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ABSTRACT

Inert Gas Dilution Effect on Flammability Limits of
Hydrocarbon Mixtures. (December 2011)
Fuman Zhao, B.S., University of Tianjin;

M.S.; M.S., Texas A&M University

Chair of Advisory Committee: Dr. M. Sam Mannan

Flammability limit is a most significant property substances to ensure safety of
chemical processes and fuel application. Althounging are numerous flammability
literature data available for pure substancesfuermixtures these are not always
available. Especially, for fuel mixture storageemgdion, and transportation, inert gas
inerting and blanketing have been widely appliedhemical process industries while

the related date are even more scarce.

Lower and upper flammaubility limits of hydrocarbomxtures in air with and
without additional nitrogen were measured in tkesearch. Typically, the fuel mixture
lower flammability limit almost keeps constant #tetent contents of added nitrogen.
The fuel mixture upper flammability limit approxinedy linearly varies with the added
nitrogen except mixtures containing ethylene. Theimum added nitrogen
concentration at which lower flammability limit angper flammability limit merge
together is the minimum inerting concentrationrigrogen, roughly falling into the

range of 45+10 vol % for all the tested hydrocarbartures.



Numerical analysis of inert gas dilution effectlower flammability limit and
upper flammability limit was conducted by introdogithe parameter of inert gas
dilution coefficient. Fuel mixture flammability lithcan be quantitatively characterized
using inert gas dilution coefficient plus the onigi Le chatelier’s law or modified Le

Chatelier’s law.

An extended application of calculated adiabatim#iaemperature modeling was
proposed to predict fuel mixture flammability limiat different inert gas loading. The
modeling lower flammability limit results can repent experimental data well except

the flammability nose zone close to minimum ingytooncentration.

Le Chatelier’'s law is a well-recognized mixing riéde fuel mixture flammability
limit estimation. Its application, unfortunatelg, limited to lower flammability limit for
accurate purpose. Here, firstly a detailed derwvatvas conducted on lower
flammability limit to shed a light on the inhergarinciple residing in this rule, and then
its application was evaluated at non-ambient cammait as well as fuel mixture diluted
with inert gases and varied oxygen concentratiBesults showed that this law can be

extended to all these conditions.
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CHAPTER |

INTRODUCTION

Flammable or combustible substances are prevalent in today’s chemical and
petrochemical industries. Accurate data on flammability limits are significant for safety
processes. Flammability limits describe the composition of gas that can form
propagating flames, and they are often provided with material safety data (MSDS)
sheets. In industry, fire generally happens in the vapor or gas phase with a certain
concentration in air. Compared with other fire safety properties, e. g, flash point,
minimum ignition energy (MIE), autoignition temperature (AIT), flammability limit
attract more attention from our engineers, and it is the most important safety
specification that must be considered in assessing the overall flammability hazard

potential of chemical substances in chemical process industry.

1.1 Motivations

The flammability limits are the most important safety specification that must be
taken into account for assessing the overall fire and explosion hazard potential of
chemical substances in storage, processing, and handling. Normally, the flammability
data for pure fuels in ambient conditions are available in the literature, but for fuel

mixtures, the flammability data are often inconsistent and deficient, especially

This dissertation follows the style of Journal of Hazardous Materials.



inadequately matched to the conditions of intei®stne of these conditions are the
different initial temperature and pressure, vaogggen concentrations, and dilution
with inert gas. Obviously, with the many differeaimbinations of gaseous fuel
mixtures and diluents that may be encountered manaus practical situations using
inert gas purging, blanketing and inerting, it wibbk clearly valuable to have research
in this area. Also, it is very important to develpgidelines to predict their lower
flammability limits and upper flammability limitof fuel mixtures diluted with different
inert gases based on knowledge the flammabilititdiof the individual combustibles

and inert gas dilution capacities.

When processing flammable substances, ignitableafuenixtures can develop in
the vapor space above the liquid in storage tartksre are a large variety of cases
where internal gas explosion may occur, which aresed by uncontrolled leaks, or
simply by accidental purging with air without ineg systems or tank inert blanketing
system fails. The subsequent explosion can ressignificant consequences. The most
famous internal tank explosion case is the 1996 TRlight 800 disaster in which the
center fuel tank exploded shortly after takeoff aesllted in the deaths of 230 people
[1]. To effectively prevent fire or explosion talgiplace in fuel storage tanks with large
volumes of flammables, inert gas blanketing treatinme storage or processing tanks has
been recommended by the Federal Aviation auth@if§A) and the National Transport
Safety Board (NTSB), and the inert gas dilutioreeffon flammability, thereby, has

been recognized as an significant safety issuledrcihemical process industries.



Recently some new concepts of fire suppressiomsyshave been developed to
prevent depletion of the stratospheric ozone layer.many years, Halon 1301 was
popularly recommended to be used as the effedteesfippressants for high-value
assets. But, in 1989, the Montreal Protocol deteechithat halon possesses the potential
to deplete the ozone layer, and the U.S. Envirotah@&rotection Agency subsequently
banned its manufacture in 1994some halon altemsmtg clean fire-extinguishing
agents have been developed. The clean agentsaasifield into two types: halocarbon
agents and inert gas agents, in which the ineragaats, mostly including nitrogen,
carbon dioxide, and argon, are of interest, bectheseare not only non-ozone-depleting

but also non-toxic and non-pyrolytic gases.

1.2 Objectives

In this research, nitrogen dilution effect on tbeér flammability limit (LFL) and
upper flammability limit (UFL) of low-carbon hydracbons (methane, ethane, propane,
n-butane, ethylene, and propylene) and their binargures were measured at ambient
conditions. Because Le Chatelier's law is a wetlegnized principle for fuel mixture
flammability estimation, its applicability was vied by comparing its predictions with
experimental measurements. In the case of additiotnagen added to hydrocarbon
mixture/air mixtures, modification of Le Chateliefaw was conducted on the numerical
basis through the introduction of a new paraméatert gas dilution coefficient. Next, a
theoretical derivation of Le Chatelier’'s law wasidacted with the assumption of

constant flame temperature. Moreover, Le Chatslierv’'s applicability was verified at



other conditions, e.g., at non-ambient conditidns| mixture with inert gas dilution and
at different oxygen content. Finally, an adiabfasme temperature was constructed and
used to quantify inert gas dilution effect on faekture flammability. Specifically, the
objectives of this research are four-fold: (i) eoting experimental flammability data,
and verifying the applicability of Le Chatelieraw on LFL and UFL with and without
inert gas dilution; (ii) conduct the modificatiohlce Chatelier’s law on a numerical
basis; (iii) adiabatic flame temperature modelimgflammability limits with inert gas
dilution; and (iv) deriving Le Chatelier's law aedaluating its application on a

theoretical basis, where heat losses is consides@dgeneral case.

1.3 Organization of dissertation

The first chapter of this dissertation presentedgap between the existing
flammability data and the needs of the chemicalstiy. It has been an accepted fact
that process hazards arouse a high intention tergenmore flammability data of fuel
mixtures to protect and preserve health and safetjowing that discussion, the

objectives of this work were presented.

Some background on flammability properties, experital methods to college

flammability data and flammability modeling wereepented in the second chapter.

Chapter 1l covered the experimental equipmentraethod. Here flammability
apparatus setup, its schematic configuration, exyertal procedure, and flammability

estimation criterion were discussed.



Experimental results were presented in the founthfdth chapters. In the fourth
chapter, binary hydrocarbon mixture LFLs and UFlitheut addition of inert gases
were collected. Comparison of experimental data wredictions using Le Chatelier's
law was made, and modification of this rule wasdrarted based on the numerical data
analysis. Chapter V focused on binary hydrocarbodure LFL and UFL diluted with
nitrogen, where a variable of inert gas dilutiofeef, the inert gas dilution coefficient,
was defined for each pure hydrocarbon based oexperimental data. By combining
the parameter of inert gas dilution coefficient,Cleatelier’s law, or the modified Le
Chatelier’s law, fuel mixture flammability limit cabe quantitatively characterized using

pure hydrocarbon flammability data.

Chapter VI talked about flammability modeling omdniy hydrocarbon mixtures
with additional nitrogen. The applied criteriortle calculated adiabatic flame

temperature (CAFT).

A theoretical deviation of Le Chatelier's mixingewas performed in Chapter
VIl base on the combustion mechanisms at LFL and. B¥imarily, this rule has been
admitted to work well on LFL estimation for fuelxture in air at ambient condition. By
using the same reaction mechanisms and assumpteapplication of Le Chatelier’s
law was verified valid for fuel mixtures with inegas dilutions, and at varied oxygen
conditions. Furthermore, it was proven feasiblbaapplied to at non-ambient

conditions.

Finally, this dissertation wrapped with Chapterlhich including the

conclusions from this research, and some recommienddor future work.



CHAPTER Il

BACKGROUND

2.1 Definition of flammability limits

Flammability limit, sometimes referred to as expadimit [2], “is referred to the
concentration range in which a flammable substaaceproduce a fire or explosion
when an ignition source (such as a spark or oand) is present”. The concentration in
air is generally expressed as percentage fuel mmain the vapor phase. Specifically,
flammability limit is categorized as two types: e upper flammable limit (UFL)
above which the fuel is too rich (oxygen in leampurn; (ii) the lower flammability

limit (LFL) below which the oxygen is in excess dnél becomes too lean to be ignited.

2.2 Dependences of flammability limits

Flammability limit is not constant. As with mostpasts of flammability, the
evaluation of flammability limits is not absolutayt rather depends on the details of the
test apparatus, detection criteria, and experiniigntdernal and external conditions. In
practice, flammability limits are affected by a ety of factors including temperature,
pressure, dilution of inert gases, varied oxygamceatrations, flammability apparatus
size and configuration, flammability detection eri&, direction of flame propagation,

and others [3].



2.2.1 Flammability limit vs. temperature

Research on combustible gases or vapors by Zabgtgkndicated that the
flammability limit of most fuels is not stable aned external temperature. With
external temperature going up, flammability zonedmees wider. Specifically, the LFL
declines continuously and UFL keeps climbing up.uBing the hydrocarbon
flammability limit data, Zabetakis generated twa&tpns on LFL (Eq. (2-1)) and UFL

(Eqg. (2-2)) to quantify the temperature impact lamimability limit.

LFL,

=1-0.000784T -2 2-1
L 4729 @1
UFL,

=1+0.00072(T -2 2-2
T r-29 @2)

where, LFLs and UFL:s are flammability limits at room temperature (29.°CFLy and
UFL+ are flammability limits at another temperaturé®T)( The predicted temperature
effect on the LFL is very similar to the measuretkd For UFL, however, there are
substantial discrepancies. Even the higher alk@rmesane, heptane, and octane) do not
follow the general relationship. One reason thallinearities arise is due to cool-flame

ignitions with some gases at some temperaturesnainat others [5].

The data may also be fairly well correlated byriedified Burgess-Wheeler law,
suggested by Zabetakis, Lambiris and Scott foetfext of temperature on the LFL and
UFL of hydrocarbons in the absence of cool flamésch is expressed by Eq. (2-3) and

EqQ. (2-4) [4], wheré\H is the net heat of combustion (kcal/mole) and T0n



LFL. = LFL25—$(T _25) (2-3)
C

0.75
AH

UFL, =UFL, +—— (T -25 (2-4)

2.2.2 Flammability limit vs. pressure

Melhem computed flame temperatures for severalsgaséhe function of
concentration and pressure, and observed thatasioge pressures raises the flame
temperature for fuel-rich mixtures, but not fordeanes [6]. Thus, if the flame
temperature is assumed to be constant at the flétitpdimits, then the UFL will rise
with increasing pressure, but the LFL will not cganPractically, raising the initial
pressures of the fuel-air mixture can generallyaldem its flammability limit range,
where pressure has a slight effect on LFL exceptlatv pressure less than 50 mmHg
absolute, while the UFL increases dramaticallyhasiiitial pressure increases [7]. With
respect to hydrocarbons, the initial pressure ob &fd UFL can be represented by
formulas Eq. (2-5) and Eqg. (2-6) [8], where Lk and UFLamare flammability limits
at 1 atmospheric pressure; LiFind UFlpare flammability limits at pressure P (atm

absolute).

LFL, = LFL,, - 031In P (2-5)

latm

UFL, =UFL,, +89InP (2-6)

latm



At a certain pressure range, some compounds aableapf slow reaction, which
results in cool flame at the concentrations outtigenormal flammability limits. For
hexane combustion in air at initial temperature iG0before pressure reaches up to 4.1,
there is only one range of flammable mixture fornal flame; while at the pressure of
4.1 atm, cool flame occurs, and its range is latateh mixtures of composition

between 11 and 22% of hexane, and wider at a hjiglessure [9].

2.2.3 Flammability limit vs. oxygen and inert gases

Flammability limit is not constant at varied oxygamd/or inert gas
concentrations. A typical way to represent the flahility limit of a gas or vapor is by
the triangle diagram. Typically, concentrationguel, oxygen, and inert gas are plotted
on the three axes in vol % [10]. Each point intteengular area and on the edges
represents a 100 vol% mixture composed of fuelgeryand inert gas. The zone
enclosed by flammability line represents all migtuthat are flammable. The fuel

mixtures lying outside this zone are non-flammable.

LFLs in a variety of oxygen concentrations are absame as in air. Since the
LFL is a fuel-lean condition, excess oxygen is E@e at 21% and any further excess
oxygen is simply acting as a diluent. The molart ltapacities of oxygen and nitrogen
are similar, and consequently the LFL value isa@nged by going to a 100% oxygen
atmosphere; however, UFL increases sharply witfeasing oxygen concentrations.

The same tendency can be identified with variebgén amount added. Besnard
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provided some excellent examples for the influerdetifferent inert gases on the
flammability limits [11]. Most inert gas inertindfect is dependent on the heat capacity,
and the effect is mainly on the UFL except chemig#l,F4, because it is a typical chain
reaction inhibitor . All of the inert additives aable to make a mixture non-flammable if
added in sufficient quantities. These are very lgtounts, whereas much lower

concentrations are sufficient when using many hetlegpntaining gases.

2.2.4 Flammability limit vs. apparatus size and shae

Two hundred years of flammability limit experimeimslicated that experimental
flammability limits are sensitive to the size ammhfiguration of flammability testing
apparatus [12]. Coward and Jones [13] used a ayt@idsertical tube of 5 cm I.D. to
measure the flammability limits for a variety ofsga and vapors. However, Zabetakis
[3] later suggested that a tube with the diameftér@m is too small for accurate
measurement of the flammability of some flammalall®genated hydrocarbons because
of its quenching effect. An experimentally deteradriower flammability limit of a
methane/air mixture in 24 mm diameter tube was¥D9IB% by volume, compared
with the earlier measured flammability limit of 8512% in a standard tube [14].
Takahashi [15] evaluated the flammability limit \ions with the apparatus of different
geometries, e.g., different sizes and shapes. bbereed results can be summarized as:
() the flammability limits are highly dependent thre reactor wall quenching effect if
the cylindrical reactors have small diameters barge heights; (ii) for cylindrical

reactors with small heights, the flammability limdre affected by a bunch of factors
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including the tendency of hot gas accumulatiohatvessel top, unburnt gas heating,
incipient flame self-heating, and also the quenglafiect of the reactor walls; (iii)
When the reactor size is large enough, the expetahBammability limits get close to

those obtained from open space.

2.2.5 Flammability limit vs. flame propagation direction

Experimental flammability limit varies with diffen¢ flame propagation
directions. When same criterion is applied to ajfical combustion chambers, Several
previous work [16, 17] had demonstrated that tamfhability limit is wider for upward
than for downward flame propagation. The obvio@soa is that when fuel
concentration gets close to flammability limit,rfla cannot travel downward because
buoyancy creates an upward convective currenteadplvard propagation can remain
possible since buoyancy aids propagation. Withoolyancy effect, the flammability
limit at horizontal flame propagation lies betweaka upward and downward
flammability limits [12]. For fundamental combustichemistry studies, downward
propagation is preferred precisely because thaefttects of buoyancy do not come
into play, but for industrial interest, upward flampropagation is recommended [7].
Table 2.1 lists some hydrocarbon flammability lighéta at different flame propagation
direction conditions. Normally, the UFL values anach more affected by the direction
than the LFL values, in which the differences awstly within experimental data scatter

[18].



12

Table 2.1.Effect of flame propagation direction on flammadlilimits (25
°C and 1 atm) [18].

Mixture Direction (\I;:):I(I’_/o) (\l/JoT‘!_/o)
Upward 5.35 14.85
methane/air Horizontal 5.40 13.95
Downward 5.95 13.35
Upward 1.42 8.0
pentane/air Horizontal 1.44 7.45
Downward 1.48 4.64
Upward 1.45 7.45
benzene/air Horizontal 1.46 6.65
Downward 1.48 5.55

2.3 Flammability limit testing

As discussed above, there are a lot of paramdtatsnfluence the experimental
flammability limit. Even at same testing conditiptise testing results are not consistent
because of the different detection criteria (dlgme propagation, relative pressure rise),
or even the different definitions of flammabilityofn author to author, for example,
Zabetakis [3] defined flammability limit as the fu®ncentrations where the flame is
capable of propagating from the ignition sourcetigh the mixture; While Conrad et al.
[19] defined the flammability limit as the fuel amentration beyond which the fuel-air

mixture is not ignitable.
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2.3.1 Bureau of Mines method

U.S. Bureau of Mines flammability tube [13] is oofethe best known
experimental apparatus for measuring flammabiiityts of premixed gases by using
the visual flame detection criterion. This flammiapitube contains of a 50 mm I.D.
glass tube, 1.5 m long. For a mixture to be dedlisnmable, propagation has to occur
at least the distance of 75 cm with the half halfwp the tube ; if only a shorter
propagation distance is observed, this is deemeddor due to localized heating from
the igniter, and is not considered representatiteesubstance. The flammability limit
is experimentally estimated by determining thetegldimiting mixture compositions at
the flammable and non-flammable conditions [20]isaadicated in Egs. (2-7) and (2-

8).

1
LFLT,P ZE(Cg,n +C|,f) (2'7)

1
UFL; 5 ZE(Cg,f +C ) (2-3

where LFLy p, UFLy p are lower flammability limit and upper flammabyiiimits at the
specific temperature, T, and pressure, £, G, are greatest concentration and least
concentration of fuel in oxidant that are nonflanmea Gy, Cy ¢ are greatest

concentration and least concentration of fuel iidarnt that are flammable.

By using this experimental methodology, the U.SteBu of Mines generated a

large body of flammability limit data for pure gas well as some gas mixtures. Much of
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the work was done and summarized by Coward andsJaB8¢ Zabetakis et al. [4], and

Kuchta et al. [5] through Bureau of Mines Bullgtinblications.

2.3.2 ASTM methods

The American Society for Testing and Materials (MyTadopted three closed

vessel methods to measure flammability limits afegaand vapors.

ASTM E681 [21]: It uses a 5 L glass flask to determine tlaeninability limits of
substances in air with a high voltage central sparkhe ignition source. The affordable
testing conditions is 1 atm or lower pressure drtdraperature below 150 °C. The
flammability detection criterion is visual obseneat, through which the outward and
upward flame propagation from the ignition sousc@ated. The concentration of the
flammable component is varied between trials uh&lcomposition that will just sustain
propagation of the flame is determined. The fir@baed flammability limit data are

calculated based on Eg. (2-7) and Eq. (2-8) for BRH UFL, respectively.

ASTM E918[22]: It consists of a metal pressure vessel withinimum volume
of 1 L and a minimum inside diameter of 76 mm, @sulated chamber equipped with a
source of controlled-temperature inert gas, andjaition device with appropriate
power supply. The applied criterion of flame progt#on is defined as the combustion
reaction that produces at least a 7% rise of Iratigolute. The final obtained
flammability limit data are calculated based on £37) and Eq. (2-8) for LFL and

UFL, respectively. The tests using this method colve determination of LFL and UFL
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of combustible vapor-oxidant mixtures at tempemityp to 200 °C and initial pressures

up to as much as 1.38 Mpa (200 psia).

ASTM E2079[23]: This testing method covers the determinatbthe limiting
oxygen (oxidant) concentration (LOC) of mixturesaatpecified initial pressure and
initial temperature. It requires a 4 L or largeanspherical vessel placed in a heating
oven with a 10 J or greater ignition source, andt@8l pressure rise criterion at varying
oxygen contents. The purpose of the test is stbedstablish LOC, so various
concentrations of oxygen are supplied by trial-ana+ until the minimum value is

found.

