review

1.1.1 Relight Conditions

Inside commercial jet engines, fuel and air combust, ejecting hot gases and spinning turbines
to produce thrust. This combustion begins with a small flame, formed from ignited droplets of fuel
in atmospheric air. This little flame faces many environmental challenges throughout its journey.
At takeoff, there is not much of a challenge, dense air and warm fuel easily combust within an
engine, starting the turbines allowing for takeoff. This initial ignition process is more difficult at
different atmospheric conditions. However, an aircraft must be equipped to respond to situations
when an engine's flame would have to be reignited swiftly. Relight, as the name implies, is the
situation when an aircraft must reignite its engine to continue normal thrust generation (Reed
2008). The need for relight occurs when engines suddenly flame out, typically during cruise.
Flameout spontaneously happens during flight with environmental factors greatly challenging
engine flame stability. Ice, dust, and water can enter the engine thereby extinguishing the flame.
Additionally, disturbances in airflow can contribute to flameout when unintended interactions
occur with turbulent air and the combustor. The Federal Aviation Administration (FAA) and
European Aviation Safety Agency (EASA) mandates engines must have methods to restart under
high-altitude conditions (FAA 2000; EAS 2003 as cited in Reed 2008). The majority of dangerous
relight situations occur at the commercial airline cruising altitude of 30,000 feet. As stated above,
dense air and warm reagents hold keys to fast flame ignition and stability. The low air density and
temperature encountered at 30,000 feet makes reignition difficult. If an engine is unable to reignite

after flameout, it may crash. The figure below was added to aid in visual understanding of relight.
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M.

Ice+Dirt+Turbulent Flow

| TLEY

Extinguish of No Thrust
Engine Flame Generation

Figure 1: Commercial Engine under Cruise Conditions (Animagraff 2019)

Figure 1 depicts a typical commercial engine which has ice, dirt, and turbulence entering the
engine inlet. These disturbances can extinguish the flame. Once the flame has been extinguished,
thrust generation significantly drops and turbines slow. Additionally, the engine cools rapidly,
causing engine relight to be hampered. At these lower temperatures, fuels ignite less consistently
causing dangerous situations to occur.

There exist differing schools of thought regarding relight; some believe relight is limited by
chemical kinetics and others focus on the fluid dynamics, evaporation, and mixing. The conditions
of high-altitude relight are not easy to recreate putting additional strain on the ability to accurately
probe the phenomena of relight at these conditions. When the flame extinguishes, the components
of a typical modern commercial engine do not function optimally and thus, especially at high

altitudes, distinctions in operating conditions become apparent.

1.1.2 Atmospheric and Combustor Conditions
To begin to study relight conditions, it is important to understand the atmospheric and
combustor conditions where flameout typically occurs, at cruise altitudes. The atmospheric

17



conditions at cruise altitudes, roughly 30,000 ft, are well-documented but can vary depending on

the exact location around the world due to local environmental factors. Approximate values for

atmospheric conditions at various altitudes can be found in Table 1. Furthermore, Figure 2 depicts

values for temperature, pressure, and density as a function of altitude.

Table 1: Approximate Atmospheric Conditions at Various Altitudes

Altitude Sea Level 15,000 ft 30,000 ft
Pressure 101.3 kPa 57 kPa 25 kPa
Temperature 280 K 256 K 230 K
Air Density 1.225 kg/m?® 0.74 kg/m3 0.43 kg/m3
altitude (ft)
0 15 30 15 60
\\ troposphere | stratosphere
= 0.8 \\'
> \
= \
"3 0.6 5 \\ : — temperature
_E ‘\ - = pressure
_’i - + density
2 0.4 N R
& (24 .
0.0 T T T T
0 4 8 12 16 20
altitude (km)

Figure 2: Atmospheric Thermodynamic Conditions as a Function of Altitude Plotted as a

Fraction of the Value at Sea-Level (Read 2008)
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Knowledge of atmospheric conditions allows for the calculation of the conditions inside
an aircraft’s combustor (Read 2008). Several assumptions were made regarding the airflow
through the engine. The first is that the heat and work transfers are negligible immediately prior to
a relight attempt. This assumption is made because after flameout, the engine would rapidly cool,
and the spools greatly decelerate; their rotation is maintained only by the ram pressure at the inlet
of the compressor. The second assumption is that the combustor inlet temperature is equivalent to
the stagnation temperature; this can be assumed because the velocity within the combustor is only
a fraction of the flight-speed. Thus, the combustor temperature, T, can be calculated through
Equation 1 where T,;,, is the atmospheric temperature, y is the specific heat ratio of dry air, and

M is the Mach number.

T = Taom[1 + (1) 21 (1)

The third assumption is that there is a significant reduction in stagnation pressure between the
engine inlet and the combustor. The rotation of the compressor blades causes irreversible, non-
isentropic flows causing this reduction by half (Read 2008). Equation 2 is the combustor pressure,
where P, is the engine inlet stagnation temperature and P,;,,, is atmospheric pressure.

p, = o Jam )
At the entrance of the high-pressure turbines, the flow through the throat of the nozzle guide vanes
(NGVs) determines the total mass flow rate through the engine. The flow through this throat is
assumed to be steady, adiabatic, and isentropic. Also, assuming two-thirds of the pressure drop

between the combustor and engine exhaust is represented at the NGV, the Mach number at this

nozzle throat can be determined, Equation 3.
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1
2 p \5 :
M= ( ¢ )y -1 3)
Y — 1\ \Pirroat

Pinroar 1S the static pressure at the throat and can expressed in terms of the combustion chamber

pressure by Equation 4 (Read 2008).

P, + 2P
Pthroat = 3 (4)

Thus, the mass flow rate through the engine is given by Equation 5 where A is the area of the NGV

throat.

SR =

— 2(y—1

1 = AMP. ’RYT [1+(y2 )MZ] Y )
Cc

Utilizing these relations, the combustor conditions at any altitude atmospheric conditions after
flameout can be calculated. Table 2 displays typical combustor conditions following a flameout at
two separate altitudes at a Mach number of 0.8 (Read 2008).

Table 2: Typical Combustor Conditions at Various Altitudes

Altitude 15,000 ft 30,000 ft
Pressure 60 kPa 40 kPa
Temperature 290 K 265 K

Flow Rate 2.5 kgls 1.25 Kkg/s
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1.1.3 Flow Characteristics

To characterize the flow inside the combustor, the Reynolds number can be used. The
Reynolds number is the ratio of inertial to viscous forces. Conditions upstream will be controlled
using a flow controller, however looking downstream this parameter is used to predict whether a
flow will be laminar or turbulent. In contrast to the smooth flow and regular path taken by a laminar
flow, a turbulent flow is chaotic and results in intense mixing. A Reynolds number below 2300
indicates a laminar flow. A Reynolds number above 3500 indicates turbulent flow. Between these
two limits, the flow is transient. Equation 6 shows the relation between the Reynolds number, the
density of the fluid, p, the flow speed, u, the characteristic length, L (which is often the diameter
of a pipe for pipe flow), and the dynamic viscosity of the fluid, u. Airflow in combustors in
typically highly turbulent. But during high-altitude relight, a combustor’s flow will have a
reduction in its Reynolds number. The flow speed decreases, and the viscosity increases due to the

lower temperature and pressures.

_ pul
U

(6)

Re

Another key characteristic of the flow is the dynamics and kinetics of the fuel. Perhaps the
most influential differences between relight at standard conditions and high altitudes would be that
of fuel dynamics and chemical kinetics. The low pressure and temperature of the surroundings has
a large effect on the fuel inside the engines. With the decrease in temperature, the fuel will be
cooler and more viscous. This viscosity can greatly hamper the formation of small homogenous
droplets that would be present at optimal combustion, post atomization, and this atomization and
effects of high viscosity will be discussed further in sections 1.1.4 and 2.4. Larger diameter
droplets increase the amount of ignition energy needed to support relight (Lefebvre 2010). The

impacts on combustion don’t end there, it has also been maintained that larger droplets decrease
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the speed of a flame relative to the surface area of the spray, thus increasing the tendency for
blowoff (Read 2008).

It can be seen through the D? law how droplet diameter affects vaporization and thus
combustion time. Since ignition typically occurs with the vapors of a fuel and not the liquid, the
amount of vapors surrounding the fuels and the droplet size impact combustion and flame
propagation. When a droplet's diameter increases, the time it takes to evaporate increases. The

equations governing D? law are displayed below, Equations 7-10.

d2 =d2 — K,t (7)

K, = W* In(1+ Bpy) (8)
C,(T, —T

Bpy = % ©)

= dg/ k. (10)

In the D? law: d is the droplet diameter, d, is the initial droplet size, K,, is the evaporation
rate constant, and ¢t is the time. A is the thermal conductivity of the gas, C, is the specific heat
constant, p is the density, and B, ,, is the characteristic heat transfer number. @, is the latent heat
of vaporization, T is the temperature at the surface of the droplet, while sometimes being the latent
boiling point, and T, is temperature of the far field/atmosphere. 7 is the total time it takes for a
droplet to evaporate completely.

Figure 3 depicts calculations of droplet evaporation times of the organic compound, decane,
found using the D? law equations listed above. More information on the calculations can be found
in section 3.1. The droplet size is the vertical axis with the horizontal axis being time. The various
temperature differentials between the surface of the droplet and the far field can be seen in the

legend on the right side. Visualized on the graph is the understanding that droplets will vaporize
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much quicker when there is a larger difference in temperature between the air surrounding the
liquid and the liquid itself. To support the formation of large droplets which create little vapor, to
meet high-altitude relight criteria, a consistent temperature across both liquid and surrounding air
must be held relatively close. When a jet engine is working optimally, the temperature difference
will be greater enabling vaporization to occur within a second. This can both be explained by an
increased vapor concentration surrounding the droplets and the extreme temperature differential
between the fuel and the air stream. Even with decane at a temperature difference of 50 K 100-
um droplets vaporize within a second as seen on Figure 3. For high-altitude relights the temperature

gradient would be smaller since the engine spools cool down and the air inside the combustor

cools.
100 um Decane Droplet Size Versus Time With Respect to Temperature Differentials
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Figure 3: 100-micron Decane Droplet VVaporization Times with Respect to Temperature

Differentials of Fluid and Air (Calculations occurred at 1 atm of pressure and 300 K)
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Since it is not practical to understand the totality of a complex heterogeneous fuel flow by
the diameter of each individual fuel droplet, the Sauter mean diameter (SMD) is often used. This
method of quantifying the fuel spray represents the diameter of a droplet with a volume-to-surface
area ratio equal to that of the entire spray (Read 2008). This quantification of the entirety of the
spray allows researchers to understand the spray dynamics and kinematics more easily. Within a
combustor, wide ranges of droplet sizes can occur due to a variety of conditions. SMD allows for
a quantitative analysis of where the average distribution lays. Smaller SMDs can correlate with
faster vaporization times and thus more consistent faster ignition since the droplets are on average

smaller.

syp _ ZieaD?
- 3WN_ D2
1=1"1

(11)
Equation 11 is used to calculate the SMD where D; is the droplet diameter and N is the
number of droplets at each diameter. The SMD is a terrific way to understand and quantize fuel
sprays, but special care must be taken to ensure that it isn’t the only thing considered for size
distribution of the spray, it only shows averages of the distribution. As seen in Figure 4, the spray
distribution can occur mainly at one droplet size or take place over a greater distribution. In this
figure dD over dQ on the vertical axis is the total droplet surface area over the amount of a
certain droplet size. Additionally, g is a non-dimensional number that is can be used to describe

droplet distributions but is not important in understanding how the same SMD can impact droplet

distribution.
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Figure 4: Distribution of Spray Droplet Size at Different SMDs (Lefebvre 2010)

The optimal diameter for fuel droplets is centered around 45 microns (Richards and
Lefebvre 1989, as cited in Read 2008). With the largest acceptable droplets reaching 100 microns.
In lower pressure and temperature environments, droplets have been seen to be as large as 300
microns wide (Caines 2001, as cited in Read 2008). Pertinent to high-altitude relight, fuel is

typically met with cooler temperatures and lower pressures, generating less than optimal droplets.

1.1.4 Atomizers

Breaking liquid fuel into droplets takes many synonymous names, most commonly
atomization and nebulizing. The terms atomizer and nebulizer contain a vast number of tools and
equipment that all strive to break large volume of fuel into smaller droplets thus making
combustion faster. The size of the fuel droplets reacting in a combustion chamber is heavily
dependent on the atomizer technique used. Thus, choosing the appropriate atomizer is instrumental
in liquid fuel combustion. Smaller droplets evaporate and combust quicker compared to that of
larger radius droplets, as seen with the D? law. Smaller droplets rely on lower ignition energy to

combust, in part due to higher vapor densities surrounding the droplets (Read 2008). During high-
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altitude relight, atomizers may not function as optimally due to the higher viscosity of the liquid
fuel as well as the lower pressure and temperature oxidizers interacting in the combustion chamber.
The non-dimensional Weber number relates disruptive aerodynamic forces to the surface tension
and can be used to quantify the effects of viscosity on droplet breakup. When the critical Weber
number is reached a droplet will break off, when the aerodynamic drag is equal to the surface
tension. To further illustrate viscosities effect on droplet breakup the non-dimensional Ohnesorge
number is used. The Ohnesorge number is the square root of the Weber number over the Reynolds
number. This division allows viscosity to directly enter the Ohnesorge number through the
Reynolds number definition, thus relating viscous forces to the inertial and surface tension forces
(Lefebvre 2010). An increased “viscosity is always accompanied by an increase in mean drop size”
since droplets break further from atomizer nozzle exits (Lefebvre 2010). Colder reagents
additionally need more energy to reach their chemical activation energies. This is due to the higher
difference between their temperature and the required energy. The viscosity of a liquid is correlated
with the liquid’s temperature, the lower the temperature the slower the liquid flows over itself.

And so larger, clumpier, nonhomogeneous droplets appear since atomization occurs further from

the nozzle (Lefebvre 2010).
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Figure 5: Dependence of Viscosity on Temperature (Courtesy of Science Direct 2018)

1.1.4.1 Pressure-Swirl Atomizer
In a pressure-swirl atomizer, fuel is forced with high pressure through a specially designed

opening. This opening is created at a certain angle directed away from the fuel flow and can be
compared to the situation when one puts their thumb over a garden hose to spray water droplets
further. The fuel flow rate is dependent on the pumped pressure of the fuel and size of the opening.
The size of the fuel droplets exiting the atomizer relate proportionally to the size of the exit. One
disadvantage with normal pressure-swirl atomizers is the extreme high pressures required to
continue optimal atomization when a smaller exit opening is used, making fuel delivery a
challenge. However, the reliability and cost of these atomizers can outweigh the disadvantages
(Lefebvre 2010). Figure 6 shows a pressure swirl atomizer schematic with pressurized fuel

entering with the arrow and exiting out of the orifice.
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Figure 6: Pressure Swirl Atomizer Schematic (courtesy of Lefebvre 2010)

1.1.4.2 Air-Blast Atomizer
Air-blast atomizers utilize high velocity air streams to atomize fuels pumped utilizing

significantly smaller pressure gradients. Air flies over the top of the flow of fuel and carries
droplets of fuel to the combustion chamber. The high velocity of the air flow is needed for optimal
atomization. Larger physical interaction between the surface of the fuel and the air stream
maximizes the potential for atomization. The drawbacks of the air-blast atomizer correlate with
the high velocity air stream needed. When an engine starts up, low atomization occurs due to the
low air speeds. This brings challenges trying to consistently model relight from the inconsistent
startups. The challenges this atomizer faces most frequently can be viewed congruently with what
an engines atomizer encounters at relight due to the poor atomization of fuel at low air speeds. Air-
blast atomizers do, however, give the benefit of usually creating cooler internal injection line

temperatures (Lefebvre 2010).

