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Chapter 1: Introduction

1.1 Hydrogen Chemistry

Hydrogen is a very unusual fuel. It is the lightest fuel and has very wide flammability limits, 4-
75% by volume (Kanury, 1975). Hydrogen has the lowest quenching distance (0.51 mm), the
smallest ignition energy of any fuel in air (0.028 mlJ), the lowest auto-ignition temperature of any
fuel ignited by a heated air jet (640 °C), the highest laminar burning velocity of any fuel in air
(2.91 m/s), and the highest heat of combustion (119.9 MJ/kg) (Kanury, 1975). Hydrogen flames

are the dimmest of any fuel. Hydrogen also embrittles many metals more than any other fuel.

Despite these unusual aspects of hydrogen, it is attractive as an energy carrier. It can be
produced from water and electricity. It can power fuel cells or engines with only water vapor as

exhaust. Its combustion produces no carbon dioxide.

Hydrogen may not be any more intrinsically hazardous from a fire safety standpoint than
gasoline or diesel. However, over a century of experience with these traditional fuels in
widespread vehicle use has resulted in good fire safety records. Further research is necessary if

hydrogen vehicles are to be introduced with a similar safety record.

One of the most attractive aspects of using hydrogen as an alternative fuel source is that there are
no carbon products produced. No greenhouse gases are produced during the reaction. The lack
of carbon in the reaction eliminates the main source of radiation and visible light as compared to
hydrocarbon flames (Bregeon et al., 1978). This makes detecting hydrogen flames especially
difficult. The flames are also typically hotter than hydrocarbon flames as the adiabatic flame

temperature is approximately 2400 K (Turns, 2000).

Although hydrogen leaks can be extremely dangerous, there are aspects of hydrogen that are



safer than other combustible gases. Because hydrogen is so light, it rises at 20 m/s, much faster
than most combustible gases and 6 times faster than natural gas (DOE, 2007). Hydrogen also
diffuses 3.8 times faster than natural gas (DOE, 2007). This makes it more difficult for the gas
to collect and reach flammable concentrations in open spaces. If the gas is not contained, it
diffuses too quickly to reach explosive concentrations. It is much more likely that the hydrogen
leak would be ignited near the source and form a flame as opposed to forming an explosive

mixture.

Hydrogen can cause steel embrittlement and permeation leaks. While permeation leaks are
generally not flammable, they do present a challenge in the storage of hydrogen. Hydrogen's low
molecular weight motivates its storage at higher pressures (or liquification). Due to hydrogen's

low molecular weight, it has the highest volumetric leak propensity of any fuel.

1.2 Hydrogen Economy

As gasoline prices climb and concerns grow about the extensive release of greenhouse gases into
the atmosphere, hydrogen has emerged as one of the leading alternative fuel sources. Oil
currently supplies 33% of the world’s primary energy (Marban and Valdes-Solis, 2007).
Hydrogen as an energy carrier can help mitigate concerns about fossil fuel consumption
(Yamawaki et al., 2007). Some benefits of hydrogen are that it can be converted to electricity
with a high efficiency, its products of combustion are mainly water, it can be stored as liquid, gas
or solid, and it can be transported using pipelines, tankers or rail trucks over long distances
(Sherif et al., 2005). It is also projected that hydrogen can be produced efficiently using nuclear
sources or renewable methods such as wind (Von Jouanne et al., 2005). Hydrogen, however, is

also unique in that it has unusual fire hazards that must be taken into account before widespread



use of this fuel can be considered safe.

The United States government has experienced itself over the past few years to moving towards
a hydrogen fueled economy. In 2003, President Bush announced the Hydrogen Fuel Initiative to
accelerate the research and development of hydrogen for the use in transportation (DOE, 2007).
It was thought that widespread use of hydrogen could help reduce the dependence on foreign oil
as well as reduce pollutants. In 2005, the Energy Policy Act was created to reinforce
government support for hydrogen and alternative fuel technology (DOE, 2007). The Advanced
Energy Initiative was enacted in 2006 to again help accelerate research with the potential to
reduce near term oil use and advance activities under the Hydrogen Fuel Initiative (DOE, 2007).
Presently, however, there are few codes or standards to regulate the hydrogen transportation

industry. These codes and standards are currently being experienced.

Hydrogen is being considered as a fuel source for transportation purposes largely owing to its
lack of carbon emissions after combustion. Veziroglu and Babir (1992) argue that hydrogen is
one of the safest fuels owing to its high diffusivity and buoyancy. In case of a leak, hydrogen
will be released into the atmosphere as opposed to gasoline, which will pool and presents a
longer danger. Hydrogen also radiates much less heat as it does not produce carbon compounds.
This means that people are rarely burned by a hydrogen flame unless they are in the flame.
Lovins (2003) compares hydrogen to gasoline and natural gas as an energy source and states that
"a good fuel cell system is about 50-70% efficient, hydrogen to electricity, while a typical car

engine's efficiency from gasoline to output shaft averages only about 15-17%."

Bossel and Eliasson (2002) believe that the upstream energy costs of a hydrogen economy have
not been adequately assessed. The energy necessary to form hydrogen either through electrolysis

or the conversion of another gas does not make it efficient enough to use as an energy carrier.



They state that "the production, packaging, storage, transfer, and delivery of the gas are so

energy consuming that other solutions must be considered."

1.3 Hydrogen Fire Safety

Owing to its low molecular weight, hydrogen is often stored at high pressures. It is predicted that
hydrogen will need to be stored at up to 40 MPa to be an effective vehicle fuel (Takeno et al.,
2007). Hydrogen’s safety hazards resulted in a Department of Energy report (Cadwallader and
Herring, 1999) finding that hydrogen containment was the chief safety concern associated with
using hydrogen as a transportation fuel. One characteristic of hydrogen that makes it more prone
to risk is that it is easier to ignite than most other common fuels. The minimum ignition energy
for hydrogen is an order of magnitude lower than those for methane and propane (Ge and Sutton,
2006). This means that a small spark might be able to ignite a hydrogen leak, whereas the same
spark might not be able to ignite a methane or propane leak. It has also been noted that hydrogen
flames have weak luminosity (Cheng et al., 2005), hence a hydrogen leak sustaining a flame

would be difficult to detect by the human eye.

Swain and Swain (1992) did a comparison study of hydrogen, methane and propane fuel leakage
in a residential setting. Only pressures less than 0.965 bar (14 psi) were used in the study. In
their research, they found three times more hydrogen volume than methane would escape
through a leak. As relatively high leakage rates can lead to combustible fuel clouds, they

discovered that propane produces a cloud much faster than hydrogen or methane.

Hydrogen is odorless and colorless, which makes detecting hydrogen leaks extremely difficult.
Odorants are not used with hydrogen as no known odorant is light enough to diffuse as fast as

hydrogen and odorants poison fuel cells. Hydrogen is nontoxic although death can occur due to



asphyxiation if too much oxygen is displaced.

Hydrogen's unique fire hazards present a challenge to firefighters. Currently, firefighters are
taught to detect hydrogen flames with a straw broom. Thermal imaging firefighting cameras are
effective but not all departments have them. When near a possible hydrogen leak, firefighters
listen for leaking gas, look for heat shimmering, and use their detection methods. If a leak is
found, they are taught to stop the flow if possible. If they are unable to stop the flow, then the
flame is allowed to consume the gas supply if safe. Extinguishing the flame without stopping the

leak can result in an explosive mixture.