2.3.3 ASHRAE method

The ASHRAE (American Society of Heating, Refrigergtand Air-Conditioning
Engineers) method [24] was developed specificallggccommodate halogenated
compounds that may be difficult to ignite in smallessels. The explosion vessel is a 12
liter spherical glass flask and is equipped withaa of tungsten electrodes for ac
electric discharge together with a fan for gas ngxiDetermination criterion of the
flammability limit by using ASHRAE method is thdithe flame moves upward and
outward from the ignition point to reach an ar¢hed vessel wall which subtends an
angle equal to or larger than 90° as measured thhengnition point, the fuel mixture is

treated as a flammable one.
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2.3.4 European methods

In European, the current standard methods for flahility limit determination
are DIN 51649 [25] and EN 1839 [25] (subdividecif@N 1839-T and EN 1839-B).
The DIN 51649 test method uses a 6 cm diametezn8tall glass cylinder opened at
the top with a spark igniter (0.5 s, 10 W) at tloétdom. The criterion for flammability is
any visual sign of flame detachment from the igmitsource. The EN 1839-T method
uses an 8 cm wide, 30 cm tall, open top glass dgtinwith spark igniter at the bottom
(0.2 s and 10 W). The criterion for flammabilitygeopagation of flame 10 cm vertically
above the igniter or 12 cm in the horizontal di@ttat any point of the flame path. EN
1839-B allows the use of a cylinder or sphericalset of at least 5 L and an exploding
fuse wire (0.2 s, 10-20 J) in the center. The gdtefor flammability is a 5% minimum

pressure rise after ignition.

2.3.5 Counterflow burner method

Counterflow burner method uses a new conceptualraticect way to
experimentally estimate flammability limits. Theurderflow burner was configured by
two gas jets of premixed fuel and oxidizer, which geleased from opposing nozzles
against each other. When the premixed combusshigited, it produces twin and
planar flames. Estimation of flammability limitis measure the relationship of fuel
concentratiorv.s. average gas exiting velocity defined as the dtredte here.

Specifically, by plotting the fuel concentrationagunction of stretch rate, the fuel
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concentration at the intercept can be treatedeaialmability limit through

extrapolating linearly the plotted line to a sthetate of zero [26].

2.4 Flammability test standardization and correlaton

In general, it has been shown that data determisgny European methods
correspond to a wider fuel-concentration flammapilange over which a fuel-air
mixture is considered flammable than those metlapgdied in USA. An example of
hydrogen, ethylene, methane and ammonia LFL andigktted in Table 2.2 [4, 25,
27-28]. The discrepancies between flammability digtirmined using different
methods have been pointed out as evidence thaafoewtal flammability limits may
not exist because the numerous other variablesatfestt the measured flammability
limit make it difficult to show experimentally whegr or not a fundamental flammability
limit exists [29, 30]. Therefore, although manyeatpts have been made to standardize
the measurement methods to improve compatibilifyashmability data, no standard

method for that measurement has been estimated yet.

Due to different test methods giving rise to diffiet results, it would be useful to
quantify the correlation and conversion of flamntiblimits obtained using different
test methods. There is little work done in thissa@ne practical experience is from De
Smedt [2], who made a comparison between two iatemally accepted methods: glass
tube in accordance with DIN 51649 and 20 L sphéxieasel with 7% pressure rise

criterion similar to ASTM E918. The correlatiorsudts for the experimental
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flammability limits of hydrocarbons at ambient carahs can be approximated as Eq.

(2-9) and Eg. (2-10).

Table 2.2.LFL and UFL of methane, hydrogen, ethylene and amain
air at ambient conditions [4, 25, 27-28].
BMs* ASTM E681 ASHRAE DIN51649 EN 1839-B

Fuel/air (volob) (volob) wol%)  (vol%) (vol%)
LFL(CHa/air) 5.0 3.8 4.9 4.2 4.9
UFL(CHy/air) 15.0 16.9 15.8 16.6 16.9
LFL(H/air) 4.0 3.75 45 3.8 4.2
UFL(H/air) 75.0 75.1 75.0 75.8 77.0
LFL(CoHd/air) 2.7 2.15 2.74 23 2.6
UFL(C,H/air) 36.0 33.3 315 33.0 27.4
LFL(NH2/air) 15.0 133 15.2 143 14.2
UFL(NHs/air) 28.0 32.9 30.0 31.7 39.4

LFL,, = 103LFL,, + 011 (2-9)
UFL., = 098UFL,,, - 076 (2-10)

2.5 Flammability limit estimation

Primarily, experimental data for flammability lirate always preferred because
of its unspecified property. So far, flammabilityit data are still extremely deficient,

and most of them focus on pure fuel at ambient itimmd. To satisfy the requirements
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from various industrial process operations, sompiecal formulas and predicting

models were developed by summarizing experimeatallts or theoretical derivation.

2.5.1 Empirical correlations

Bureau of Mines method[4]: Several empirical equations were generated by
Bureau of Mines for hydrocarbon flammability lin@istimation. Specifically, prediction
of paraffin LFL at a single temperature point Sdrom room temperature, says, 293K,

as Eq. (2-11).

LFL o5 = 055C, (2-11)

where, Gis the fuel concentration in vol% required foriskdgometric combustion,

typically found using Eq. (2-12), and n is carbéona number in molecular formula.

c = 100
% 1+ 4773@15n+05) (2-12)

Adding temperature dependence by using the modfiegess-Wheeler law, LFL at

different can be estimated as Eq. (2-13).

C _... X100
LFLT - 1_ P, fuel —air (T _ 293) (2_13)
LFL293K LFL293K X (_AHC)

where, T is random temperaturdic is combustion heat release; fel-2iriS the total

specific heat of fuel-air mixture, expressed as(BelL4).
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Cop fug-ar = LFLXCp ¢ + 100-LFL)xC, (2-14)

and G and G arare the molar heat capacities of fuel and air,eetsgely.

By volume, at atmospheric pressure and room terperahe paraffin

hydrocarbon UFL and LFL can be related as Eq. (2-15

UFL,gy = 72(LFLg, )™ (2-15)

Moreover, a more precise correlation was proposedeiga (2-16) and Eq. (2-17)

when cool flame is ignorable.

UFL,g = 65y/LFL 05 (2-16)

UFL,o = 48,/C, (2-17)

Hilado method [31]: Hilado proposed that the LFL can in general be
approximated as Eq. (2-18). He also proposed douldne UFL, but it does not exhibit

much generality.

LFL = A[C, (2-18)

where the constant A assumes the following valisésd in Table 2.3.
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Table 2.3.Values of the constant, A, for different chemid&ls].

Chemicals A
C, H, O compounds 0.537
amines 0.692
chlorides 0.609
dichlorides 0.716
bromides 1.147

Sulfur-containing

0.577
compound

Shimy method[32]: Based on former researchers’ work, Shimy femrout that
flammadbility limit is function of constituting atosrfor fuels. He gave some empirical
equations to estimate the LFL and UFL separatealydoious chemicals at ambient
conditions. The results are noted in Table 2.4cHBipally, the LFL is dependent on the
numbers of carbon atoms only, while the UFL is asded with the numbers of carbon

atoms, hydrogen atoms in radicals, and hydrogemsatot in radicals.

Table 2.4.Shimy’s equations for flammability limits estimarti [32].

LFL UFL
Paraffinic hydrocarbons 6 +02 60 +E 192
and olefins nc® nHe 20
Iso-hydrocarbons b +01 60 +23
nC nH
B . 8 86
enzene series v —2nH,° AL
Alcohols b _ 0.7 80— 2nH +3
nC 2nC

a: nC is the number of carbon atoms

b: nH is the number of hydrogen atoms

c: nH is the number of hydrogen atoms in radicals

d: nH is the number of hydrogen atoms not in radicals
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Monakhov method[33]: Monakhov offered approximate methods for coitinm

the LFL and UFL represented as Eq. (19) and Eq, (26pectively.

100
PV TS (2-19)
100
UFL =
cB+d (2-20)
where,
— n,—Ny Ny
B=nc+ng+ E) (2-21)

With nc being the number of carbon atoms in the fuel maéeay sulfur, ny hydrogen,
No oxygen, and yndenoting any halogen (F, ClI, Br, 1) atoms. Theuealof other

constants are:
a=28.684
b=4.679
whenp < 7.5,
c=155
d=0.56
whenp > 7.5,

c=0.768
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d = 6.554

This relation is applicable to a wider range ofluencluding ones with oxygen,
sulfur, and halogen atoms. For hydrocarbons, inesocases, the UFL of a straight-chain
(or normal) compound will be known but not the \eddor the branched-chain isomer.

For such cases, Monakhov offered an approximasdaca (2-22):

UFL|somer - Tb’isomer
U FLnormal Tb’normal (2-22)

where, Tb is the boiling point (K). Considering exinental uncertainty, Monakhov
pointed out hydrocarbon LFLs approximately havestémme values for strait-chain

compounds and branched-chain ones (Eg. (2-23)).

LFL =LFL

isomer

normal (2_23)

Suzuki method[34 -36]: Suzuki estimated the flammability limiising empirical
correlations based on the gross heat of combugtidgg) in 10° kJ-mol. The correlation

results are represented as Eq. (2-24) for LFL andZ25) for UFL.

LFL =342
AH

2
+ 056AH_ , +0.053&"H; +180 (2-24)

c.9

_ 2
UFL= 630H, , + 05670H?, + 235 (2-25)
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Another correlation developed from Suzuki includesecular weight, critical

temperature, J(K), and critical pressurecRoar) for LFL (Eq. (2-26)).

LEL = — 457
AH

+0.0124VW - 0.00237_ + 0.0205°, — 046 (2-26)

¢.9

Moller method [37]: This method developed by Moller estimatesltkré of
organic compounds from a linear relation with st@enetric concentration, £at Eq.

(2-27).

LFL = aCs[ +b (2_27)

where, values for the constants, a and b, vamghieynical classes, and are given in

Table 2.5.
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Table 2.5.Constants a and b for LFL estimation using Mathethod [37].

Chemicals a b Chemicals a b
Aliphatic hydrocarbon  0.45 0.12 Aliphatic monoketo 0.53 0.14
Alkene, alkyneand — o5 566 Ajiphatic aldehyde 053 0.23
diene (halogen free)

Aliphatic mononitrile 0.33 0.74 Allphgnc ester from 0.45 0.12
valeric up

Monobromoalkane 0.69 0.66 Aliphatic formate 0.49 0.24

Aliphatic monoamine 0.71 0.48 Aliphatic acetate 560. 0.05

Alkoxyalcohol 057 0.3 Epoxyalkane 0.24 0.79

Aliphatic monoalcohol 5 g5 cycloalkane 056 0.06

(halogen free)

Dialkanol 0.45 0.01 Benzole 0.48 0.03

Aliphatic diether

(acetal/ketal) 047 0.1 Naphthyl 0.69 0.29

Aliphatic monoether 0.36 0.37 Monochloroalkane 50.6 0.3

Aliphatic

monocarboxylicacid 0.32 0.63 Dichloroalkane 08 0.49

(halogen free)

Dalmazzonne method38]: Based on thermal hazard criteria used in CAHT

Dalmazzone, Laforest, and Petit proposed that FHedf hydrocarbons could be

estimated using Eq. (2-28).

a

——AH,

LFL )2
100

VIR L) C | BTN C i
100 100 /] 100 100

where MW is the molecular weight of the fuet,mis the number of carbon and

hydrogen atoms, and the heat of combustion is givéoal- mot*.

(2-28)
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Funk method [39]: According to Funk, the LFL can be calculafemm Eqg. (2-
29), where the coefficients a and b depend onhkenccal class, and are listed in Table

2.6; B is oxygen coefficient for stoichiometric combustio

log(LFL) =a-blog(B) (2-29)

Table 2.6.Coefficients a and b for LFL estimation using Fun&thod [39].

Chemical types LFL UFL
Alkene 0.77815 0.73492
Alkyne and diene 0.68574 0.7756
Dichloro 1.17609 1.0299
Monochloro 1.07555 1.008
Nitrogen-containing 1.20412 1.1296
Others 0.90037 0.87024

Hshieh method[40, 41]: Hshieh related the LFL and UFL of orgaaid

organosilicon compounds to the heat of combuskdnnol®) as Eq. (2-30), and Eq. (2-

31), respectively.

LFL=11452246-AH_) ¥°?~0.3822 (2-30)

UFL=13514-AH_) %'+ 671 (2-31)
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Miloshev method[42]: Miloshev correlated the flammability limit$ o
hydrocarbons with the normal boiling point (°C)darbtained Eg. (2-32) and Eq. (2-33)

for LFL and UFL, respectively. Values for paramstarand b are given in Table 2-7.

8131-T,
LFL=a=—>=_b
2 b+T, (2-32)
8131-T,
UFL=c——="
d+T, (2-33)

Table 2.7.Parameters for LFL and UFL prediction using Mileghmethod

[42].
Chemical types LFL UFL
a b c d
Aromatics 0.45 123.9 6.21 479.5
Cyclohexanes 0.43 185.9 6.92 611
Cyclopentanes 0.42 182.6 6.82 601.9
Saturated

hydrocarbons 0.4 189.2 6.87 618.5

2.5.2 Calculated adiabatic flame temperature (CAFT)Modeling

Calculated adiabatic flame temperature is the teatpee that is obtained when
there are no combustion heat losses from the ogastistem to its surroundings.
Initially, this method was proposed by White [4&hd then used by Hartzberg [44],
Stull [45], Hansel [46], Melhem [6], Mashuga [4@&hd Brooks [48]. To estimate the
flammability limits, a temperature threshold isasgd. Some researchers agree that this

temperature is around 1550 K [49] or 1200 K [47jle others believed that this
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temperature is in the range of 1000-1500 K [6].uBing Vidal's provided methodology
[50], the LFL can be mathematically derived asda. The methodology was
originally presented by Shebeko at al [49], wher®werall adiabatic temperature of

1600 K was used for the estimation of the LFL.

100
1+v,

LFL =

(2-34)

where Vo is the number of moles of air per mole of fuethie mixture at the LFL.

At adiabatic conditions, the enthalpy of reactigatem remains constant at initial

and final stages. By using energy balance equatierhave,

Z H reac,i (Tl ’ P) = z H prod, j (Tad ’ p) (2'35)

where Heaciand Hyogjare the enthalpies of the reactant i and produiGti the initial

temperature, J;is the adiabatic flame temperature which is etuéihal temperature.

Expanding Eq. (2-35) by a given fuelH;,O, reacting with air, we can get,
i i _opgad 4 Mg ad ad
Hi +V,H, _ﬂHco2 +EHH20_ 0, +V,oH, (2-36)

where H is the absolute mole enthalpy; the substeapd a are fuel and ajs;is the
stoichiometric coefficient of oxygen in the compgleeaction; superscripts i and ad refer
to the initial and final conditions, respectiveBolving o from Eq. (2-36) and putting it

into EqQ. (2-34), we can get the calculated LFLa@kvs,
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L= 100 (2-37)
1+g;AH; +g.n+g m+gdl

where,

1

YT HE ]

dc = 9; (He —H&G +HS)

9y = 059, (HLZ - HS(:O + O-SHSS)

9o = —0.59; (HSS - H<|32)

2.5.3 Structure group contribution (SGC) modeling

The theoretical concept of the SGC approach has &egaained by Benson and
Buss [51]. Reid [52] has mentioned that this apginda a powerful tool for predicting
properties of pure substances and multi-componexitires, and the applicable
examples include critical temperature, criticalgsuge, critical volume, boiling point,

freezing point, viscosity, thermal conductivity,de@ibbs free energy.

Albahril method [53]: The flammability properties are characterized blgafiril
as the macroscopic properties of compounds thaetated to the molecular structure.
The following equation (Eq. (2-38)) is given to gtitatively characterize the

flammability limits.
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wsefze)o{ze) ofza) fze] e

where,® refers to LFL or UFL®; is the molecular structure group contributiors, b,

c, d, and e, are constants.

Seaton method54]: Derived from Le Chatelier’'s law, Seaton developed
mathematical model to estimate the flammabilityiténof vapors in air. The parameters
in the proposed model were obtained by a groupribarion procedure which is based
on the second order structural groups of the kifthdd by Benson and Buss [51]. The

LFL and UFL can be estimated from proposed equakogn (2-39).

Z ng f,

FL=——r
2"

(2-39)

where, FL represents LFL or UFL;ng the number of occurrence of group i; the data
for different structural contributions,dnd k, for the LFL and UFL are given in Seaton

method [54].

Shebeko method55]: Shebeko proposed a method to estimate LFL by using
atomic contributions. The LFL is calculated dirgdtbm the sum of the contributions as

Eq. (2-40).
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100

LFL = —z ng, O

(2-40)

where, ngis the number of occurrence of group i; ilthe structural contribution of

group i.

Nuzhda method[56]: Nuzhda used structural contributions to estimagetRL

of organic compounds with the correlation in Eq}9-
UFL = (15.4 +> ng,[A j exp(— 0.15(n,- 1)0'5) (2-41)

where, ngis the number of occurrence of group i;ig\the structural contribution for

group i.

High-Danner method [57]: High and Danner developed a structural contribution
method for calculating UFL (Eq. (2-42)) for orgacitemicals.

> ng; WFL,
In(UFL)=3.817-0.2627, +0.0102 + - (2-42)

Z ng,

The sum in the denominator is the total numberrofigs used to represent the

compound, and UFLs the contribution for i.
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Kondo F-Number method [58-60]: Kondo introduced an index, the F-Number

to address the flammability characteristics. Thiend@n of F-number is as follows:

z :1-(£j°'5 (2-43)

where L is the lower flammability limit and U th@per flammability limit.

The F-Number takes values ranging from zero toyuefpending on the degree of
flammability of substances. Specifically, substaweuld be super flammable when F
number lies within 0.8-1.0; if the F number fati$o the range of 0.6-0.8, substances are
strongly flammable; when F is at the interval ¢f-0.6, substances are normally
flammable; those with F number of 0.2-0.4 are wgédkimmable; and those with F-
Number value of 0.0-0.2 are treated as vaguelyrflaisie. The F-Number can be

obtained using Eq. (2-44).

1+ p.,C, + psRoe + PsReo 1+ poR: + PRy + PRy
F=p X+ PsRooo * PsRun + PsRavg || + PisRon + pl4RNo2 + plSRNHZ (2-44)
+ PgRurv T PoRs + PRen + PiReoon

where, G takes the value of one or zero according to whigtteemolecule is a
compound of mono-carbon skeleton or not; howewer ntethane derivatives that
contain CO, COO, CN, or COOH group are treated gkaeally, and G will take the
value of zero for these compoundseRRco, Rcoo, and Ry denote numbers of ether,
carbonyl, ester, and imine group, respectivelyiddig by the total number of skeletal

carbons. Rng and Rrm denote numbers of aliphatic and aromatic ringgléid by the
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total number of skeletal carbonsyfdenotes the total number of unsaturations in the
carbon skeleton including aliphatic and aromatigsi divided by the total number of
skeletal carbons.RR¢, ..., and Roon denote number of F, ClI, ..., and COOH divided

by the total number of hydrogen atoms in the cwasding pure hydrocarbon molecule.

The lower flammability limit and upper flammabilitynit can be calculated by

Eq. (2-45) and Eq. (2-46).

LFL = (UL)**(L- F) (2-45)
_ (U™
UFL=""—" (2-46)

where, (ULY?is a function of the chemical formula of a genenalecule given by
CiH;ORClnBraNp, which can be calculated using Eq. (2-47). M &snfolecular weight,

and G; is the stoichiometric concentration.

05 _
OB~ =Cu - 5.00474M - 3200) (2-47)

st

Gharagheizi method[61, 62} Gharagheizi provided a quantitative structure-
property relationship (QSPR) approach to estim&te &nd UFL of pure compounds.
By using the AICHE recommended database of DIPPR 8@ molecular structures of
all selected pure compounds were drawn into Hypmrchoftware, and then the

molecular descriptors were calculated by dragotwswé. After calculating the
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molecular descriptors, the genetic algorithm basettivariate linear regression (GA-
MLR) was applied to find a linear equation that paedict the UFL with four

parameters as Eq. (2-48) and five parameters fardd¥Eq. (2-49).

UFL =10.35415-1.35486)hetv — 42.2877P W,

+1859578HC, — 0.98203MATS4m + 0.68363MLOGP (2-48)

LFL =0.76022-3.5773PW, —1.47971AAC

+8575285C, - 0.0198MLOGP (2-49)

where, Jhetv is the Balaban-type index from varMidaals weighted distance matrix;
PWs is the path/walk Randic shape index; SikCthe structural information content with
zero-order neighborhood symmetry; MATS4m is the &toautocorrelation-lag 4
weighted by atomic masses; MLOGP is the Moriguatanol-water partition

coefficient (logP); and AAC is the mean informatiodex on atomic composition.

2.6 Fuel mixture flammability limit
2.6.1 Le Chatelier's mixing rule

Le Chatelier arrived at his mixture rule for thelL&f gas mixture from his
experiments with methane and other lower hydroa#s1j63]. The proposed empirical
mixing rule is expresses as Eq. (2-50).