1.1.4.3 Nebulizers
Nebulizers and atomizers sometimes overlap in roles and definitions. Two main categories

of nebulizers exist: air jet nebulizers and ultrasonic nebulizers. Air jet nebulizers are extremely

similar to air-blast atomizers. In air jet nebulizers, liquids and gases meet in a chamber in which a
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high-pressure gas flows over the inlet of a liquid, generating an aerosolized spray (Meinhard 2021).
Another nebulizer is the ultra-sonic nebulizer. Ultra-sonic nebulizers, often used for medical
purposes, employ high frequency vibrations to generate an aerosol (WebMD 2021). There is no
inherent air flow to carry the aerosol, droplets stay suspended in the air with just an increase in
their height relative to the liquid surface. This necessitates an air flow over the top of the fuel if

the droplets are to be carried horizontally to a new location.

1.1.4.4 Gaseous Fuels
Gaseous fuels do not require atomization. Modern airplanes overwhelmingly choose to not

use gaseous fuel. Gaseous fuels create storage issues for airplanes and typically do not carry the
same efficiency bonuses as liquid fuels, mainly related to the size, weight, and storage conditions
necessary. Liquid fuel’s density allows for a higher amount of energy to be stored, commonly
called energy density. Researchers do use simple gaseous hydrocarbons, such as methane, to study
a plethora of combustion phenomena. Chemical kinetics of these simple hydrocarbons leads to a
better understanding of combustion that can be extrapolated to more complex, longer carbon chain

fuels.

Many of the atomization techniques can synergize together and create optimal atomization
used in unison. When the complexity of atomizers increases so does that of studying atomization

and thus relight. Therefore, single atomization techniques are generally used.

1.1.5 Fuel Types
The characterization of the flow inside a combustor during relight is also dependent on the
specific fuel type used. Modern commercial airplane engines typically run off highly refined long

chain hydrocarbon fuels. Refined kerosene is the most common jet fuel used today, called Jet-A.
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Kerosene itself is a composition of hydrocarbons straight chains, typically 10-16 carbons in length,
and aromatic rings. Due to the number of species inside kerosene the complexity of understanding
the combustion mechanisms comparatively increases. Researchers occasionally resort to simpler
and singular fuel species to study relight and combustion phenomena. In the following sections, a

select few fuels will be discussed to understand their individual properties.

1.1.5.1 Methane
The simplest organic molecule is a singular carbon atom covalently bonded to 4 hydrogens.

Methane is a gas at sea level conditions as well as high-altitude conditions. Methane easily ignites
and is extensively used. The molecular weight is 16.043 g/mol. Its boiling point is —258° F at 760

mm Hg (PubChem 2021).

1.1.5.2 Ethanol
Being a usual additive to fuels, ethanol is a highly studied alcohol. Ethanol consists of two

carbons bonded together with 5 hydrogens and an alcoholic group attached to those carbons. It is
the second simplest alcohol. Ethanol-water solutions will further be discussed, to express ways of
increasing droplet vaporization times. Ethanol has a thermal conductivity of 0.171 W/m*K and a
heat of vaporization of 38.7 kJ/mol. Ethanol’s specific heat is 2.57 kJ/kg*K. The molecular weight

is 46.17 g/mol.

1.1.5.3 Heptane
Heptane consists of a saturated seven carbon long chain. Its properties can mimic those of

more typical organic fuels, such as kerosene. Similar traits derive from the fact that it is a saturated
long carbon chain like components found in fuels. The benefits of considering heptane as a fuel

for study relate to the simplicity of the molecule.
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1.1.5.4 Kerosene and larger chain organic compounds
Kerosene is a highly refined derivative of crude oil composed of large chain hydrocarbons

and aromatic rings. The complexity, when compared to simple saturated hydrocarbons, of the
aromatic and long carbon ring constituents of kerosene bring about some challenges to
experimental study and understanding of high-altitude relight combustion dynamics. Due to the
challenges brought from the complexity of kerosene’s composite molecules the team decided to
additionally study a simple straight chain carbon compound. Heptadecane is a saturated 16 carbon
chain whose properties are similar to other straight chain organic fuels. Heptadecane was
considered for its longer vaporization times when compared to smaller chain hydrocarbons, this
analysis is illustrated in section 3.1. Decane, a 10 carbon long saturated hydrocarbon, was also

considered for its increases in vaporization times and similarity to modern fuels.

1.1.6 Air to Fuel Ratio

The air to fuel ratio (AFR) is an important parameter for creating relight and combustion.
Having the correct amount of fuel to air will allow relight to occur. If the ratio is off the combustion
efficiency will be changed. The equivalence ratio is one of many factors including airflow,
temperature, pressure, spark rate, and fuel that affects the minimum ignition energy, the amount
of energy required for relight to occur (Khandelwal, 2021). The air to fuel ratio is used to calculate
the equivalence ratio. The equivalence ratio is found by taking the actual AFR and dividing it by
the stoichiometric AFR. Based on the phase of the fuel and the equivalence ratio the minimum
ignition energy will be lower for relight as shown in Figure 7. Figure 7 shows the effects of
equivalence ratio and droplet size on minimum ignition energy. The minimum ignition energy is

much higher for fuel rich mixtures.
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1.1.7 Experimental Configurations
There exists a plethora of experimental configurations to study the ignition and relight of
hydrocarbon fuels. One subsection of these configurations, consisting of a flow travelling through
a horizontal box chamber, was used extensively by Ballal and Lefebvre (1979) to study ignition
and flame quenching. The properties of a wide variety of fuel sprays under both laminar and
turbulent conditions were measured and then used to develop analytical models.
Another subsection of these configurations is known as stagnation-point flows (Jarosinski
& Veyssiere 2009). They are used due to the simplicity attained from the fact that their flow fields
are well defined. Two possible stagnation flow configurations are tubular flows and counterflows.
In a tubular flow configuration, the direction of inlet flow is radial while the outlet flow is axial.
The counterflow configuration consists of two coaxial opposing jets that meet at a stagnation plane

where a flame can be stabilized. These can be premixed, in which both flows consist of a mixture
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of fuel and oxidizer. Or they can be non-premixed, also known as diffusion flames, where one
flow is an oxidizer while the other flow is pure fuel or diluted with an inert gas. Due to the planar
flame in the counterflow configuration, the complications resulting from flame curvature can be
minimized significantly compared to the other configurations. Ahmed et al. (2007), Ji et al. (2010),
Egolfopoulos et al. (2014), Hayashi et al. (2011), and many others have utilized the counterflow
configuration for the simplicity it provides for analysis.

It is important to understand the behavior of the flow leaving the burners, the final section
of the experimental apparatus through which the flow exits. A fully developed flow features a
parabolic velocity profile. However, a top-hat, or uniform, velocity profile is much simpler to
analyze. Although counterflows and free jets are typically dissimilar, for the purpose of
understanding the effects of momentum transfer of the exit flow behavior of a counterflow setup
with a top-hat exit velocity profile, a free jet assumption is used. Simon et al. (2017) utilizes a
differential equation to describe a liquid jet flowing from a circular orifice. The kinematic
momentum of the jet, K, is constant along the axial direction and is related to the u, the axial

velocity and r, the radial distance from the center of the jet, Equation 12.

[0e]

K= 27Tf u?rdr = constant (12)
0

Utilizing continuity relations, a momentum balance, stream functions, and applying boundary
conditions, the components of the velocity are given by Equations 13-16 where v is the dynamic
viscosity of the fluid, x is the axial distance from the exit of the orifice, n is a dimensionless

variable, and c is a constant to satisfy the momentum balance.

3 Kk 2
= Tenvx (1 +n2/4)?

(13)

33



N L b (19
67 x (1 + 72/5)?

rvcK
_Iyer (15)
77 X vV
3
_ 16
‘= Ten (16)

These equations describe the change in the velocity of the jet, u and v, at axial distances directly
out of the burner exit, x.

As this jet exits the burner, momentum transfer occurs between the flowing jet and the
quiescent medium. At lower pressures, the effect of the momentum transfer invades further into
the core of the exiting jet, further minimizing the top-hat velocity profile into a parabolic profile.
Utilizing a larger burner diameter at lower pressures ensures that less of the velocity of the core of
the jet is affected.

Along with the velocity profile, another feature of the flow that is important to understand
is whether it is laminar or turbulent. Although combustor conditions are typically highly turbulent,
experimental configurations studying these behaviors often use a laminar flow. One reason for this
is to better understand, “the controlling physics of a variety of phenomena that may not be

accessible under turbulent conditions” (Egolfopoulos et al. 2014).

1.1.8 Burner Nozzle Design
There are two primary methods to physically create a laminar flow with a top-hat velocity
profile exiting the burners. The first is to utilize flow-smoothing devices, such as meshes and glass
beads. However, spray droplets can get trapped at these screens, changing the expected air to fuel
ratio. The second method is to use a nozzle at the exit of the burner that can disrupt the boundary

layers of a parabolic velocity profile and leave a more uniform exit velocity profile (Morel 1975).
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The Rouse nozzle profile is one such nozzle contraction that can disturb the flow (Hoghooghi et
al. 2016). It is defined by two curves, an internal and external, with a turning point, x;, at some
length along the nozzle. Equations 17 and 18 define the two curves where R is the radius of the
nozzle at a distance x along the nozzle. D, is the diameter of the nozzle outlet, while D is the
diameter of the nozzle inlet. L is the total length of the nozzle. Figure 8 is a graphic for visualizing

this axis convention.

R Ds [Ds (x/L)3 (17)
Osx=xip57=5 1o " Ue/D?

R Ds (1—x/L)3 (18)
wsxstpn =1+l -1y

Figure 8: Graphic for Axis Convention for Nozzle Contour
The Rouse profile, although it has been used by other works, is not backed with theory, but
rather with experimental trial error. To utilize an approach grounded more in theory as well as

practice, another nozzle design was also considered, the one developed by Bergthorson (2005).
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When designing a nozzle contraction, it is important that the formation of Taylor- Gartler
vortices in the concave section is minimized (Bergthorson 2005). The Gortler parameter, Equation
19, can be used to understand the formation of Taylor-Gortler vortices. Reg is the momentum
thickness Reynolds number, similar to the typical Reynolds number except that the characteristic
length is the momentum thickness of the flow where 6 is the momentum thickness. r"'is the second
derivative of r(x). These vortices are formed by instabilities in boundary layers experiencing
concave curvature. By minimizing this parameter to be below 50 for the entire length of the
contraction nozzle, it can be assumed that vortex formation is minimal.

G = —Reior" (19)
r(x), is assumed to be a seventh-degree polynomial to give enough freedom in describing the
contraction. Equations 20-23 detail the boundary conditions and parameters utilized to define the
nozzle. r, and r, are the radius at the inlet and exit. x,, is the length of the nozzle. ry, 1, x;, and x,

are parameters that are altered to adjust the profile.

r(0) =1 r(xe) =1 (20)
r'(0) = 0 r'(xe) = 0 (21)
r'(0) = 0 r'(x,) = 0 (22)
r(x) =1 r(xy) =1 (23)

An axisymmetric Thwaites approximation (White 1991) is used for the estimation of the
momentum thickness, 8. An initial guess for the momentum thickness is given, 0.5 mm and inlet
velocity are chosen such that the nozzle exit velocity would be the desired exit velocity using mass
conservation. Equation 24 is that of momentum thickness as given by White (1991).

_ 0.45v

(24)
6% = r2{Je

zZ
f r2U%dz
0
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Using the initial guess for the momentum thickness, 8, the kinematic viscosity, v, the initial
radius, 1, and the initial velocity, Uy, the integral term in Equation 25 can be found. This integral
term is held constant across the entire analysis and represents the behavior of the flow before
entering the nozzle. Knowing the initial estimates of the momentum thickness along the nozzle,

the displacement thickness, §*, can be found, Equation 26 where H (1) is calculated using Equation

28.
8" =H(1)6 (25)
H() = { 2.0 + 4.14z — 83.5z2 + 85423 — 3337z* + 45762°, A<0.25 (26)
2.0, A>0.25
z=025-41

A the Holstein-Bohlen parameter is calculated using Equation 27.

_6%dU 7)

v dx

Z—Z is assumed to be the same as Z—:, the change in the area of the nozzle. The displacement
thickness is used to calculate a new flow area at each location along the nozzle. With this new
area, a new velocity is found using conservation of mass. With these values, the Taylor-Gortler
parameter is calculated along the length of the nozzle. If this parameter is kept below 50 for the
entire length of the nozzle, it can be reasonably assumed that the flow is relatively smooth and free

of vortices.

1.1.9 Particle Image Velocimetry
Particle image velocimetry is an experimental technique used to visualize flows (Atkins,
2016). This technique is used later to characterize the flow exiting the experimental apparatus.
Particles are seeded into the flow to provide a reference to measure the flow. A thin laser sheet is
shone through the flow which scatters off the particles and indicates the positions of these particles.
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It is assumed that the movement of the particles is the same as the movement of the surrounding
flow. The determination of the velocity field depends on capturing a minimum of two images of
the random particle pattern in the flow, calculating the displacement of the particles, and dividing
by the time interval. A key advantage of this indirect, nonintrusive measurement method is the
ability to capture the velocity vectors for the entire field at once.

With this technique, it is important to sync the operation of the laser and camera, especially
at higher speeds. Another important factor is the camera exposure time. A longer exposure time
leads to clearer indications for the positions of the particles. However, if particles undergo
considerable displacement during this exposure time, rather than distinct particle placement, the
image will depict streaks. A separate technique, particle streak velocimetry (PSV) can be

conversely used to analyze streaks.

1.1.10 Pressure Vessel

A pressure vessel is important in recreating the thermodynamic conditions relevant to
relight. A pressure vessel is a container designed to house the experiment at a pressure different
from the ambient pressure. The most important aspects for a working pressure vessel are the
materials that compose the pressure vessel and the design of the vessel. If the material has a lower
maximum pressure threshold or a lower maximum hoop stress than the pressures, it is being used
at then the pressure vessel will fail. Yield strength is the maximum stress the vessel can reach
without causing permanent deformation. In a cylindrical pressure vessel, the strongest stress on
the vessel is hoop stress. Hoop stress is the stress exerted along the circumference of a cylindrical
vessel and accounts for almost all the stress exerted on the vessel (Sinclair and Helms, 2015). Hoop
stress increases as the pressure in the vessel increases. This relationship is key when figuring out

the max pressure the vessel can hold. The other main stress is longitudinal stress. This stress is
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exerted down the barrel of the cylindrical vessel and is negligible when accounting for yield
strength because it is so much smaller than hoop stress in a cylinder. The following equations, 28
and 29, can be used to find the hoop stress, gy, of a material at a specific pressure (p), thickness
(t), internal radius (r), and joint efficiency (E). Joint efficiency is the rating given to the joints in
a pressure vessel after the welding is completed. A minimum joint efficiency of 0.7 is required for

the vessel to pass inspections so 0.7 is assumed for the joint efficiency for the equations.

_p(r+0.6t) 28
70T %)
_ O'gtE 29
P=+060) (29)

Geometry of the vessel is also important for the project it is being used for. Pressure vessels
are designed in spherical and cylindrical forms. Even though cube vessels would be easier to pack
in a smaller area, spherical vessels are used in tighter space and mass constrained projects that
need to integrate with other systems such as being used as a fuel tank for a rocket. A spherical
vessel is used because the pressure in a spherical or cylindrical vessel is distributed equally on the
walls of the vessel unlike that of a cube vessel. A spherical tank holds more volume in a lighter
and smaller amount of material. Cylindrical vessels are used for larger storage and for larger
projects that do not have the constraint of space. Cylindrical vessels are larger and can have more
input and integration for the experiment we are trying to design. Furthermore, the stresses exerted
for a spherical vessel are distributed equally across the entire circumference because of the shape
of the vessel. Spherical vessels can hold higher pressures, but cylindrical vessels are cheaper to
manufacture.

When deciding the material to make the pressure vessel, tensile strength is the most

important factor in the decision. Steel alloys, aluminum, and plastic are the materials typically
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used for pressure vessels. Plastic is used for low pressures and has low tensile strength. Aluminum
is a newer material that can be used and can have higher tensile strength by using special welding
techniques. However, these techniques are usually more expensive, and the durability and
longevity of the material is questionable. Steel alloys are very strong contenders as they have the
best properties of the materials, they are composed of but are usually much more expensive than
the alternatives. Two specific alloys, carbon steel and stainless steel, are two great materials. Both
have great longevity and corrosion and chemical resistance because of the properties of the
materials. Furthermore, they both have high tensile strengths which is integral to the design of a
pressure vessel. Stainless steel is typically used in vessels planned to be outdoors because material
is excellent against the environment but can be used indoors too.