1.4 Objectives

Codes and standards are currently being experienced for hydrogen system fire safety. One issue
of interest is permissible leak rates. However, prior to the present work no measurements had

been performed to establish the maximum leak rate for nonflammable conditions.
Thus motivated, the objects of this work are:

1. Measure the minimum flowrates that are necessary to support flames from compression
fittings in air. Three different gases were used in the experiments; hydrogen, methane

and propane.

2. Identify the minimum ignition and quenching hydrogen flowrates possible for any choice
of burner and oxidizer. Determine whether this produces the weakest flame ever

observed.

The results of this work are expected to be helpful in the creation of the codes and standards
governing the safe use of hydrogen and in the field of micro-combustion. The data found during

these experiments gives the ignition flowrate limits for leaky compression fittings, which can be



used when deciding the minimum allowable leaks in a commercial application. Micro-
combustion is a growing field as electronics get smaller and batteries make up most of the device
weight. A lighter, more efficient (more environmentally friendly) power supply can be found

using micro-combustors (Federici, 2006).



Chapter 2: Flame Quenching Limits of Leaky Compression Fittings

2.1 Experimental Background and Procedure
As many high pressure systems are made with compression fittings, it is important to determine

the possible leakage scenarios and the ignition flowrate limits associated with these fittings.
Three different fuels were used to determine the ignition flowrate limits for a number of different
possible failure scenarios. The first, hydrogen, is being considered for use in alternative fuel
source applications but many of the dangers are still unknown. The second gas is methane. This
gas is commonly used as a fuel in many applications and its properties are better known. In
many cases, it is known as natural gas and is used to heat homes and power vehicles. Methane's
advantage over other hydrocarbons is that it produces less CO, when combusted. The third gas
used is propane. Propane is most commonly used for cooking on grills and portable stoves. It is

also used in refrigeration and as an automotive fuel.

Although the main purpose of the experimentation was to find the flame quenching limits for
hydrogen, the same tests were also done on methane and propane to have a comparison of the

different fuels as they are used in many of the same applications.

2.1.1 Experimental Introduction
Quenching and blowoff limits bound the leak flowrates that can support combustion. Matta et al.

(2002) found that a propane flame is not able to exist when its predicted length is less than the
measured standoff distance. Experiments verified this analytical method of finding the
quenching flowrate by establishing a propane flame over a hypodermic, stainless steel tube and
decreasing the fuel flowrate until extinction. It was also found that the flowrate at quenching is
practically independent of the tube diameter. Work in this laboratory has extended this work to

hydrogen fuel and diverse burners (Butler et al., 2008).



There are three classifications for laminar jet flames: diffusion controlled flames (e.g., Burke and
Schuman, 1928), diffusion and momentum controlled flames (e.g., Roper et al., 1977) and micro
diffusion flames controlled by momentum and diffusion (e.g., Ban et al., 1994). Extensive
research has been done on the first two types, but only a limited amount has been done on micro
diffusion flames. Baker et al. (2002) devised a flame height expression for purely diffusion
controlled flames capable of accurately predicting micro-slot diffusion flame heights. Useful
parameters for characterizing dominant flame mechanisms were defined: a diffusion-buoyancy
and a diffusion-momentum parameter. This work extended the investigation of
Roper et al. (1977) to smaller slot sizes. Ban et al. (1994) investigated flames established on
circular burners with inner diameters of 0.15, 0.25, and 0.40 mm. The experiments worked to
verify the predicted flame shapes of laminar flames for three fuels: ethane, ethylene and
acetylene. The work found that buoyancy effects are negligible for small flames; nearly spherical
flames were established that were unaltered by rotating the burner. An in depth analysis of a
micro diffusion hydrogen flame was performed by Cheng et al. (2005); their numerical solution
for species was compared with experimental data. It was found that buoyancy effects were
insignificant. Nakamura et al. (2006) numerically studied methane micro diffusion flames on a
circular burner of diameter less than 1 mm. They found that small flames have the same, nearly
spherical structure as those in microgravity, citing weak buoyancy forces. Also, the existence of

a minimum flame size necessary for combustion was predicted.

Lee et al. (2003) conducted leak rate experiments on micro-machined orifices of different sizes
and shapes. They examined the differences in flowrates among square and elliptical slit orifices.
In almost every case, the flow was choked in the orifice, which caused large underestimates in

the flow using the helium signature test. Schefer et al. (2006) also presented equations to



calculate choked flow, as well as subsonic laminar and turbulent flows. They considered leaks

owing to pressure-driven convection and permeation through metals.

Research has been conducted on hydrogen interface leakage in national pipe thread (NPT)
fittings by Ge and Sutton (2006). They found that the best threaded fittings investigated leaked
hydrogen with leak rates of 1 pg/s. Leak rates under non-ideal conditions were far higher. Ge
and Sutton (2006) found that a larger tightening torque is not as important in sealing the threads
as the Teflon material and properties. The tests were run at a pressure drop of 70 bar. They
determined that two wraps of Teflon experiences had better performance than one wrap and the

Swagelok™ anaerobic pipe thread sealant out performed the Teflon.

Compression fittings are typically used with gases at high pressure. Compression fittings are a
reliable, easy to use method that allows fittings to be taken apart and attached with ease. A large
benefit of using compression fittings over NPT fittings is the lack of Teflon tape that is necessary
to prevent leakage. Any time an NPT fitting is taken apart, it must be cleaned and rewrapped

before it can be used again.

Swagelok has made available product test reports that give information on the leakage of their
fittings. Product test report (PTR) 396 shows for 144 samples of 6 and 12 mm fittings tested at
310 and 200 bar nitrogen, respectively, there were no detectable leaks found after 10 minutes. In
PTR-863, the fittings were tested again at 512 and 312 bar nitrogen, respectively, and leaked less
than one bubble per minute during the 10 minute test period. Leaks were detected by
submerging the fittings under water and watching for bubbles. Using hydrogen instead of

nitrogen would dramatically increase any leak rates.



2.1.2 Fittings
The compression fitting experiments were conducted using threes types of leaky fittings of three

different diameters. Each leaky fitting was made by attaching a steel tube to a Swagelok union
and capping the other end of the union. The leaks occurred at the connection between the steel
tube and the union. A sample leaky fitting can be seen in Fig. 2.1. Compression fittings with
outside tube diameters of 3.16, 6.33 and 12.66 mm were used. The leaks were caused using
three different methods: loosened, over-tightened, and scratched fittings. These methods were
chosen as possible leak modes that compression fittings used in commercial applications would

experience. All of the fittings used can be found in Table 2.1.

Table 2.1. Leaky fittings used in compression fitting experiments

Tube Diameter

Fitting Number ] Description
in mm
Fitting 8L 1/8 3.16 Correctly made, then loosened
Fitting 4L 1/4 6.33 Correctly made, then loosened
Fitting 4T 1/4 6.33 Correctly made, then over-tightened
Fitting 4S 1/4 6.33 Correctly made, then scratched
Fitting 2L 172 12.66 Correctly made, then loosened

10



Figure 2.1. An example fitting assembly is shown. (A) Stainless steel plug for Swagelok
tube fitting. (B) Swagelok union. (C) Swagelok nut. (D) Steel tube.