N
LR S (2-50)
LFL . ‘5 LFL

mix 1
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where, yis the mole fraction of th&'icomponent considering only the combustible
speciesXyi = 1); LFL is the lower flammability limit of thé"i component in volume

percent; LFL,y is the lower flammability limit of the gas mixtuge

In addition, Kondo [64] has shown that Le Chat&idaw can be extended to the

UFL estimation for some blended fuels with accelgtalccuracy. That is,

! =i Y (2-51)

However, since Le Chatelier's method is intringic flended gases containing
only flammable compounds, it is not applicable asmg flammables containing inert
gases or with extra oxygen content. Modification.efChatelier’'s mixing rule was
conducted by some researchers [27, 64-66]. For pbeariondo [64] developed an
extended Le Chatelier’s formula to explain the trgas dilution effect on the
flammability limits of flammable gases. Eq. (2-5#)d Eq. (2-53) are specifically

applicable to blend gases consisting of one flamenghs and one diluent gas.

(2-52)

D= S qC +rCl+sC (2:53)
100-(UFL,, /C,) 100-UFL,

where LFL; and UFL are the lower flammability limit and the uppemfleability limit

of fuel in air; LFLs,e and UFlg,e are the lower flammability limit and the upper
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flammability limit of fuel-inert gas mixtures;&nd G, are the mole fraction of the fuel

gas and inert gas in the fuel-inert bler@}. (=1-C,); p, q, r, s are parameters to be

determined experimentally.

2.6.2 Calculated flame temperature modeling of fuehixture LFL

Previous flame temperature modeling on flammabiiityts treated reaction
system at adiabatic conditions, but heat loss fticéxperimental flammability limits,
especially when the flammability apparatus quengleifiect becomes indispensable, for
example, in a narrow tube. Zhao [67] developedamiate LFL estimation method for
the LFL of fuel mixtures with the considerationtaat losses from reaction system to

the surroundings.

CFT modeling is a four-step procedure [67]: (i)lecl pure fuel LFL data through
experimental tests; (i) estimating the pure fualigrage flame temperature; ii) solving
for the average flame temperature of the burnedadsiel mixtures; (iv) determining

fuel mixture’s LFL.

The LFL data for pure fuels were experimentallyedetined using a cylindrical
flammability apparatus with inside diameter 10.22 and two ends closed. The final
flame temperature for the pure fuel was estimatexh the calculated flame temperature

governing equation, Eq. (2-54).
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F(Ty )=
(8H, -AnRT,)+ Y0 ['C, dT—(Q +Q )-w=0 @59

prods 0

where,AH. is the enthalpy of combustiong 16 initial temperature, and Tis final
flame; An is total mole number change in a certain chenmettion; pis the molar
numbersf the reaction produgt heat exchange between the reaction system and its
surrounding mainly includes heat convection)(@d heat radiation (§2 and heat
conduction is usually negligible in the combustatramber; W is the work done on the

reaction system.

To estimate the adiabatic flame temperature forrugture, Vidal [50] proposed
a linear equation that correlates fuel mixture vitshcontaining combustibles indicated

as Eqg. (2-55).

Timix =% O+, (2-55)

where, Tmix, Tr1and &, are final flame temperatures for fuel mixtureglfd and fuel-2

respectively on the binary fuel mixture basis

Finally, the CFT governing equation (Eq. (2-54))vegplied again to estimate
fuel mixture LFL, which is the function of the fuedixture flame temperature obtained

from Eq. (2-55).
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2.6.3 DIPPR SGC method for fuel mixture lower flamnability limit

DIPPR SGC method [68] is an extended applicatioBlegbeko method for fuel
mixture LFL estimation. In this method, the fuellméraction on the combustible basis
acts as the weighing factor of the group contrimgi Specifically, fuel mixture LFL can

be estimated using Eq. (2-56).

LFL = 100 (2-56)

Zxxm|

where X is mole fraction of gas i in mixture (considerifugl only; air and diluents are

ignored); ngis the number of groups of type j in compoundli;i$ group factor for

group j.
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CHAPTER 1lI

FLAMMABILITY APPARATUS AND EXPERIMENTAL METHOD

3.1 Flammability apparatus overview

The flammability apparatus used in this resear@dsvice used to measure the
flammability limits of pure fuels and fuel mixtureBhis apparatus was developed by
Wong [69] at Texas A&M University. A schematic capfration of the flammability
apparatus is showed in Figure 3.1. The key desgtufe consists of five parts: (i) gas
feeding system; (ii) cylindrical reaction vessél) gas mixer; (iv) ignition system; and
(v) data acquisition system. The applicability lmtapparatus is limited to room

temperature and latmospheric pressure.

. Pressure sensor
To air

Pressure
Transduce Pressure meter Ei

Thermistors
s Gas
ﬂl\l\ ures Mixer Feeding

edfitor control panel

Fuse wire
R ol £ %

Vacuum Pump

Oxygen
Nitrogen

Wheatstone Bridge

I Hydrocarbon-1 I_%_.
I Hydrocarbon-2 I_%J—.

t

Fig. 3.1.Schematic representation of the experimental appsr
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3.1.1 Cylindrical reaction vessel

The reaction vessel (Figure 3.2) is a two-end-dasgdinder with diameter 4 inch
nominal (11.43 cm O.D., 10.22 cm 1.D.) and lendgd® tm. It hangs from a top plate
permanently affixed to the vessel enclosure. Atciiretral line of the reaction vessel,
there are five fast responding temperature semngitiissame interval distance. These
temperature sensors are NTC thermistors from Theretiacs (series number:

FPO7DB104N; response time: 0.1 sec in still asjs@nce: 100 R at 25 C), which

was not for temperature measurement, but for frisord detection when fuel/air
mixtures ignite and burn upwardly. The ignition smuilies at the lower position, 5 cm

away from the reaction vessel bottom.

fuel/air feeding \‘\\ product release
——————————————— —>

| I ]
pressure transducer A

thermistor5 —4— = & .
£
Qo
w
thermistor4 ——f—— Q- .
£
o
w
-
thermistor3 —1 = @ 4
£
o
w
-
thermistor2 —4——— = -
£
o
- |

thermistor1 ——} > @ —— —
£
o
e ﬁ. p

uel wire igniter ——}——— — —

Scm ~

reaction vessel } '\ )
(10.22 cm 1.D. x 100 cm [

Fig. 3.2.Configuration of reaction vessel.
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The greatest distance from the ignition sourcdaéotbp thermistor is 75 cm. This
design property is consistent with the flammabiiipparatus of U.S. Bureau of Mines,
by which visual observation with at least 75 cntatise of flame propagation was used
as the flammability limit detection criterion [13[hermistor 1 is located at the distance
of 15 cm away from the ignition source, which c#fieaively lower the heat impact
from the ignition source. The interval distancensstn the even-separated thermistors is
15 cm. There is a dynamic pressure transducer (@m&X 101, with a range of 0 to
250 psig pressure rise, 0 to 5 V nominal outputaiglus rise time, 1% amplitude
linearity and temperature effect of 0.03%/F), whiglmounted on the top plate at the top
of the reaction vessel and used to record the pressriation when fuel/air mixtures
ignite or explode. Previous work has shown thattrea vessels with similar dimension
have sufficient width to minimize quenching effe€typical fuel flames [12].
Specifically, the diameter of the reactor appliedhis research is larger than those
employed in U.S. Bureau of Mines (5 cm in diame&en) European standard EN 1389
T (8 cm in diameter), which means a less quenceifegt can be obtained using this

flammability apparatus.

Because the reaction vessel is likely to experigmessure from the combustion,
the vessel design took this into consideration.ohdmg to observations by U.S. Bureau
of Mines, combustion can occur as a deflagratioa detonation. During deflagration
the flame velocity is less than the speed of soand,the combustion can produce
pressure waves roughly 8 times that of the stapinegsure. During detonation the flame

velocity exceeds speed of sound, and the combuséiormproduce a pressure wave
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roughly to 40 times the starting pressure. A coreére estimate that the maximum
pressure wave is 50 times that of planned initiakpure, either due to error in vessel
loading or an unusually powerful detonation, yieddheoretical maximum pressure of
approximately 50 bars. For more safety margin, iséstion vessel was designed to fail
at 103.4 bar or higher using modified guidelinesrfrASME design guide. The reaction
vessel has been tested hydrostatically to 82.7¢l kafficient for the needs of the
apparatus. In addition, two independent safety nreasare in place, a relief valve and
an enclosure around the reaction vessel. The rddie€ at the top of the reaction vessel
(Swagelok®, R4 Proportional Relief Valve) reliewgectly into the laboratory vent at
500 psig or higher, which mitigates the pressuraatge without releasing flames or hot
gases into the laboratory. The vessel enclosunéages two functions. The enclosure
walls (1/8 in thick steel or double layers of Ithick Lexan®) offer protection from
shrapnel in extreme cases where the vessel isait@hlithstand pressure produced
during combustion. It also supports the apparatassafficient height such that
disassembly of the reaction vessel can be acconepli®ith the lowering of the reactor
body rather than lifting, thus reducing safety Wdgaof reactor body weight during

maintenance and modification.

3. 1.2. Gas feeding system

The gas feeding system includes a manifold thahects to the gas cylinders
(fuels, air, oxygen, nitrogen, and others), a vacypump (Welch Mfg. Duoseal Pump

with ultimate vacuum 1.0xIdmmHg), the gas mixer, and the reaction vessel.gHse
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mixtures used with the experimental apparatus aegred by loading the individual
components from gas cylinders in a proper consezguifar minimum fire potential
hazard. The gas feeding manifold is illustrate&igure 3.3. The combined gas line
from all pressurized cylinders leads to a crosstjon, which includes a pressure
transducer (Omega PX603, 0.4% accuracy with 0.04%&Fnal zero and span effect)
connected with a pressure meter. Mixture compasittas controlled through partial
pressure gauging recommended by Bureau of Mingds Al@xternal conditions of room
temperature and ambient pressure, the fuel/airuréstcan be treated as ideal gas

mixtures.

The gas loading manifold is usually blocked frora thaction vessel with a closed
stainless steel plug valve (Swagelpkr Cajom) with a pressure rating of 3000 psig. In
the case where the valve is left open by operator,ehe components in the manifold
may experience high pressure. The % in tubingpthg valves, and the metering valve
in the manifold are all stainless steel with Swagetompression fittings and working
pressure ratings of 2000 psig or higher. Sinceptkesure ratings of components in the
manifold are greater than the expected maximunspresthe hazard from higher than

normal operating pressures in the manifold comptsniemegligible.
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To vent
X‘ —l—————— Fuel 1
Lol Fuel 2
ok Alr
To reactor ply pla—pk plb—pr——— Nitrogen
X\ 41— Carbon dioxide
e EE— Oxygen

/2)7 L—pl—tr——~1—— Others
Pressure meter —la—

To vacuum pump To mixer

Fig. 3.3.Gas feeding manifold.

3.1.3 Gas mixer

Premixed fuel/air mixtures are employed in thiesrsh to measure the
flammability limit. The feeding gas mixtures (FiguB.4) are made to be homogeneous
using a gas mixer which is a cylinder containingylndrical Teflon block. This block
can slide along the length of the vessel, and kbekidiameter is slightly smaller than
the gas mixer’s internal diameter, which allows sthanovement of the block. Gas
mixing is obtained by rotating the mixer. Gases mg@Wwetween the block and the vessel
wall create highly turbulent zones in front of amehind the moving block, and these
zones facilitate fast mixing of the gases. The nw@wf gas mixer approximates the

volume of the reaction vessel, which ensures peegaaiging of feeding components
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through partial pressures (not small volumes), éaswylling, and cost effectiveness (not

big volume).

The mixing vessel usually contains higher than afpheric pressure gas mixtures
(~23 psig) during loading and mixing. Naturallypresents a very low hazard from
combustion because the only internal wetted commisreee a Teflomblock and the
grounded stainless steel vessel walls, neithera¢lwcan provide an ignition source.
Moreover, the gas mixer was manufactured at thdasifailure pressure with the

reaction vessel, which is sufficient for the neetithe flammability apparatus.

To feeding manifold

sllolng block

I
Mixer support

=

Fig. 3.4.External mixing vessel.
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3.1.4 Gas mixture ignition system

Designing of the gas mixture ignition system ugsethis research followed the
standard from ASTM E 918-83, which was demonstratetashuga to be capable of
inputting 10 J of energy with a repeatable powdivdey [71]. The ignition source is a
10 mm piece of AWG 40 tinned copper wire, whickaporized by a 500 VA isolation
transformer (Hammond 171 E) at 115 V AC switcheduith a zero-crossing solid state
relay (Omega, model #SSRL240DC 100), and the ctiisedelivered beginning at the

zero point of each AC cycle. Figure 3.5 shows fmtér system circuitry.

Ad justable Load
Rististor L00 O

Isclation
Transformner
200 va

Fuse
Wire
Ignitor

120 VAC
_@_

Solid State Relay

55 =

Fig.3.5.Igniter system circuitry.

The igniter that holds the fuse wire consists wfi@ holder section and a vessel
seal section. The wire holder section is a pasqufare copper rods with a spring loaded
wire grip section mounted on a cylindrical platfommade of non-conducting polymer.

The fuse wire is connected to the igniter circigt the copper rods, which are soldered
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to wiring that leads outside the reaction vesselthe vessel seal section. The wire
holder section is connected to the seal sectioln a/ghort ¥ in stainless steel tube,
which also contains the circuit wiring. The sealtsm is a Cajon® VCO O-ring face
seal connector gland and screw cap. The centéedjland is fitted with a stainless steel
plug and welded. The circuitry wiring is routeddbgh a ¥ in hole in the plug, which is
filled with epoxy to provide a hermetic seal. Thaiter port on the bottom of the

ignition vessel consists of a tapped 1 in NPT hatd the VCO face seal male
connector portion (with Viton® O-ring) installedh& pressure seal is accomplished by
inserting the igniter into the port and tightenthg screw cap. Figure 3.6 shows the

igniter design.

Non—conducting

latform VCO gland Nut to tighten
Spring loaded
plate grip
1 / / /\

(AN \
\ \Cogger rool /
To |

ower suJu

Fig. 3.6.Igniter.

3. 1.5 Data acquisition system

Temperature sensorsin this research, five NTC thermistors are usedei@ct

combustion and record temperature change in tlatioeavessel. Of five thermistors,
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each is the resistance to be measuredl ifRa Wheatstone bridge circuit consisting of
three other resistors with constant resistangeRR Rs), as shown in Figure 3.7. The
advantage of five parallel Wheatstone bridge ciecisi that, unlike resistance, the
voltage difference can be measured directly andeded to resistance values as long as
the values of three constant resistors are knowthi$ case the bridges are initially
balanced with eachM:equal to zero. When any one of the thermistorsctiete flame,

the related bridge deviates from the balance amahaero \: value indicates the
temperature change at the position of this theomistor the purpose of flame detection
rather than flame temperature determination, catmr of the temperature is not
necessary as passage of a flame will induce sharpases in the voltage signal because

the temperature trends of the gas mixture durimadter combustion can be observed.

The thermistors are suspended at the center aki® akaction vessel at certain
lengths from the top by a frame consisting of tu® it thick rods hanging from the top
plate with short rods welded on at regular intes\fal the signal wires to bundle around.
The signal wires are AWG 26 enamel coated coppersadovered with Voltrex tubing
insulation to prevent electrical shorts. They cartroeitside the reaction vessel by a pair
of electrical feedthroughs constructed from 1/Biemeter stainless steel sleeve around
1/4 in tubing sealed with epoxy (J-B Industro-Weddl topped with silicone sealant to
protect the wiring from damage. The signal wires @nnected through shielded cables
to the Wheatstone bridge circuit to prevent intexfiee from external electromagnetic

sources (power lines, and other electrical devicelse lab).
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SR

Fig. 3.7.Wheatstone bridge circuit used for flame detection

Pressure sensarThe pressure within the reaction vessel is moadtavith a
dynamic pressure transducer (Omega DPX 101) mownmtede top plate. The
piezoelectric quartz transducer has a range of2b@opsig pressure rise, with 0to 5 V
nominal output signal, 1 us rise time, 1 % ampktlidearity, and temperature effect of
0.03 %/°F. The pressure transducer is mounted@d/in NPT port on the top plate of
the reaction vessel, sufficiently distant from itpeition source so that heat effects on the
measured pressures are negligible. Maximum presswotgained by integrating the
portion of the dynamic presswe time curve that is above the baseline, and apglsi

conversion factor of 51.02 psi per V-sec (from nifacturer specification).

Data Acquisition using LabVIEW program: The hardware used for data
acquisition include a desktop computer (Dell® Oletip210L, with Windows XP®)

equipped with a video capture device (Belkin® USiBabbus II), and a Keithley® data
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acquisition card (Keithley® KPCI-3102, 8 differeadtinputs with total of 225k signals
per second @ 0.05 % accuracy) with screw termittatlment (Keithley®, STP-68).
The data acquisition card measures differentiaiagas, allowing it to measure both the
thermistors and the pressure transducer. The dgtasition program for the
measurement process is coded using LabVIEW® (Natimstruments, version 7.1).
Figures 3.8 and 3.9 are the LabVIEW data acquispiemgram of block diagram

window and front panel, respectively.

2000 N Eamples
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= “
B ai
EE
device|  |charil
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Wite LabWIEW
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. B

Fig. 3.8.LabVIEW data acquisition program (block diagranrmeow).




File Edit ©perate Tools Browse “Window Help

||# @i ||i

Plot 0 o e
Plot 1 = -0.33
2
-0.34
Plak 2 E
-0.35
Flak 3 N 05
Plak 4 o -0.37 o
Plot 5 2 -0.38
£ -0.39
voltage readings =< 0.4
& |[Fazza © -g':;
o -0,
=
Fo.ze6 Ee
[=
o378 2 04
FI.S?D 0,41
Fo.3zs . LS |'| f
L1k} |
FD.132 E 1.565 o “ il ||||I"I |”'!||||I ||I| |"|'| II|||I_||II '||||i"i||”'||‘|||||I||I|’f|“'f|'|
=1 -1.57 .IJ |F I| !
i
channels {D) wo
) —
1,2,3,4,5,7 | 3 0% N At ||\ mm
S 300 NIV SO I.-'|I ||II-|| I \I f||'||||"|'|||||
£ T A H
s '3'?3
c -
00,13
=
Z -0.14
[=9
E 1S
-0.16
Time

Waveform Chart combo

Fig. 3.9.LabVIEW data acquisition program (front panel).

3. 2 Experiment procedures

Flammability measurement is a systematic operatdmch includes a series of

actions as follow:

(i) Evacuation of the gas vessel and tubing lines dinygas mixer, reaction
vessel, and feeding manifold;

(i) Gas gauging and loading;
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(iif) Mixing of gas mixture;

(iv) Premixed gas mixture transfer;
(v) Ignition of premixed gas mixture;
(vi) Flammability data acquisition;

(vii) Purging of gas mixer, reaction vessel, feedingifolthand tubing lines.

Because the original objective for this researdbo ignd the critical fuel
concentrations, LFLs and UFLs, at different inex$ gontents, all the operations should
follow the proper sequences for accurate gas fgeespecially at the stage of
controlling plug valves (Figure 3.10). Followingtise step-by-step operation procedure
for one entire experiment. The components of gagure tested for flammability limits

include fuel 1, fuel 2, air, and additional nitroge

To wvent
X —— e —— Fuel 1
——C:E—M—— Fuel 2
ve v —th—tet—t—o Alr
To reactor pl oy 1G4 1 Nitrogen
3 EE L ettt ——1—— Carbon dioxide
R L e
gt Oxygen
/®‘ L g L Otkers
Pressure meter —DE—
¥ '-.".4%—3
To vacuum pump To mixer

Fig. 3.10.Gas feeding manifold and marked controlling pladyes.
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Step 1: Preparation for gas feeding. Needle vali/g i¢ adjusted to high flow
rate. Vacuum pump is activated to evacuate thentulmes connected to the gas
components (V1, V2, V3, V4, V8, V11, and V13 opali;other plug valves closed)
until the pressure is constant for over one mirfpkessure change no greater than 0.01
psi). Then close V1, V2, V3, and V4, and open gdinder valves. Subsequently, the
vacuum pump continues working to evacuate gasrigadianifold and gas mixer (V8,
V11, V13 and V14 open; all other plug valves clgseaid then gas mixer pressure is

recorded on an Excel spreadsheet for gas mixtutanecomposition calculation.

Step 2: Loading gases one by one. Nitrogen is éds (V4, V8, V11, and V14
open; all other plug valves closed), followed byFi (V1, V8, V11, and V14 open; all
other plug valves closed), Fuel 2 (V2, V8, V11, a&fid! open; all other plug valves
closed), and air (V3, V8, V11, and V14 open; alietplug valves closed). The gas
loading manifold is evacuated between every compbloading. The needle valve V15
is adjusted to control the gas loading flow rataoid overloading. The loading
amounts are controlled by the predetermined presslues gauged by a pressure
meter. The final pressure is recorded on the Esmedadsheet to convert into the gas

component volume concentrations.