Pressure vessels are normally thin walled because having a thick-walled pressure vessel is
unnecessary, impractical, and expensive. A thin-walled pressure vessel is defined as having a
thickness that is at less than 1/5 the internal radius of the vessel. Thin-walled pressure vessels have
a lower maximum allowable pressure than a thick-walled pressure vessel. When wall thickness
decreases the maximum allowable pressure also decreases. For example, a pressure vessel with 1-
inch-thick walls, a 12-inch inner radius, hemispherical end caps, a minimum joint efficiency of
0.7, and made of A537 or A516 carbon steel has a maximum allowable pressure of 3907 psi.
However, the same pressure vessel with a wall thickness of 0.5 inches has a maximum allowable
pressure of 2001 psi. The same affect also occurs when the inner radius is increased for the pressure
vessel. All the factors laid out in this section are integral to the design of the pressure vessel for

this experiment.
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1.2 Project Design Requirements

e The pressure vessel must recreate relight conditions and sustain a pressure difference from
0.5 atm to 10 atm

e The burner must create a laminar uniform flow that matches the flame speed of a chosen
fuel. The ranges are from 40 to 100 cm/s

e The flow system must deliver uniform air at a temperature consistent with relight
conditions (265 K)

e The spray system must deliver minimally vaporized fuel that is somewhat comparable to

droplet sizes at relight (3 to 300 um)

1.3 Project Goals
The goals of this project are:
e Develop a design for an experimental apparatus to understand the effect of
atmospheric and fuel conditions on the success of relight
e Improve and validate the design through fluid, thermal, and structural analyses
e Construct the experimental apparatus based on the predetermined design
e Conduct a series of tests to validate the designs and enable the study of ignition and

flame propagation at relight

1.4  MQP Objectives and Methods
e Design an experimental apparatus to study the phenomenon of relight at realistic
atmospheric conditions
o Fuel spray droplet size and distribution, pressure, and temperature will be

individually varied to understand their effect on the success of relight
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e Conduct structural, fluid, and thermal analyses
o Model the structural loads experienced by the pressure vessel in ANSY'S
o Model fluid flow exiting the burner in FLUENT
o Model the heat transfer of the air flow to ensure the correct temperature
conditions at the burner exit in COMSOL
e Construct the experimental apparatus
o Correctly source parts that will integrate with the design and manufacture
necessary hardware
o Use the modeling analyses to validate and compare to the experimental
configuration
e Conduct a series of tests on experimental configuration
o Validate the flow systems operation
o Validate the atomizer spray angle and droplet sizes
o Validate that the flow of the burner converging section is uniform, laminar,
and matches the model
o Integrate subsystems into a functional apparatus

o Validate test configuration with flame ignition

1.5 Project Management

To undertake the design of the experimental apparatus, each member was tasked with leading
the design of one subsystem. Ethan Davis oversaw the pressure vessel design. Meenakshi Kodali
was responsible for the burner design. John Sirois handled the design and implementation of the
flow system. Jonathan Stern oversaw the spray system design while accounting for vaporization

physics.
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The modeling aspects of the project were undertaken by the team member(s) whose subsystem
was most relevant to that model. Ethan Davis conducted the structural analysis of the pressure
vessel through ANSYS. Meenakshi Kodali modeled the exit flow conditions in FLUENT. John

Sirois and Jonathan Stern studied the heat transfer in the flow system with COMSOL.
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2 Preliminary Design

During the design process, a flow chart was created to showcase interdependencies and lead
the decision-making process in the preliminary design. This flow chart is shown in Figure 9. The
first step of the design process for the experimental apparatus was to identify the exit velocity of
the burner. This is entirely dependent on the laminar flame speed of the mixture being studied,
which depends on the fuel. Once a specific fuels flame speed is documented that speed can be used
to compute differing air mass flow rates throughout the burner, the dimensions of the burner outlet
can then be chosen to match the desired conditions. Then, knowing these parameters, air mass flow
rates can be decided. Fuel mass flow rates are decided based on the expected air to fuel ratios.
These flow rates dictate the equipment that can be used, such as the flow metering devices and the
atomizer. The droplet dispersion produced by the chosen atomizer decides the rest of the
dimensions of the burner, like its length and inlet diameter, and the dimensions of the pressure

vessel. The rest of this section goes into further detail regarding the design choices for the

Burner Outlet Air to Fuel
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Figure 9: Flow Chart of Design Process

experimental apparatus.
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2.1 Experimental Configuration

Although flow conditions within combustors are turbulent, to simplify data collection and
analysis, it has been decided that a laminar flow will be studied. Of the possible experimental
configurations, a counterflow configuration was chosen. In counterflow configurations, there is
great optical access and ready access for instrumentation. Additionally, the comparison between
theory and experiment is simplified because conservation equations are reduced to ordinary
differential equations which be easily numerically analyzed (Li et al. 1992). Heat losses are also
minimized (Darabiha et al. 1993). And lastly, both premixed and non-premixed modes are easily

interchangeable (Niemann et al. 2014).

2.2 Laminar Flame Speed

As discussed in earlier sections, as a jet exits a circular orifice, the jet’s radial spread increases
and axial velocity decreases. Flame stabilization is dependent on the fuel’s laminar flame speed.
Methane’s laminar flame speed is 35 cm/s at the stoichiometric air to fuel ratio (Egolfopoulos et
al. 2014). The exit velocity profile of the jet exiting the burner was chosen to be that of a top-hat
velocity profile to simplify calculations. Heptane, similarly, has a laminar flame speed of roughly
40 cm/s (Shi et al, 2017). And lastly, kerosene has a laminar flame speed around 60 cm/s (Wu et
al. 2018).

To verify that these flows will remain laminar, the Reynolds number was calculated. The
equation can also be represented as Re = UL /v, where U is the average burner exit velocity, L is
the burner inner distance, and v is the kinematic viscosity (Niemann et al. 2014). The Reynolds
numbers of air resulting from the flows used for the experiment at ambient conditions are
calculated. For an exit velocity of 45 cm/s, the Reynolds number is 576. For 100 cm/s, the

Reynolds number is 1280. Both are well within the threshold for laminar flow. Values higher than
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the exact laminar flame speeds of the fuels were chosen to ensure complete stabilization of the

flame.

2.3 Air Flow Rates

2.3.1 Air Flow Control

Once the necessary exit velocities are known, it is key that the experimental apparatus can
control such a flow. A sonic nozzle was desired for controlling mass flow in this experiment as it
is relatively cost effective and has no moving parts which renders it very accurate. A sonic nozzle
is a flow meter which restricts and chokes the flow of a gas. In a choked flow, the downstream
pressure and flow conditions are not transferred upstream. Thus, the sonic nozzle can create a
constant volumetric flow rate, independent of downstream conditions. The sonic nozzle also is
drastically cheaper, varying upwards of hundreds of dollars cheaper than the controllers. Its
accuracy is also consistent over time which allows for great repeatability of tests. Companies often
rate their sonic nozzles with the flow coefficient, C,,.

Additionally, to calibrate the sonic nozzle, a mechanical bubble meter was selected. A
mechanical flowmeter is a flow calibration device that has a ball trapped within a cylinder. This
ball will rise to a level correlating with the amount of gas flowing through it. This ball starts at
the bottom of a cylinder and as gas is released through a tube the pressure causes the ball to make
its way up the cylinder which is marked. Knowing how far the ball moves in a measured amount
of time at a certain pressure allows one to determine the flow rate of the gas. The same
considerations were taken in choosing a calibrator. A Drycal Piston, while slightly more accurate,
would additionally cost hundreds of dollars more, making it an unnecessary addition to the

experiment. This bubble-meter can help calibrate to about 0.25% accuracy. This is an incredibly
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small margin of error and would mean the team would be receiving consistent results throughout
the experiment.

We then chose what size sonic nozzles we wanted to use based on the flow rates of air we
would expect. The range of outlet velocities necessary is from 45 cm/s to 100 cm/s, dependent on
the laminar flame speeds for each of the fuels. These are necessary for two different burner outlet
diameters, 10 mm and 20 mm, for different pressure conditions. Mass flow rates were calculated
using principles of mass conservation to find the required sonic nozzle sizes, Equation 30. A
minimum air flow rate of 0.000038 kg/s and a maximum of 0.00038 kg/s were thus found.

m=pVA (30)

With this information, the team ordered six precision metal orifices from O’Keefe Controls
Co. Each of these parts was a different size spanning across the entire range of flow rates required.
This was done to allow the team to change and test at different flow rates while still operating
within the higher, and therefore better operable, pressure range for each nozzle. With this array of
nozzles, the group could also test with different gases if they desired and still have the proper size

for the pressures that would be tested with.

2.3.2 Flow System Design
When looking to put together our flow system to properly transfer air and fuels to the ignition
zone at the appropriate velocity, several considerations came into play. First off what equipment
would be needed to accomplish this task and to ensure that our expected conditions were met.
Secondly, each part had to be rated for conditions related to ours for greater accuracy, we then had
to determine how to connect all of them in the appropriate manner, and at an appropriate price

considering budgetary restrictions. While material selection could vary between items, we made
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sure everything was one quarter inch. Compression fittings and NPT (National Pipe Threading)
fittings were used to connect various parts and assemble the flow system.

For both our air and gaseous fuels we would have tanks containing large volumes of each
which we would need to release the appropriate fixed flow rate to maintain a steady state system.
To restrict and change the pressure of the various gases we needed to obtain a pressure regulator.
This item can be viewed along with all others in Appendix B. For this piece of equipment, we went
to Omega and searched through their catalog. The company site was relatively limited with
regulators that had handles to turn to adjust pressure. These regulators take a high amount of gas
and pressure through its inlet, then open or narrow its outlet to allow gas to pass through at a
controlled pressure. We found a regulator that had at least our maximum desired pressure of 100
psi and that was also reasonably priced at $108.82 compared to others which were both more
expensive and could only handle half of our desired pressure. The regulator would help us set the
pressure well upstream of our other parts and allow us to control the flow rate.

While having the regulator was a good first step, it would be very unreliable without knowing
what the pressure at its outlet would be. Therefore, the next piece of equipment we looked to obtain
was a pressure gauge. For this we also went to Omega, and this time we had a much larger selection
to choose from. The first one was to get a digital gauge. While this meant that it would cost more,
it also meant that we would be getting significantly more accurate readings as we would not have
to account for human error such as in the analog options that were available. Since we didn’t
require alarms or shut-off functions, we were still able to save some money by choosing a gauge
that had basic zeroing and digital read out functions. Looking at the remaining options, only a
couple were designed for our range of pressures. Essentially, by choosing an item made to read

100 psi instead of one made to read upwards of 300 psi, we could expect more consistency in the
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and accuracy of our readings. Uncertainty is scaled based on the range of the team’s measurement
device and made to the smallest available increment of measurement. We ended up going with a
model that cost $121.24 which was one of the cheaper options while still meeting all our
requirements and having the proper connectors.

Tubing transfers the gases from the gas supply all the way to the burner and became our next
focus. We looked through a few different options. While some options like metal tubing would be
very safe and more than strong enough for our tests being good for pressures upwards of 15,000
psi, it also would require precision to cut and bend to the appropriate lengths and turns. This would
make using it much more difficult than other options like flexible tubing. The group found PVC
plastic tubing at a quarter inch diameter that was rated for 250 psi meaning that it would be more
than safe enough for our testing. This tubing also advertised a mesh pattern which we had to double
check was embedded in the plastic. This was to ensure an uneven surface wouldn’t mess up the
compression seal by allowing air to escape when we went to connect the tubing to other devices
and cause a leak or malfunction. This plastic tubing costs $0.84 a foot, which considering the
distance our setup in the lab would need to cover, was more than justifiable to have strong tubing
we could rely on at hand.

Following our path down the system toward the converging nozzle the next device we would
need is a sonic nozzle. For these we were in contact through phone calls and emails with O’Keefe
Controls Co. discussing their precision metal orifices. Through calculations we were able to
determine our maximum and minimum air flows at assumed atmospheric standard pressure
(calculated in SLPM). In these calculations, our team took our mass flow rate and divided it by
density, at the correct conditions and units to get the volumetric flow. More detail on the mass

flow rate calculations and their relationship to burner diameter can be viewed below. The

50



maximum and minimum flow rates correspond to our team’s maximum and minimum burner
outlet diameters and desired velocity. This allowed us to see the range we would need to cover
when looking at various nozzle sizes. We wanted to make sure that we chose a range of sizes so
that we could test various SLPM (standard liters per minute) values at ideal pressures for the top
ranges of the nozzle (100 psi) which would allow for ease while testing. For air we ended up
choosing four assorted sizes including orifices with diameters of 0.022 in, 0.017 in, 0.012 in and
0.009 in. A table of values relating to pressure and size can be found in Appendix B. Then for
gaseous fuel like methane we chose smaller diameters of 0.011 in and 0.004 in. O'Keefe's website
displayed the necessary information to understand how their sonic nozzles sizes relate to expected
output flow, and each of these nozzles would cost $29.95. Since these nozzles are composed of
stainless steel, higher safety and pressure ratings were achieved when compared to the same parts
made of brass. This and the low price compared to other flow controllers allowed us to purchase
multiple nozzles to test at various upstream conditions. Although O’Keefe depicts the ability to
lower the inlet pressure by a large margin, we could only lower it so much before our inlet and
outlet pressure ratio does not match the typical sonic nozzle requirement of 1.4. This would cause
the flow to no longer be choked going through these specific nozzles and affect our flame speed
and other aspects later down the line.

Now while we know what the nozzles are rated for, we still want a way to calibrate them to
confirm that we know how they’re working, especially when changing the temperature of the gas
or even what gas we’re using. We then searched for a mechanical flowmeter and the search for an
accurate meter was difficult as there weren’t many made for lower flow rates. Having them rated
for significantly higher flow would mean that they wouldn’t be quite as accurate for our use.

Furthermore, we had the issue of when we did find the appropriate flow rating, the meter would
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be made for significantly lower pressures (50 psi) than what was expected within the pipe. In the
end we found a series of three flowmeters from Grainger that would cover different ranges we
were hoping to test in that way we could use whichever was more appropriate for the test at hand.
The average cost of these meters was around $70, which was a standard for the cheaper ones or
else the price jumped way beyond our range. Each mechanical flowmeter would be attached
downstream of the sonic nozzle, we’d essentially start a test and adjust the pressure to confirm the
flow throughout the sonic nozzle we wanted, then remove the bubble meter and attach the tubing
to the inlets and conduct the actual test.

The last part we had to find was the connectors to attach all the above-mentioned devices and
tubing. For this we went to Swagelok and looked for compression fittings with NPT connectors as
all the above devices had been selected with that attachment port in mind to ensure everything
would fit together with ease. These would all be a quarter inch, and we had some flexibility here
between materials. We had to have some stainless-steel connectors for any devices that were also
stainless steel, like the nozzles and the pressure gauge. The reason for this is matching up stainless
steel with brass could strip the brass threading and render the connectors useless. Otherwise, brass
connectors are strong enough and cheaper to order so we would be able to be more economically
efficient in this area. Most of our connectors were typical straight connectors simply connecting
two parts. For example, tubing could be connected to the nozzle then the nozzle back to the tubing,
through the sole use of straight connectors. However, for places like the gauge and splitting the air
flow to two separate inlet areas we would need tee connectors. The gauge that we had earlier chose
had a steel male NPT threading, so a female stainless-steel connector was required to keep the
flow going and allow us to obtain pressure readings at the same time. The tee to split the air,

however, being located on its own and only having contact with the tubing could be brass. The
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stainless-steel tee was slightly more expensive, so this was a good place for us to switch and save
some money. Additionally, not all the devices had male NPT threads, some had female and would
require male connectors which could essentially be obtained by removing a nut from one (or both
sides) of female connectors. This was helpful as the website didn’t sell quarter inch diameter male
connectors. The brass tee cost $18.59 and the steel cost $41.58. The straights cost $21.12 for steel
and $9.46 for the brass.