Figure 2.2 shows a cross-sectional view of a compression fitting. The steel tube, nut, fitting
body and ferrules are shown. Leak paths seen in the experiments are shown with the dotted line.
The leak travels from the tube exit, around the front and back ferrule, and exits between the nut

and the tube. Leaks were not seen coming from threads of the compression fitting.

11



Figure 2.2. Cross-sectional view of the fitting connection with proposed leak path. (A)
Steel tube. (B) Swagelok nut. (C) Back ferrule. (D) Front ferrule. (E) Fitting body.

Loosened Fittings

This method simulates a fitting that has not been retightened properly and then pressurized.
Each fitting was made using the manufacturer's directions and confirmed to be leak free at
6.89 bar (100 psi) using hydrogen. If no leaks were present, the fitting was then loosened until
the ignition flowrate limit was found. This was done at several different pressures to show that

there is no change in minimum flowrate necessary for combustion for different pressures.

Over-tightened Fittings

This method simulates a fitting that has been over-tightened. Over-tightening damages the
ferrule in the compression fitting, allowing leaks to occur. This method was done only for the
6.33 mm fitting. It is difficult to over tighten a 12.66 mm fitting as it is so large that a high
torque is required. The fittings were made using the manufacturer's directions and confirmed to
be leak free at 6.89 bar (100 psi) using hydrogen. The fitting between the steel tube and union

was taken apart and then retightened to finger tight. The fitting was then tightened one full turn

12



(3/4 turn past manufacturer's instructions). The fitting was then taken apart again and tightened

until the ignition flowrate limit was found for several different pressures.

Scratched

This method simulates a ferrule being damaged by insertion into a fitting and was done only for
the 6.33 mm fitting. The fittings were made using the manufacturer's directions and confirmed
to be leak free at 6.89 bar (100 psi) using hydrogen. The ferrule on the steel tube was then
scratched using a small triangular file. The fitting was then reassembled properly and the

ignition flowrate limit was found by slowly tightening the fitting.

2.1.3 Flow System

Methane and propane were used in the experiments as well as hydrogen. Each test was
completed using all three fuels so that comparisons could be made. Hydrogen, methane, and
propane were tested in pressure ranges of 1-135 bar, 1-100 bar, and 1-7 bar, respectively.
Propane could not be tested at pressures higher than 7 bar as this is its vapor pressure at room

temperature.

The fuel flow system is shown in Fig. 2.3. For safety reasons, the flow was passed through a
filter and relief valve to keep the downstream pressure below 6.89 bar in the event of any failure
of the bottle pressure regulator. When experiments were done at pressures higher than this, the
filter and relief valve were temporarily taken out of the system. The upstream pressure was

controlled by a pressure regulator located just before the leaky fitting.

13
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Figure 2.3. Experimental setup of flow system.
2.1.4 Lab Safety

Fire safety is one of the primary concerns with the use of hydrogen. Methane and propane
exhibit many normal characteristics of hydrocarbon flames, such as high radiant energy and
brightly visible flames. Hydrogen on the other hand does not have these characteristics. Larger
hydrogen flames can be seen in a dim room but flames near the quenching limit are not visible
even in a darkened room. Due to this, the following methods of flame detection were compiled

to allow for safe flame detection.

1. Hot Plume Check with Thermocouple: This is the safest method and the method that was
primarily used during these experiments. A thermocouple is slowly inserted above the
flame region to check for a change in temperature owing to the hot plume. This method
allows the researcher to get close to the flame region without burning. At the quenching
limits, temperature rises on the order of 15-50 °C were observed. A Fluke 179 with

thermocouple probe was used to measure temperature. The thermocouple was a type K.

2. Thin Paper Check: This method involves slowly inserting a piece of paper into the flame

region and looking for ignition. This method works better for larger flames as small

14



drafts can extinguish the smaller flames. Also, this method should not be used when

combusting in a pure oxygen environment as any paper in the oxygen will burn violently.

As the automatic detection of hydrogen is difficult and there are no odorants available with
hydrogen, it was important to frequently check for leaks in the system. Excess hydrogen buildup
in an enclosed space can lead to an explosion. To prevent this, the lab was well ventilated so that
any hydrogen buildup would have been difficult. Also the flowrates used during the experiments

were so small that a potential explosive buildup was very unlikely.

2.1.5 Procedures
A Nikon D100 camera with a 50 mm lens was used to photograph the different experiments. In

most cases, extender rings were used to allow closer photographs of the experiments. The
camera was connected to a computer and controlled using the Nikon capture control software.
This allowed many camera settings to be controlled on the computer and direct transfer of

pictures from the camera.

Before each test, the system was pressurized and tested for leaks. This was done by squirting a
small amount of soap water on each fitting. If any bubbles were seen, the fitting was tightened
until the leak stopped. The only exception to this was the fitting between the steel tube and
union that was purposely made to leak. This detection method allowed for quick discovery of

leaks as well as being an accurate detector of small leaks.

To determine the minimum pressure and flow necessary for a sustained flame, the fitting was
tightened and the pressure was slowly raised until a flame occurred. The upstream pressure in
the system was controlled by the pressure regulator located before the fitting. Ignition of the fuel

was caused by a butane lighter held briefly to the fitting. It was considered to be a sustained

15



ignition if the flame lasted a minimum of 10 s. After a successful ignition of any flame, the steel
tube and fitting were allowed to cool to room temperature before the next test was attempted.
This kept the gas from being preheated in the fitting. Also, as the metal fitting heats, it expands,
causing the leak path to shrink and changing the minimum flowrate. Allowing the fitting to cool

between tests minimized these sources of error.

For each test, the fitting was imaged against a black background to make the flames more visible.
Flames for the propane and methane tests were visible to the naked eye and ignition was
determined visually. This was backed up by the use of a thermocouple to determine if a flame
was present. The hydrogen flames were too small and dim to be seen by eye and therefore only
the thermocouple was used to determine if a flame existed. The thermocouple was placed
slightly off and above the flaming region so that it would not interfere with the flame. When the
hydrogen gas ignited, an audible pop was heard that signaled ignition. In some cases however,
the fuel ignited but the flame was immediately extinguished. Several fitting orientations were
tested to see the effect fitting orientation had on the ignition flowrate limit. Flames were never
observed inside the fitting owing to the quenching limits of each fuel. Each test was repeated to

establish repeatability.

To measure the flowrate from the leaky fittings, an apparatus was built to capture the escaping
gas. This can be seen in Fig. 2.4. An open tube was created that fit over the leaky fitting
assembly and created an air tight seal that allowed the gas to be collected and sent to a bubble
meter. All flames were extinguished and the fittings were allowed to cool before any flow
measurements were taken. As the gas traveled to the bubble meter, it was bubbled through water
to give the gas 100% relative humidity. This was done so that partial humidification in the

bubble meter did not interfere with the results. A humidity adjustment of 2.645% was then made
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when calculating the flowrate (Incropera, 2002). In the bubble meter, the time for the bubble to

travel 10 cc was clocked and recorded.

Full View of Fitting Gas Capture Apparatus

Figure 2.4. The fitting assembly and the gas capture apparatus.