Step 3: Mixing the feeding gas mixture. The extemixer is utilized after the gas
loading is complete. Care should be taken to enberelug valve on the top of the
mixing vessel is closed, and the manifold is opetoetie ventilation (V9, V11, and V14
open; all other plug valves closed). After discartima with the manifold, start the

rotation motor with slowly increasing voltage t@tpre-set value (30 rounds per min).
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The motor is deactivated after 4 minutes, and theénigp vessel is reconnected to the

manifold.

Step 4: Loading the premixed gas mixture into tection vessel. After the
feeding gas components are mixed, the gas mixd@dstivated and stays quiescent for
several minutes. During this waiting period of tirttee reaction vessel and the feeding
manifold are vacuumed. The premixed gas mixtuteaissferred to the reaction vessel
by opening V10, V11 and V14, and closing all otplerg valves. Once the reaction
vessel has filled to one atmosphere pressure (#4) /it is isolated from the manifold
by closing V10. The gas mixtures are allowed tarsthe reaction vessel for five

minutes to reach thermal equilibrium and becomespént.

Step 5: Gas mixture ignition and data acquisit®efore this operation starts, the
LabVIEV program is activated to begin recording.pfgximately 5 sec after the data
acquisition starts, the gas mixture is ignited Byse wire igniter, and the program
LabVIEW continues running to record the flame terapgre until the premixed gas
mixture is consumed by traveling to the top of tbaction vessel. The ignition and
subsequent combustion can be detected by thernaistbpressure transducer readings
for a period of time ~17 s. The readings are vataglues with 2,000 data points for

each sensor (5 thermistors and 1 pressure trangduce

Step 6: Purging reaction vessel, gas mixer, gatirigenanifold, and other tubing

lines using nitrogen or other inert gases.

Step 7: Repeating the same experimental operagi®imsdicated above.
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3.3 Combustion types in the reaction vessel

Combustion behavior in reaction vessel was classifito five categories over a
range of concentrations that span from below thetdlammability limits to above the

upper flammability limits for gas mixture [72].

(1) Non-propagation;

(i) Flash combustion;

(i)  Discontinuous flame propagation;

(iv)  Temperate continuous flame propagation;

(v) Violent continuous flame propagation.

The sampling experiments were conducted with metta@mand ethylene/air
mixtures. The data from thermal and pressure sengere acquired and interpreted to

identify the combustion types.

3.3.1 Non-propagation combustion

Non-propagation combustion is characterized byptioperty of lacking flame
propagation after ignition, which can be due t@dety of factors, such as very low fuel
or oxidizer concentrations, low ignition energyunpr low ignition energy density [69,
72]. Normally, non-propagation behavior in the flaability apparatus has no or

negligible temperature and pressure fluctuations.
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3. 3.2 Flash combustion

Flash combustion is flame with vertical flame proaton, but little or no
horizontal propagation, which terminates withirhars distance of the ignition source to
produce minor temperature and pressure increaSe3 2. The reasonable explanation
is that a combusting gas mixture will travel upwhetause of buoyancy force, and due
to heat loss its temperature will decrease contislyountil it drops to ambient

temperature of gas mixture.

3.3.3 Discontinuous flame propagation

Discontinuous flame propagation is a flame thappgates vertically and
horizontally but terminates before reaching thedbfhe reaction vessel [69, 72], which
differs substantially from the profiles of flashnabustion. The maximum pressure is
significantly greater than the pressure rise cabgeithsh combustion, because a greater
portion of the gas in the reaction vessel partteipan combustion than that in the flash

combustion behavior.

3.3.4 Temperate continuous flame propagation

Temperate continuous flame propagation occurs wineflame is able to
propagate vertically and horizontally and doestaohinate until it reaches the top of
the reaction vessel [69, 72]. In this case, allttlemistors detect the flame front in

succession and then slowly decrease as the gaschatioel thermistors cools, so they
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exhibit similar temperature profiles. Comparingwiitash combustion and
discontinuous flame propagation, a greater presssgas obtained, which illustrates
more gas is combusted in the experiment. Of fivalmastion types, temperate
continuous flame propagation is the result we sdt with tests of different fuel
concentrations, because the fuel concentrationkedan this combustion type are used

to determine the lower and upper flammability lisnaf gas mixtures.

3.3.5 Violent continuous flame propagation

Violent continuous flame propagation describes ¢hgas mixture in reaction
vessel combusts violently, the flame propagatesangand dynamic pressure varies
much more rapidly than the temperate continuousdlaropagation [72]. The
experimental result indicates some fuels, e.gyletie, can exhibit violent combustion

when the fuel concentration approaches to stoichidmone.

3.4 Flammability criterion and calibration

This work uses an innovative thermal criterionffammability determination [69,
72]. In the closed reaction vessel, five NTC thetoris at multiple locations are
employed to track flame propagation, which indisdtee sensitive thermistors can
locate the flame traveling distance from the igmtsource in real time. U.S. Bureau of
Mines used a certain flame propagation distancé&wik equal to half of reaction tube

length with150 cm total, as the detection critediyrvisual observation. This working
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mechanism is similar to the thermal criterion ugimgrmistors to detect flame
propagation instead of naked eyes. Meanwhile, éve thermal criterion is connected to
a relative pressure rise criterion that is welhdrdized by ASTM E 2079. A dynamic
pressure transducer lying on the top of reacti@s&kcan record the dynamic pressure
change in the reaction vessel to confirm the oenog of fire or an explosion in the
reaction vessel. Not exact relative pressure rize mecorded because the main basis for

the thermal criterion is flame propagation distance

Based on the information of five different combastiypes, fuel concentrations
could be easily characterized by temperature m®af¥When continuously increasing fuel
concentrations, we observed that flame travelettiéaup till to the top of reaction
vessel, where the thermistor 5 locates. Figure &.Ah example illustrating flame

propagation distance variation with different camcations of methane in air.
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Fig. 3.11. Flame propagation temperature profiles with déférmethane
concentrations in air: (a) 5.0 vol%; (b) 5.1 vol@é) 5.2 vol%; and (d) 5.25

vol%.
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Table 3.1 shows the probability of continuous flgonepagation at different
volume concentrations of ethylene in air. At eveoycentration point, experimental
measurement was repeated 10 times, and the privpabitontinuous flame
propagation was calculated by the ratio of contusutfame propagation times to the
total experimental times. The probability of contus flame propagation against
ethylene volume concentration was plotted in Figufe?. The LFL of ethylene in air
was obtained by picking methane concentration paitit 50% probability of

continuous flame propagation.

Table 3.1 Probabilities of continuous flame propagation affedent
concentrations of ethylene in air.

] Probability
Ethylene Conc. Measurement Continuous Flame )
] o of Continuous
(molar %)* times Propagation times )
Propagation
2.78 10 0 0%
2.79 10 2 20%
2.80 10 4 40%
2.81 10 6 60%
2.82 10 7 70%
2.83 10 7 70%
2.84 10 10 100%

* @ room temperature (25 °C) and 1 atmospheric pressure
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Fig. 3.12.Determination of ethylene LFL in air using thermaterion.

Experimental LFLs of pure ethylene in this reseaveie compared with some

literature data with different experimental appasadand detection criteria. The

comparisons are shown in Table 3.2. Obviously gtterimental results from this

research differ from previous measurements bediaesexperimental flammability

limits are extremely sensitive to the flammabibifgparatus and detection criteria.

Table 3.2Low flammability limits of ethylene in air ((25 °@nd 1 atm).

Ethylene LFL in air

(vol %) Apparatus types
3.05 Vertical glass cylinder
2 62 20 L sph(_are, 7%

pressure rise
2.4 EN 1839 (T)
2.6 EN 1839 (B)

2.81+0.09

This research
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CHAPTER IV

FUEL MIXTURE FLAMMABILITY IN AIR WITHOUT INERT

GAS ADDITION

The flammability limits (LFL and UFL) of binary hydcarbon mixtures in air
without addition of inert gases were measured inpm@yious work [72]. The
experimentally determined flammability limits fomlary hydrocarbons were compared
with the predictions from Le Chatelier's law. Inmmbusions, the predictions of fuel
mixture lower flammability limits using Le Chatelig law can fit experimental data
well within the experimental uncertainties. For apflammability limits of fuel
mixtures that contain two saturated hydrocarbdres eixperimental observations can be
roughly fit by the estimations from Le Chatelielasv; however, when fuel mixtures
contain at least one unsaturated hydrocarbon coemiphe Chatelier’s law loses its

power to predict the upper flammability limits afel mixtures.

Modification of Le Chatelier’s law was conducted foel mixtures which
contains unsaturated hydrocarbon. The way to cdrtieanodification was done by
powering the percentage concentrations of fuetheroriginal Le Chatelier’s law from
maximum R-square values (close to 1). This empincadification significantly
increases the prediction accuracy for industriappees. As examples, Equations 4.1 -

4.4 represent the best fitting curves of the medilie Chatelier’s law for the
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hydrocarbon combinations of methane and ethyleme¢hame and acetylene, ethylene

and propylene, and ethylene and acetylene [72].

1 _ox® N 1-x)°°
U F Lmethane/ ethylene U F Lmethane U F I-ethylene

1 B X 21 N (1 _ X) 03
U F Lmethane/ acetylene U F Lmethane U F Lacetyl ene

1 B XO.3 N (1 _ X) 13
U F Lethyl ene/ propylene U F I‘e’(hylene U F L propylene

1 X, A-x 13
U F I-ethyl ene/ acetylene U F I-ethylene U F Lacetyl ene

(4-1)

(4-2)

(4-3)

(4-2)

A more detailed information can be referred from duthor’s previous work: “F.

Zhao, W.J. Rogers, M.S. Mannan, Experimental measent and numerical analysis of

binary hydrocarbon mixture flammability limits. Ress Safety and Environmental

Protection, 87 (2009) 94-104.”
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CHAPTER V

FUEL MIXTURE FLAMMABILITY IN AIR WITH INERT GAS

ADDITION

5.1 Overview

As a result of high safety requirements imposegracess plants, the larger
flexibility to facilitate variety in feedstock, thaesign of new processes making use of
intensified conditions and in general for hazardlgsis, accurate prediction of
explosion limits of mixtures of flammable substastehighly desirable. The evaluation
of flammability limits is not absolute, but rathdgpends on experimental conditions.
There are no definite parameters to quantitaticbbracterize the flammability limits. In
practice, the limits of flammability of a particulaystem of air-fuel are affected by a
variety of factors including temperature, pressosggen concentration, inert gas

addition, size and shape of equipment.

Due to the non-ozone-depleting, non-toxic and ngrolgtic properties, some
inert gas agents, mostly including nitrogen, carbmxide, and argon, are classified as
clean fire-extinguishing agents of interest foe fauppression. To control fire and
explosion, inert additives are sometimes addedixtunes in order to narrow their
flammable ranges or to render the mixture entinglg-flammable. Besnard’s [11] report
provided some excellent examples of the influerfaaert gases on the flammability

limits, where different inert gas inactivating capis to reduce the flammable ranges of
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fuel-air mixtures are systematically investigateédr most hydrocarbon gases, nitrogen
in the amount of 40-50 vol % must be added to Hdiremixture to make it non-

flammable [4].

In this section, the experimentally determined loflenmability limits, upper
flammability limits, and minimum inerting concentins (MICs) were collected at
ambient conditions for binary hydrocarbon mixtuneth additional nitrogen at different
concentrations. The experimentally conducted hyahtmans include methane, ethylene,
ethane, propylene, propane and n-butane. The bimahypcarbon mixtures include
methane and propane, ethane and propane, methaie¢hgtene, and n-ethylene and
propylene. From experimental observation, appayrewthen progressive amounts of an
inert gas are added to a fuel-air mixture, LFL &h€l. come closer and merge into a
unique value, the MIC. All of the additives areatd make a mixture non-flammable if
the added is in sufficient quantities. Particulaflyel mixture LFLs almost keep constant

with addition of extra nitrogen, while UFLs declideamatically.

Furthermore, numerical data analysis was conduntdds section to quantify
nitrogen dilution effect on hydrocarbon mixturerflanability limits. Here, a specific
parameter, the inert gas dilution coefficient, wasoduced from each pure hydrocarbon
flammability limit data, and the inert gas dilutieffect of fuel mixture was numerically
regressed based on hydrocarbon mixture experimesgalts. The flammability limits of
hydrocarbon mixtures with addition of nitrogen wereantitatively characterized by
combining the inert gas dilution coefficient and Chatelier’'s law (or modified Le

Chetelier’s law).
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5.2 Experimental results

The flammability limits (LFLs and UFLs) with varieaimounts of additional inert
gas, nitrogen, were measured for pure hydrocarbndsome of their binary mixtures in
air at room temperature and ambient atmosphergspre. As an example, Figure 5.1
shows methane flammaubility limit with dilution oftrogen in the triangular and
rectangular coordinate systems. Approximately, mre¢Hower flammability limit
remains constant with addition of nitrogen; the empflammability limit, however,
decreases dramatically. These two values becomserchath continuous addition of
nitrogen, and finally merge at the MIC point, begiamhich fire or explosion is
impossible. The region enclosed by the LFL and @Etves is called the flammable
zone. Outside of this region, fuel mixture is ntamxfmable. Specifically, a small zone
close to the point, MIC, is set aside and defirethea flammability nose, where the

flammability properties become deviant.

Figure 5.2 shows a comparison of experimental nmetfiammability limits from
this research and US. Bureau of Mines (BMs) [4ihaugh the same flame propagation
criteria were applied for flammability detectiontms research and BMs, the exhibited
differences may come from other sources, very pbstie different geometries and
configurations of reaction vessels from each othaking into account the experimental
uncertainty and the non-fundamental property ahffaability, the obtained

experimental data here are reasonable, and alsibliiegor industrial application.
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Fig. 5.1. Methane flammability properties with dilution oftnmgen (25 °C
and 1 atm) in the triangular (top) and rectanguaordinate (bottom)

systems.
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Because most of the hydrocarbons and their mixtuaes narrow flammable
zones, all the tested flammability limit data wetetted in the rectangular coordinate
system for easily reading, where x-axis represer@yolume percentage (vol%) of
additional nitrogen, y-axis is the flammability litmAir volume percentage (vol%) can

be easily calculated using Eq. (5-1).

Air vol% = 100% — Fuel vol% — Nitrogen vol% (5-1)

16 i
® Data from this resear

14+ ] 4
B Data from US.BMs

12+ b

L Y i
10 -

Flammability limits of methane (vol %)

T..-l!:..t'

4 1 1 1 1
0 005 01 015 02 025 03 035 04 045 05
Volume concentration of nitrogen

Fig. 5.2. Comparison of methane flammability limit with mgen dilution
between this research and a previous one fromRNS.

Figures 5.3 — 5.7 show the flammability envelopegure hydrocarbons, ethane,
propane, n-butane, ethylene, and propylene, respgtin rectangular coordinate

systems.
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Fig. 5.5.N-butane flammability properties with dilution oitrogen (25 °C

and 1 atm).
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Fig. 5.7.Propylene flammability properties with dilution oitrogen (25 °C
and 1 atm).

Figures 5.8 — 5.11 show the flammability envelopilinary hydrocarbon
mixtures of methane and propane, ethane and propeateane and ethylene, and
ethylene and propylene at different molar ratidd ¥280%, 40%/60%, 60%/40%, and

80%/20%).
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Fig. 5.8.Flammability properties of methane and propangifégrent molar
radios (20 %/80%, 40%/60%, 60%/40%, and 80%/20%n wilution of
nitrogen (25 °C and 1 atm).
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Fig. 5.9. Flammability properties of ethane and propaneif&rént molar
radios (20 %/80%, 40%/60%, 60%/40%, and 80%/20%h wilution of
nitrogen (25 °C and 1 atm).
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Fig. 5.10. Flammability properties of methane and ethylenalifferent
molar radios (20 %/80%, 40%/60%, 60%/40%, and 80%/2with dilution
of nitrogen (25 °C and 1 atm).
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Fig. 5.11. Flammability properties of ethylene and propylaiedifferent
molar radios (20 %/80%, 40%/60%, 60%/40%, and 80%/2with dilution
of nitrogen (25 °C and 1 atm).
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5.3 Numerical data analysis

Le Chetalier's law is extensively used becausasosimplicity and effectiveness
to estimate the flammability limits of fuel mixtuggts application, however, focuses on
fuel mixture in air without additional inert compamt introduced [64]. In the chemical
process industries, fire suppression or storage lilanketing using inert gas, for
example, nitrogen, is strongly recommended; theeefimel mixture flammability
properties diluted with nitrogen is becoming arrextely significant safety issue today.
In this section, numerical data analysis was cotetuto extend Le Chatelier’'s law
application, which included some proposed empircplations, e.g., LFL and UFL
quantitative characterization with addition of ingas nitrogen, and MIC at different

fuel mixture compositions.

5.3.1 Hydrocarbon mixture LFL

Modification of Le Chatelier’s law on binary hydiembon mixture LFL with
dilution of inert gas was conducted by introducihg concept of the inert gas dilution
coefficient, -, for every pure fuely~"™" is defined as the ratio of lower
flammability limit change ALFL) to the related change of the inert gas volume
concentration4X) (Eq. (5-2)).

Linert — ALFL

= AX (5-2)
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As illustrated in the experimental results, the BFf all selected pure
hydrocarbons change slightly with addition of nigem, and approximately they can be
linearly related within the experimental uncertgirftor simplicity, we took the slope of
the regressed linear curve as the inert gas dilwtoefficient, and intercept as the fuel
lower flammability limit in air without additionalitrogen. Figures 5.12 — 5.17 show the
regressed linear curve from experimental LFLs atgwdrocarbons (methane, ethane,
propane, n-butane, ethylene, and propylene, respggtwith dilution of nitrogen. The
obtained nitrogen dilution coefficients for all teelected pure hydrocarbons are listed in

Table 5.1.
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Fig. 5.12. Experimental methane LFL diluted with, Mind the regressed
linear curve.
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Fig. 5.14. Experimental propane LFL diluted with,Nand the regressed
linear curve.
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Fig. 5.17.Experimental propylene LFL diluted with,Nand the regressed
linear curve.

Table 5.1.N; dilution coefficients on LFLs of pure hydrocarbons

Chemicals yLsz
Methane 0.0031

Ethane 0.0021
Propane 0.0026
n-butane 0.0031
Ethylene 0.0017
Propylene 0.0048

The LFL of a binary hydrocarbon mixture with addital nitrogen dilution was
quantitatively correlated to pure fuel flammabilggoperties as the modified Le
Chatelier’s law. Typically, the fuel mixture LFL hes are linearly related to the

additional nitrogen volume concentrations. Thericgpt of the linear curve is the fuel
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mixture LFL in air without nitrogen added. The stag the nitrogen dilution coefficient
on fuel mixture (Eq. (5-3)), which can be optimizeda simple equation with the similar
expression as the Le Chatelier’'s law. Figures 5.581 show the experimental data, the
modified Le Chatelier’s law, and the linear fittingsults for the binary hydrocarbon
mixtures of methane and propane, ethane and propeateane and ethylene, and

ethylene and propylene at different molar ratidd ¥280%, 40%/60%, 60%/40%, and

80%/20%).
LFL): = LFL, +y-" Xy, (5-3)
where,
1 _ X X, 1 _ X% X,
= + = +
LFL, LFL, LFL, [ I Vs

LFL}?,LFL,, are LFLs of fuel mixture with and without additaimitrogen. LFL and

LN,

LFL, are LFLs of pure fuel-1 and fuel-2 without nitrogadded.y, ", ™™z, and y;.

are nitrogen dilution coefficients on the LFLs aéf-1, fuel-2, and their mixture,

respectively. x, X, are the molar fractions of fuel-1 and fuel-2 ombwistible basis

(X1+X2=1).
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Fig. 5.18. LFL of methane and propane mixture and the madlifies
Chatelier’s law.
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Fig. 5.18.Continued.
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Fig. 5.19. LFL of ethane and propane mixture and the modifiex
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Fig. 5.19.Continued.
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Fig. 5.20. LFL of methane and ethylene mixture and the medifiLe
Chatelier’s law.
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Fig. 5.21. LFL of ethylene and propylene mixture and the rfiedi Le
Chatelier’s law.
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5.3.2 Hydrocarbon mixture UFL

Similar to the operation of numerical data analgsighe LFL of binary
hydrocarbon mixtures, we introduced the inert ghgidn coefficient on pure
hydrocarbon UFL, which was defined as the ratiamger flammability limit change
(AUFL) to the change of the related inert gas volwmecentrationAX) (Eq. (5-4)).

ot AUFL

AX (5-4)

Based on the experimental observation, the nitraijetion coefficient on the
UFL of most selected hydrocarbons (methane, eti@oneane, n-butane, and propylene)
can be simplified as the slope of the linearly esged curve (UFL vs. additional
nitrogen volume concentration). Figures 5.22- 5liB6trate the regressed lines for pure
methane, ethane, propane, n-butane, and propyedehe intercept of each linear
fitting line is the UFL in air without additionaitnogen. Table 5.2 shows the obtained

nitrogen dilution coefficients on pure hydrocarldRLs.