P&ID diagrams, Figures 10 and 11, are displayed below for the experimental setup and the
calibration. A combined part list and pictures of each of the final parts can be seen in Appendices

A and B.
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Figure 10: Final Flow System P&ID
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2.4 Fuel Types for Testing

This section details the rationale in deciding which fuel types to plan to test to best understand

the phenomenon of relight. The methodology for calculating specific air to fuel ratios can be found

in modelling section 3.1. Theoretical fuel rates can also be viewed in that section. These items

were placed in that section to better understand the following droplet modelling.

2.4.1 Methane

The choice to test methane was an easy one. Methane is the simplest hydrocarbon and a well-

studied fuel. Methane is inexpensive and readily available. Methane’s chemical properties are well

understood, and its safety hazards have been studied. An air to fuel ratio of 17.19 to 1 is ideal for

relight. The team plans to start with the molar stoichiometric AFR of 9.52. The theoretical

maximum flow rate is 1988.58 mL/min. This is using the standard density of 0.55 kg/m?®.
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2.4.2 Heptane
Heptane is a great fuel for this experiment as well. Heptane is a saturated hydrocarbon, so its
combustion results are easier to interpret than longer unsaturated hydrocarbons. An air to fuel ratio
15.2 to 1 is ideal for relight. The team plans to start with the molar stoichiometric AFR of 52.36.

The theoretical maximum fuel rate is 2.197 mL/min. This calculation used a density of 684 kg/m?®.

2.4.3 Ethanol

Ethanol became a fuel to consider once the droplet lifetime modelling was compared to
saturated hydrocarbons. Ethanol boasts a relatively longer vaporizations times compared to that of
heptane, detailed in section 4.1. It was still not the most optimal to recreate the vapor poor
conditions of high-altitude relight. However due to its miscibility in water from hydrogen bonding,
the team can create aqueous ethanol solutions to maximize the droplet lifetime. The other saturated
hydrocarbons will not form these mixtures. This increase in vaporization time was still less than
diluted ethanol water solutions forcing the decision of which aspect of high-altitude relight this
study would focus on, a more realistic fuel or droplet suspension times. The team plans to start
with the molar stoichiometric AFR of 14.28. The theoretical maximum fuel rate is 3.213 mL/min.

This calculation used a density of 789 kg/m?®.

2.4.4 Kerosene

The choice of kerosene was additionally straightforward. Most modern aircraft use liquid
fuels. Many of those liquid fuels constitute forms of kerosene, creating an optimal situation to best
recreate and model true high-altitude relight conditions. An air to fuel ratio of 15.6 to 1 is ideal for

relight. The team plans to start with the stoichiometric AFR of 9.52.
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2.5 Atomizer Requirements

As discussed in the section 1.1.3, droplets previously have been detected reaching over 200
microns wide — in similar experimental setups. Most of the available research has been done on
droplets ranging from 3 to 110 microns. The experimental setup will thus ideally feature droplets
in this range while creating the possibility to generate and measure non-ideal droplets over the
110-micron barrier.

An atomizer needed to be chosen that can create the droplet sizes the team is interested in.
Pressure swirl and nebulizers are the focal point. Pressure swirl atomizers and nozzles were
typically less expensive as compared to chemistry grade nebulizers. Additionally, if a nebulizer or
an air blast atomizer was to be used the additional flow of air out of the nozzle would have to be
included. The nebulizer company assured the team that their nebulizers could reach the team’s
desired flow rates, discussed below, but the droplet sizes would be very small. With pressure fed
atomizers, this isn't the case. A Delavan WDB industrial spray nozzle was initially selected due to
the flow rate flexibility and the cost effectiveness. The WDB nozzle had a % in thread and a
stainless steel and brass option. Their spray angle could be chosen from 30, 45, 60, 70, and 80
degrees and the flow rates varied from 0.3 Gallons per Hour to around 1 GPH for the lowest flow
rates. However, this nozzle, explained further at the end of section 3.1, was unavailable; the steps
taken by the team are additionally shown at the end of section 3.1. The atomizer chosen needs to
meet and vary the volumetric flow rate of fuel to achieve the correct stoichiometric ratio of fuel to
oxidizer. The estimated flow rates of fuel ranged from .05 to .5 gallons per hour, depending on
the chosen fuel, calculations and fuel specific rates can additionally be seen in section 3.1. The

team additionally discussed scaling up the air and fuel rates to match available atomizer fuel rates
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for further experimentation, since even the top choice nozzle had a minimum flow rate double the

team’s desired minimum.

2.6 Burner Dimensions

Many possible designs were considered for the burner. Figure 12 depicts one such initial
configuration where the atomizer is within the burner, and a N, coflow surrounds the exiting flow
to reduce the impact of momentum dissipation. This was the team’s initial theoretical design, and

which was subsequently greatly modified.
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Figure 12: Burner Preliminary Design
Two different burners were then designed to have an initial diameter that narrows to an outlet
diameter of 20 mm and 40 mm. The profile of the converging section of the nozzle needs to be
optimized to limit boundary layer formation so a uniform, or top-hat profile, exits the burner.
Several possible converging profiles were investigated and considered. The Rouse profile, as

mentioned in Section 1.1.9, has been used for this purpose by other researchers. This was first

57



employed due to the simplicity of its calculation. Figure 13 shows the nozzle profile utilizing the
Rouse profile for an inlet diameter of 63 mm, an outlet diameter of 20 mm, and a contraction length

of 80 mm. The area contraction ratio, the ratio of the area of the outlet and the inlet, is set to 10.
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Figure 13: Rouse Burner Profile Along Length of Burner, Exit Diameter of 20 mm
It is also important to consider the minimization of the vortices at the concave section of
the contraction. For that purpose, the methodology developed by Bergthorson (2005) was
employed. The boundary conditions and parameters used to find this profile can be seen in Table

3. Figure 14 shows one such burner profile developed by utilizing this approach. The inlet radius

is 25 mm, the outlet radius 10 mm, and the total length of the burner is 50 mm.
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Table 3: Boundary Conditions and Parameters for Bergthorson Burner Profile

r(0) = 25mm r(x = 50mm) = 10mm
r(0) =0 r'(x = 50mm) =0
r'(0) =0 r''(x =50mm) =0

r(x = 10mm) = 25mm

r(x = 20mm) = 23mm

Bergthorson Burn
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Figure 14: Bergthorson Burner Profile Along Length of Burner, Exit Diameter of 20 mm

For this profile, the Gortler parameter is kept below 50 for the entire length of the burner.

Figure 15 shows the values of this parameter along the burner.
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Figure 15: Gortler Parameter Along Length of Burner, Bergthorson Profile

Modeling of the flow will be conducted on the optimized Bergthorson profile, in FLUENT,
to understand the exact nature of the exit velocity, see Section 3.2.

Along with ensuring that the flow will be close to uniform at the exit, the burner must be
designed to allow for proper mixing between the fuel and the carrier gas, whether that is nitrogen
for non-premixed or air for premixed. An initial configuration can be seen in Figure 16. The central
inlet is for fuel, while the two other inlets are for the carrier gas. The issue that may arise with this
configuration is the lack of mixing between fuel spray droplets and the gas: the small gas inlets do

not allow the carrier gas to properly encase and mix with the fuel.
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Figure 16: Initial Burner Configuration

The second iteration of the burner design can be seen in Figure 17. A detailed 2D CAD
drawing can be found in Appendix C. Two carrier gas inlets are on the side of the burner. The fuel
spray enters through an inner tube. After traveling a short distance, the gas flow is disturbed with
the use of a mesh layer. Passing through the mesh, the gas is free to mix with the fuel spray before
entering the converging portion of the nozzle and exiting the burner. The exact length of the burner
is dependent on the residence and vaporization times of the fuel spray droplets and the atomizer
spray angle, this is further discussed in section 3.1. The team's first choice of atomizer had a spray
angle option of 30 or 45 degrees but due to challenges in obtaining one, the team utilized other

options.
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Figure 17: Second Iteration of Burner Configuration

The burner separation will be made adjustable to account for different fuels and jet velocities
utilized. To ensure stability, this separation is kept between 0.5 < L/d < 2 where L is the separation

and d is the burner diameter (Figura & Gomez 2012).

2.7 Pressure Vessel

The pressure vessel outlined in this report is has not been constructed and thus has not been
experimentally tested. Initial testing of the experimental apparatus was conducted without the use
of a pressure vessel. As such, the first round of tests is expected to be under ambient conditions:
293 K and 101.325 kPa. Once the pressure vessel is installed, a range of high-altitude combustor
conditions can be tested. With an average temperature of 265 K at 30,000 ft, a range of 250 K to
280 K will be considered. Similarly, with an average pressure of 40 kPa, a possible range of 30
kPa and 50 kPa was considered in the design of the pressure vessel. For future work, the apparatus
should also be able to handle any temperatures and pressures between ambient and high-altitude
combustor conditions.

The design requirements of the pressure vessel are quite complex and have been updated
and changed as the experiment has updated. The vessel needs to be able to contain the burner,

provide optical access through two windows, control inflow and outflow of gases to maintain
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pressure, and relieve pressure to prevent accidents in the event of an uncontrolled pressure
increase. The vessel needs to be able to hold the burners in place while in use. Refer to Figure 17
for the burner schematic with the inlet diameter of the burner as 10 cm, the outlet diameter as 2
cm, the total length as 50 cm, and the converging section of the burner as 5 cm. Figure 17 is the
configuration, the dimensions are taken from the 3D printed model tested for uniform flow in
Chapter 4. The maximum space between the burners is 5 cm. Considering the 50 cm burner length
and the 5 cm space between the total space taken up by the burners is 110 cm. A minimum of 1 in
(2.54 cm) will need to stick out of the flange to allow the air flow to enter the system. It also needs
to be large enough to not interfere with the flow from the burners. The two windows need to be
large enough for the experiment to be viewed. However, the larger the windows the lower the
maximum pressure is so a balance must be maintained. The windows are the weak point of a
pressure vessel because they are made of weaker materials than the vessel itself. The tensile
strength of glass is much lower than steel. A constant inflow and outflow of gases in the vessel
need to occur to maintain the desired pressure of the experiment. Safety must also be considered

to stop accidents from occurring that could cause damage during use.
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Figure 18: Pressure Vessel Preliminary Diagram

The initial pressure vessel dimensions are shown in the pressure vessel preliminary design
figure. These dimensions considered the original design of the experiment. The burners would be
inserted at the top and bottom of the vessel and could be adjusted to fit the distance between them
at a maximum of 5 cm. Initially, this design was supposed to stop the vessel from interfering with
the space in between the burners. However, modifications were made further on in the design
process that drastically changed the vessel. When deciding on a material the most important factors
are the cost, corrosion, ability to handle forces, and the tensile strength of the material. Most
pressure vessels are created out of aluminum, carbon steel, or stainless steel. The cost of aluminum
is lower than both carbon steel and stainless steel. However, the actual welding of the pressure
vessel requires special techniques for aluminum which cost much more money than the welding
of carbon steel or stainless steel. 6061-T6 aluminum is a common pressure vessel material. It does
have a lower tensile strength than A537 carbon steel and T-316 stainless steel. Both carbon steel

and stainless steel have high tensile strength. Due to steel's high tensile strength the maximum
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allowable stress on a vessel made of steel is much higher than that of other materials. Both stainless
steel and carbon steel are chemically resistant and are used in industry to hold several different
corrosive materials. The corrosive materials in this experiment such as heptane, kerosene, and
ethanol are resisted by both stainless steel and carbon steel quite well. The three materials found
based on the factors listed and several industry pressure vessel creators were A537 and A516
carbon steel and T-316 stainless steel. The following table shows the mechanical properties of the
three materials.

Table 4: Mechanical Properties of Possible Pressure Vessel Materials

Material Tensile Strength (Mpa) Density (g/cm”3) Modulus of Elasticity (Gpa) Bulk Modulus (Gpa) Poissons Ratio Shear Modulus (Gpa) Cost $/kg

T-316 stainless steel 500 8 193 152 0.265 82 2.36
A537 Carbon Steel 315 7.8 200 60 0.29 80 0.64
A516 Carbon Steel 260 7.8 200 60 0.29 80 0.65

6061.T6 276 27 689 68 03 26 (25" thick 12'%12") 50.91
Based on the cost and accessibility A537 carbon steel was chosen as the material. The
tensile strength, 315 Mpa, was high enough for the use of the vessel in the experiment while also
having also having a similar density and modulus of elasticity to its stainless-steel counterpart and
having equal properties to A516 carbon steel without having the lower tensile strength.
Using Equation 28, also written below, the hoop stress exerted on the vessel using the
dimensions found in Figure 18, a wall thickness of 0.5 in, and a pressure of 50 kPa was 254.85 psi.

p(r + 0.6t)
0T T E

Equations 28 and 29 outline the calculation of hoop stress, oy, in a cylindrical vessel. Hoop
stress varies with pressure (p), inner radius (r), and thickness (t). Furthermore, calculations were
also done from 1 atm to 10 atm. This was done to see how much the hoop stress would increase at
higher pressures. Initially this testing was done with a 12 in radius as shown in Figure 18. However,
the radius has been adjusted to the 17 in radius which is explained later in this section. Figure 19

shows the hoop stress for each of the pressures tested.
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Hoop Stress vs. Wall Thickness at Different
Pressures
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Figure 19: Hoop Stress at Tested Pressures
While the experiment will be done between 30 and 50 kpa, the vessel is designed with 10
atm pressures in mind. This was done to allow the vessel to be used in other experiments. Because
the tensile strength of A537 carbon steel is so high, attaining a pressure of 10 atm was not difficult.
Figure 20 shows the maximum working pressure vs. wall thickness of the vessel with an inner

radius of 17 in.
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Maximum Working Pressure vs. Wall
Thickness
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Figure 20: Maximum Working Pressure of A537 and A516 Carbon Steel with an Inner Radius of
17 in

The initial design laid out in Figure 18 has been changed dramatically and the changes are
outlined below. Firstly, the pressure vessel was initially vertical to allow for ample space for the
burners to fit inside. The problem is how the burners would be integrated into the pressure vessel
design. Figure 17 shows the burner configuration. This burner configuration is important in the
design of the pressure vessel because of the length of the burner, 50 cm, and the outlet diameter, 2
cm. The length of the burner can be resized and will not affect the flow if the converging section
is kept to 5 cm. The burners would be at most 5 cm apart from each other to allow space for the
reaction. If the pressure vessel is vertical with a radius of 12 in and an aspect ratio (L/D) of 2
(length=48 in) as shown in Figure 18, the burners would have to be held in place deep in the
pressure vessel or have a long tube connecting them to the vessel. However, if the pressure vessel
is flipped to be horizontal this would allow the burners to be much closer together and be much

easier to integrate into the pressure vessel.
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The next design choice changed was the inner radius of the pressure vessel. Since the
pressure vessel was flipped horizontally the need for a larger inner radius is more important. The
inner radius was decided from the burner length and the burner exit diameter. The burner exit
diameter is 2 cm. The outlet of the burners could collide with the vessel’s walls if the vessel’s inner
radius is too small. Furthermore, the total length of the burners and the space in between the
burners is 110 cm. Based on these two an inner radius of 17 in (43.18 cm) was chosen. The end of
the burners will be mounted at the entrance of the flange of the vessel allowing for the space to be
adjusted by remounting the burners. 17 in allows for the burner to be held within that 5 cm range
and will stop the vessel walls from interfering with the burner outlet flow since the inner radius is
21 times larger than the diameter of the burner outlet. The length of the cylinder is also important
regarding the burner’s outlets. The release valves and flows entering and exiting the vessel will
also need to be distributed down the cylinder. To leave ample space for all the equipment, a length
of 34 in was decided for the vessel.