Equation 2.1 shows the conversion of gas volumetric flow to mass flow.

pMW
RT

u

M =0.973550Q 2.1

where M is the mass flowrate, Q is the volumetric flowrate, p is ambient pressure, MW is fuel
molecular weight, R, is the universal gas constant, and T is ambient temperature. Measurements
for the laboratory temperature and pressure were measured when tests were run. Ambient

pressures were obtained online (www.weather.com).

2.1.6 Sources of Error

There is some uncertainty with each flow measurement. The volumetric flowrate was timed
using a stopwatch. Most flows were small enough that being slightly off would not affect the

measurement significantly. All flows were measured multiple times so that the results could be
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averaged and uncertainty lowered.

One issue in the lab was the inability to control the airflow. The ventilation in the lab space
caused air currents and it was not possible to close or turn off the air circulation system. A draft
curtain was deployed around the experiment to try to minimize these air currents. These air
currents were sometimes problematic when attempting to find the ignition limit flowrates. Care
was taken to limit the air currents around the experiments but it is possible that lower ignition

flowrates could be obtained in a more controlled environment.

2.2 Results

Figure 2.5 shows that the hydrogen flames at quenching are much smaller than the methane and

propane flames. The hydrogen flames were also much dimmer than the other flames.

Figures 2.5, 2.6 and 2.7 show images of hydrogen, methane, and propane flames on leaky
compression fittings in the vertical orientation for the different sized fittings. The images were
recorded slightly above the quenching limits. The hydrogen flame is significantly smaller than
the methane and propane flames in each figure. This is due to the smaller flowrate as hydrogen
has a lower quenching limit. The quenching distance of hydrogen is approximately a quarter of
the distance of methane and propane. This allows the flame to burn much closer to the metal.

As the fitting size increases, in can be seen that the flame size also increases.

The flames were isolated to one side of the fitting where the most damage to the ferrule occurred.
This is most evident in the hydrogen photo as the flame is much smaller. The photos below are
from the loosened fittings. These flowrates were slightly larger than those from the scratched

and over-tightened fittings. This could be seen from the increased flowrate in Fig. 2.12.
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Methane

Figure 2.5. Color images of Fitting 8L flames for each fuel. Each fuel is flowing at the
minimum flowrate possible for ignition. The camera settings for hydrogen were 20 s,
F1.4,1SO 1600. The camera settings for methane/propane were 1 s, F1.4, ISO 800.

l

Propane
Figure 2.6. Color images of Fitting 4L flames for each fuel. Each fuel is flowing at the

minimum flowrate possible for ignition. The camera settings for hydrogen were 20 s,
F1.4,1ISO 1600. The camera settings for methane/propane were 1/10 s, F1.4, ISO 800.

——

Hydfogen Methane Propahe

Figure 2.7. Color images of Fitting 2L flames for each fuel. Each fuel is flowing at the
minimum flowrate possible for ignition. The camera settings for hydrogen were 20 s,
F1.4,1S0O 1600. The camera settings for methane/propane were 1/10 s, F1.4, ISO 800.

2.2.1 Ignition Flowrate Limits
Figure 2.8 shows the measured ignition flowrates for hydrogen, methane, and propane for the

vertical orientation. The minimum flowrate necessary for sustained ignition is plotted versus

pressure. For each fuel, the measurements at increased pressures are associated with an increase
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in torque on the fitting. The upper limit on pressure for propane is lower than that of the other

gases because the vapor pressure of propane at room temperature is 9.1 bar (142 psia).

Within experimental uncertainties, the ignition limits of Fig. 2.8 are independent of pressure for
each fuel. This indicates that, as expected, at a fixed fuel mass flowrate the upstream pressure
has little or no effect on the velocity profile of the jet entering the surrounding air. The mean
hydrogen flowrate, 28 pg/s, is about an order of magnitude lower than for the other fuels owing
to its low quenching distance and low molecular weight. The mean methane and propane
flowrate limits were 378 and 336 pg/s, respectively. The quenching distance of hydrogen is
approximately one fourth that of methane and propane and its molecular weight is an order of
magnitude smaller than that of both propane and methane. This explains why the hydrogen
flowrate is an order of magnitude smaller than that of both methane and propane. Butler et al.
(2007, 2008) found the same behavior in their experiments using round burners. This is an
important finding in that it shows that the upstream pressure does not play a role in the ignition

flowrate limit.
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Figure 2.8. Ignition mass flowrate limit versus upstream pressure in the vertical
orientation.

The measured ignition mass flowrates of Fig. 2.8 were converted to volumetric flowrates using
the measured temperature and pressure of the laboratory that day. The resulting volumetric
flowrates are plotted in Fig. 2.9 with respect to upstream pressure. Within experimental
uncertainties, the minimum fuel volumetric flowrates of Fig. 2.9 are independent of pressure.
Propane requires the lowest volumetric flowrate for ignition while methane requires the highest.
The volumetric flowrates for hydrogen, methane and propane are 0.337, 0.581, and 0.187 mL/s,
respectively. While hydrogen has the lowest mass flowrate necessary for ignition, propane has

the lowest volumetric flowrate for ignition.
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Figure 2.9. Ignition volumetric flowrate limit versus upstream pressure in the
vertical orientation.

The pressure and flowrate measurements at the ignition limits can provide insight into the
associated leak paths. For simplicity, it is assumed here that the leak paths are choked round
orifices. Using equations from Munson et al. (2006) for isentropic compressible flow, the orifice
areas and diameters were found. Equation (2.2) was used to find the static pressure P in the
orifice, where Py is the stagnation (upstream) pressure, and k is fuel specific heat ratio.
L

P 2 V-l

—=|— (2.2)

P, \k+1
Equation (2.3) was used to find the static temperature in the orifice, 7, where Tj is the stagnation
(upstream) temperature. As there is a decrease in static pressure, there is a decrease in static

temperature in the orifice. This static temperature was used to find the speed of sound, c, for the

fuel using Eq. (2.4) where R, is the universal gas constant and MW is the fuel molecular weight.

r_ 2 2.3)
T, k+1
RT
o= | BTk 2.4)
MW



After finding the static pressure and temperature in the orifice, the density of the fuel, p, can be
found using the ideal gas law using Eq. (2.5). The orifice area can be found from Eq. (2.6),
where M is fuel mass flowrate at the ignition limit. The minimum and maximum calculated leak

areas and leak diameters are given in Table 2.2.

PMW

_ MW 2.5
P RT (2.5)
M = pcA (2.6)

Table 2.2. Round orifice diameters assuming choked flow

Fuel Upstream Speed of Mass Flowrate ~ Leak /érea Leak Diameter
Pressure (Bar)  Sound (m/s) (mg/s) (um®) (um)
Hydrogen 3:%1"47 1193.1 0.028 %2?37 08?5346
Methane 2008 416.4 0.378 ool o
Propane Z:?Z 2442 0.336 ig;? }411:2

Figure 2.10 shows a plot of leak diameter for the minimum ignition flowrate versus the upstream
pressure assuming chocked flow. The diameter of the leak decreases sharply with an increase in
pressure. Hydrogen requires the smallest leak diameters to reach its minimum ignition flowrate
while methane requires the largest leak diameter. The curves in Fig. 2.10 span the typical ranges

of fuel pressures for vehicle tanks.
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Figure 2.10. Leak diameter for minimum ignition flowrate versus upstream
pressure assuming choked flow.