Table 5.2.N, dilution coefficients on UFLs of pure hydrocarbons

Chemicals y“ N,
Methane -0.266

Ethane -0.219
Propane -0.167
n-butane -0.142

Propylene -0.161
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Fig. 5.22. Experimental methane UFL diluted with, nd the regressed
linear curve.

20

O Experimental measurement
Linear fitting

[EnY

o1
)T
|

UFL of ethane (vol %)
(=Y
o

o1
T

0 10 20 30 40 50 60
Additional nitrogen (vol%)

Fig. 5.23.Experimental ethane UFL diluted with, ldnd the regressed linear
curve.
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Fig. 5.24. Experimental propane UFL diluted with, Mind the regressed
linear curve.
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Fig. 5.25. Experimental n-butane UFL diluted with, Mind the regressed
linear curve.
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Fig. 5.26. Experimental propylene UFL diluted with,dind the regressed
linear curve.

From the experimental ethylene UFL data, we defihednert specified square

root dilution coefficient (Eg. (5-5)) by linearlglating the change of square root UFL,
AVUFL , with additional nitrogen volume concentrationsiaigon, AX.

At AUFL

AX (5-5)

Figures 5.27 - 5.28 show the linear regressiomesiof ethylene UFL with

additional nitrogen concentration (vol%) and téFL with additional nitrogen

concentration (vol%).



99

40

35¢ . |
O Experimental measurement

3 Linear fitting

15F

UFL of ethylene (vol %)

10+

0 10 20 30 40 50 60
Additional nitrogen (vol%)

Fig. 5.27. Experimental ethylene UFL diluted with,Nind the regressed
linear curve.
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Fig. 5.28.Experimental ethylengUFL diluted with N2 and the regressed
linear curve.
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Modification of Le Chatelier’s law on the hydrocarbmixture UFL with nitrogen
dilution was conducted separately, in term of thedition whether the hydrocarbon
ethylene exists or not in the fuel mixtures. Simitathe hydrocarbon mixture LFL, the
UFL of binary hydrocarbon mixtures containing nbyé¢ne can be approximated by a

linear relation with additional nitrogen concenivat(vol%) as Eq. (5-6),

UFLY: =UFL,, +yrUn'N2XNz (5-6)
where,
1 _x%* %" 1 %" %"
UFL, UFL, UFL, yale NN

UFL) ,UFL,, are the UFLs of fuel mixtures with and without &idehal nitrogen. UFL

and UFL, are UFLs of pure fuel-1 and fuel-2 without nitrageddedo,ando; are the
molar fraction adjusting factors. The relationsbfpJFL,, with UFL; and UFL; is
related to the Le Chatelier’'s law. Specifically fordrocarbon mixture containing only
saturated hydrocarbons, this relationship is tigiraal Le Chatelier's lawo;=1 and

az=1), and when fuel mixtures have at least one corapbof unsaturated hydrocarbon,
it is the modified Le Chatelier's law{#1 anday#1). ), ™2, y5 N2, yo™ are the nitrogen

dilution coefficients on UFL of fuel-1, fuel-2, anideir constituting mixture. Eq. (5-6)
indicates their optimized correlation, where, sarlyf, k;andk;are the molar fraction
adjusting factors, which are specified numericaliged on the experimental data. For

all the selected binary hydrocarbon mixtures,tali;andk, can be simplified to 1.
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Figures 5.29 — 5.30 show the experimental datgoaadictions from the modified Le
Chatelier’s law for binary hydrocarbon mixturesnoéthane and propane, and ethane

and propane.
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Fig. 5.29. UFL of methane and propane mixture and the matlifie
Chatelier’s law.
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Fig. 5.30. UFL of ethane and propane mixture and the modified

Chatelier’s law.
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Fig. 5.30.Continued.

For the hydrocarbon mixtures containing ethylenedification of Le Chatelier’s

law was represented as Eq. (5-7).

2 —- \/7! 2
JUFLY: = JUFL, + o™X 5.7)

where,
1 Xlal Xzaz 1 _ XlAl Xz/iz
= * N, o, N
UFL, UFL, UFL, 2 VAR A
NUN, | AUN, U.N, . g o ..
A A y Vi are the nitrogen specified square root dilutioefftoients on

JUFL of fuel-1, fuel-2, and their mixture, respectivedyd they can be correlated as

Eq. (5-7).M, and), are the molar fraction adjusting factors closéftr the
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hydrocarbon mixtures. For simplicity, they areteebe 1. Table 5.3 includes the

specified square root nitrogen dilution coefficiémt all the pure hydrocarbons.

Table 5.3. Specified square root nitrogen dilution coefficeeon UFLs of
pure hydrocarbons.

Chemicals y«/U,NZ
Methane -0.041
Ethane -0.038
Propane -0.033
n-butane -0.030
Ethylene -0.070
Propylene -0.031

Figures 5.31 — 5.32 show the experimental datgpaadictions from the modified
Le Chatelier’'s law for binary hydrocarbon mixtumsmethane and ethylene, and

ethylene and propylene.
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Fig. 5.31.+/UFL of methane and ethylene mixture and the modified Le
Chatelier’s law.
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Fig. 5.32.+/UFL of ethylene and propylene mixture and the modified

Chatelier’s law.
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5. 4 Fuel mixture MIC

As indicated from experiment results, the flammaplimit range become narrow
with increase of additional nitrogen concentratiand finally the flammability limits
converge to a point, the minimum inerting conceiara(MIC), where UFL and LFL
become equal. Therefore, MIC can be estimated girdig. (5-4) and Eq. (5-7) for a
certain fuel mixture containing no ethylene, andCM expressed as Eq. (5-8). Table 5.4
and 5.5 show the comparisons of experimental Mi@kscalculated MICs using this
equation for the binary hydrocarbon mixtures ofmaee and propane, and ethane and
propane.

_UFL, - LFL,

'\/“C:NZ - y;'Nz _er]Jj'NZ (5_8)

Table 5.4. MICs of methane and propane mixtures from experiale
measurement and calculation using Eq. (5-8).

Binary hydrocarbon mixtures  MIC (exp.)  MIC (cal.) IDev| |Dev%|

CHa(%) o (%) (vol %) (vol %)
0 100 46.5 47.2 0.7 151
20 80 45.0 46.3 1.3 2.89
40 60 44.0 45.1 1.1 250
60 40 42.5 43.6 1.1 259
80 20 40.5 41.4 0.9 222

100 0 37.5 38.1 0.6 1.60
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Table 5.5. MICs of ethane and propane mixtures from expertaien
measurement and calculation using Eq. (5-8).

Binary hydrocarbon mixtures  MIC (exp.)  MIC (cal.) IDev| |Dev%|

CoHs (%) CHy) V1% (ol%)
0 100 46.5 472 07 151
20 80 46.5 47.6 1.1 2.37
40 60 47.0 48.0 10 213
60 40 47.5 48.5 10 211
80 20 49.5 49.1 04 081
100 0 50.5 49.7 08 158

For fuel mixtures with the constituent of ethylene, did linear regression of
v LFL with additional nitrogen concentration (vol%), whiis similar toUFL with

additional nitrogen addition. At the point of MIZUFL and+/LFL are equal, so the

MIC can be estimated using Eq. (5-9).

i < NUFLy —yLFL,
N, © \/I,NZ _ «/U,NZ (5'9)

where, the nitrogen specified dilution coefficientsthe LFLs of all selected

hydrocarbons are simplified to O because the slopdmearly regressed curves of

v LFL with additional nitrogen are very small, and acoogty yf‘“? is ignorable

compared tQg f’NZ. Then Eg. (5-9) can be simplified as Eq. (10pl€a 5.6 and 5.7
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show the comparison of experimental MICs and cateal MICs using Eqg. (5-10) for

the binary hydrocarbon mixtures of methane andletiey and ethylene and propylene.

_yJLFL, —JUFL,

MIC,, o, (5-10)

Table 5.6. MICs of methane and ethylene mixtures from expental
measurement and calculation using Eq. (5-10).

Binary hydrocarbon mixtures  MIC (exp.)  MIC (cal.) IDev| |Dev%|

CH, (%) CoHa (%) (vol %) (vol %)
0 100 54.5 55.1 0.6 1.10
20 80 52.5 56.6 4.1 7.81
40 60 50.0 53.7 3.7 7.40
60 40 47.0 49.0 2.0 4.26
80 20 43.0 43.5 0.5 1.16
100 0 37.5 40.2 2.7 7.20

Table 5.7. MICs of ethylene and propylene mixtures from expental
measurement and calculation using Eq. (5-10).

Binary hydrocarbon mixtures  MIC (exp.)  MIC (cal.) IDev| [Devo|

CoHe (%) CeHe (%) (vol %) (vol %)
0 100 45.0 54.5 9.5 21.11
20 80 46.5 49.8 3.3 7.10
40 60 48.5 521 3.6 7.42
60 40 51.0 55.0 4.0 7.84
80 20 53.0 57.3 4.3 8.11

100 0 54.5 55.1 0.6 1.10
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Except pure propylene, the MICs of all other puydrbcarbons and the selected
binary hydrocarbon can represent experimental wath especially the hydrocarbon
mixtures without ethylene (|Dev%]| < 3%). The ladgeivation for pure propylene
comes from improper application of MIC predictiagquation. As indicated from
experimental observation, the UFL of pure propylsneell linearly correlated to the

addition nitrogen concentration, while the seleaqdation here is a linear relation of

~vUFL with additional nitrogen concentration. A simpléctdation using Eq. (5.8) can

easily get the pure propylene MIC 48.1 vol% witlatiee deviation 6.82%.

5.5 Conclusion

Nitrogen dilution effects on binary hydrocarbon tobe were tested in this section
at ambient conditions, including LFL, UFL and MIThe experimental results indicate
that LFLs of binary hydrocarbon mixtures remain adtnconstant with addition of
nitrogen, while UFLs decrease dramatically. Thevenging point of LFL and UFL is
defined as MIC, and it changes with compositionthefconstituting components in the
fuel mixture. Approximately, all the binary hydraban mixture LFLs are linearly
related to the additional nitrogen concentratiovisich is similar to the fuel mixtures

UFL without ethylene.

A quantified expression of LFL with the added nife@ volume concentration can
be linearly characterized for all the selected bgdrbons (methane, ethane, propane, n-

butane, ethylene, propylene) and their combinedrigimixtures. Modification of Le
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Chatelier’s law was conducted through the definitad inert gas dilution coefficient.

The nitrogen dilution coefficient on LFL is definaed the slope of the linear fitting line
from the selected pure hydrocarbons. A fuel mixtLFe can be estimated from pure
fuel properties. The nitrogen dilution coefficidat the fuel mixture can be optimized as
the summation of the reciprocal of the pure fudilation coefficient with a volume
composition weighting factor. The quantitative tielaship of fuel mixture UFL with the
added nitrogen is approximated to be linear exgeptures containing ethylene, and the
similar operation was conducted to determine th@gén dilution effect on the UFL of
pure hydrocarbons and binary hydrocarbon mixturiéisout ethylene. For fuel mixtures
having ethylene, a relation of the square root BE With the additional introduced
nitrogen is linearly illustrated. The MIC occurstlagé converging point of the LFL and
UFL with dilution of inert gases. An equal relatibatween them can be applied to
calculate the MIC as a function of the fuel mixtufel, UFL and the dilution

coefficient.
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CHAPTER VI

CAFT MODELING ON BINARY HYDROCARBON FLAMMABILITY Wl TH

INERT GAS DILUTION

6.1 Overview

Calculated adiabatic flame temperature (CAFT) éstdmperature that is obtained
when combustion takes place at adiabatic conditigti®out heat losses. It indicates the

temperature ceiling of the process [74] and isdliyerelated to the flammability limits.

Currently, the calculated adiabatic flame tempesa(CAFT) modeling is one of
the most popularly used methods to estimate tmenfiability limits of pure fuels,
especially LFLs with a high accuracy. In generadnyorganic substances
approximately possess the same adiabatic flameeetyves at their LFLs. Some
researchers agreed that this temperature is arbaB@K [49] or 1200K [71], while
others believe that this temperature is in the eanfgl000—-1500K [6]. For accurate
flammability properties, Vidal [50] insisted th&iet adiabatic flame temperatures for
different fuels at LFLs should be characterizedasaely. Compared to the condition at
UFL concentration, the CAFT values are much moattered and generally lower than

those at LFLs [8].

In this section, an extended application of CAFTdelong on fuel mixture was

proposed. Meanwhile, due to the difference of costibn mechanism for fuel mixtures
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at the oxygen-lean and oxygen-rich conditions, CAfddeling on fuel mixture LFL

and UFL was discussed separately below.

6.2 CAFT modeling on binary hydrocarbon mixture LFLs

At the LFL concentration, the amount of oxygen press sufficient for perfect
combustion of hydrocarbons and their mixtures hgomhain reaction products include
water and carbon dioxide only. Since nitrogen dusdake part in the reaction
mechanism, and the dissociation products can blggit#g at LFL concentration [21],
the added nitrogen can be treated as a heat sththarreaction mechanism remains
unchanged with existence of nitrogen. Additionaflgme previous research concluded
that the adiabatic flame temperature is essentialhstant for mixtures diluted with
nitrogen [49, 75-77], which suggest the existerfca constant threshold flame
temperature at LFL with a varied nitrogen conceidra Based on the first
thermodynamic law, at the adiabatic conditionladl released energy from combustion
heats the reaction products,({ CG, remaining air, and added;)Nwhich can be
expressed in Eq. (6-1) as the governing equatiddAFT modeling.

AH. + Z(; n jTT C,dT =0 (6-1)
prods
where, AH. is the enthalpy of combustiong, TT; are the initial temperature and the final

adiabatic flame temperature, respectivelysthe molar number of the reaction product
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I. Cp is heat capacity at constant pressure. CAFT mogleln fuel mixture LFL with

inert gas dilution is a three-step procedure:

1) Estimation of pure hydrocarbon CAFT,;
2) Estimation of binary hydrocarbon mixture CAFT,;
3) LFL prediction for binary hydrocarbon mixtures atried amounts of

nitrogen addition.

6.2.1 CAFT of pure hydrocarbon with additional nitrogen

The adiabatic flame temperature can be calculapdrately for each pure
hydrocarbon by using the CAFT modeling governingagopn, Eq. (6-1), where the final
CAFT is the function of the observed experimental Lin details, some facts or

assumptions are listed below for combustion hapyeai LFL conditions:

1) Fuel is consumed completely and oxygen is in exddss products
include CQ, water steam, and the left air and the additioitabgen;

2) The inert gas nitrogen only works as a heat siddjray the inert gas to the
fuel does not change the reaction mechanism;

3) The adiabatic flame temperature is constant fartm pure hydrocarbon

regardless of addition of inert gases.

As to a general pure hydrocarbonHg with additional nitrogen added, it reacts
completely with oxygen. The reaction products iswated using the reaction equation

(Eq. (6-2)), and the detailed reaction product daapresented in Table 6.1.
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C,H,+ (a+g)o2 - aCo, +% H,O (6-2)

Table 6.1.Pure fuel (GH,) combustion productions at LFL with additional

nitrogen.
C Amount before reaction Amount after reaction
ompounds
(mole) (mole)
CH, LFL 0
N, (additional) X X
Air <1-X-LFL>
0.21(1-X-LFL)-
qQ 0.21(1-X-LFL) (a+b/4)LFL
N 0.79(1-X-LFL) 0.79(1-X-LFL)
COo, 0 aLFL
H,O 0 (b/2)LFL

Not, putting the reaction productions (listed irblea6.1) into the CAFT
governing equation, Eq. (6-1), we can easily obtlagexpanded expression of the
governing equation as Eq. (6-3).

Ah LFL =

Ty Ty Ty Tt (6_3)
Ny, jTO C,p, dT + 1, LO Cpo,dT +Ney, jTO Cpeo,dT + 1y o jTO CpnodT

where,Ah; is the molar enthalpy of combustion, which isdisin Table 6.2 for all the

selected hydrocarbons. Heat capacities of theiogaptoducts include in Table 6.3.
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Table 6.2.Combustion enthalpies of pure hydrocarbons.

AH,
Fuel (kd/mol-fuel)
CH, 802.3
CoH, 1323.0
CoHe 1427.8
CaHe 1926.4
CaHe 2044.0
n- CiHuo 2658.5

Table 6.3.Heat capacities of reaction products.
Cp = a + beT + coT +deT> (J/mol+K)

Products a b*1¢ c*10° d*10°
co, 22243 5977 3.499 7.464

H,0 (g) 32.218 0.192 1.055 -3.593
N, 28.883 0.157 0.808 2.871
0, 25.460 1519 0.715 1311
Air 28.088 0.197 0.480 -1.965

Solving for LFL from Eqg. (6-3), we can eventuallgtain pure hydrocarbon’s LFL

as a function of additional nitrogen concentra{igqg. (6-4)).

LFL™ = LFL+y™ X, (6-4)

where, LFL": is the LFL of pure hydrocarbon with varied concatitm of additional

nitrogen. X, is the concentration of the additional nitrogeretoept LFL is the lower
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flammability limit of pure hydrocarbon in air withib nitrogen added (Eq. (6-5). Slope

yN2 reflects nitrogen dilution effect on LFL of purgdrocarbon (Eg. (6-6)).

079[ C, AT+ 021 C, o, dT

LFL =
T b, (T T b ¢
Ah, {0.79]T [ Cy dT+ (021+a+) . CoodT-a['C, e dT - J; Cp,HZOdT}
(6-5)
T Tt
) 024 C, ,,dT - ['C,o.dT)
Vo= T b, (m Tt b ¢
A+ 079" C,\ dT + (021+a+ 7 J. CoodT —af ' Cy e dT =5 ) ConodT
(6-6)

Now, inputting the experimental LFL of each purelfocarbon without additional
nitrogen and solving for the adiabatic flame terapge & (=CAFT) using Eq. (6-5), we

can obtain CAFTs of all the selected hydrocarbdiable 6.4).

Table 6.4.Adiabatic flame temperatures of pure hydrocarkairis-L.

Fuel LFL (vol%) T (K)

CH, 5.25 1533
C,H, 2.81 1409
C,Hs 2.70 1429
CsHs 2.28 1568
CsHg 2.09 1526

n- GHio 1.72 1595
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Nitrogen dilution effect on the LFL of each puradhgcarbon can be
quantitatively characterized by solving fgt' using Eq. (6-6), whereTs listed in

Table 6.4, Gin Table 6.3, andh; in Table 6.2. All the selected hydrocarbon LFL#wi

additional nitrogen are plotted in Figures 6.16- 6.

8
75r b
O Experimental measurement
7r — CAFT modeling b

i P NVY- 7

>

LFL of methane (vol %)
(o))

0 10 20 30 40 50 60
Additional nitrogen (vol%)

Fig. 6.1.Methane LFL with additional nitrogen using CAFT deding.
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O Experimental measurement
— CAFT modeling

! _ p0%
W L W

%
b
D
7

LFL of ethane (vol %)

1 1 1 1 1 1
0 10 20 30 40 50 60

Additional nitrogen (vol%)

Fig. 6.2.Ethane LFL with additional nitrogen using CAFT mbude.

35 O Experimental measurement 7

— CAFT modeling

257 ) 7
90— 09— 9928 ,

15¢ 7

LFL of propane (vol %)
Na

0 1 1 1 1 1
0 10 20 30 40 50 60

Additional nitrogen (vol%)

Fig. 6.3.Propane LFL with additional nitrogen using CAFT rebig.
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O Experimental measurement |
— CAFT modeling

i ® i
2 @@

LFL of n-butane (vol %)

O 1 1 1 1 1
0 10 20 30 40 50 60

Additional nitrogen (vol%)

Fig. 6.4.N-butane LFL with additional nitrogen using CAFT dading.

O Experimental measurement
— CAFT modeling

LFL of ethylene (vol %)
w
B

l 1 1 1 1 1
0 10 20 30 40 50 60

Additional nitrogen (vol%)

Fig. 6.5.Ethylene LFL with additional nitrogen using CAFT deling.
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O Experimental measurement
4r — CAFT modeling i

I 4 |
2.5G o @

LFL of propylene (vol %)
w

0 10 20 30 40 50 60
Additional nitrogen (vol%)

Fig. 6.6.Propylene LFL with additional nitrogen using CAFDdeling.

Except the flammability nose zone that is closetheoMIC, all the CAFT
modeling LFLs can fit experimental data very w&he possible reason for the
exception is the change of combustion mechanismenudditional nitrogen
concentration increases, the oxygen environmerdrbes leaner, which results in some
incomplete combustion products, and finally thesgsonstant CAFT. A complex
combustion situation cannot be described by ugieddAFT modeling on LFL

illustrated above.