Initially wall thickness was considered a very difficult design parameter. This was
determined based on the massive effect wall thickness has on the maximum pressure of the vessel
as shown in Figure 20. However, when the max pressure of 10 atm was determined the wall
thickness became a minor point. Having a high wall thickness is ideal for high pressures as the
max wall thickness, 2 in, shown in Figure 20, 5411 psi (368 atm). 2 in is too high for this
experimental setup. The wall thickness test was decreased to 0.25 in to see what the max theoretical
pressure would be for the vessel. The max pressure at 0.25 in is 717 psi (49 atm). The vessel is
still almost 5 times higher than the desired max pressure. However, going any thinner with the

wall thickness could prove problematic to the during testing as making the wall too thin could
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cause problems such as denting if any accidents were to occur. Therefore, the wall thickness
chosen for the vessel is 0.25 in.

During the design of the pressure vessel safety was a major factor. If an accident occurs
and the pressure vessel needed to be vented or depressurized for any reason a safety release valve
would be required. A spring released safety valve would allow for automatic release if the pressure
inside the vessel got too high. A safety release valve works by setting the spring force inside the
valve to a specific pressure so when the pressure at the end of the valve connected to the vessel is
higher than the spring force the valve will activate relieving the pressure in the vessel. However,
the safety release valves spring force should not be at the maximum pressure of the vessel. The
ASME standards recommend a safety factor of 4 for any bolted pressure vessel. The spring force
of the safety release valve should be set to 9.75 atm which is ¥ of the max working pressure of the
vessel. The safety factor is important in preventing accidents and allowing safe use of the vessel
during experimentation. The experiment will be operating at a maximum of .493 atm so the safety
release valve should not interfere with the experiment. The safety release valve chosen is the
pressure relief valve SV805 from Witt Gas. The valve is a spring-loaded valve which can be set to
the specific pressure (Witt Gas, 2022). The valve is rated up to 44.36 atm. Figure 21 shows the

release valve.
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Figure 21: Pressure Relief Valve SV805

Windows needed to be designed for the pressure vessel to allow optical access. The main
problem with windows is that they significantly bring down the maximum pressure of the vessel
because the material for a window has a much lower tensile strength than A537 carbon steel. The
main problem is that most pressure vessels are only capable of a very small window based on how
they are implemented. Typically, windows sized at 0.5 in are used in pressure vessels. However,
the experiment would be impossible to view or get any data from with a window that small. The
space between the burner outlets is 5 cm (1.965 in) max. Having a window this size may cause
problems when trying to view the entirety of the experiment as parts of it may get cut off. A radius
of 2.5 in will allow for extra space when viewing the experiment. A wall thickness of 0.5 in should
suffice for the window as well. This was decided not from stress calculation but from the external
holder of the window being 1 in. Therefore, the window needed to be held in the holder and was
chosen to have a thickness half the size of the holder. The problem of how the window would be
attached to the vessel then appeared. However, based on industry standards of companies such as
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Parr Industries a solution was found. The window will be externally mounted with a flange being
added to the top and bottom of the pressure vessel as shown in Figure 23. The window would then
be bolted into the flange setting it in place. This extension does lower the maximum pressure of
the pressure vessel to about 40.83 atm (Parr Industries Company, 2022). The decrease in pressure
occurs because of the joints connecting the flange to the main vessel and the tensile strength of the
window being much lower than the vessel. A safety factor of 4 should be accounted for when
designing the window. When designing the vessel Pyrex was considered for the window material.
The material is clear and will be ideal for inspecting the experiment going on inside. The material
is incredibly cheap, costing about $12.91 for a 5 in x 5 in x 1/8 in sheet. However, the tensile
strength of Pyrex is only 1000 psi. Polycarbonate was also inspected as window material.
Polycarbonate is cheaper costing $5.52 for a 6 in x 6 in x % in sheet. Furthermore, the tensile
strength is 9500 psi which is significantly higher than Pyrex. Polycarbonate is clear and would
work well for inspecting the experiment. Based on the criteria outlined above polycarbonate is the
better choice for the window materials. The window will be mounted to an external holder with
12 bolts as shown in Figure 25. The holder will then be bolted to the flange with 8 bolts with a
gasket in between the flange and the holder to stop any leaks.

The inflow and outflow of the vessel will be controlled by pressure regulators set to specific
pressures and will be attached to the vessel. They will be adjusted to the value required for the
experiment. The pressure trying to be maintained for the experiment will be set up between 30 and
50 kpa. In the case of ignition experiments, using an inert gas like nitrogen as the coflow through
the inlet can help dilute the reactants and prevent the buildup of a combustible mixture throughout
the chamber. The inlets will be at either side of the top burner flange to help sustain the stagnation

plane of the experiment. The outlet valves will be further out on the vessel equidistant to the burner
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flange so as not to interfere with the inlets but will also be entering from the top of the vessel.

Having the outlets further out will allow for no interference with the experiment by not exhausting

any of the materials entering the vessels through the burners. Figure 22 shows a diagram of the

setup of inlet and outlet of the flow.
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Figure 22: Inflow and Outflow of the Vessel

2.7.1 Pressure Vessel CAD Design

This section displays the SolidWorks modeling of the pressure vessel. The individual parts

are shown and may be updated based on further research. Appendix C has drawings of the parts.

Figure 23 shows the pressure vessel designed for the experiment. The dimensions of the vessel are

shown in Table 3.
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Figure 23: Pressure Vessel Design

Table 5: Pressure Vessel Dimensions

Pressure Vessel Parts Dimensions (in)
Inner Radius of Vessel 17
Length of Pressure Vessel 34
Wall Thickness of Vessel 0.25
Burner Insert Flange 0.787
Burner Flange Top 0.5
Burner Flange Diameter 6.3
Burner Insert Diameter 2.755
Window Flange Diameter 7.5
Window Insert Diameter 5
Endcap Flange Top 0.5
.End::ap Flange Radius 14.7

24. The endcap has a diameter of 36 in and a thickness of .25 in.

The endcap flanges attached to each end of the pressure vessel are shown below in Figure

3



Figure 24: Pressure Vessel Endcap

The window and window holder designed for the vessel are shown below in Figure 25.

Figure 25: Pressure Vessel Window and Holder

The full assembly is shown in Figure 26.
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Figure 26: Full Assembly of Pressure Vessel

3 Modeling

This section details the modeling used to design and improve each component of the
experimental apparatus. The layout is broken down into four main categories: Atomizer, Burner,

Flow System, and Pressure Vessel.

3.1 Air to Fuel Ratio and Droplet VVaporization Times

Stoichiometric air to fuel ratios were calculated to estimate fuel injection rates, to decide on
atomizer possibilities, and predict some aspects of combustion. Both molar and mass AFRs are
shown below. Various chemical combustion reactions are shown below. Not all fuels are to be

tested but analysis was done to compare options.
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3.1.1 Methane AFRs - 9.52 molar; 17.16 mass

CH, + 2(0, + 3.76N,) — 2H,0 + CO, + 7.52N,

3.1.2 Heptane AFRs —52.36 molar; 30.20 mass

2C,H, s + 22(0, + 3.76N,) - 16H,0 + 14C0, + 82.72N,

3.1.3 Ethanol AFRs — 14.28 molar; 8.95 mass

C,HsOH + 3(0, + 3.76N,) — 3H,0 + 2C0, + 11.28N,

3.1.4 Heptadecane AFRs —123.76 molar; 14.84 mass
Cy7H36 + 26(0, + 3.76N,) — 18H,0 + 17C0, + 97.76N,

Once the stoichiometry was completed the AFR was used to solve the desired fuel injection
rates, which are shown in the tables below for maximum and minimum air inlet flow rates. These
mass flow rates were 0.00038 kg/s and 0.000038 kg/s. The equations for calculating mass flow
rates additionally follow-on Figure 27. The values on this figures line are multiplied and the bottom
values are divided. Following these calculations, ‘x’ amount of mass flow rate of air is divided by
the molar mass of air, then divided by the molar AFR ratio, and finally multiplied by the molar
mass of the specific fuel. Additionally, as described in the calculations of the mass flow rate, the
molar fuel flow rate is the value prior to multiplying by the fuels molar mass. The volumetric flow
rate is found with a simplistic dimensional analysis — converting units and utilizing density of the
specific fuel. The densities the team used are shown in Section 2.4. Both Table 6 and 7 display the
mass flow rate, molar flow rate, air to fuel ratios, and volumetric flow rates of 4 fuels that could

be used for testing. Table 6 shows the values that correlate with the team’s theoretical minimum
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flow rate and Table 7 shows the values that correlate with the theoretical maximum air flow

through the designed nozzle. The method and source of these minimum and maximum values can

be found in section 2.3 with the sonic nozzle flow calculations. All fuels are liquids besides gaseous

methane and densities and conditions can also be found in section 2.4

X g of Air ‘ 1 Mol air ‘ 1 Mol Fuel ‘ X g mm fuel

S

XAirmmg

X AFR ‘ 1 mol fuel

X Grams per

second

of fuel

Figure 27: Stoichiometric Fuel Calculations Utilizing the Commonly used Domino Method

Table 6: Fuel Flow Rates for the Minimum Air Mass Flow Rate 0.000038 kg/s

Fuel Flow Rates /s moles/s AFR - molar|mL/min
A methane 2.20e-03 1.386-04 9.52 1.99e+02
A ethanol 4,23E-03 0.15E-05 14.28 3.21E-01
A N-heptane 2.51E-03 2.51E-05 52.36 2.20e-01
A heptadecane 2.55E-03 1.06E-05 123.76 1.97e-01

Table 7: Fuel Flow Rates for the Maximum Air Mass Flow Rate 0.00038 kg/s

Fuel Flow Rates g/fs moles/s AFR - molarlmL/min
A methane 2.20e-02 1.38€E-03 9.52 1.99e+03
A ethanal 4.23E-02 8. 15E-04 14.28 3.21E+00
L N-heptane 2.51E-02 2.51E-04 52.36 2.20e+00
AL heptadecane 2.55E-02 1.06E-04 123.76 1.97E+00

After computing the theoretical fuel rates, it was time to solidify atomizer choices and

compare further compare available atomizers. Choosing an atomizer that can handle these flow

rates is apparent, but the challenges revolve around understanding droplet physics and placement

of the atomizer. Since the team is trying to model relight, larger non-vaporized droplets are desired.
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D? law, described in the introduction, was the basis for understanding droplet residence time and
vaporization rates. It is important to keep the well-defined boundary at the exit of the burner to
compare the team’s experiments and models. The figure below depicts droplet size versus time
with respect to different temperature differentials between the surrounding gas and the surface of
the droplet. The team calculated the values at standard sea level temperature and pressure.
Challenges pertaining to these calculations revolved around choosing which T1 to use, T1 being
the surface temperature of the liquid. If the temperature of the atmosphere is above the boiling
point of the liquid the boiling point temperature should be used. Furthermore, if the temperature
of the atmosphere/far field is less than the boiling point of the liquid, only the temperature
differential should be considered in the calculation of characteristic heat transfer number. T1 is

then just the temperature of the liquid droplets.

100 um Decane Droplet Size Versus Time With Respect to Temperature Differentials
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Figure 28: 100-micron Decane Droplet Size versus Time with Respect to Temperature

Differentials Between the Fluid and the Flow
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As depicted above in Figure 28, the higher the temperature differential the faster the droplets
vaporize, creating premixed-type condition. For engines it is beneficial to have fuel vaporize
quickly, but to model relight it poses a challenge. To best model relight the team would have to
keep the temperatures precise with respect to one another and understand that the colder the system
is the longer the droplets will last. This last assumption cannot be seen as easily with this graph
but can be understood through the mass transfer number formulation of the of D? law, specifically
the vapor-liquid equilibrium. Since temperature affects the density, thermal conductivity, and the
specific heats of the liquid fuels slightly therefore increasing the vaporization times. When more
kinetic energy in the molecular kinetic systems, the molecules experience changes to their
properties stated above, resulting in “stabler” droplets at lower temperatures. Additionally, the
lower the temperature, the lower the mole fraction of vapor at the vapor/liquid interface.

Once the team got a solid understanding of D? law they proceeded to compare fuels and their
respective residence and vaporization times at similar conditions — specifically temperature
differentials. Ethanol, heptane, decane, and heptadecane were the fuels of interest. The time it takes
to evaporate 10 percent of the droplets' total size — starting at 100 microns wide — is displayed
below in Tables 8a-b. Figure 29 shows a comparison between the fuels of interest and their times
to evaporate. As evident from the table the longer chain organics evaporate slower but still do not
provide the optimal amount of time for droplets to enter the team’s burner without large amounts
of vapor. The desire is to vaporize the fuels as minimally as possible to recreate high-altitude

relight and its larger, colder droplets.
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Figure 29: 100 um Droplet Evaporation Times of Different Fuels and Water

Table 8a: Time to Reach 10% Loss of Diameter Due to VVaporization of 100 um Droplets

(\Various Fuels)

Time to Reach 10 % Loss of Diameter Due to Vaporization of 100 um Droplets

Water 58.167 sec
Heptadecane 2.180 sec
Ethanol 1.861 sec
Decane 1.417 sec
Heptane 0.839 sec

80
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Table 8b: Time to Reach 10% Loss of Mass Due to Vaporization of 100 um Droplets (Various

Fuels)
Time to Reach 10 % Loss of Mass Due to Vaporization of 100 um Droplets
Water 24.002 sec
Heptadecane 0.899 sec
Ethanol 0.768 sec
Decane 0.585 sec
Heptane 0.346 sec

Ethanol-water solutions became of interest when the team brainstormed methods of expanding
droplet lifetimes. Even though ethanol has a relatively low vaporization time — as seen on the above
table — it can be made into a solution with water to extend its vaporization time. This is since water
has the slowest evaporation rate when compared to the fuels in question. In Figure 30 below the
results of a parametric study detailing the effects of different ethanol-water solutions is displayed.
The higher the water concentration the longer the droplet lifetime. Even with just 20 percent water
the droplet would last 300 percent longer by total size. Within 14 seconds the 100-um ethanol-
water droplet would only lose 10% of its mass and be able to travel 630 cm, since it is traveling at
or near the expected flame speed range of 45-60 cm/s, which is now plenty of distance. The mass
and diameter reductions can be seen on Tables 9a-b. The only issue that arises from using a water-
based mixture is ignition consistency and flame stability. Further tests could be run in a Bunsen
burner type of experiment to test the ability of different concentrations to keep a sustained flame.
Ethanol-water solutions could also be viewed as a way of mimicking the high-altitude relight

condition of water entering the combustion chamber. When conducting this parametric model of
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ethanol-water solutions the team used a summation method for finding the solutional properties.
The molar fraction of the pure and combine species properties were used. This simplification
works well for density but is not as accurate an approximation for the other properties (McQuarrie
et al. 2011). The properties calculated and the equations used can be seen on Table 11 and Figure
31 respectively. X; is the mole fraction. Both n; and n;,; are the number of moles but n with the
subscript i is the species moles and the subscript tot refers to total moles of species present. P; is
the individual species property. P;,; is the total calculated property of the solution. Droplets could
be tested in the same fashion as shown in section 4.2 to further quantify evaporation rates.