2.2.2 Effects of Fitting Orientation
Figure 2.11 shows the effect of fitting orientation on the ignition flowrate limit for Fitting 4L.

The orientation of the leak does not have an effect on the flowrate of hydrogen owing to its lower
quenching limit and ease of ignition. Fitting orientation did have an effect on propane and
methane with the horizontal configuration requiring the highest flowrate and inverted orientation
requiring the lowest. The inverted orientation required the lowest flowrate of each fuels as this
kept the flame away from the fitting so that less heat was lost to the surrounding metal. The
horizontal and vertical orientations gave a large surface to absorb the heat from the flame
causing a larger flowrate to be necessary for sustained ignition. This can be seen in Fig. 2.5
where the flames are directly below the compression fitting and lose a significant portion of their

energy through convection and radiation.
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Figure 2.11. Minimum flaming flow rate for Fitting 4L in vertical, horizontal and
inverted orientations.

2.2.3 Effects of Leak Type
Figure 2.12 shows the effect of the different leaky fittings on the ignition flowrate limits. The

loosened fittings had the highest flowrate for ignition among the leakage configurations. The
flowrates for the loosened fittings had a 26% higher flowrate than the over-tightened
configuration. The flowrates for the over-tightened and scratched fittings were comparable for
hydrogen. Only a slight difference was found and this is within the experimental uncertainties.
Methane and propane followed the same trend with the loosened fitting having the highest

flowrate and the scratched fitting having the lowest.

The trends for the methane and propane ignition flowrates are as expected. In the loosened
fitting, there is no damage to the ferrule and therefore no easy leakage path for the gas. This
means that the gas exits over a wider area surrounding the tube so that a larger flowrate is

necessary to sustain the flame. The next higher flowrate was from the over-tightened fitting.
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This method damages the ferrule, allowing for a small leak. This leak can spread before exiting
the ferrule, making it more difficult to ignite. However, the damage is confined to a small area
on the ferrule so that leak will not spread as much as the loosened fitting. The smallest flowrate
came from the scratched fitting. The leak was caused by filing a straight path from one end of
the ferrule to the other. This gave a very specific leak path for the gas to follow. As the gas
exited the fitting in one location, it was less spread out than the other two configurations. This
allowed for a smaller ignition flowrate limit. The less the gas spreads before exiting the fitting,

the smaller the flowrate necessary for ignition.
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Figure 2.12. Minimum flaming flowrate for each gas with different kinds of leaks.

2.2.4 Effects of Tube Diameter
Figure 2.13 shows a comparison of flowrates against fitting size. The trends seen are as expected

for each fuel. The smallest flowrate came from the smallest fitting while the largest flowrate
came from the largest fitting. The leak types for each size fitting were the same so that the only

difference was the fitting diameter. It can then be expected that the smaller fittings would need a

26



smaller flowrate for ignition as there is less surrounding metal to transfer heat away from the
reaction. Each larger fitting size has four times as much surface area as the fitting below it
allowing for more heat loss to the surroundings. For the most part, it is approximately a 20%
increase in flowrate as the fitting size doubles. The only difference was a 50% increase in
flowrate for hydrogen and propane when going from fitting 8L to 4L. Also, in the smaller
fittings, the gas will leak in a smaller area allowing for a higher concentration of fuel. For the

larger fittings, the gas has a larger leakage area, making for a smaller concentration of fuel.
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Figure 2.13. Minimum flaming flowrate for each gas at differently sized
compression fittings.

Hydrogen flames in Fig. 2.14 are all similar regardless of the fitting size. The flowrates for each
fitting diameter were similar in size and would correspond to flames of approximately the same
size. The flames were not visible to the naked eye and an extended exposure at a high ISO was

necessary to obtain a picture of them. Each flame is approximately 1.35 mm in diameter.
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Figure 2.14. Color images of hydrogen flames in vertical position for different sized
fittings. Each flame is at its minimum flowrate. The camera settings are 20 s, F1.4, ISO
1600.

In Fig. 2.15 and 2.16 the methane and propane flames are all approximately the same size even
though Fig. 2.13 showed the flowrate increased with increasing fitting size. As the flame width
and height are the same, there could be an increase in flame depth that is not readily visible
through the image. The flowrates also are possibly not large enough that an increase in flame
size would be visible. Each flame is approximately 3.85 mm wide and 3.85 mm from the flame

tip to the base.

Methane

3.16 mm

Figure 2.15. Color images of methane flames in vertical position for different sized
fittings. Each flame is at its minimum flowrate. The camera settings are 1/10 s, F1.4,
ISO 800.

28



Propane

Figure 2.16. Color images of propane flames in vertical position for different sized
fittings. Each flame is at its minimum flowrate. The camera settings arel/10 s, F1.4,
ISO 800.
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Chapter 3: Weak Flames

3.1 Experimental Background and Procedure
Weak flames have an important role in the field of micro-combustors. These weak flames hold

the ability to replace electrical igniters. The ability to produce weak but stable flames can
increase the turndown ratio of micro-combustors. The weak flames are also important in
fundamental combustion models. If these simple flames can be modeled correctly, then the

results can be expanded to the extinction behavior of larger, more complex flames.

3.1.1 Experimental Introduction
Ronney et al. (1998) did experiments in microgravity using weak fuel pre-mixtures to produce

flame balls. A flame ball is a steady, spherical flame in a premixed gas. Fuel and oxygen diffuse
in while the combustion products and heat diffuse out. Ronney et al. (1998) found that the flame
balls released 1.0-1.8 W per ball. Later, flame balls with energy releases as low as 0.5 W were

recorded (Philips, 2003). At the time, they were the weakest flames ever recorded.

Butler et al. (2007, 2008) did experiments on curved wall, pinhole and tube burners measuring
quenching flowrates. They found that the lowest flowrates occurred for tube burners and had a
minimum for burners with an internal diameter of approximately 0.15 mm. They later showed
that tube burners in an inverted configuration allowed for the smallest necessary flow to sustain

combustion.

Hydrogen is being used in micro-electrical-mechanical systems (MEMS) that are found in many
commercial applications. Hydrogen is the fuel of choice for these systems owing to its high
heating value, rapid rate of vaporization, fast diffusion velocity, short reaction time, and high

flame speed (Yang et al., 2002). Yang et al. (2002) found that hydrogen fuels are 24 times more
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powerful than state of the art lithium batteries of the same size. Hydrogen is also cheaper,
provides a more constant voltage, has no memory effect and instant recharge capability (Yang et
al., 2002). Zhang et al. (2006) also noted that the quenching distance of hydrogen is much

shorter than that of hydrocarbons and the combustion of hydrogen is more stable than other fuels.

Zhang et al. (2006) performed experiments where hydrogen was mixed with hydrocarbons to
lower the quenching distance and increase the flame speed of the mixture. They found that
hydrogen was able to ignite but that pure methane and ethane were not unless platinum was
present. The main issues when working with micro-combustion are the thermal and radical
quenching effects. The high surface-to-volume ratio of micro-combustion devices poses
challenges to researchers (Chen et al., 2007). These issues can be reduced or eliminated by

increasing the wall temperature or preventing heat losses to the wall (Fernandez-Pello, 2002).