Another finding from CAFT modeling is the nitrogditution effect on
hydrocarbon’s LFL, which is mainly dependent on lileat capacities of nitrogen and

oxygen (Eq. (6-3)). At the range of initial roommteerature through final adiabatic
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flame temperature, nitrogen heat capacity is alraqsal to that of oxygen. Therefore,
the LFLs of all the selected hydrocarbons neady sbnstant, which is consistent with

experimental observations except the flammabildgenzones.

Carbon dioxide dilution effects on methane and plexpe are analyzed below
with the same assumptions as those for nitrogea.réaction products are listed in
Table 6.5, and the final equation expression is(&q.), and the results are illustrated in

Figure 6.7 and Figure 6.8.
LFL"™ = LFL+ y* X, (6-7)
where,

T T
e 079[ ' C, T +021[ ' C, ,dT

T b, (T T b
B, +| 079] 'C,, dT + (021+a+ )['Cpo dT —a[ ' Cp0dT =7 ['Cp0dT

(6-8)

Ty Te T
o, [ CacodT = (079]" €, T + 02]" C, o, )

4

Ah, {0.79[:0‘ C, AT + (021+ a+2)j:0‘ C,o,dT - aj:o' C,pco,dT —Zj:o' Cp’HZOdT}

(6-9)

Eq. (6-8) represents the LFL of pure hydrocarbamewit additional carbon dioxide
added, which is exactly same to Eq. (6-5). Eq.)(&%he carbon dioxide dilution effect

on LFL of pure hydrocarbon.
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Table 6.5.Pure fuel (GH,) combustion productions at LFL with additional
carbon dioxide.

Amount before reaction  Amount after reaction

Compounds (mole) (mole)
C.Hp LFL 0
Air <1-X-LFL>
0.21(1-X-LFL)-
0.21(1-X-LFL) (a+h/4)LFL
N 0.79(1-X-LFL) 0.79(1-X-LFL)
CO, X X+alLFL
H,0O 0 (b/2)LFL
8
75¢ O Experimental measurement -
— CAFT modeling
< .
X
g
()
8
<
5]
S
S
-
L
-
45 -
4 1 1 1

0 5 10 15 20 25 30 35 40
Additional carbon dioxide (vol%)

Fig. 6.7.Methane LFL with additional carbon dioxide using ERmodeling.
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O Experimental measurement
4r — CAFT modeling .

LFL of propylene (vol %)
w
KB

0 5 10 15 20 25 30 35 40
Additional carbon dioxide (vol%)

Fig. 6.8.Propylene LFL with additional carbon dioxide us@4FT modeling.

To compare the dilution effects from nitrogen aadoon dioxide, we re-express

Eq. (6-5) as Eq. (6-10), and Eq. (6-9) as Eq. (b-11

ITTO* C,p dT —LTO* CyurdT

N

y = T b, (T T b M
Ah, + o.79jTO Con,dT + (021+a+ ") jTO C,o,dT - ajTO Coco,dT =2 jTO Cp,odT
(6-10)
Ty T
o = J.To Cpoo,dT _JTO ConrdT

Ah, {0.79[:0‘ C, AT + (021+ a+2) LT C,0,dT - aj:o‘ C,pc0,dT —g jTT Cp’HZOdT}

(6-11)
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Clearly, Eqg. (6-10) and Eq. (6-11) have the sammdenator expressions, and the
numerators are the difference between the inerhgascapacity and air heat capacity. A
more general equation for inert dilution effeceigpressed as Eq. (6-12), where we can
conclude that inert gas dilution effect on hydrdcer LFL mainly depends on the heat

capacity differences between inert gas and air.
Y% =K [ Cp e udT = [ C, AT
T, p.inert—-gas T, p,Air (6_12)

where, k is a constant for inert gas added toulkédir mixture at LFL condition:

1

Ty b, ¢ Ty b ¢
Ah, + o.79jTO Con, T + (021+a+ ) jTO C,0,dT - ajTO Cpo, 4T =3 jTO Cp0dT

k =

6.2.2 CAFT of binary hydrocarbon mixture with additional nitrogen

As with pure fuels, a fuel mixture burns completatythe LFL. Introduced
additional nitrogen works as a heat sink. The atialflame temperature remains
constant with varied concentration of additionatogen. To estimate the adiabatic
flame temperatures for fuel mixtures, Vidal [5S0pposed a linear equation which is

represented in Eq. (6-13).

Tim =X O+ 0, (6-13)
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where, T, andT,; , are the adiabatic flame temperatures of pureXwaid pure fuel 2,
which are included in Table 6.4 for all the seldgveire hydrocarbons.; xx; are the
molar fractions (x+ %, =1) of fuel 1 and fuel 2 on the combustible badis,, is the fuel

mixture adiabatic flame temperature that can béyeealculated from the Eq. (6-13).

6.2.3. Binary hydrocarbon mixture LFL

Finally, we reapplied CAFT governing equation Etlj to binary hydrocarbon
mixture containing components fuel-1£¢) and fuel-2 (GH,), where the fuel mixture
LFL (LFL ) becomes the function of its adiabatic flame terapee (). The fuel

mixture lower flammability limit is represented ly. (6-14).

Snf"c,dr
LFLm — prods °

Ah, (6-14)

where, the amounts of reaction products are cdkxaiaom the reaction equation Eq. (6-

15), and the result is listed in Table 6.6.

(X:I.CaHb + XZCmHn)+ (axl + rnXZ +bX1+4nX2)OZ -

(axi +mX, )Coz + b)(i;znxz H.0 (6-15)
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Table 6.6. Fuel mixture (GH, and G,H,) combustion productions at LFL

with additional nitrogen.
Amount before reaction Amount after reaction

Compounds (mole) (mole)

Fuel mixture <LFl.>

GHs X;LFL 0

GHn XoLFL 1 0
N, (additional) X X
Air <1-X-LFL.>

Q 0.21(1-X—LFLg) 0'21%'_'):('_:;':["”)

N 0.79(1-X—LFLg) 0.79(1-X—LFLy)
CO 0 sLFL,
H,O 0 tLFL,

bx, + nx,
r=ax, + mx, + —4——=

S = ax, + mx,
_ bx; +nx,

Enthalpy of fuel mixture combustionli; ) can be calculated using Eg. (6-16) based on
the Hess’s Law of chemical reaction [78], whichiestathat the change of enthalpy is
same for the conversion from same reactants to paogeicts regardless of reaction

taking place in one step or in a series of steps.

Ahc,m = XlAhC’1 + XZAhC’2 (6-16)

Now, solving for LFLy, from Eq. (6-14), we can finally get correlationkohary

hydrocarbon mixture LFL with the additional nitrogen concentration in Eg.17).
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LFL): = LFL, +y, Xy, (6-17)

where, LFL, is the binary hydrocarbon mixture LFL (Eq. (6-1&))Nf is the nitrogen

dilution effect on binary hydrocarbon mixture (E6-19)). Both these two variables are

the function of fuel mixture adiabatic flame tenguere ..

Ti,m Ti,m
079 "C, ,dT +021[ ""C, T

LFLm = Tf ,m Tf,m Tf,m Tf,m
BH o +[o.79jT0 Con, AT + 021+ 1)["C, 0, 0T 5[ C, o AT -t cp,HzodT)

0

(6-18)

Tf,m Tf,m
- 0.2]UTO C, 5, dT - 021f, cp,oszj

Vi

Tt m Tt m Tt m Tt.m
AHC'm+[O.79J.TO Con, 0T + (021+1)[["C o dT =5 C, o, AT 1 Cp,HZOdT)

To

(6-19)

The CAFT modeling LFLs of binary hydrocarbon mixsi{methane and propane,
ethane and propane, methane and ethylene, anérthghhd propylene) at different
molar ratios (20%/80%, 40%/60%, 60%/40%, 80%/208é)ilfustrated in Figures 6.9 —

6.12.



4.5

35

LFL of methane and propane (vol %)
w

+ 3 1 3+t I F 1 P *
Al ,

15¢ 7
10 1‘0 2‘0 3‘0 4‘0 5;0

Fig. 6.9.Methane and propane LFL with additional nitrogemgsCAFT

modeling.
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Fig. 6.9.Continued.
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Fig. 6.10.Ethane and propane LFL with additional nitrogemgsCAFT
modeling.
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Fig. 6.10.Continued.
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Fig. 6.11. Methane and ethylene LFL with additional nitrogesing
CAFT modeling.
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Similar to the pure hydrocarbons, all the CAFT miodeLFLs of selected binary
hydrocarbon mixtures can fit experimental data weeyl except the flammability nose
zone. The same proposed reason for the exceptiohecapplied to the binary
hydrocarbon mixtures: when additional nitrogen @mration increases, the oxygen
environment becomes leaner and the reaction mesthattianges, which results in some

incomplete combustion products, and finally the-sonstant CAFT.

6.3 CAFT modeling on binary hydrocarbon mixture UFLs

At the UFL concentration, a flammable material witit undergo complete
combustion since fuel is in excess; thereforeydlaetion products become scattered,
and HO, CQ,, CO, K and many radicals (e.g., H, O;,@H, solid C, NO, N@ CH,O,
and etc) are usually found. To apply CAFT modebnguel mixture UFL, some
assumptions are presumed following Chen work [7§.0n nitrogen dilution effect on

pure hydrocarbon UFL:

1) The component of fuel is in excess and oxygen gasts completely with the
main products of kD, CQ,, CO, and H;

2) Nitrogen works as a heat sink, addition of nitrogen fuel/air mixture does
not change the chemical reaction mechanism;

3) The adiabatic flame temperature rises are the $anadl limit mixtures at the

UFLs.
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At adiabatic conditions, the total energy releasetbmbustion heats reaction
products; therefore, Eq. (6-1) is applied as theeguing equation for CAFT modeling
on UFL as well. Based on the above assumptiongitemical reaction at UFL is given

from Eq. (6-20), and the amounts of reaction preslace listed in Table 6.7.

C.H, +(a—%+—b;bl)o2 ~ (a-a,)CO, +aC0+ b'zbl H20+%H2 (6-20)

Table 6.7.Pure fuel (GHp) combustion productions at UFL with additional

nitrogen.
Compounds Amount before reaction Amount after reaction
P (mole) (mole)
CiHp UFL UFL-0.21(1-X-UFL)k
N, (additional) X X
<Air> <1-X-UFL>
0, 0.21(1—-X-UFL) 0
N> 0.79(1-X-UFL) 0.79(1-X-UFL)
CO 0 0.21(1-X-UFL) k
CO, 0 0.21(1—-X-UFL) k
H. 0 0.21(1—-X-UFL) k
H,O 0 0.21(1-X-UFL) k
= :
a-a/2+(b-b)/4
k, = a"4
? a-al2+(b-h)/4
k, = =
a-a/2+(b-hb)/4
_ (b-b)i2
* a-al/2+(b-b)/4
/12
I = by

“a-a/2+(b-b)/4
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Now applying the CAFT governing equation Eq. (&d.pure hydrocarbon &y
with and without inert gas nitrogen dilution, whiale indicated as Eq. (6-21) and Eq.
(6-22) respectively, we can easily obtain a sing¥pression (Eq. (6-23)) for the UFL of
pure hydrocarbon diluted with nitrogen, where ladl variables with the superscript N
refer to fuel mixture with nitrogen dilution.

T, —
NoAh,= > n| C_ .dT =(T, -T,) > nC,.
o % LO P e E : (6-21)

N N2 Ny T N2 N2 Ny —
N, ‘Ah, =) n, C,dr=(T, -T,))>n C_
o pzc; IT : bl pZi " (6-22)

C
UFL": =UFL —(UFL +(L-UFL) =" JXNZ

p, fuel

(6-23)

Clearly from Eq. (6-23), the pure hydrocarbon UElimearly related to additional
nitrogen volume concentration, with the interceguia to UFL in air without nitrogen
dilution and the indicated slope dependent on @esheeat capacity ratio of inert gas to
fuel. Table 6.8 lists the heat capacities at caorigieessure for all the selected pure
hydrocarbons, and Table 6.9 lists their averagé degzacities at different temperature
ranges (same initial temperature 298 K, and 4 dffefinal adiabatic flame
temperatures , 1500 /1700/1900/2100 K) . Figur#8 6.18 show pure hydrocarbon
UFLs at varied nitrogen concentrations from expental measurement and CAFT

modeling (Eq. (6-23)).
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Table 6.8.Heat capacities of pure hydrocarbons.
Cp=a+ beT + coT +de T (J/mol*K)

Products b*1G c*10° d*10°
CH, 19.875 5.021 1.268 -11.004
CoHe 6.895 17.255 6.402 7.28
CaHs -4.042 30.456 -15.711 31.716

N-CaHao 3.954 37.126 -18.326 34.979
CH. 3.950 15.628 -8.339 17.657
CHe 3.151 23.812 112,176 24.603

Table 6.9.Hydrocarbon average heat capacity at differeratl {GAFTS.
Average heat capacityép ( (3/mol-K)

Products
1500 K 1700 K 1900 K 2100 K
CH, 65.22 68.39 70.72 72.06
C,Hs 110.22 115.73 120.31 124.06
CsHs 157.21 164.87 171.77 178.29
n-C4H1o 204.31 213.98 222.53 230.39
C,H, 85.57 89.46 93.04 96.50

CsHe 130.02 136.18 141.75 147.02




Fig. 6.13.Methane UFL with additional nitrogen using CAFT deting.

UFL of ethane (vol %)

Fig. 6.14.Ethane UFL with additional nitrogen using CAFT nebdg.

2

[

UFL of methane (vol %)
'_\

0

o

[¢)]

O Experimental measurement
— CAFT modeling (1500K)
CAFT modeling (1700K)
""""" CAFT modeling (1900K)
s CAFT modeling (2100K)

20 30 40 50
Additional nitrogen (vol%)

20

15+

O Experimental measurement
—— CAFT modeling (1500K)
CAFT modeling (1700K)
---------- CAFT modeling (1900K)
s CAFT modeling (2100K)

10+ B
i ®
I ® l
)
®
O I I I I
0 10 20 30 40 50

Additional nitrogen (vol%)

60

60

145



146

15
O Experimental measurement
- — CAFT modeling (1500K)
S CAFT modeling (1700K)
S 108 ) J
> N o CAFT modeling (1900K)
e s CAFT modeling (2100K)
S
°
[oX
o
¢ 7 o ]
-
®e
®e
O 1 1 1 1 1
0 10 20 30 40 50 60

Additional nitrogen (vol%)

Fig. 6.15.Propane UFL with additional nitrogen using CAFTdrbng.
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Fig. 6.16.N-butane UFL with additional nitrogen using CAFDdeling.
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The big discrepancy between the modeling UFL daththe experimental results
indicates that the assumptions applied to the CA¥deling on UFL are unaccptible.
As pointed out from previous research, combusttduFL becomes unpredictable and
the reaction products are far more complex thasehmwesumed from Chen’s work [76,
77]. However, if more complicated reaction prodyatsluding other radicals, e.g., H,
OH, O, NO, solid C, NO, Ng CH,O, and etc) are assumed but under the assumption of
constant adiabatic flame temperature, the samepyé&diction equation (Eq. (6-23) can
be obtained. Therefore, the assumption of considiabatic flame temperature at
different inert gas dilution conditions cannot regent the combustion mechanism

correctly.

Theoretically, CAFT modeling is based on the prentigt the flammability limits
are thermal-control in behavior and are not higldpendent on kinetics [79], which is
true at LFL compositions, but at UFL kinetics beesnaominant. Therefore, an accurate
UFL estimation requires an analysis of the thempienomenal together with the
combustion kinetics happening at fuel rich condisioA more detailed approach to
predict UFL theoretically will be discussed latertihe section of VIII: Conclusion and

Future work.
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CHAPTER VII

LE CHATELIER'S LAW AND FUEL MIXTURE FLAMMABILITY

7.1 Introduction

Due to a large number of practical applicationlawg ubiquitous fuel mixtures,
accurate prediction of fuel mixture flammabilitynit is highly desirable. The most
common method for predicting the flammability liroitfuel mixtures is the Le
Chatelier’s law, and especially this law works Hestestimating the LFLs. Le Chatelier
arrived at this ‘mixing’ rule through experimentingth LFLs of fuel mixtures
containing methane and other lower hydrocarbong [B8 proposed mixing rule is
expressed in Eg. (2-50). In accordance with Le €@lleats work, Kondo et al. [64]
pointed out that Le Chatelier’s rule can be extenadeUJFL estimations, as shown in Eq.

(2-51), for some blended fuels with acceptable emu

Because Le Chatelier’s law was empirically deriviedias found not to be
universally applicable, especially for UFL estinoatj e.g., hydrocarbon mixtures
containing unsaturated hydrocarbons [72], or thed &7 fuel mixtures that may give
rise to cool flames [13]. Also, industrial people atill confused to its feasibility at
different external conditions, e. g, at non vatiechperature and pressure, or fuel

mixtures diluted with inert gases and different gy concentrations.

In this chapter, a detailed derivation was condiicie LFLs to shed light on the

inherent principle residing in this rule. By assoma constant flame temperature for
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pure fuels and their constituting mixture duringnfle propagation, a theoretical
evaluation of Le Chatelier’s rule was presentedsuRe showed that this rule can be
extended to fuel mixture with dilution of inert gagsand different oxygen concentrations
for LFL estimations, and particularly to the nortrerne initial conditions. Unlike the
LFL, generalizations of this rule at UFL turn oatlte impossible when using the same
reaction mechanism. This is because of the highptexity of combustion kinetics and
interacting physics of convection flow at the upfl@ammability limits. Moreover,

thermal control is a generally accepted principlgdvern the combustion reaction at
LFL; however, we found that it is not necessargyid for all fuels, such as hydrogen.
The findings from this study can be used as guidslto maximize safety in the process

design and operational procedures involving flamimahemicals.

Mashuga conducted a theoretical derivation of Lat€lrer’s law based on the

following assumptions [80]:

a) Constant product heat capacities;

b) Constant mole number of total reactants and pragluct

c) Constant combustion kinetics of the pure specidspendent of the
presence of other combustibles;

d) Constant adiabatic temperature rise at the flaminatkmit for all

combustible species.

All these assumptions, however, cannot tacklehallintrinsic principles
characterizing the combustion at flammability lisniFor example, heat loss can affect

experimental flammability limits, and it becomesdispensable to quantify flammability
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limits when the apparatus quenching effect becaapearent, for example, in the case
of cylindrical vessels with I.D. less than 60 mnak@hashi [15] observed the changes in
flammability limit when conducting tests with appaurs of different geometries;
methane’s lower flammability limit in a 50 mm x 4@@m cylindrical reaction vessel

was found to be 4.7 vol%, while 5.0 vol% was ob¢dinvhen the apparatus dimension
was changed to 200 mm x 400 mm. It is importaqdiot out that Le Chatelier's law
was originally developed from experiments usindesgtube of 30 mm in diameter and
300 mm long, which implies that the tendency foatHess is inevitable regardless of the
apparatus geometry and thus, and adiabatic reambiodition is not necessary for this
rule derivation. Meanwhile, constant property agstioms, e.g., heat capacity and
number of moles of gas, are not inherently suitédriesome fuels with a LFL over 10
vol% (e.g., carbon monoxide). Additionally, the daustion reaction under the fuel-lean
condition often completes in a fraction of a secardl this reaction can easily achieve
equilibrium status. Therefore, at LFL, an equililn process becomes dominant and the

reaction kinetics can be neglected [79].

In this section, a new approach was conductedrigalee Chatelier’'s law with
the only assumption of constant adiabatic flamepenature. Moreover, this law’s
applications with different inert additions, at i@l oxygen concentrations and non-

ambient conditions were verified below.

The starting point for deriving Le Chatelier’s rugethe principle of energy
conservation, which can be represented in Eq. férlJombustion taking place at

flammability limits,
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AH =H -H, =Q+W, + [vdP (7-1)

where,AH is the change in enthalpy for a reaction systdpandH; are the final and
initial enthalpies, respectivels is the shaft work acting on the systegis the heat

exchange between the reaction system and its sufirogs.

The total heat exchange is dependent on the apgaranfiguration. Heat
conduction is usually ignored compared with heait lsenvection@.) and heat
radiation Qy), which are associated with heat losses rangmm fsurnt gas to unburnt
gas. Normally there is no shaft work input into tleenmability apparatus. When
combustion happens at the flammability limit, teaation system’s pressure can be
treated as a constant. This is because at thistamccombustion becomes weak and
only partial fuel participates in the reaction, behe last term in Eq. (7-1) can be set to
zero. The enthalpy chang&H) can be subdivided into two parts: isothermal
combustion enthalpy chang&H) at initial temperaturelg), and the reaction products’
enthalpy changeA\Hy) from the initial temperature to the final flanetperatureT;) as

shown in Eq. (7-2). Combining all those variablegether, Eq. (7-1) can be extended to

Eq. (7-3).
AH, = Y0 [ CodT (7-2)
prods 0
AHC+anJ:*CdeT:(QC+Qr) (7-3)

prods
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where,AH. is empirically negative for exothermic combustibleat losses(; andQ.)
from burnt gas to the surroundings are to be seegativen; is the mole number of

productj.