Estimated Vaporization Times of Aqueous Ethanol Solutions
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Figure 30: Parametric Study of Ethanol-Water Solution Estimated Vaporization Times
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Table 9a: Time to Reach 10 % Reduction in Diameter of 100-micron droplets of Different

Ethanol Concentrations

Time to Reach 10 % Reduction in Diameter of 100 um Droplets

20 34.332 sec
40 20.747 sec
60 12.024 sec
80 6.038 sec
Pure Ethanol 1.860 sec
Pure Water 58.167 sec

Table 9b: Time to Reach 10 % Reduction in Diameter of 100-micron droplets of Different

Ethanol Concentrations

Time to Reach 10 % Reduction in Mass of 100 um Droplets

Pure Water

14.167 sec
20

8.561 sec
40

4.962 sec
60

2.491 sec
80

0.768 sec
Pure Ethanol

24.002 sec
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Table 10: Total Vaporization Times of 100-micron droplets of Different Ethanol Concentrations

Ethanol % Total Vaporization Time (Sec)
20 180.695
40 109.195
60 63.286
80 31.778
Pure Ethanol 9.792
Pure Water 306.143

Table 11: Properties Used for Ethanol-Water Solution Study

Ethanol Percent| Moles Male Fraction [hermal Conductivity {W/mK Cp Density (kg/m*3)Heat of Vaporization (J/Kg)
20 343.043 0.072 0.029 3897.535 582.096 2154593.701
40 686.087 0.171 0.044 3755.909 961.496 2015384.985
60 1029.130 0.317 0.067 3547.371 931.163 1809816.684
80 1372.174 0.553 0.103 3209.833 882.067 1477085.889

Ptur ZZXEP:'

n;
X = f”mr

Figure 31: Equations Used for Ethanol-Water Solution Study

(Terms defined earlier within this section)

Keeping the vaporization times and flow rates in mind, the team knew that it would have to

be flexible in atomizer placement depending on the atomizer used and droplet sizes attainable at

each corresponding flow rate. An atomizer placed too far might give too much time to vaporize.
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The team created the idea of a modular atomizer assembly where the atomizer and fuel inlets would
be in a cylindrical apparatus, with the same volume as the largest part of the converging nozzle.
This is further illustrated in Figure 32. The atomizer could then be placed further upstream by
adding additional cylinders that would lengthen the distance of the atomizer exit to the converging
nozzle. Possible placements are shown on the figure as 1, 2, and 3. Each rectangular section in
front of the numbered place chosen would allow more open space leading to the converging nozzle.
Thus, allowing for more vaporization if necessary. The placement of the atomizer would not
interact with the flow smoothing mesh placed in the burners air inlets since the atomizer — and
therefore the droplets — are on the midline of the burner with walls protecting the air from the

droplets until the converging segment is reached — see initial burner configuration in section 2.6.

Figure 32: Placement of the Modular Atomizer Assembly within the Burner

After gaining a better understanding of our flow system capabilities it was recognized that
larger droplets were going to be much harder to generate consistently at our low flow velocities.
Originally the WBD Industrial Spray nozzle by Delavan was chosen for its flexibility but

challenges arose in the contacting of Delavan. Delavan is a company based in the U.K but owned
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by an American subsidiary. The team attempted to contact Delavan but could not reach them. After
multiple attempts the team needed to pivot its decisions. A search for a similar Delavan nozzle
sold locally occurred and led to the industrial supply company Grainger. However, after this lack
of contact we decided to contact other atomizer manufacturers. This led back to Meinhard, a
chemical nebulizer and glass blowing manufacturer. The team understood that Meinhard's
products were typically used for gas chromatography and mass spectrometry, so the expected
droplet sizes were to be much lower. This would lower our ability to fully model relight but if the
small droplets were kept from evaporating, we could still study the impact of unevaporated fuel.
Meinhard was very helpful and supportive in providing part selection and understanding of the
specifications of their nebulizers. A lead scientist at Meinhard explained the challenges that we
could expect, the droplets would be around 3 microns in diameter. The lowest the team wanted to
go was around 15 microns since this already strains the vaporization amounts of the droplets and
the freedom of atomizer placement. 15-micron droplets at 45 cm/s would only be able to travel a
distance around 14 cm and would completely vaporize in 0.313 seconds if held at a temperature
differential of 2 K. This residence time — time the droplets stay in the burner - and total vaporization
time do not correlate well with the team’s desired low vapor conditions. Meinhard’s scientist
explained that we could possibly get droplets surpassing 45 microns if we increased our fuel
injection rate, but they had no exact data for this, just theoretical calculations. They graciously
agreed to send us a couple of nebulizers to test if the conditions were appropriate for our
experiment and we found that we could expect 15-25 micron wide droplets at our maximum
stoichiometric fuel flow rates. These were expected to be used in our primary testing to see if they
match our desired test conditions. Gravity fed fuel and pressurized air would flow into this

nebulizer.
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A few secondary plans were in the works in-case the Meinhard nebulizers are unusable.
Grainger had some Delavan nozzles in stock, with fast response times, that appear to match similar
conditions as the Delavan WDB nozzle we wanted first, as described in section 2.5. This new
Delavan nozzle had a spray angle of 70 degrees and a max flow rate of .6 gallons per hour which
is listed on Grainger. The teams flow rates of interest are .05 to .5 GPH, when converted from
ml/min. The flow rate of this nozzle is reduced when the pumping pressure is reduced. The
expected size of the droplets is not listed like other Delavan atomizers since the normal use of this
nozzle is in an industrial oil burning environment where droplet size is not as important a factor.
Additionally, the team searched for independent ultrasonic nebulizers for sale. A few companies,
including Sono-Tek were contacted but lackluster responses were given on if they sell their
atomizers independently from their spray paint systems, which they are known for. No further
responses from Sono-Tek were received.

Unfortunately, the Meinhard nebulizers were never received. The team proceeded to use the
Delavan industrial oil burner nozzle, sold by Grainger. To reiterate there was no data available for
expected droplet size. Thus, the team had to measure the performance of this atomizer. Results can
be seen in section 4.2. The spray angle was said to be 70 degrees and the flow rate was modifiable,

due to upstream pressure. This atomizer can be seen in Appendix B.

3.2 Burner FLUENT Modeling

3.2.1 Grid Independence Study
To understand the effect of the grid on the results, the outlet velocity profile for the optimized
contour was produced for four separate meshes with varying element sizes. Figure 33 shows each
of these meshes. And Figure 34 compiles the outlet velocity profile produced by each mesh for an
inlet velocity of 0.45 m/s.
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Element Size: 1 x 1073 Element Size: 7.5 x 10~%

Element Size: 5 x 10~4 Element Size: 2.5 x 1074

Figure 33: Four Meshes Characterized by Element Size
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Grid Independence Study, Outlet Velocity Profile
for Optimized Contour
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Figure 34: Outlet Velocity Profile for Optimized Contour for Four Meshes
From Figure 34, although there is some variation between the results from each mesh, it is

quite minimal. Thus, it can be concluded that these results are grid independent.

3.2.2 Comparison Between Straight, Linear, and Optimized Contour
The performance of the optimized nozzle contour, based on the method used by Bergthorson,
see Section 2.6, was compared with that of a straight and linear contour for two different inlet
conditions. This was done to ensure that the optimized contour truly performs better than a typical
design. The following table shows the total velocity magnitude across the three different contours
under two different inlet velocity conditions. These two inlet conditions were chosen to capture

the full range of exit velocities that need to be produced for future testing. Inlet and outlet pressures

were set to atmospheric.
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Table 12: Velocity Magnitudes Across the Straight, Linear, and Optimized Contours for Two

Inlet Boundary Conditions

Straight
Contour

Linear
Contour

Optimized
Contour

Inlet Velocity = 0.15 m/s

confour-1

Inlet Velocity = 0.45 m/s

Velocity Magnitude contour-1
1.72e-01 Velocity Magnitude
4.96e-01
1.558-01
4.46e-01
1.38e-01
3.87e-01
1.21e-01
3.47e-01
1.03e-01
2.97e-01
8.61e-02
2.48e-01
6.89e-02
1.98e-01
5.17e-02
1.49e-01
3.44e-02
9.91e-02
1.72e-02
4.96e-02
0.00e+00
[ms] 0.008+00
[ms]
L 5cm I
| |}
contour-1 contour-1
Velocity Magnitude Velocity Magnitude
4.09e-01 1.20e+00
3.68e-01 1.08e+00
3.27e-01 957e-01
2.86e-01 8.38e-01
245e-01 7.18e-01
2.04e-01 5.98e-01
1.63e-01 4 79e-01
1.23e-01 3.59e-01
B.17e-02 2.39e-01
4.09e-02 1.20e-01
0.00e+00 0.00e+00
L 5cm 1 1 5cm 1
I 1 ! !
contour-1 I 1
contour-’
Velec\tyAM;gmt;“de Velocity Magnitude
e 1.24e+00
5.84e-01 1.112+00
3.42e-01 9.88e-01
2.99e-01 £.65e-01
256e-01 7.41e-01
2.13e-01 6.18e-01
1.71e-01 4.94e-01
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854e-02 2.47e-01
4.27e-02 1.24e-01
0.008+00 0.008+00
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As seen on the above table, there is definite boundary layer formation for each contour type,
even at an axial distance of 5 cm. It is also important to note that the boundary layer is much larger
at the slower inlet velocity, which is expected. And lastly, for the optimized contour, the sudden
change in curvature near the exit seems to result in a significant decrease in the thickness of the
boundary layer.

The most important performance characteristic of the burner is its ability to produce a uniform
exit velocity profile, to simplify flow calculations. The following two figures, Figures 35 and 36,
show the outlet axial velocity profile at the two separate inlet velocities for each of the three

contours.

Outlet Axial Velocity Profiles, Inlet Velocity = 0.15
m/s

0.45
0.4
0.35
0.3
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0.2
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0
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Nondimensional Burner Diameter

Straight Pipe —e—Linear Contour —e—Optimized Contour

Figure 35: Outlet Axial Profile for Straight, Linear and Optimized Contour at 0.15 m/s Inlet

Velocity Boundary Condition
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Outlet Axial Velocity Profiles, Inlet Velocity = 0.45

m/s
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Figure 36: Outlet Axial Velocity Profile for Straight, Linear and Optimized Contour at 0.45 m/s
Inlet Velocity Boundary Condition

Due to the difference in the exit diameters between the three contours, this distance was
nondimensionalized with the respective exit diameter before the velocity profiles were compared.
The outlet velocities differ between the straight and the linear and optimized due to the decrease
in diameter for the latter two. The straight pipe’s diameter is constant, therefore, due to mass
conservation, the velocity does not increase as much as it would for the other two.

For both inlet velocity conditions, the optimized contour does not produce an entirely uniform
velocity profile. However, it does outperform the linear contour and straight pipe. The linear
contour and straight pipe plots display a dip in the axial velocity at the center of exit diameter that
is mostly absent in the optimized contour plot. To better the understand the possible reasons for

this, the radial velocity component is plotted for each of the contours in Figure 37.
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Outlet Radial Velocity Profiles, Inlet Velocity = 0.15
0.1 m/s
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Figure 37: Outlet Radial Velocity Profile for Straight, Linear and Optimized Contour at 0.15 m/s
Inlet Velocity Boundary Condition

The dip in the axial velocity for the linear contour can be explained by the large radial

velocities seen in Figure 37. Although the straight pipe seems to perform better, this is due to the

lower exit velocity magnitude and lack of curvature forcing flow in a radial direction. In an ideal

contour, the radial exit velocity would be closer to zero. Overall, from these results, the optimized

contour performs significantly better than the linear contour but could benefit from further

improvements to its performance.

3.3 Fluid Flow Heat Transfer COMSOL Modelling

The team used COMSOL to generate a more in-depth theoretical understanding of the heat
transfer occurring in the air flow subsystem of the experimental apparatus. This was done in an

effort to design a cooling system that would meet the team’s desired air temperature condition —
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265 Kelvin — while devising solutions for non-uniform temperature distributions. The goal of this
model was to understand boundary conditions’ effects on our experimental design to recreate
relight conditions and how non-uniform temperature distributions would occur. In order to design
a coolant system, the team had to understand how these cold gases would interact with the designed
hardware in the experiment. The boundary conditions pertaining to the team’s initial design were
an outlet atmospheric pressure of 101325 Pascals, since validations and experimentation would
first occur absent of the pressure vessel. Working with an inlet velocity of 45 cm/s and an inlet
temperature of 261 K, an explanation of this value will follow. Again, the desired temperature of
air mixing with the fuel is 265 K. Simplified hand calculations were completed alongside the
computer-generated model to aid in understanding boundary condition effect on the design of the
coolant system and the modeling itself.

To model and complete the hand calculations, the team focused on the temperature changes
that appear prior to the nozzle, as those were the largest concern in the team’s design for an
experiment to recreate relight. Discussion of the heat transfer within the burner is later detailed in
this section. A schematic for the problem modelled is shown in both Figure 38 and 39. It is
important to note the dashed line appearing in both figures: this represents the midline of the
theoretical apparatus and was noted here to further distinguish the studies were 2D axisymmetric.
Figure 38 is the theoretical setup that the team’s model and hand calculations were based upon.
The numbers refer to key sections of the theoretical design, ‘1’ refers to the air in a tank being
pushed into the quarter inch pipe that the team has designed the flow system around. The segment
numbered ‘2’ displays where the theoretical pipe outlet enters the burner. In the team’s designed
burner, this is not the correct entrance but was designated here for easier explanation of air inlet

temperatures. The control volume of the model and hand calculations is highlighted in blue.
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Figure 39 displays the control volume magnified; this is the section of the apparatus that the
coolant system would have to mostly be designed around. The segment numbered ‘3 depicts a
1/8-inch radius and ‘5’ represents the area where a boundary condition of 1 atm and exit velocity
of 45 cm/s occurs. The wall temperature is labelled number ‘4°, originally set at room temperature,
298 K, and later 265 K, the desired relight condition. Since this model is axisymmetric, the dashed
line represents the midline of the pipe and the study rotates along that axis. The length of the

control volume is 12 inches for this study.

1

| ¥ > > g N

Figure 38: Schematic of 2D Axisymmetric Model Design

Used for both COMSOL modelling and hand calculations

Figure 39: Schematic of 2D Axisymmetric Control Volume Design

Used for both COMSOL modelling and hand calculations

The hand calculations gave the basis for an initial guess for inlet temperature but did not

consider radial temperature gradients due to assumptions and simplifications within these
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calculations. Again, the team wanted to have the oxidizers and fuels meet at desired temperatures.
The hand calculations were performed for the same setup as shown in the Figure 39, directly above.
The pipe was assumed to have a constant wall temperature of 298 K, a 12 in pipe, a radius of 1/8
inch, and the same boundary conditions stated previously. For calculating the heat transfer of
laminar air flow through a constant surface temperature pipe, the team followed the University of
Colorado Boulder’s method shown on the school’s LearnChemE webpage, uploaded in 2013. The
assumption in this method is that there is no radial temperature gradient, which is not realistic.
This initial calculation was used to get a baseline inlet air temperature of 260.9 K, rounded to 261
for modelling purposes.

The team’s fundamental model simulated the heat transfer within a pipe with a diameter of a
quarter inch and a length of 12 inch, the schematics are the same as previously stated and shown
directly above. The model is 2D axisymmetric, allowing for resolution of all three dimensions to
be understood. The team made this decision utilizing the symmetry of a cylindrical pipe. Each
cross section of the pipe was created as rectangle and rotated around 360 degrees. The problem is
a bit complex as the fluid flow and heat transfer need to be modeled simultaneously. Boundary
conditions consisted of an inlet velocity of 45 cm/s, a pipe inlet temperature of 261 K, and an outlet
pressure of 1 atm, developed from the simplified hand calculations. Originally, the wall
temperature was set to 298 K, room temperature. The air flow through the pipe was laminar and
fully developed. Figure 40 and 41 display two distinct views of the heat transfer simulation. There
is a large heat differential separating the outlet and inlet, over a 30 K difference. Putting cold air
and letting it heat up throughout the piping is not a good coolant system design unless the air

system was less than a foot long. Due to the laboratory environment this is not the case. On top
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of that issue, there is a clear variation in radial temperature which the team’s coolant system must

take into account. Radial temperatures are plotted on Figure 42 and 43.
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Figure 40: Complete COMSOL Heat Transfer Study
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Surface: Temperature (K)

Figure 41: COMSOL Heat Transfer Study Another POV
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Figure 42: Temperature as a Function of Pipe Length of Complete Heat Transfer Study,

Each line represents a different radial cut of the pipe starting at the center and moving

0.0125 inch each cut. The arrow depicts an increase in radial distance from the center line.
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Figure 43: Temperature as a Function of Radial Distance of Complete Heat Transfer Study,
Each line represents a different cut of the pipe’s length starting at the inlet and moving 1

inch each cut. The arrow depicts increasing pipe lengths from the inlet.