As the increase of the surface-to-volume ratio of the combustor becomes a problem for gas-phase
combustion, it begins to favor catalytic combustion. This reaction is typically slower than a gas-
phase reaction and heat loss is still a problem, but the increase in surface area and lower
temperatures of the catalytic reaction may allow easier implementation (Fernandez-Pello, 2002).
These catalytic systems are typically easier to start, self-sustaining at leaner fuel/air ratios and

can be designed with no moving parts (Federici et al., 2006).

3.1.2 Burners
Experiments were performed to attempt to observe the weakest flame observed to date. Tube

burners were used as Butler et al. (2007, 2008) found that tube burners in the inverted position
allowed for the smallest flowrates with sustained combustion. The three burners used during the

experiment can be found in Table 3.1. Steel hypodermic tubes (Small Parts, Inc.) were obtained
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with an inside diameter of 0.152 mm. Platinum hypodermic tubes (Goodfellow Cambridge
Limited) were obtained with an inside diameter of 0.16 mm. Graphite/polyimide ferrules (Small
Parts, Inc) were used to attach the steel and platinum tubes to a 3.16 mm Swagelok fitting. This
allowed for easy switching of burners as well as leak-proof connections. Each burner was tested
at 5.52 bar (80 psi) with hydrogen for leaks. The ferrules maximum operating pressure was

6.89 bar (100 psi). Soap water was placed along the connections to test for leaks.

Tests were run with an inverted burner (downward discharge) using air as an oxidizer as well as
pure oxygen. Burner SS56 was used during these tests. It was important to determine the

advantage of burning hydrogen in a pure oxygen environment over combustion in ambient air.

Table 3.1. Tube burners used during smallest flame tests. The steel tubes were 152 mm
in length and the platinum tube was 100 mm in length.

Name Material ID (mm) OD (mm)

SS56 Stainless Steel 304 0.559 1.57

SS15 Stainless Steel 316 0.152 0.305

PT16 Platinum (99.95% Pure) 0.16 0.4
3.1.3 Flow System

As oxygen was found to allow smaller flames, it was primarily used as the oxidizer in the weak
flame experiments. The oxygen used was 99.994% purity from Airgas. To provide a steady,
laminar flow of oxygen to the flame, it was supplied through a coflow burner. Oxygen was run
through a ceramic honeycomb in the coflow burner to make the flow laminar. Tests were run
with oxygen flowing at several velocities from the coflow burner to determine the velocity that
allowed for the minimum ignition and quenching limits. Velocities of 4.5, 9, and 18 cm/s were
used. The base value of 9 cm/s was taken from the literature (Santoro, 1987) and then halved

and doubled to find the most beneficial velocity.

32



To determine the velocity at which the air exited the coflow burner, the volumetric flowrate
measured by a flowmeter was divided by the coflow burner area. The coflow burner had a
diameter of 102 mm. The center of the coflow burner was hollow and can be used to flow fuel.
It was capped off underneath and not used in these experiments. The top of the burner can be
seen in Fig. 3.1. The oxygen flow created a pure oxygen atmosphere above the burner. The

volumetric flowrates and corresponding oxygen velocities can be found in Table 3.2.

Figure 3.1. Color image of top view of coflow burner. Internal diameter of the ceramic
honeycomb is 102 mm and outside diameter of central tube is 16 mm.

In addition to running tests at several different oxygen velocities, the burner height above the
coflow burner was varied to determine the height that allowed for the smallest flowrate. Each
height measurement was made at each oxygen velocity so that a variety of values could be

analyzed. Heights of 10, 20, and 30 mm above the coflow burner were measured.
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Table 3.2. Volumetric flowrates and corresponding exit velocities of oxygen.

Volumetric Flowrate (m’/s) Oxygen Flow Velocity (m/s)

3.59E-4 0.045
7.17E-4 0.09
1.43E-3 0.18

The hydrogen flow system (Fig. 3.2) for the smallest flame experiments was almost identical to
the setup used in the compression fitting experiments. The main difference was that a very
sensitive needle valve with very low flow coefficient was placed before the burner to allow fine
changes in flow. This was critical with the small flowrates that were achieved. Experiments
were run at 2.76 bar (40 psi) into the flow valve. The oxygen system (Fig. 3.3) ran from the
pressure regulator on the tank, past a relief valve and through a flowmeter. The flowmeter was
used to determine the velocity of the oxygen exiting the coflow burner. The flowmeter used was

an Omega, model FL-2063-NV.

% ;\/Jg HD<} || |' A — Gas Cylinder G — Ball Valve
C E

—L— B - Valve H — Pressure Regulator
FIXI C — Pressure Regulator | — Needle Valve
D — Needle Valve J — Rubber Stopper

E — Filter K — Leaky Fitting
F — Relief Valve (6.89 bar) L — Open Tube
M — Bubble Meter

Figure 3.2. Experimental setup of hydrogen flow system.
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Figure 3.3. Experimental setup of oxygen flow system.
3.1.4 Procedures

After the optimum height and coflow burner speeds were determined, tests were run using
burners SS15 and PT16. Care had to be taken when igniting the flame with the butane lighter as
the flame from the lighter could ignite the stainless steel in burner SS15 in the pure oxygen
atmosphere. The hydrogen flames were too small for a pop to be heard upon ignition as in the
compression fitting experiments. Ignition was determined by placing the thermocouple slightly
to the side and above the burner and looking for a temperature rise. If flames were sustained for
more than 10 s, the test was considered successful. The burners were photographed against a
black background with the lights off for image contrast. Photographs were taken of the weak

flames using the Nikon D100. Most pictures required extended exposure times.

The mass flowrate was found using the same method as the compression fitting experiments.
The gas exiting the burner was captured and run through a bubble meter where the volumetric
flowrate could be measured. Due to the extremely low flowrate, the gas was not bubbled
through water on the way to the bubble meter as in the compression fitting experiments. The
bubbling caused fluctuations in the measured volumetric flowrate. The power heat release rate

was found by multiplying the hydrogen mass flowrate by the lower heating value. The lower
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heating value was taken from literature as 119.9 kJ/g (Kanury, 1975).

It is expected that not all of the hydrogen flowing from the burner was combusted. This means
that the power measured by using the mass flowrate could be higher than the actual heat release
rate. However, as there was no means to verify this, the power measured is the power output as

if all the hydrogen were converted to water. Tests were repeated to show repeatability.

3.1.5 Sources of Error
The weak flame experiments were also susceptible to similar errors as the compression fitting

experiments concerning the airflow in the laboratory and timing of the volumetric flowrate. The
airflow in the laboratory was not a problem for the experiments in the oxygen environment as the
oxygen velocity negated the air currents. The airflow did still cause issues when combusting in
the ambient air. These sources of error were controlled and minimized as much as possible as

explained previously.

There are several potential sources of error during the experimental measuring of the gas
flowrates. The humidity of the lab is one potential source of error affecting the minimum
ignition and quenching flowrates of the fuels. It has been shown that that humidity has no
significant influence on the minimum ignition energy on a hydrogen-air mixture
(Ono et al., 2007), however this did not show the effect of humidity on ignition or quenching
flowrate limits. When measuring the flowrate for the compression fitting experiments, the gas
was bubbled through water so that the humidity of the gas would not affect the volumetric
flowrate measurement. This was not possible during the weak flame experiments as it caused

too many fluctuations during the measurement.

One issue that arose during the weak flame experiments was the ignition of the SS15 burners.