7.2 Le Chatelier's law on LFL

For simplicity, we developed the derivation stagtimith a binary fuel mixture of
hydrocarbons, GHp1 and GoHpo, at ambient conditions (room temperature and
atmospheric pressure). At the concentrations meakLFL, it was assumed that fuel
combustion proceeds promptly with almost completetion, and the end products
mainly include CQand HO. It is noteworthy to mention that flame temperasunear
the limits are less than 1650 K for most fuels disdociation products, and thus can be
made negligible [81]. Therefore, the reaction paidwf pure fuels GHyp: and GaHypo,
as well as their mixture for 1 mole fuel/air mix@yrcan be estimated using Eqs. (7-4),
(7-5), and (7-6), respectively. LELLFL,, and LFL, are the LFLs of pure fuels,¢p1,
CaHp2, and the mixture of GHp.and GoHpz with molar ratios of yfor component

CaiHp1 and ¥ for CaoHpo (yaty2=1).

(LFL)C H, + (- LFL)AIr -

(LFL, xa,)CO, + (% x LFLleZO + 0791- LFL,)N, + (7-4)

[02](1— LFL,)-(a, x LFL,) —(%x |_|:|_lﬂo2
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LFL,)C,H, +(1-LFL,)Air -

LFL, xa,)CO, +(bzz x LFLZJHZO+ 0791- LFL,)N, + (7-5)

(
(
[021(1 LFL,)-(a, x LFL,) —(%2 x LFLZHOZ

(v, X LFL,,)C, Hy, +(y, X LFL,)C, H, |+ (@~ LFL, )Air -

LFL, (y,a, +,a,)CO, + LFL{M)HZO +0791-LFL )N,  (7-6)

+ [ 021(1- LFL,, )~ LFL, (ya, + y,8,)- |_|:|_m(—y1bl Zyzbz ﬂoz

Now, putting together all the reaction product®igf. (7-3) and rearranging it for
solving isothermal combustion enthalpy changk for 1 mole of fuel/air mixture using
the average heat capacities, we can obtain Eg8, (7-8), and (7-9).

AHCl = LFL, x AhCl =LFL, x (qcl + qu) -

~ (7-7)
(Tf1 _To )(n002 ,1CPCO2 1 + nHZO,lCPHzo 1Ny CPN2 1t no2 1R, 1)

O

AH, =LFL,xAh, =LFL,x(q, +q,)-

2 2 2 2 (7-8)
(sz _To)(ncoz,chco2 2t n|—|20,2CPH20 2t nN2,2CPN2,2 N, ,2CP02 ,2)

AH_ =LFL, xAh =LFL_ x(q, +q )

A A A A (7-9)
- (Tfm _TO)(nCOZ,mCPCOZ,m + nHZO,mCPHzo,m + nNz,mCPNz,m + nozmePozym)

where, Ah, is the enthalpy change of the combustion in ungrargy per molar fuek,

and g, are heat losses through convection and radiatiemit of energy per molar fuel;
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n; is the reaction product obtained from Egs. (7¢4)5) and (7-6);CP is the average
heat capacity at the temperature rang&ahroughT;; subscripts 1, 2, and m indicate
the reaction systems of pure fuehld,; and GzHpz, and the mixture of GHpand

CazHbz; the enthalpy of combustiofth, can be calculated using Eq. (7-10) based on the

Hess’s Law of chemical reaction [78], which statesreaction enthalpy change is
constant for the conversion from the same reactaritsee same products regardless of

reaction taking place in one step or in a seriegas.
Ah, =y Ah, +y,Ah, (7-10)

Solving forAh, , Ah, andAh. from Egs. (7-7), (7-8) and (7-9), and then putting

them into Eq. (7-10), we can finally obtain Eq.1¥), which was derived only under the
assumption of constant flame temperatures for fueis GiHp1, CiHp2, and the

mixture of GyHpi1and GoHpo.

lLFLm(qu + qrm)_ CA:PAE, (Tfm =Ty )J —
LFL.

yl[LFLl(qq + qu)_ CPM (Tf1 -To )] N VZ[LFLZ (qcz +a, )_ éPAir (sz -To )]
LFL, LFL,

(7-11)

where, CP

Air

(= 0.796PN2 + 02](3P02) is the average heat capacity of air at the teatpee
range ofTp throughTs.

Heat losses per mole of fuel/air mixtwL (q. + g, ), through convection and

radiation, can be estimated approximately using E§42) and (7-13), respectively.
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Q. = ahA (T, -T,)At (7-12)

Q =aoA (e, T -a,T )t (7-13)

where h is the convective heat transfer coefficient, whicgreatly dependent on the
temperature gradient between the reaction systehit@surroundings, and can be set
constant for the reaction system of pure fuels el as fuel mixtures when the final
flame temperature is constaAt.is the heat exchange surface area. For one mole of
different fuel/air mixtures at the same pressuitemperature, they occupy the same
volume space. When a certain flammability criteri@applied, the flame propagation
pathway becomes defined. For example, on one phaticriterion, the flame
propagation pathway has been defined as a prededtfiaeel distance along the
cylindrical vessels [13, 67]; the experimental noelh proposed by ASHRAE require the
flame to reach an arc of vessel wall, subtendingragie larger than 90° as measured
from ignition point in spherical vessels [82, 8Blerefore, the heat exchange surface
area can be reasonably assumed to be constahefeaitne volumes of fuel/air mixtures
(pure fuel in air and fuel mixture in aig)t is the flame propagation duration, and was
defined in this paper as the time needed to cdweeflame propagation from ignition to
fire extinguishment. When a certain flammabilitypapatus and a criterion are selected,
it is mainly affected by fuel burning velocity thedn be treated as a constant value at
flammability limits. Zhao [67] measured the flam®pagation time in a cylindrical
vessel and obtained near-constant values for hgdooas at their LFLsx is an

efficiency factor with respect to the heat exchasigéace area, which expands gradually
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with flame propagatiory is assumed to be constant for the same experiinenta
conditions.s is the Stefan-Boltzmann constasy.gas emissivity, is presumed constant
for different fuel/air mixtures using the same fla@ability criterion and apparatus and it
mainly depends on the reaction system’s temperaiuoiepressure, the configuration of
flammability apparatus, and the molar fraction ohftransparent products to radiation
(e.g., carbon dioxide, water). At LFLs with same expenta conditions and the
constant flame temperature assumption, all theswitig-related parameters can be

treated equally. The effect of heat absorptionlmaneglected because the value of
a'gTof,1 Is much smaller than that %Tf“. Combining the aforementioned parameters

together at the constant flame conditions, we @rkg. (7-14).
LFL, (g, +a, )=LFL(q, +a,)=LFL,(a, +a,) (7-14)

Substituting Eq. (7-14) into Eq. (7-11), we carafip obtain Le Chatelier’s law

for binary hydrocarbon mixture at the ambient ctiods (Eq. (7-15)).

L - %, Y (7-15)
LFL, LFL, LFL,

m

In order to develop an estimating equation thatigely acceptable, the fuel
mixtures are assumed to consist of the componatishe formula of GH,ONgXeS,
where ‘X’ is a halogen atom. At LFL, the combustjfmocess is controlled by the “near
equilibrium” chemical kinetics, and the productsimhacontain CQ, H,O, NG, (or Ny),

SO, (or HSQy), and HX [8, 84-86]. Furthermore, Martel also [§®finted out that the
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products of NQ and SQ should be considered a priority for obtaining aatel
prediction of the LFL. Finally, the chemical reactican be expressed as Eq. (16) for a

fuel CiHL,ONgXeSt combusting at LFLSs.

(LFL)C,H,O.N,X_S, +(1- LFL)Air - (LFLxa)CO, +(LFL x f)S0,
b-e

+ (LFL x e)HX +[ x |_|:Lszo+(L|:|_xd)No2 (7-16)

+079(L- LFL)N, +[021(1— LFL)—Ka+ fed +b%e -%J x LFLHOZ

Similar to the operation above, substituting adl thaction products of pure fuels
and the mixture into Eqg. (7-3), we can get the sarpgession as Eq. (7-11) and
eventually obtain the formula of Le Chatelier’s lander the assumption of constant

combustion flame temperature.

When fuel mixture is diluted with inert gas andra concentration near its LFL,
same to fuel mixture in air without the inert glagl combustion can proceed with
almost complete reaction with the main end prodattsG,, H,O, and the left air and
the unreacted inert gas. At LFL the flame tempeeaisiless than 1650 K for most fuels
and the dissociation products are negligible, idicig the added inert gas [81];
meanwhile, as indicated from Chapter V, inert gdbnat affect fuel combustion
mechanism outside of the flammability nose zoneré&fore, the added inert gas can be
treated as a heat sink. For fuel 4Ky, fuel 2, G:Hpz, and the fuel mixture of GHp,
and G2Hy, with additional nitrogen introduced, the reactproductions be estimated

using Egs. (7-17), (7-18), and (7-19), respectively



159

(LFL¥ ), Hy, + (XN, + (- X - LFLY: JAir —

(LFLY: xa, co, +(% x LFLQ‘szzo +[x + 0791 X - LFL N, (7-17)

+[02](1— X —LFLY )~ (g, LFLlNz)—(%x LFL: Hoz

(LFLY Je, Hy, + (XN, +(L- X - LFLY: air

(LFLY: xa,)cO, +(b—22>< LFngszo +[x + 079fL- X - LFLY N, (7-18)
+[021(1— X - LFLY: )~ (a, x LFL'gz)—[%x LFLY: ﬂoz

|y, xLFLY e, H,, +(y, xLFL Je, H, |+ (XN, +(1- X - LFLY: )Air -
LFLN:(y,a, + v,a,)CO, + LFLY: (MJHZO

+[x + 07d- x - LFL: N, (7-19)

+[021(1— X = LFLY: )= LFLY (y,8, + y,8,) - LFLﬁz(—ylbl Zyzbz Hoz

whereLFL}", LFL):, and LFL): are the LFLs with additional nitrogen for fuel 1,

CaiHps, fuel 2, GoHpo, and the fuel mixture of GHp;and GaHpz. y1 and ¢ are the molar
ratios of fuel 1 and fuel 2 on the combustible bdgit+y,=1). X is the additional

nitrogen volume concentration.

Now, putting all the reaction productions into E£3) and rearranging it for
solving isothermal combustion enthalpy changk for 1 mole of fuel/air mixture using
the average heat capacities, we can obtain the Egsg7-7), (7-8), and (7-9) as before.

Next, solving foAh, , Ah, andAh, from Egs. (7-7), (7-8) and (7-9), and then putting
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them into Eq. (7-10), we can finally obtain Eq.4@), which was again under the

assumption of constant flame temperatures.

{LFL* (qcm + qrm) - (Tfm _-I_o)lémr + X(éPN2 -Gy, )J} _

LFL)
yl{LFL:lz (qcl + qu)_ (Tfl - Ty )[épAjr +X (CA:PN2 - éPAir )]}
LFL" (7-20)
. vfLrL (o, +a,)- [, -6, + x(6,, -¢. )
LFLY-

Clearly, under the assumption of constant flamepemature, when the same
flammability criterion and flammability apparatueapplied to pure fuels,,¢p;and
CaHb2, and the fuel mixture of GHpyiand GoaHp, with the same additional nitrogen
contents, heat losses can be treated as a corsstgnEq. (7-21). Finally, Eq. (7-20) can
be simplified as Eqg. (7-22), the Le Chatelier’s lapplied to fuel mixture with inert gas
dilution. Tables 7.1 — 7.4 show the LFLs of fuekimres at different additional nitrogen

concentrations from experimental observations am@€hatelier’s law predictions.

LFL(q, +q, )=LFL%(q, +q, )=LFL¥(q, +q,) (7-21)

L _ % Y (7-22)
LFLY ~ LFLY  LFLY:
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Table 7.1. LFLs of methane and propane with nitrogen dilutipom
experimental observations and Le Chatlier’s law.

N2* LFL (exp.) LFL (calc.)

Fuel mixtures (vol %) (vol %) (vol %) Dev. |[Dev. %]
5 2.36 2.38 0.02 0.85

10 2.38 2.35 0.03 1.26

CH, + CsHg 15 2.37 2.37 0.00 0.00
20 2.38 2.37 0.01 0.42

(20% / 80%) 25 2.39 2.34 0.05 2.09
30 2.37 2.35 0.02 0.84

35 2.40 2.34 0.06 2.50

5 2.76 2.75 0.01 0.18

10 2.74 2.73 0.01 0.34

CHy + CgHg 15 2.74 2.74 0.00 0.00
(40% 1 60%) 20 2.75 2.74 0.01 0.32
25 2.73 2.72 0.01 0.39

30 2.74 2.73 0.01 0.34

35 2.76 2.72 0.04 1.36

5 3.26 3.28 0.02 0.49

10 3.27 3.25 0.02 0.63

CHy4 + CgHg 15 3.25 3.26 0.01 0.36
(0% 40%) 20 3.26 3.26 0.00 0.00
25 3.25 3.24 0.01 0.39

30 3.26 3.25 0.01 0.32

35 3.31 3.26 0.05 1.61

5 4.03 4.04 0.01 0.26

10 4.02 4.01 0.01 0.21

CHy + C3Hg 15 4.03 4.02 0.01 0.16
(0% | 20%) 20 4.02 4.02 0.00 0.00
25 4.04 4.00 0.04 1.01

30 4.02 4.01 0.01 0.21

35 4.11 4.05 0.06 1.42

N*: additional nitrogen added; exp.: experimengdjcc Le Chatelier’'s law
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Table 7.2. LFLs of ethane and propane with nitrogen diluticmni
experimental observations and Le Chatlier’s law.

N2* LFL (exp.) LFL (calc.)

Fuel mixtures (vol %) (vol %) (vol %) Dev. |[Dev. %]
5 2.19 0.01 0.44 2.19

10 2.17 0.02 0.79 2.17

C,Hg + CsHg 15 2.18 0.03 1.41 2.18
20 2.18 0.01 0.33 2.18

(20% / 80%) 25 2.16 0.02 0.80 2.16

30 2.17 0.04 1.87 2.17

35 2.15 0.03 1.32 2.15

40 2.23 0.02 0.96 2.23

5 2.29 2.30 0.01 0.46

10 2.28 2.29 0.01 0.26

CoHe + CgHs 15 2.27 2.29 0.02 0.77
(40% | 60%) 20 2.31 2.30 0.01 0.60

25 2.3 2.28 0.02 1.05

30 2.29 2.28 0.01 0.55

35 2.27 2.26 0.01 0.32

40 2.32 2.32 0.00 0.00

5 2.45 2.42 0.03 1.12

10 2.43 2.41 0.02 0.75

CoHe + CsHs 15 2.43 2.41 0.02 0.92
(60% 1 40%) 20 2.45 2.42 0.03 1.15

25 2.44 2.40 0.04 1.58

30 2.43 2.40 0.03 1.34

35 2.42 2.39 0.03 1.38

40 2.46 2.43 0.03 1.25

5 2.54 2.56 0.02 0.72

10 2.52 2.55 0.03 1.28

C2He + CsHg 15 2.55 2.54 0.01 0.35
(80% | 20%) 20 2.54 2.56 0.02 0.88

25 2.55 2.54 0.01 0.31

30 2.53 2.53 0.00 0.00

35 2.54 2.52 0.02 0.60

40 2.55 2.54 0.01 0.24

N,*: additional nitrogen added; exp.: experimendjcc Le Chatelier's law



163

Table 7.3. LFLs of methane and ethylene with nitrogen dilutifsom
experimental observations and Le Chatlier’s law.

Fuel mixtures (V%IZZA)) le\l;o(leoﬁ)r)).) LF(\I;O(;:(%:.) Dev. |[Dev. %]
5 3.11 3.09 0.02 0.66

10 3.12 3.07 0.05 1.66

CH, + CH, 15 3.08 3.11 0.03 0.90
20 3.10 3.09 0.01 0.40

(20% / 80%) 25 3.09 3.08 0.01 0.42
30 3.10 3.06 0.04 1.34

35 3.11 3.11 0.00 0.00

5 3.44 3.45 0.01 3.44

10 3.45 3.42 0.03 3.45

CHg4 + CH, 15 3.44 3.46 0.02 3.44
20 3.42 3.44 0.02 3.42

(40% / 60%) 25 3.42 3.43 0.01 3.42
30 3.44 3.41 0.03 3.44

35 3.43 3.47 0.04 3.43

5 3.91 3.90 0.01 0.37

10 3.89 3.87 0.02 0.51

CHy + CoH,y 15 3.90 3.90 0.00 0.00
(0% 40%) 20 3.88 3.89 0.01 0.14
25 3.86 3.87 0.01 0.38

30 3.89 3.86 0.03 0.71

35 3.89 3.93 0.04 1.09

5 4.45 4.48 0.03 0.67

10 4.44 4.45 0.01 0.27

CH4 + CH,y 15 4.44 4.48 0.04 0.86
(80% | 20%) 20 4.42 4.46 0.04 0.96
25 4.45 4.45 0.00 0.00

30 4.44 4.45 0.01 0.16

35 4.49 4.54 0.05 1.04

N,*: additional nitrogen added; exp.: experimengjcc Le Chatelier's law
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Table 7.4.LFLs of ethylene and propylene with nitrogen dibuatifrom
experimental observations and Le Chatlier’s law.

Fuel mixtures (V%IZZA)) le\l;o(leoﬁ)r)).) LF(\I;O(;:(%:.) Dev. |[Dev. %]
5 2.37 2.37 0.00 0.00

10 2.36 2.39 0.03 1.31

C,H4 + CsHg 15 2.35 2.36 0.01 0.52
20 2.34 2.34 0.00 0.00

(20% / 80%) 25 2.35 2.36 0.01 0.34
30 2.33 2.34 0.01 0.33

35 2.39 2.45 0.06 2.37

40 2.45 2.58 0.13 5.49

5 2.47 2.46 0.01 0.28

10 2.46 2.48 0.02 0.71

CoHa+ CgHg 15 2.46 2.46 0.00 0.00
(40% | 60%) 20 2.44 2.44 0.00 0.00
25 2.45 2.45 0.00 0.00

30 2.44 2.43 0.01 0.30

35 2.47 2.53 0.06 2.36

40 25 2.63 0.13 5.23

5 2.56 2.57 0.01 0.23

10 2.56 2.57 0.01 0.42

CoHa+ CeHg 15 2.55 2.57 0.02 0.82
(60%  40%) 20 2.55 2.55 0.00 0.00
25 2.56 2.56 0.00 0.00

30 2.54 2.54 0.00 0.00

35 2.55 2.62 0.07 2.58

40 2.59 2.68 0.09 3.43

5 2.68 2.68 0.00 0.00

10 2.66 2.67 0.01 0.42

CoHa+ CgHg 15 2.67 2.69 0.02 0.74
(80% | 20%) 20 2.65 2.67 0.02 0.74
25 2.65 2.67 0.02 0.67

30 2.66 2.65 0.01 0.47

35 2.64 2.71 0.07 2.63

40 2.69 2.73 0.04 1.43

N,*: additional nitrogen added; exp.: experimendjcc Le Chatelier's law
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Now, substituting “INT” as a general inert gas kyrin Eqgs. (7-17), (7-18) and (7-
19), we can get the correlated equation of fuelHg, fuel 2 G Hpz, and the fuel
mixture composed of GHp; and GaHpo, EQ. (7-23), similarly under the assumption of

constant flame temperature.

{LFLInTT (qcm + q,m)— (Tfm _To)[ém-r + X(éP.NT -Cs,, )]}

LFLNT
y{LFLY (o, +q, )~ (T, -, )[épm +X(C, -C,. )
LFLN (7-23)
+ Y2{LFLI2NT (qc2 +q, )_ (sz =T, )[CEPAJ-r + X (éP.NT B éPAir )]}
LFLINT

whereLFL}"", LFL)™, and LFL\" are the LFLs with dilution of inert gas for fugl 1

CaiHps, fuel 2, GoHpo, and the fuel mixture of GHp;and GaHpo. y1 and ¢ are the molar
ratios of fuel 1 and fuel 2 on the combustible 4gi+y,=1). X is the inert gas volume

concentration.

Similarly as above operation, Eq. (7-23) can beptiftad as Eq. (7-24) under the
assumption of constant flame temperature with #meesflammability criterion and

flammability apparatus.

1 _ vy Y
LELN — LFLllNT + LFLZINT (7-24)
m 1 2

To verify Le Chatelier's application to LFL with iad oxygen concentrations, we

treat this condition separately as two catego(ig®xygen-lean ambience (oxygen
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concentration is less than that in air); and @ygen-rich ambience (oxygen
concentration is higher than that in air). Appaserixygen-lean ambience is equivalent
to the condition of fuel in air with additional ragen introduction, and the feasibility of
Le Chatelier's law was verified above. At oxygedhrambience, oxygen is sufficient
and the excess oxygen acts as a heat sink onlyfifdleeaction products with

sufficient oxygen can be characterized using EG25), (7-26), (7-27), respectively, for

fuel 1 GaHp, fuel 2 GaHpo, and the fuel mixture of GHp1 and GaHpo.