The radial heat differentials are the key information for the team’s design of an experimental
apparatus. Radius of the pipe versus temperature can be seen in Figure 42. Each line is a different
segment 1 in. down the pipe. On the following figure, Figure 43, temperature is graphed versus
pipe length, with each line representing a tenth — 0.0125 in — of the pipe’s radius. As can be seen,

the radial temperature difference is quite large. The team realized that it was best to disturb the
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fluid flow in the pipe, disrupting heat boundary layers, and balancing the heat across the radial
distance. The fluid can be disturbed in this part of the experimental apparatus since there are flow
smoothing devices at the entrance to the burner, thus disturbance here would not affect downstream
laminar conditions. 3D-printed bumps, ramps, and wedges could be fashioned to place in the pipes
inlet to disrupt the flow. Vortices and flow stagnation near the walls of the pipe would have to be
disrupted.

Once the design process to get the gas flowing through the pipe more uniformly had begun,
reducing the temperature of the gas entering the pipe and exiting the burner had to be further
considered. Since the desired temperature of the gas entering the burner is 265 K, the cooling
system was modelled. Figures 44-46 are the coolant system design simulation plots and their
respective insights on heat transfer are displayed. The boundary conditions and control volume
remain the same except for the surface temperature, which is now 265 K, the desired temperature
at the outlet. Figure 44 shows the 3D view of the pipe with the temperature gradient. Figures 45
and 46 show the radial and pipe length temperature differentials, respectively. The outlet
temperature can now be seen to be much more uniform temperature at 265 K as desired. A coolant
system that keeps these wall temperatures at 265 K and the inlet at 261 K is necessary when the
piping prior to the burner is one foot long. If longer piping is introduced and the inlet and surface

temperature is maintained the outlet should still be 265 K.
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Figure 45: Coolant System Temperature Versus Radial Distance of Complete Heat Transfer

Study. Each line represents a different cut of the pipe’s length starting at the inlet and moving 1

inch each cut. The arrow depicts increasing pipe lengths from the inlet.
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Figure 46: Coolant System Temperature Versus Pipe Length of Complete Heat Transfer Study,
Each line represents a different radial cut of the pipe starting at the center and moving

0.0125 inch each cut. The arrow depicts an increase in radial distance from the center line.

A coolant system must enforce a uniform outlet temperature of 265 K by keeping the pipe
temperature at 265 K, providing an inlet temperature of 261 K, which keeps the minimum pipe
length at 12 in, and implementing the flow disturbing devices discussed earlier. A costly solution
that has flexibility in temperature ranges for the inlet temperature is an industrial heat exchanger
from Xchanger Incorporated. The flexibility of temperature would be necessary for different tube
lengths. If the inlet temperature is 261 K, as modelled the pipe can be as long as needed if the

pipe's surface is kept at 265 K, a liquid nitrogen bath is discussed later to implement this. If the
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inlet temperature is greater than that of the pipe temperature, the longer the tube length would
mean more heat is transferred and lost from the fluid within the pipe to the pipe. If further designs
and desired testing could cope with hotter temperature fluids, which are less comparable to relight
conditions, vortex coolers could be employed for the inlet. These coolers use compressed air to
inject into a specially designed chamber to create two streams of air, both hot and cold. The cold
air could be used, and the hot air ejected. Shown below on Figure 48b is a standard vortex cooler.
The compressed air splits into the cold and hot streams-left and right respectively. Certain vortex
tubes have been seen to reach 223 K, if implemented correctly (Walker, 1975). Since this would
have to be created out of an industrial setting, flexibility and repeatability might be a larger
challenge. However, the cost difference could be the decider, with some heat exchangers reaching
the range of $2000-4000. The size could cause additional strain when connecting to an
experimental apparatus; heat exchangers can be multiple feet long by multiple feet thick. A
diagram of a heat exchanger can be seen in Figure 48a. Further expansion of this experimental
design is required to keep the air cool by creating a constant pipe surface temperature of 265 K. A
somewhat inexpensive solution to this is a liquid nitrogen cooled system. Liquid nitrogen can flow
over to surround metallic piping to cool the liquid to a desired temperature by keeping the pipe
surface temperature a constant 265 K. However, the fully developed design of this liquid nitrogen
steady state coolant system is out of the scope of this project. Ideally, if your inlet temperature is
265 K and the pipes are held at 265 K, through a liquid nitrogen encasement, the piping could be
any length. However, maintaining a perfectly uniform and precise inlet temperature either at 265
K, 261 K as modelled, or below may not be feasible. If further tests can only provide an inlet
temperature equivalent to room temperature, 298 K, the piping length would have to be at least 20

in long and preferably above 25 in. This will force the room temperature air to become a uniform
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265 K at the outlet. The piping would still all have to be held, through liquid nitrogen cooling, at
265 K, this room temperature inlet case can be seen on figure 47, where the fluid becomes radially
uniform and 265 K at around 20 in.

Finally, the burner must be discussed since it can be expected that at least some heat transfer
occurs within the burner. The team believes this heat transfer to be negligent for several reasons.
Firstly, for major heat loss to occur the fluid needs to flow over a comparatively longer distance.
Since the burner is 5 cm, or around 2 in, this is not a huge distance to cover. Secondly, the flow
system could be run for a period through an insulated burner causing the burner material to slowly
lose heat to the flow. Eventually the temperature of the burner gets colder, and experimentation
can take place at this point. The flow, thus, loses even less heat to the burner. If large flow heat
loss is experienced within the burner, and a cause for concern, the liquid nitrogen encasement
should be extended to encompass the burner keeping the burner at the same 265 K temperature
desired. This would create an equilibrium between the flow at 265 K and the burner at 265 K so

there would be no heat loss.
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Figure 47: Room Temperature Inlet Model of Temperature Versus Pipe Length
Each line represents a different radial cut of the pipe starting at the center and moving

0.0125 inch each cut. The arrow depicts an increase in radial distance from the center line.
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Figure 48a: Heat Exchanger Diagram (Wikipedia, “Heat Exchanger”)

Figure 48b: Standard Operation of a VVortex Cooler (Wikipedia, “Vortex Tube”)

3.4 Pressure Vessel Analysis

Analysis of the CAD model of the pressure vessel was completed using ANSYS Static

Structural. This software allows for stress calculations and deformation calculations caused by
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exerting pressure on the inside of the vessel. Modeling was run at the expected pressures of the
experiment and at the max pressure of the vessel. A grid independence study was conducted by
fixing one of the larger diameter flanges at the ends of the vessel. Setting it in place will stop

external or internal forces from shifting the vessel at this point, simulating real use with an end

being restrained. The results of the forces only cause deformation and not translational movement

because the body is fixed. The internal force is uniformly distributed normal to every internal
surface. The study was done using an element size of .005 and .007 m and the max pressure found
was exerted to see if the different meshes converge to the anticipated results. The meshes are more

compact at the windows because of the difference in material from the vessel and the window.

Figures 49-50 show the meshes.
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Figure 49: Element Size 5 x 10-3 m with Displacement of 0 m on Main Body of Vessel and

Internal Pressure of 250000 Pa
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Figure 50: Element Size 7 x 10-3 m with Displacement of 0 m on Main Body of Vessel and

Internal Pressure of 250000 ka

The figures below show the stress analysis of the vessel with the element sizes above.
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Figure 51: Stress Analysis of Element size 5 x 10-3 m with Displacement of 0 m on Main Body

of Vessel and Internal Pressure of 250 kPa (Units in Pa)
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Figure 52: Stress Analysis of Element size 7 x 10-3 m with Displacement of 0 m on Main Body

of Vessel and Internal Pressure of 250 kPa (Units in Pa)
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From Figures 51 and 52, the minimum stress has difference of around 15 % and the maximum
stress has a difference of around 15 %, depending on the element size of the grid. Full grid
independence is not reached since the results from the simulations with two element sizes are not
the same.

Figures 53-54 show the stress analysis and total deformation of the vessel at 250000 Pa. These

results are preliminary and due to insufficient time, the design of the vessel was not complete.
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Figure 53: Equivalent Stress of Pressure Vessel External with Displacement of 0 m on Main

Body of Vessel and Internal Pressure of 250 kPa (Units in Pa)
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Figure 54: Total Deformation of Pressure Vessel External with Displacement of 0 m on Main

Body of Vessel and Internal Pressure of 250 kPa (Units in m)

4 Experimental Results

Tests were conducted to validate the experimental apparatus. This section details the results

of these validation tests.

4.1 Particle Image Velocimetry Testing

The SOLIDWORKS model of the burner, designed with the application of the Bergthorson
optimization scheme, was 3D printed to begin running particle image velocimetry (PIV) testing to
validate if the burner’s exit velocity profile was indeed uniform. These tests were conducted in
tandem with the modeling discussed in Section 3.2 Burner Fluent Modeling. Figure 55 depicts a
schematic of the experimental setup. Figures 56 and 57 depict components of this setup. Other

parts can be seen in Appendix B.

113



A

Figure 55: Experimental Setup for Particle Image Velocimetry Testing
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Figure 56: Experimental Setup Featuring the Burner and Laser, Focused by 3 Lenses
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Figure 57: Experimental Setup Featuring Particle Seeder and Flowmeter

Testing was conducted at 30 SLPM, leading to an exit velocity of 1.59 m/s. A Cavilux
Smart Laser was paired with a Photron FASTCAM NOVA high-speed camera to capture particle
movement. Particles of talcum powder were introduced into the flow as the seeder particles. These
particles were placed in a holding chamber through which airflow was allowed to pass, the airflow
picking up particles along the way. With a laser repetition rate of 1 kHz, the expected particle
movement between pulses is 1.59 mm. Figure 58 depicts two of the pictures captured during
testing. Figure 59 displays the parameters used to analyze this test in the Open PIV software (Ben

Gida et al., 2020). And Figure 60 displays the results.
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Figure 58: Images Captured with High-Speed Camera

Interrogation window size
Width Height
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Scale (m/pix) 0
dt (sec) 1
Qutlier filter 100
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Figure 59: Open PIV Settings Used to Conduct Analysis
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Figure 60: Open PIV Results for 30 SLPM, 1 kHz

The width of the pictures is the same as the diameter of the burner, 20 mm. The width of the
pictures is 256 pixels, thus each pixel corresponds to 0.078 mm. The average axial displacement
through the Open PIV analysis was found to be 20.33 pixels, corresponding to 1.588 mm. This is
the practically the same as the expected displacement of 1.59 mm. There is also some radial
displacement, averaging 0.1104 pixels, or 0.0086 mm. Hence the velocities measured using PV
agree with those estimated from the flow rates.

The visual results indicate that the flow is largely laminar. However, some regions of the
flow show deviation from the vertical path. This could be due to remnants of flow that have not
been fully flattened after traveling through the mesh and burner contour. Another reason for this
deviation from the uniform flow profile could be external disturbances from the vent present above
and to the right of the experimental setup. Additionally, the seeder particles mixed within the flow

might not have been homogenously distributed causing flow disturbances. To get more accurate
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results, it is recommended that the experimental setup is placed directly below the vent, rather than

at an angle.

4.2 Droplet Sizing

Not much information was available regarding the droplet size performance of the atomizer
used in the experimental apparatus, the Delevan Type B Oil Burner Nozzle. Thus, tests were
conducted to understand the range of droplet sizes produced by the atomizer at various distances
downstream of the burner. Water was fed into the atomizer’s inlet, pressurized airflow behind it
acted as a piston applying pressure to the water itself. Droplets emitted by the atomizer were
captured on a nonabsorbent surface for three seconds and then immediately examined under an
optical microscope. This was conducted for an upstream air pressure of 30 psi for four different
distances: 5in, 5.5in, 5.75 in, and 7 in. First, tests were done for 5 and 7 in. From these results, it
was decided that the distances of 5.5 in. and 5.75 in. should be tested to try to optimize the droplet
sizes for water. Figure 61 displays the experimental setup for these tests. Table 13 depicts
representative droplet patterns seen for each of these distances. For reference, each image is at the

scale of Imm x 1mm.
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Figure 61: Experimental Setup for Droplet Testing
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Table 13: Droplets Captured at Various Distances from the Atomizer, Air Pressure of 30 psi,

Each Image 1mm x 1mm

Distance of 5 in. Distance of 5.5 in

Distance of 7 in.
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Measuring the various droplet sizes seen at each of the distances, a range of values was

compiled. Table 14 summarizes the range of droplet sizes seen at each of the different distances

from the atomizer.

Table 14: Range of Droplet Sizes at Different Distances from the Atomizer

Distance from Atomizer

Min. Droplet Diameter

Max. Droplet Diameter

5in. 0.1 mm 0.7 mm
5.51n. 0.05 mm 1 mm
5.751n. 0.1 mm 0.2 mm

7in. 0.03 mm 0.3 mm

The range of sizes seen for each of the distances from the atomizer shows that at closer
distances, there is a wider range of sizes. At 5.75 in., there is more of a consistent size variation.
At 7 in., the droplet sizes are much smaller overall. Thus, balancing the experimental desire for
uniform droplets or vapor poor conditions led to the ideal separation distance for water to be about
5.75 inches. The further the atomizer is moved from its desired position the more evaporation that

will occur.

4.3 Droplet Dispersion Angles

When doing droplet size testing a significant change in the dispersion angle of the atomizer
was noticed. The atomizer is listed to have a dispersion angle of 70 degrees. During testing the
angle would decrease sporadically. Image analysis was done on images taken from testing the
dispersion angle to find out what the two different angles were. The dispersion angle was
calculated at 74 degrees in Figure 63 which is within the error expected from the quality of the
image. The angle in Figure 62 was 34 degrees which is nowhere near the listed angle. After
analysis and discussion, the team concluded the smaller dispersion angle can be attributed to the

low amount of water during testing. When the water in the pipes gets low the air that is pressurizing
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the water forces its way through the atomizer reducing the amount of water going through the
system and decreasing the angle the water is being dispersed. To combat this effect, a larger
amount of fuel will need to be in the piping to keep the air from entering the atomizer. The figures

below show the angles of dispersion found during testing.
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Figure 62: 34 Degree Angle of Dispersion at 30 psi
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Figure 63: 74 Degree Angle of Dispersion at 30 Psi

4.4 Sonic Nozzle Validation

For a choked flow, the flow rate at the nozzle throat can be expressed by Equation (31) where
po and T, are the stagnation pressure and temperature (John and Keith, 2006). R is the gas constant,
A is the area of the nozzle throat, y is the specific heat ratio for air. The stagnation pressure and
temperature are related to the local pressure and temperature by Equations (32) and (33) where M

is the Mach number.
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From these equations, the mass flow rate depicts a direct linear relation with pressure, as
pressure increases, mass flow rate increases. This relation was used to validate the performance of
the sonic nozzles.

The air flow rate exiting the sonic nozzle at a certain upstream air pressure was measured with
the flow meter. This was repeated for three sonic nozzles, E-22-SS, E-17-SS, and E-12-SS, at three
different pressures each, 40 psi, 70 psi, and 100 psi. The results of these tests are compiled in

Figure 64.
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Figure 64: Flow Rate Exiting Three Types of Sonic Nozzles under Three Pressure Conditions
From the plot, as expected, the sonic nozzles depict a positive linear relation between upstream
pressure and flow rate. These values also compare well with the values provided by the

manufacturer. Thus, these results ensure that the sonic nozzles are performing as required.

5 Challenges

5.1 Design Challenges

Most of the team had never faced a design project this intricate with so many unknown
variables. Many design challenges were the result of our novice experience. Sticking to our
educational backbone was key in overcoming some of these design challenges. Creating visual
tools and iterating greatly impacted our decisions. The growth from our original ideas of part
placement and flow control can be seen in the heavily iterated P&ID diagram. After every iteration

we understood the flow and comparable flow systems much better. In the multiple iterations of a
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pressure vessel, it can be seen how the team's original design changed based off other experimental
designs and the idea our original design may not be modular enough and too cumbersome. Another
major design challenge came about when trying to fully understand and recreate others
experimental design philosophies and calculations. When calculating droplet vaporization times,
it was difficult to decode all the assumptions necessary to recreate a consistent model. There was
also an initial difficulty in understanding the MATLAB modeling of nozzle design used by other
studies due to their omission of certain key parameters. Thus, it took more time to recreate their

results and apply those techniques to the efforts of this work.

5.2 Experimental Challenges

Selection of parts for our flow system was challenging as after searching a website extensively
one could find an item that seems perfect just to find out it doesn’t meet the maximum pressure
requirement or that it has the wrong type of connection threading. Therefore, narrowing down
options and check if they would work appropriately was a process that had to be repeated many
times in order to make sure when ordered the correct parts would be delivered.