Several burners caught fire during the experiments and had to be replaced. This occurred while
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trying to ignite the hydrogen exiting the burner in the pure oxygen environment. This was not a
problem when the burner was first introduced to the pure oxygen environment, but only after
extended periods of time in the oxygen. Ignition of the fuel occurred by a butane lighter, which
burns much hotter when it enters the pure oxygen atmosphere. If the lighter was brought too
close to the burner, there were instances where the burner ignited and was not extinguished until
both the hydrogen and oxygen flows were stopped. There were also several cases where the
burner would glow as if from the hydrogen combustion heating but would continue even after
the hydrogen flow was stopped. This made finding the ignition and quenching flowrate limits
difficult as it was not known whether only a flame existed or a flame with the metal reaction. It
is possible that the quenching flowrate for the stainless steel burner was lower owing to a
chemical reaction between the iron and oxygen. This would allow for a smaller hydrogen
flowrate to be found than would occur without metal oxidation. To avoid this, anytime a
measurement was taken, the flow was backed off afterwards to ensure that hydrogen combustion
was the only reaction taking place. The best method to avoid this was to frequently replace the
stainless steel burners. However, using the methods and tools available, it was impossible to tell
whether the measurements were only due to the flame or a combination of the flame and metal
oxidation on burner SS15. The platinum burner did not have this problem as it is a noble metal

and does not oxidize.

3.2 Results

Data collected from the weak flame experiments was used to investigate the ignition and
quenching limits of hydrogen in both air and oxygen. Hypodermic stainless steel and platinum

tubes were used to observe the weakest flames in the world to date.
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3.2.1 Ignition Flowrate Limits
The oxygen versus air experiments (done with burner SS56) showed that a smaller quenching

flowrate can be obtained by flowing hydrogen into pure oxygen. It was found that combustion in
pure oxygen gave a 30% reduction in the minimum mass flowrate compared to air. The
hydrogen quenching limit in air was 5.64 pg/s while in oxygen it was 3.97 pg/s. This is expected
as burning in pure oxygen results in higher flame temperatures, which raises the reaction rate.
Table 3.3 shows the different ignition flowrate limits that were obtained at various burner heights
and oxygen velocities. For each oxygen velocity, the highest mass flowrate corresponded to the
highest burner height. This is likely due to air mixing in with the oxygen flow at this height,
especially at the weakest oxygen velocity. Diluting the oxygen flow would increase the

minimum fuel flowrate necessary for ignition.

Table 3.3. Burner height and oxygen velocity versus ignition flowrate limits of
hydrogen for Burner SS15.

Burner Height Mass Flowrate
(mm) (ng/s)
Oxygen Velocity = 45 mm/s

10 5.28
20 5.15
30 6.37
Oxygen Velocity = 90 mm/s
10 5.18
20 5.05
30 5.33
Oxygen Velocity = 180 mm/s
10 4.85
20 5.02
30 5.12

Figure 3.4 shows the ignition flowrate limits of hydrogen found in both oxygen and air. Also
shown are the quenching limits of hydrogen in air found by Butler et al. (2007, 2008). As
expected, the ignition flowrate limits of hydrogen in air are larger than the quenching limits
found by Butler et al. (2007, 2008). A higher flowrate is necessary to have sustained ignition as

there is less preheating of the burner. The minimum ignition flowrate in air was 4.67 pg/s while
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the quenching limit was 3.93 ng/s. As Fig. 3.4 shows, a 16% higher flowrate is necessary to
have sustained ignition than is needed at the quenching limit. The ignition flowrate limit of
hydrogen in pure oxygen was lower than the hydrogen quenching limit in air. As the flame
temperature is higher in oxygen, the reaction is faster allowing for the smaller flowrate. The
minimum ignition flowrate in oxygen was 2.7 ug/s. This is a 45% lower flowrate than the

quenching limit in air and 73% lower than the ignition flowrate limit in air.
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Figure 3.4. Ignition flowrate limits of hydrogen in air and oxygen with burner in
vertically downward position. Butler et al (2007, 2008) data is the quenching limit in
air.

3.2.2 Effects of Orientation on Ignition Flowrate Limits
Figure 3.5 shows the ignition flowrate limits in both oxygen and air for different tube burner

orientations. The initial hypothesis was that the lowest flowrate would occur when the burner
was facing upwards as there is less surrounding metal to take heat away from the reaction.
However, when the burner is facing downwards, a portion of the heat is being used to preheat the

unburned hydrogen. Thus this becomes a heat-recirculating burner, for which temperatures
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exceeding the adiabatic flame temperature are possible. Raising the temperature of the hydrogen
supply allows for a higher temperature in the flame and a faster reaction so that a smaller
flowrate can be achieved. The horizontal configuration required the highest flowrate as it does

not preheat the gas as effectively.

There is a difference between the flowrate trends necessary for sustained ignition in air and
oxygen. The lowest flowrate for both comes in the downward orientation. However, the
horizontal orientation has the highest flowrate for ignition in oxygen while the upward
orientation has the highest flowrate for ignition in air. Butler et al. (2007, 2008) found that the
horizontal configuration gave the highest quenching flowrate in air. As the ignition flowrate
limit in oxygen follows this trend, it is likely that the higher minimum ignition flowrate for air in

the upward orientation is due to error, although it is within the range of experimental uncertainty.

m Oxygen
5F o Air

Minimum Ignitable Flowrate (ug/s)
w

Inverted Horizontal Vertical

Figure 3.5. Ignition flowrate limits of hydrogen in oxygen and air for different burner
orientations.
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3.2.3 Quenching Flowrate
The quenching flowrates for burners SS15 and PT16 can be found in Table 3.4. These were the

only two burners used when attempting to create the weakest, sustained flame. Butler et al.
(2007, 2008) found that the lowest quenching flowrate came from tube burners in the downward
configuration of approximately 0.15 mm internal diameter. From experimentation, minimum

quenching flowrates of 2.1 pg/s were found, which corresponds to a power output of 0.252 W.

Ronney et al. (1998) obtained a minimum power of approximately 1 W in his SOFBALL
experiments, later achieving a power of 0.5 W (Phillips, 2003). These were done in a
microgravity environment and recorded on video. Butler et al. (2007, 2008) found a minimum
heat release rate of 0.55 W in his tube burner quenching experiments. It can be seen that the
quenching limit in oxygen provided a flowrate approximately half that of Butler et al. (2007,

2008) found. This allowed for a heat release rate of 0.252 W, the weakest flame ever observed.

Table 3.4. Hydrogen quenching flowrates in oxygen and corresponding power output.

Burner  Quenching Flowrate (ng/s) Power (W)
SS15 2.1 0.252
PT16 2.3 0.276

A slight difference in the measured flowrate for the platinum and stainless steel burner can be
seen. Although there is an 8 um difference between the internal diameters of the burners, the
main reason that different flowrates were found is attributed to the properties of the burners.
Platinum and stainless steel 316 have thermal conductivities of 71.6 and 16.3 W/m-K,
respectively (Incropera, 2002). Platinum transfers the heat away from the burner tip much better
than stainless steel so that more heat is lost from the reaction region. There is a delicate balance
between the combustion heating and the heat loss to the surroundings. If the heat loss is too

great, the reaction rate will slow and the flame will extinguish.
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Figure 3.6. Quenching flowrates of hydrogen in air and oxygen with burner in vertically
downward position. Butler et al (2007, 2008) data is quenching limit of air.