(LFL ), H, +(X)o, +1- X - LFL )air —
(LFLo xal)co +( 2 LFL%)H 0+ 0791 X - LFL2 )N, (7-25)
+[021(1— X - LFL )+ X — (g, x LFL‘fZ)—(%x LFLO: ﬂoz
(LFLS ), H,, +(X)o, + (1 X - LFLS air -
(LFL® x4, )co, +( % LFLOZJH 0+ 0791- X - LFL )N, (7-26)
+[021(1— X —LFL2 )+ X —(a, x LFL‘})—(%x LFLO: ﬂoz

(v, xLFLS Je, Hy, +(y, xLFLS e, H, |+ (X)0, +[1- X ~ LFLS )Air -

LFLS (y,a, +v,3,)CO, + LFL%(—ylbl 2y2b2)H20+ 079~ X ~LFLY N, (7-27)

+[021(1— X —LFL®% )+ X - LFL%(y,a, + y,,) - LFL%[—ylbl Zyzbz ﬂoz
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whereLFL>:, LFLY:, and LFL: are the LFLs with dilution of inert gas for fuel 1

CaiHps, fuel 2 GHypo, and the fuel mixture of GHp;and GoHpz. y1 and y are the molar
ratios of fuel 1 and fuel 2 on the combustible bdgity,=1). X is the additional oxygen

volume concentration.

With the same operations as above, we can obtai(7E2B) by combining Egs.
(7-7), (7-8), (7-9), (7-10), (7-25), (7-26), andZ7) together. Eq. (7-28) can be
simplified as Eq. (7-29) under the same assummia@onstant flame temperature with

the same flammability criterion and flammabilitypapatus.

{Lre o, +a,)-(T, -T)Ce, + X(CPOZ -G, )} _

LFL®
yl{LFL(l)z (qc1 + qu)_ (Tfl —To )[CA:PAJr +X (CA:PO2 - cA:PA" )]}
LFLY (7-28)
e, ra)-0 -ve, +xbe, -6 )
LFLY:
L _ %, Y (7-29)

LFL® ~ LFL>  LFLS

When combustible mixtures are initially at non-aemticonditions, a similar
derivation can be performed, as above, at ambmmditions. Clearly, Eq. (7-3) still
works as a governing equation because it origifabes the energy conservation law. In
accordance to Hess’s law of chemical reaction (Ed.0) would remain valid regardless
of the reactants’ original conditions. Although ttleL changes with initial temperature

considerably, there exists a constant thresholgé¢eaturej.e., the lower flammability
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limit temperature below which flame cannot propadd®]. Therefore, dissociation of
products becomes negligible at non-ambient conuitias well as at ambient conditions.
Similarly, at the LFL conditions, reaction is oftdrermally controlled. When the
reactants’ initial temperature is not too high {{sat decomposition can be ignored), nor
too low and without phase transition, Egs. (7-17320), (7-23) and (7-28) still work
under the assumption of constant flame temperaktigat losses through convection and
radiation are mainly dependent on the final coond#iof the reaction system; especially
the flame temperature and the heat transfer paessep., heat exchange coefficiertt,
and gas emissivity,y, which are more dependent on temperature thasymes
Therefore, by using the same flammability detectioteria and the same flammability
apparatus with the constant flame temperature gssom Eq. (7-14) and (7-21) can
also be extended for the non-ambient conditionsn@ared to temperature, pressure
usually has little effect on the lower flammabillizit, as shown by a very sharp cut-off
at elevated pressures for lean fuel. Eventuallycarefurther confirm Le Chatelier’s law
application for the initial fuel/air reaction systavhen it is not at extreme conditions.
Moreover, the uncertainties occurring in the afoeatroned can be reduced by
cancelling some terms in the product equation bex#iey are simultaneously present
in the reaction systems with pure fuels and fuedtunes,e.g., the left sides of Egs. (7-
11), (7-20), (7-23) and (7-28) are related to gusds and its right side to the fuel
mixtures at different conditions, say, fuel mixtumeair, fuel mixture in air with
additional nitrogen, fuel mixture with a commonringas, and fuel mixture with excess

oxygen. As an example, Table 7.5 shows the LFLesadfon monoxide/n-butane
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mixtures through experiments and calculation usie@hatelier’s rule at atmospheric
pressure, but with different initial temperatur83]|[ which indicates that Le Chatelier’s

rule can predict experimental data well at the aorbient conditions.

For fuel mixtures containing three or more comhtalstcomponents at ambient
and non-ambient conditions, a similar derivatioogadure can be developed, with more
relevant variables and numbers to be added todiresponding equations. Finally, the
general formula of Le Chatelier’s law can be expeglsas Eq. (7-15) for the LFL of fuel
mixture in air, Eq. (7-18) for the LFL of fuel mixte in air with additional nitrogen
introduction, (7-24) for the LFL of fuel mixture thi an inert gas, and (7-29) for the LFL

of fuel mixture with excess oxygen.

Table 7.5.Lower flammability limits of carbon monoxide anebntane
mixtures at different initial temperatures.

Fuel mixtures Temperature  LFL ¢y, LFL cq
co CHuo (°C) (vol%) (vol%)
69.5% 30.5% 25 4.30 4.41
61.7% 38.3% 215 3.00 3.13
63.1% 36.9% 320 2.82 2.87

7.3 Le Chatelier’'s law on UFL

Similarly, Egs. (7-3) and (7-10) are also requiasdhe governing equations for
Le Chatelier’'s law verification at LFL. Under fueth conditions, combustion is

incomplete with unspecified products, thus, theaft’e molar heat of combustiait,
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may decrease rapidly as the fuel concentratioreasas toward the UFL. Chen [76, 77]
pointed out that at UFLs, most hydrocarbons willlengo an incomplete combustion
with the main products of GOH,O, H,, and CO, and the chemical reaction equation

can be expressed as Eq. (7-30).

C,H, +(a—%+ b;bljoz - aCO+(a-a)Co, +%H2 + b—2b1 H,O0O  (7-30)

where,a; is the mole of CO anlh/2 is the mole of kithat is produced under the

assumption that one mole of a hydrocarboiCis burnt.

If the chemical reaction in Eq. (7-30) is appliedte hydrocarbon mixture,
C Hu/CrHy, for estimating the UFL, then Le Chatelier’'s lamndoe approximated in Eq.
(2-51). However, the resulting predictions fromQCleatelier’'s law become unacceptably
inaccurate when they are compared with experimettse¢rvations for hydrocarbon
mixtures containing unsaturated hydrocarbons [VRis is because the thermal variables
alone are not sufficient to describe the combustieimavior at the UFL. At the LFL, the
combustion reaction is thermally controlled, whertfge kinetic reaction control is
dominant at the upper flammability limit [79]. Tpeesence of other fuels more or less
disturbs the combustion reactions of any fuel ended gases, especially at UFL
conditions [27]. For example, the UFL for the expemtal CO/H mixture deviates
dramatically from the corresponding values cal@adaising Le Chatelier’s law for the

mixture containing small concentrations of hydragemis is because the radicals from
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hydrogen, primarily OH, can significantly affecetbxidation rate of carbon monoxide

[88].

Previous works have done to investigate the natiiiee UFL phenomenon from
the viewpoint of chain theory of combustion [89hish defines the flammability limits
using a competition of chain-branching and charmteation reactions in a flame front.
However, the high complexity of chemical kinetidcombustion, such as: drastically
varied oxidation mechanisms at different tempeegt(i80], cool flame [91] and soot
formation [92] at different initial conditions arsgveral hundred elementary chemical
reactions [93], makes theoretical derivation ofCteatelier’s rule and generalization of
this rule at UFLs impossible. Additionally, unlikee LFLs, which are relatively
constant at high pressure and temperature, the O&bsary over a wide range of fuel

concentrations at high pressure and temperatuie [94

7. 4. Discussion

In this work, derivation of Le Chatelier’s rule wasnducted under the
assumption of constant flame temperature, whichpraged to be an inherently valid
conclusion, especially at LFLs. The Burgess and &érdaw states that the heat
liberated by a mole of lean limit mixture is neaclynstant (about 11.0 kcal/mol) for
most hydrocarbons burning in the air [95], andlibat releases from some organic
compounds containing one atom of nitrogen are atdun2 kcal/mol at lower
flammability limits [86]. It is commonly admittedhat the main combustion products of

lean fuel mixtures are left air. Therefobased on these results, the adiabatic flame
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temperatures turn out to be close to each othenémst fuels at LFLs. By using the
kinetic mechanism of flammability limit, Law and &éppoulos pointed that at the
lower flammability limit the dominant chain branohireactions, H+©— O+OH, and
the dominant chain termination reaction, H+&HO,+M, are the same for all
hydrocarbon/air mixtures. As a result, the lowanfmability limit is expected to occur

at the same adiabatic flame temperature [96].

7.5 Conclusion

In this chapter, Le Chatelier’'s law was deriveddshsn energy conservation,
where the detailed work focuss on the LFL. Only asgumption was used for Le
Chatelier’s derivation: a constant flame tempegatfar pure fuels and the fuel mixtures
during the flame propagation. Because of the haghmexity of chemical kinetics of
combustion at the UFLs, generalization of this @wUFL turns out to be impossible

when applying the same reaction mechanism as dilat

Because the same reaction mechanism in LFL conditam be applied to the fuel
mixture diluted with inert gas or varied oxygen centrations, we verified that Le
Chatelier’s law remains valid at these conditidygecifically, when the reaction
system’s initial temperature is neither too higadamposition can be neglected) nor too
low (no phase transition occurs), then Le Chatsliede still remains valid. Usually the
LFL is depicted by a sharp cut-off at elevated guess for lean fuel, thus it would be

more accurate to use Le Chatelier’s law at elevptedsure than at elevated temperature
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because the reaction mechanism is significantlddent on temperature rather than

pressure.
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CHAPTER VIII

CONCLUSIONS AND FUTURE WORK

8.1 Summary and conclusions

In this research, the LFLs and UFLs of binary hgdrbon mixtures in air at
ambient conditions (room temperature and 1 atmogppeessure) were measured. The
obtained experimental data include LFLs and UFLth w&hd without inert gas dilutions
(nitrogen as an example was applied). The testamhphydrocarbon mixtures include
the some of the combinations of low-carbon hydrocas, methane, ethane, propane, n-
butane, ethylene, propylene, and acetylene. Théogexh flammability apparatus is a
cylindrical two-end-closed vessel with the geometiry.D. 10.52 cm and length 100 cm.
The applied flammability detection criterion is neainas the thermal criterion, by which
a certain flame propagation distance, 75 cm, iscsetl as the standard of continuous
flame propagation. To determine the flammabilitgits (LFL and UFL), a series of
experiments were conducted at different fuel cotreéions, and at every concentration
point, the probability of continuous flame propagatwas recorded. Finally,
flammability limits were estimated by choosing fboel concentration with 50%

probability of continuous flame propagation.

By comparing experimental data with the predictibrosn Le Chatelier's Law
for binary hydrocarbon mixtures without inert galsitibn, we obtained the following

conclusions: (i) all the LFLs of fuel mixtures che fit by Le Chatelier’s law within the



175

experimental uncertainties; (ii) the law-predictédlLs of fuel mixtures which contain
two saturated hydrocarbons can roughly represe@Hagelier’s law; (iii) however, for
UFLs of fuel mixtures containing at least one unsstted components, Le Chatelier's
law fails to work. The way to modify Le Chatelietew is to add powers to the
percentage concentrations of fuels. The certainegabf added powers are based on the
maximum R-square principle. For different fuel canathions, the powering values were

different and there seems no direct connection gntloem.

Nitrogen dilution effects on binary hydrocarbon tape include the variations of
LFL and UFL at different additional nitrogen contrations, and the minimum inerting
concentrations (MICs). The experimental resultscaid that LFLs of binary
hydrocarbon mixtures remain almost constant witttitawh of nitrogen, while UFLs
decrease dramatically. Approximately, all the bynlaydrocarbon mixture LFLs are
linearly related to the additional nitrogen concatibns except the flammability nose
zone, which is similar to the fuel UFLs of fuel mires without containing no ethylene.
A quantified characterization of LFL with the addital nitrogen can be linearly
regressed for all the selected hydrocarbons (methethane, propane, n-butane,
ethylene, propylene) and the combined binary meguModification of Le Chatelier’s
law with nitrogen dilution was conducted througk trefinition of inert gas dilution
coefficient. The nitrogen dilution coefficient orFL is defined as the slope of the linear
fitting line from the selected pure hydrocarbondual mixture LFL can be estimated
from pure fuel properties. The nitrogen dilutioreffecient on fuel mixture LFL can be

optimized as the summation of the reciprocal ofghee fuel’s dilution coefficient with
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a volume composition weighting factor. The quatiti&arelationship of fuel mixture

UFL with the added nitrogen is approximated toibedr except mixtures containing
ethylene, and the similar operation was conduaiatetermine the nitrogen dilution
effect on the UFL of pure hydrocarbons and bingmrbcarbon mixtures without
ethylene. For fuel mixtures having ethylene, atretaof the square root of UFL with
additionally introduced nitrogen is linearly illuated. The MIC occurs at the converging
point of the LFL and UFL with dilution of inert gas. An equal relation between them
can be applied to calculate the MIC as a functiotihe fuel mixture LFL, UFL and the

dilution coefficient.

CAFT modeling for nitrogen dilution effect on biydnydrocarbon mixtures was
performed as well. This model includes a three-ptegedure: (i) estimate the
calculated adiabatic flame temperature of pure fiiglestimate the calculated adiabatic
flame temperature of fuel mixture; and (iii) estim#he flammability limits of fuel
mixture at different additional nitrogen concentias. With certain assumptions
including the constant adiabatic flame temperatagardless of additional nitrogen
introduction and the heat sink property of addecbgen, CAFT modeling was proved
to be a powerful method to estimate the LFLs of futures with additional nitrogen
(except the flammability nose zone). Particulaniyrogen dilution of LFL of fuel
mixture is dependent on the heat capacities abgéin and oxygen. At the range of
initial room temperature through final adiabatanfle temperature, nitrogen heat
capacity is almost equal to that of oxygen. Theesfthe LFLs of all the selected

hydrocarbons nearly stay constant, which is comsisvith experimental observations
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except the flammability nose zones. Because conamustechanism at UFL conditions
is different from that at LFL conditions, CAFT madibg loses its efficiency when the
same assumptions were applied to the UFL casembs¢ possible reason is that the

calculated flame temperature changes at differgditianal nitrogen concentrations.

Because Le Chatelier’s law is the simplest andribst popularly used approach
to estimate fuel mixture flammability limits. A tbeetical derivation was proceeded and
its applicability was verified at different conditis, e.g, fuel mixture with inert gas
dilution, fuel mixture at varied oxygen concentoat, and at non-ambient initial status
for fuel mixture system. The deriving work focussdLFL with the only assumption of
constant flame temperature for pure fuels anddbkerhixtures during the flame
propagation. Because of the high complexity of dleahkinetics of combustion at the
UFLs, generalization of this law on UFL turns onioe impossible when applying the
same reaction mechanism as did at LFL. This thisatgirocess indicated that Le
Chatelier’s law remains valid with inert gas diautiand at varied oxygen
concentrations. Specifically, when the reactiortesyss initial temperature is neither too
high (decomposition can be neglected) nor too leavghase transition occurs), Le

Chatelier’s law still remains valid.
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8.2 Future work
8.2.1 New flammability apparatus

So far, all the presented flammability data in tieisearch focus on the ambient
conditions, and the flammability apparatus avadahlthis research was limited to
ambient conditions, or those at low pressure ancthrtemperature. However, the
flammability properties at non—ambient conditioagy(, different temperature and
pressure) are extremely sought after for the chalmpiocess industries. Because
flammability limit is not an intrinsically fundaméad property, experimental
flammability always has the priority over the madglprediction for accurate
flammability purpose. Moreover, a more compreheglgimumerical or theoretical
analysis based on experimental flammability datguires a larger database including

those at ambient as well as non-ambient conditions.

An innovative flammability apparatus is proposedFigure 8.1. For a high
temperature and pressure flammability feasibibty,8 little spherical reaction vessel
with maximum temperature and pressure up to°85and 350 MPa is proposed here
from Goethals work [97]. A high quality heater wriliable controls (e.g., heating rate)
will be used to heat and control the fuel/air terapgre inside the reaction vessel. To
favor gas mixing in the reaction vessel, a magrstiidng bar will be installed to create
turbulence and speed stirring. Gas components edwalled into the vessel through gas
loading manifold, which is connected to differeasgylinders, and liquid components
will be injected through the liquid syringe pumgeltemperature and pressure gauges,

including gas loading, fuel/air initial status $ati, dynamic temperature and pressure
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tracking, and the maximum temperature and presatee;onducted through high-

performance temperature and pressure sensors, atadbcated inside and outside of

the reaction vessel.

Vacuum Pump

Ingitor

Pres. Sensor

[ Fuet-3 [
o
o

...........

. Syringe Pump

___________

Pres, PSensor

Mary kay O0Conner Process Safety Center

Instr. Alr
Automated 8L Flammakllty Apparatus

., ENGR. BY: Fuman Zhao
Group Solinoid Vaolves

DRAW BYi Furan Zhoo
DATE Novenker 20, 2010

Fig. 8.1.Schematic representation of the new flammabiliyaaatus.

Igniter system used in this new proposal is sintathat outlined in ASTM E

918-83 with the capable of inputting 10 J of enefgyr a high efficiency purpose, here

a multiple ignition source is proposed with 6 peoé fuel wires. The ignition source is
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a 10 mm piece of AWG 40 tinned copper wire, whigkaporized by a 500 VA
isolation transformer at 115 V AC switched on watkero-crossing solid state relay, and
the current is delivered beginning at the zero poireach AC cycle. Figure 8.2 shows

the igniter system circuitry.

Isolation
Transformer

500 VA Ad justable Load

Rististor 100 Q

%‘ ‘% Solid State Relay ‘
Fuse Wire Ignitor
© © <\

120 VAC
‘®7

Fig. 8.2.Ignition system circuitry.

Additionally, the new flammability apparatus is posed to be automated. That
can be realized by using the actuated parts @benoid valves, actuated valves) and
LabVIEW controls for automatic data acquisitiondautomatic operation including gas

feeding, fuel mixture ignition, reaction productrgung and venting.

The flammability detection criterion is the partmkssure rise. A 7% pressure rise
is applied from the ASTM flammability testing staand, but it is fit for 1 L reaction

vessel. Crowl [98] suggested a pressure rise rafgel0 % for flammability limit
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detection. The definite pressure rise value wilfibally determined through

experimental calibration using this apparatus.

8.2.2 Combustion simulation at UFL using CHEMKIN-CFD

As indicated from our current findings from thisearch, combustion at UFL
condition becomes extremely complicated, and i turt to be impossible to predict
UFL accurately using simple reaction mechanismragsions. To obtain accurate
flammability data, experimental flammability areefarable; however, experimental
measurement is always effort intensive, becausenfiability limit value changes with
the external and internal test conditions, e.gnpierature, pressure, and also there exist
numerous fuel mixtures. Therefore, a proper combugirogram for UFL simulation is

strongly sought after.

Theoretically, flammability limit is a heat balanfsature with a critical flame
temperature when flame propagates further. Spatlifiche generated heat from
combustion is absorbed by surroundings to raiseitineacted gas attached to flame
front to the critical temperature, over which flaoen propagate continuously. Therefore,
a fundamental approach to solve UFL problem ishtaracterize fuel oxidation kinetics
over a certain temperature range, as well as thardics of heat and mass transfer

processes in a developing flame.

Modern chemical reaction program, CHEMKIN is alnggadoviding unparalleled

simulation accuracy for commercial combustion aradamals processing industries;
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however, its accuracy is limited to some certaindittons, for example, a non-stable
combustion. Combustion at flammability limits im@n-stable combustion, when reactor
quenching effect becomes indispensible, the flanilitalkbmit from CHEMKIN

simulation will deviate from experimental obsereatisignificantly.

The popularly used CFD simulation has many powedyéulefits, but it is not well
equipped to handle the accurate reaction mecharbisoaise it forces designers to
sacrifice chemical accuracy for accuracy in geoynatid flow. Typical CFD solutions
can only handle global (single-step) reactions seteof severely reduced chemical

reaction steps.

Software CHEMKIN-CFD is a new, joint software pragr, and designed to
couple detailed chemistry with third-party CFD cedi extends the power of
CHEMKIN into CFD, enabling the introduction of maomecurate chemistry into reacting,
fluid flow simulations. It possesses the capaletitio calculate kinetics and transport

problems simultaneously other than only stiff difietial equations.

Because the posed power from CHEMKIN-CFD and thelmgstion properties at
flammability limits, it is extremely feasible to @ CHEMKIN-CFD to predict UFL at

different conditions.
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