When conducting the experiments constructing the apparatus for different tests resulted in
challenges. When attempting to set up the backup atomizer it was noticed that the adapter for the
threads was not included. The team used epoxy and duct tape to secure the atomizer to the fuel
lines. Storing the seeder particles in a section of the burner was challenging, a uniform amount of
the particles needed to exit the burner. Trial and error modifications were used till a storage device
was manufactured to sit behind the burner inlet to allow for a constant stream of particles to be

dispersed.
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5.3 Global Project Challenges

With the current state of manufacturing in the Unites States, getting prompt responses and
accurate information from companies to purchase their products was a major challenge throughout
this project. Dozens of unanswered phone calls and emails, incomplete product information on
websites, and lack of inventory for high priority parts for this project led to further delays.

The lead time for sonic nozzles, which were used for controlling the flow rates of air in the
experimental setup, was found to be a minimum of twelve weeks. Thus, these were ordered well
in advance to ensure that the experimental apparatus could be fully assembled and tested. However,
these items were not received until the last few days of the project. The team addressed this
challenge by being resourceful with the equipment available and at-hand.

Each component and company brought about their own problems. Such as when there was no
further communication between the team and a supplier that had offered to send a certain nebulizer
but was never received. The impact of the global Covid-19 pandemic cannot additionally be
overstated and most certainly played a role in company responses, response times, and inventory

of certain stock.

6 Summary, Conclusions, Recommendations, Broader Impacts

6.1 Summary

The team’s efforts to design an experimental apparatus to study the phenomena of relight
began with gaining an understanding of relight and its pertinent conditions. The team researched
high-altitude relight and issues that jets face when attempting to relight their engines. Once these
conditions were understood, expressed in section 1, the members split up design aspects to focus
on. The four main subsystems were burner design, flow delivery system, fuel dispersion methods,
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and pressure vessel. A converging nozzle was designed to maximize the uniformity of the flow. A
flow system was designed to inject the correct amounts of air to match desired test conditions. The
atomizer availability, droplet capabilities, and fuel flow rates were the design criteria for the fuel
delivery system design. A pressure vessel was modeled to be expanded by future works.
Simulations and models aided in design and validation of design decisions. The team was able to
validate and test multiple components of an experimental apparatus to be used for further relight

simulation testing.

6.2 Conclusions

The goal of this project was to study the effects of varying conditions, such as pressure and
temperature, on the success of relight. Due to shipping delays, much of the equipment necessary
for achieving this goal were not received until well into the end of the project timeline. However,
with the equipment available to the team, an experimental apparatus was constructed and validated
to be able to recreate the necessary conditions. The primary lesson learned throughout this project
was how to be flexible and resourceful. Despite numerous setbacks and obstacles, an experimental
apparatus validated by complex structural, fluid, and thermal models and various methods of
testing were designed and assembled. For example, the sonic nozzles necessary for controlling the
mass flow rate of the system did not arrive until the last few days of the project. However, in the
meanwhile, the team utilized a flow controller to estimate the volumetric flow rate to conduct tests
without the sonic nozzles. Another example includes the lack of proper connection types being
available on the market to connect the atomizer to the rest of the flow system. Thus, the team

repurposed a combination of several other connectors and epoxy to ensure a proper fit.
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6.3 Recommendations for Future Work

Throughout this experiment the team has compiled ideas for future projects to implement and
try to continue the project. Based on time constraints and delays in shipping and ordering the team
did not have enough time to test or implement these changes but think they would be beneficial to
future work pertaining to the experiment.

The team did not have time to integrate the burner design with the atomizer. This integration
is key to recreating relight conditions. The burner design created for this project was tested for
uniform flow and the atomizer was tested for the droplet dispersion angle and droplet sizes. The
two will need to be integrated to continue the experiment further. To fully integrate these two parts,
the burner will need to be redesigned. The inlet for the atomizer needs to be expanded, the burner
width should be increased to reduce possible droplet interactions with its walls, and the burner
contour needs to be further optimized to create a more uniform exit velocity profile. Additionally,
this experimental setup should be placed directly under a vent to reduce external disturbances
leading to changes in the flow pattern.

If a premixed fuel is used, a one-way valve needs to be added to the fuel flow to stop the fuel
from going back down the air flow. This was a problem when testing the atomizer droplet sizes as
the water would go back down the tube and risk going into the pressure regulator. Furthermore,
trace amounts of water would not flow down the tubing when enough pressurized air would come
through causing the angle of dispersion of the atomizer to decrease. The air would also come out
of the atomizer forcing the spray angle to decrease significantly.

Further atomizer testing is required if a new atomizer is chosen. The atomizer determined for
this project was chosen because of price, effectiveness, and most importantly, availability.

Atomizers are typically more expensive, and the team was not able to purchase most of the
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atomizers examined due to availability and cost restraints with the rest of the items needed to be
purchased such as the NPT connectors, the pressure regulator, the pressure gauges, the flow
meters, and the sonic nozzles. If a new atomizer is chosen, new dispersion angle testing and droplet
size testing must be done to integrate a new atomizer into the burner configuration.

Future experiments with ethanol should be done to understand which concentrations of
ethanol are able to ignite with ease. This test can could be done with a Bunsen burner instead of
the relight experimental apparatus. The concentration of ethanol needs to be tested before being
used in the experiment to determine if high concentrations of water will ignite allowing more
vaporization for the fuel. The researchers would gain the ability to further elongate residence and
vaporization times by reducing the speed at which the droplets vaporize. Just to reiterate, slow
vaporization times are terrible for engine performance but good for recreating high-altitude relight
conditions.

Future efforts should validate the heat transfer simulations and burner insulation through more
complex simulations and physical testing. The heat transfer simulations can be expanded to
encompass the burner and the piping. Since it was expected that the solutions discussed at the end
of section 3.3 were sufficient in coolant design, teams could take different temperature readings
within the apparatus to understand the heat physics of this particular real-world experimental

apparatus.

6.4 Project Broader Impacts

A clearer understanding of relight, specifically high-altitude relight, will result in a reduction
of pollution, greater engine efficiency, and safer travel conditions. Understanding cold, low-
density air engine relight, equivalent to high-altitude, could be the deciding design factor in air

travel on other planets.
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Climate change is a tremendous societal hazard to the continuation of life on Earth as we know
it. Solutions to reduce and decrease production of greenhouse gases must be put into effect swiftly.
Air travel accounts for 4% of the United States greenhouse gas emissions (Chokshi & Krauss,
2021). Designing engines to reduce pollution has led to heavy investment into lean fuel burning
and low NOx producing engines. These engines, which are better for the environment, suffer from
inconsistent relight. The temperatures and fuel consumption used by differing engine types
changes relight ease and ability. Inability to reignite modern engines safely and swiftly after
flameout is an obstacle to the implementation of more environmentally friendly modern engines.

Aircraft engines, when relighting at high altitudes, waste fuel before successful ignition. Thus,
engines additionally emit more harmful pollutants such as nitrogen dioxide and not fully
combusted hydrocarbons. Reduction in one pollutant can sometime greatly expand the production
and emission of others (Freeman 2018). In order for optimal complete combustion to occur, where
carbon dioxide and water are the only constituents, relight must happen readily and repeatedly.
Greater understanding of relight allows for the optimization of engine performance leading to less
fuel being wasted before a flame begins and engine conditions to more quickly match optimal
combustion conditions, in turn increases the completeness of combustion occurring.

A typical commercial jet, a Boeing 747, uses 4 liters of fuel a second. The total number of
commercial flights handled by the FAA alone numbered 16.5 mil (FAA 2021). Even marginal
improvements in time to reignite the engine would save large amounts of fuel. Making flights more
economically and environmentally sustainable. This however might not be the largest factor in
studying relight in the modern era. Engine flameout is predicted to happen once out of every
hundred thousand flights (Garrison 2006). In catastrophic engine failure, where both engines’

flames are extinguished, pilots are forced into very dangerous situations. If airspeed and conditions
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inside the combustor are not optimal, pilots must dive to gain airspeed. The other option is glide
for an emergency landing. Historically this has led to loss of life, planes, and environmental
destruction. Although some might say it is rare, it is important to keep in mind that additional
safety risks associated with plane travel has negatively impacted the desire for this form of
transportation, due to historical and current perception of flight safety. Furthermore, this lack of
desire could cause aviation study to stagnate and add extra strain on air transport.

Overall, a better understanding of high altitude relight would secure a safer, less polluting,
and more efficient air transit system. High altitude relight insight could be extrapolated to better
prepare for lower density atmospheres seen on other planets, allowing for greater implementation

of transportation and travel systems on other planets.
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Appendix A: Flow System Parts

Table Al: Final Flow System Parts Details

Company Product Name Product Number Quantity
Omega
1 Pressure Gauge DPG104-100G 3x
2 Pressure Regulator PRG700-2 3x
Swagelok
3 Brass Tee Connector (F) B-400-3-4TFT 1x
4 Brass Straight Connector (F) B-400-7-4RG 6%
5 Brass Straight Connector (M) B-1010-1-4 1x
6 Straight Connector (F) B-1010-7-8 1x
7 Stainless Steel Straight Connector
(F) SS-400-7-4RG 10x
8 Stainless Steel Tee Connector (F) SS-400-3-RTTTF  3x
O'Keefe
9 Sonic Nozzles (SS) E-22-SS 1x
E-17-SS 1x
E-12-SS 1x
E-11-SS 1x
E-9-SS 1x
E-4-SS 1x
Grainger
10 Mechanical Flowmeter 2ktw5 1x
11 Mechanical Flowmeter 16x856 1x
12 Reducing Adapter 46M456 1x
13 Atomizer 3AAG2 1x
14 Support Stand and Rings 23YW88 1x
15 Wire Mesh 45TRO3 1x
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Table A2: Cost Breakdown for Ordered Parts

Omega
Prezsure Guage
Fressure Regulator
Swagelok
Tee Connector (female) brass
Straight Connector [fernale] bra:
Straight Connector [female] S5
Tee Connector [female] 55
Straight Connector [Female]
O'Kesfe
Sonic Mozzles [55)
Erooks
Mechanical Flowmeter
Mechanical Flowmeter
Girainger
Atomizer
Suppart Stand and Ringr
Amazon

“wfire Mesh

Harbar Freight Tools
Epoy

DPGI04-1005
PRGFO0-2

E-400-3-4TFT
E-400-7-4RG
SS-400-7-4RG
SE-400-3-RTTTF
B-1010-7-&

Zktwh
16x55E

JAAG2
23VWEE

1]

jH
jH]

iH]
i

$2.074.02

F302.77
$i0e82
Total:

1259

$94E

F2li2

4158

F14.08
Total:

20
Total:

#7956
FE4.04
Tatal:

1386
$E2 46

Total Cost

LIRS

Total Cost

#1174

Total Cost

$308.4
FI26.4E

#1

23477

$16.54
#6676
F21.20

$124.74

F425.37

$76.32

v

1.3

150
120

$144
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Appendix B: Images of Flow System Parts

ik ¥

Figure B1: Atomizer (courtesy of Grainger)

Item: 3AAG2

Figure B2: Sonic Nozzle (courtesy of O’Keefe Controls)
Items:
E-22-SS
E-17-SS

E-12-SS

1155



E-11-SS

E-9-SS

E-4-SS

Table B1: Air Flow Table for Sonic Nozzles in SLPM

Metal Orifice Air Flow — SLPM

Controls Co.

If it's about precision, it's O’Keefe.

Orifice:
Diameter 0004 0005 0006 0007 0008 0009 0010 0011 0012 0013 0014 0015 0016 0017 0018 0019 0020 0021 0022 0023 0024 0025 0026 0027 0028 0029 0031 0032 0033
Inches
Size

Number 4 5 6 7 8 9 10 n 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 31 32 33
C, 0.00035 0.00061 0.00086 0.0012 0.0015 0.0019 00025 00028 0.0034 0.0038 00043 0.0050 00055 0.0067 0.0073 0.0080 0.0088 0.0096 0011 0012 0013 0014 0016 0017 0018 0019 0022 0024 0025

1 0035 0064 0086 0127 0170 0226 0280 0308 0398 045 052 061 066 077 086 096 105 143 120 141 154 167 191 195 221 239 265 288 303

5 009 o016 021 030 040 052 065 071 082 106 121 141 154 176 1988 222 247 265 297 324 353 383 434 444 494 531 586 642 680

10 012 022 031 043 057 074 083 101 120 148 1688 185 201 226 254 283 316 353 433 475 518 555 615 643 718 783 863 940 998

=3 15 016 028 039 054 072 083 117 126 162 185 210 244 250 285 323 357 401 441 535 583 643 695 758 795 878 958 106 116 123
2 20 019 033 046 065 08 110 138 149 192 219 249 287 297 340 386 426 484 522 635 695 758 815 890 928 103 112 124 135 143

é 25 022 039 053 075 098 127 150 171 220 250 286 328 342 392 445 491 550 601 730 795 865 938 102 107 117 128 142 154 163

E 30 025 044 060 08 112 143 180 193 247 282 321 369 387 443 503 556 633 681 823 898 975 106 115 120 132 144 159 173 184
E 40 030 054 074 105 138 177 221 237 304 345 393 451 478 547 621 685 781 842 101 110 120 130 141 147 161 175 194 211 225
> 50 036 065 08 126 165 210 262 280 358 407 464 531 570 651 740 815 926 100 119 130 142 154 166 173 190 207 229 250 266
g 60 042 075 102 146 191 242 302 323 413 470 534 613 661 756 858 946 107 116 138 150 164 177 192 200 219 238 264 288 307

@ 70 048 08 116 167 217 275 343 366 468 532 605 696 753 861 977 108 122 132 156 170 185 201 217 227 248 270 300 327 349
80 054 09 130 187 243 308 38 409 523 595 677 779 846 967 110 121 137 149 175 190 207 225 242 253 277 302 386 367 390

90 060 107 144 208 269 340 423 451 578 658 749 862 938 107 122 134 152 165 193 210 229 249 268 280 307 335 372 406 432

100 0.66 117 158 228 295 372 463 4984 633 722 821 946 103 118 134 147 166 180 211 230 251 274 294 308 337 368 409 448 45

T 5 0053 0096 0129 0191 0253 0332 0406 0450 0582 0661 0773 0899 0977 114 128 141 155 170 180 210 230 248 274 283 316 341 378 412 432
E 5 10 0069 0124 0168 0246 0324 0421 0519 0564 0730 0834 0972 112 124 141 158 179 186 218 244 268 289 313 344 358 400 430 477 516 543
E Ed E 15 0075 0134 0185 0268 0351 0455 0566 0614 0792 0802 107 122 135 155 175 184 219 232 261 285 312 334 365 378 420 451 505 545 572
4 £ E 20 0075 0134 0185 0268 0351 0455 0566 0614 0792 0902 107 122 135 155 175 194 219 232 261 285 312 334 365 378 420 451 505 545 572
= 530 0075 0134 0185 0268 0351 0455 0566 0614 0792 0902 107 122 135 155 175 194 219 232 261 285 312 334 365 378 420 451 505 545 572
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Figure B3: Mechanical Flowmeter, (courtesy of Brooks)
Items:
2ktw5s

16x856

Figure B4: NPT Connector (courtesy of Swagelok)

137



Items:

B-400-3-4TFT

B-400-7-4RG

B-1010-1-4

B-1010-7-8

SS-400-7-4RG

SS-400-3-RTTTF

Figure B5: Pressure Gauge (courtesy of Omega)

Item: DPG104-100G
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Figure B6: Pressure Regulator (courtesy of Omega)

Item: PRG700-2
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Appendix C: 2D CAD Drawings
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Figure C1: 2D CAD Drawing for Burner (mm)
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Figure C2: 2D CAD Drawing for Flange Endcap in Inches
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Figure C3: 2D CAD Drawing for Window in Inches
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Figure C4: 2D CAD Drawing for Window Holder in Inches
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Figure C5: 2D CAD Drawing for Vessel Body in Inches
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