Figure 3.6 shows the hydrogen quenching limits obtained in both air and oxygen. The data from
Butler et al. (2007, 2008) is also plotted. The quenching flowrates in air were the same within
experimental uncertainties as the Butler et al. (2007, 2008) data. Quenching flowrates of 3.85
and 3.94 pg/s were found in air for burners SS15 and PT16, respectively. The hydrogen
quenching flowrate in oxygen was much lower than that in air. This was expected as the
previous data has shown that the minimum ignition and quenching flowrates are lower in oxygen

than air. There was a 40-45% drop in quenching flowrate from air to oxygen.
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Figure 3.7. Heat release rate in air and oxygen with burner in vertically downward
position. Butler et al (2007, 2008) data is for air only.

Figure 3.7 shows the effects of burner diameter on the heat release rate. The heat release rate is
directly proportional to the mass flowrate from Fig. 3.6. Butler et al. (2007, 2008) showed that
an increase in burner diameter causes the heat release rate to increase owing to an increase in
quenching flowrate. A minimum in terms of flowrate and power occurs at an approximate

internal diameter of 0.15 mm.

3.2.4 Weakest Flame Ever Observed
Representative quenching limit flames from burner SS15 can be seen in Fig. 3.8. These are

images of the world's weakest observed flame to date. The flame diameter is approximately that
of the burner for the H,/O, reaction. A faint outline of the flame for the H,/air reaction is visible
beneath the burner. It is difficult to maintain the flame at the quenching limit in the Hj/air
reaction due to the air currents in the laboratory. The H,/O, reaction did not have this problem

as the oxygen velocity negated any airflow currents. The glowing in the Hj/air reaction is

43



attributed to the higher flowrate exiting the burner.

Figure 3.8. Color image of world’s weakest flame using burner SS15 for hydrogen in
oxygen (left) and air (right). The H,/O, flame has a power of 0.252 W while the H,/air
flame has a power of 0.463 W. The camera settings were 30 s, F2.8, ISO 800.

Flames from the burner PT16 are shown in Fig. 3.9. These were taken just before the quenching
flowrate. The H,/O, flame is approximately the same size as the internal diameter of the
platinum burner. The Hy/air flame is slightly larger, which would correspond to the higher
quenching flowrate. A slight glow can be seen coming off the burner from the H»/O; flame.
This could be due to a surface reaction on the burner or the heating of the burner due to the

flame.
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Figure 3.9. Color image of weak flame using burner PT16 for hydrogen in oxygen (left)
and air (right). The H»/O, flame has a power of 0.276 W while the Hy/air flame has a
power of 0.474 W. The camera settings were 30 s, F1.4, ISO 200.
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Chapter 4: Conclusions
This was a study of the ignition and quenching flowrates of hydrogen flames from compression

fittings and tube burners using both air and oxygen as oxidizers. Methane and propane were also
used as fuels in the compression fitting experiments to give a scale to the hydrogen limits and
find their ignition limits. This work is expected to be useful in the creation of hydrogen safety

codes and in the field of micro-combustors.

4.1 Compression Fittings
The minimum flowrates necessary for igniting and sustaining hydrogen, methane, and propane

flames on a leaky compression fitting is 0.028, 0.378, and 0.336 mg/s, respectively. This was
due to hydrogen's lower molecular weight and smaller quenching distance. It was found that the
ignition flowrate limit of each fuel was independent of upstream pressure for pressures of 1-100

bar (1-7 bar for propane).

The leaky fitting orientation has no statistically significant effect on the ignition flowrate limit of
hydrogen. Burner orientation did play a significant role in the minimum flowrate for propane
and methane. The lowest flowrate occurred with the burner in an inverted orientation and the
highest flowrate with the burner in a vertical orientation. Orientation had an effect due to the
amount of surrounding metal that the flames impinged upon. The less heat lost to the

surroundings, the lower the flowrate was.

For each fuel, the leaky fitting with the scratched ferrule had the lowest flowrate necessary for
sustained ignition. This burner had the straightest path for the fuel to flow before exiting the
fitting, which allowed for smaller flowrates. The burners with the loosened fittings had the

highest flowrate necessary for sustained ignition. There was a larger area for the fuel to spread
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before exiting the fitting, which made for a higher flowrate to sustain ignition.

The ignition flowrate limit increased with increasing burner size. As the burners got larger, the
flames impinged on a wider, thicker surface. As more heat was drawn from the flame, a higher
flowrate was necessary for sustained ignition. Also, the flow was less concentrated at the fitting

exit for the larger burners, which made for larger flowrates.

In every case, the hydrogen flames were too small and dim to see with the naked eye. Photos of
the hydrogen flames required extended exposures at a high ISO. When the lighter was brought
near the burner, a pop typically signaled that ignition of the hydrogen had occurred. The
methane and propane limit flames were visible for every burner but did not omit a popping sound

upon ignition.

Applying a soap water solution is an effective way to check for hydrogen leaks at fittings. Leak

rates above the quenching limits produce visible bubbles in the solution.

4.2 Weak Flames

The weakest flames were obtained when the burner height above the coflow burner was 10 mm
with an oxygen velocity of 0.18 m/s. The optimal burner orientation was downwards. The
ignition and quenching flowrates were lower in a pure oxygen environment than in air. As in the
compression fitting experiments, the hydrogen flame was not visible to the naked eye and could

only be seen using extended exposures with the camera.

This study led to the discovery of the weakest flames observed to date. The weakest flame ever
recorded was found using a stainless steel burner with an internal diameter of 0.152 mm. A
quenching flowrate of 2.1 pg/s was found in a pure oxygen atmosphere. This corresponds to a

power output of 0.252 W, half the size of the previous weakest observed flame. In comparison, a
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birthday candle flame produces 50 W. The platinum burner with an internal diameter of
0.16 mm gave a quenching flowrate of 2.3 pg/s, which corresponds to a power of 0.28 W. This
is slightly higher than that found with the stainless steel burner and could be the result of a lack

of surface reactions on the burner.

MEMS systems can benefit from these flames owing to the high turndown ratios and use of pilot
flames. These flames have such low flowrates that they can be used as pilot flames, removing
the need for electrical igniters. Using a weak hydrogen flame, especially in an oxygen

atmosphere, = would allow these systems to be made even  smaller.
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Appendix A: Fuel Properties

Hydrogen
Molecular Weight 2.016 g/mol
Lower Heating Value 119.9 MJ/kg
Spontaneous Ignition Temperature 571.1 °C
Maximum Flame Speed 291.19 cm/s
Quenching Distance 0.51 mm
Specific Heat Ratio 1.41
Methane
Molecular Weight 16.04 g/mol
Lower Heating Value 50 MJ/kg
Spontaneous Ignition Temperature 632.2 °C
Maximum Flame Speed 37.71 cm/s
Quenching Distance 2.03 mm
Specific Heat Ratio 1.31
Propane
Molecular Weight 44.096 g/mol
Lower Heating Value 46.3 MJ/kg
Spontaneous Ignition Temperature 504.4 °C
Maximum Flame Speed 42.89 cm/s
Quenching Distance 1.78 mm
Specific Heat Ratio 1.15

Table A.1. Values obtained from Appendix C of SFPE Handbook (2002)
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