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In the present study, propane/oxygen and natural gas/oxygen diffusion flames within laminar
regime have been investigated experimentally to determine the effects of oxidant preheating
and diluting. This research has been divided into two parts. At first, effect of oxygen dilution
with nitrogen and carbon dioxide gases has been investigated. In this section, stability and
flame configuration variations are studied. Furthermore, it is inferred that combustion of
natural gas and propane with pure oxygen can increase flame stability against increasing the
fuel jet velocities through increasing burning velocity of the flame as compared with the
combustion of natural gas or propane with normal air. In the other part, oxidant stream
preheating up to 480 K and contemporaneous diluting with nitrogen or carbon dioxide are
investigated and results are compared with non-preheating tests. Preheating causes more flame
stability with respect to dilution process. Also, Due to combustion products temperature rise
and also reduction in ignition delay time in preheating, these flames are more stable and also

visually more luminous in comparison with normal temper ature flames.
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1. Introduction

In diffusion flames, mixing rate comparing to tleaction rate is slower, so that mixing processrotst

the burning rate. In such flames, fuel and oxidiz@me together in reaction zone due to moleculdr an



turbulent diffusions. The fuel can be a gaseoukjét®r a condensed medium (either liquid or sodidd
the oxidant may be a liquid or gas stream or enwitental air. The distinctive characteristic of iudiion
flame is that the burning rate is determined by rttiging rate [1]. Diffusion flames are very impanta

from the viewpoint of practical and fundamentakash.

Extensive researches have been performed on fdebddizer dilution in diffusion flames [2-6]. Efte
of fuel or oxidizer dilution and fuel to oxidantti@ on flame configuration, temperature, lift-oféight
and consequently on flame stability and pollutioa @ery significant and they are very effectivel timw
controlling flame.Therefore effects of diluents on structure and stability sfsgmmetric lifted laminar
diffusion flames have been investigated by Reaml. [2]. They found that effect of COon flame
structure and stability is more than. MBecause, Cohas greater heat capacity and lower transferimate
comparison with BN In spite of investigating methane diffusion flarsucture for different oxygen
percents, they didn’t study the effect of prehegtigactants strearduddocet al. [3] reported an enhanced
maximum temperature and combustion products mastidn due to decreased nitrogen level in mixture
on laminar counterflow diffusion flames. Moreov&hosalet al. [4] studied theoretically on lift-off and
subsequent blowout in laminar diffusion flame. Thésearch despite rendering solution for diffusion
flame lift- off height, (because of assuming sped#fusion rate constant) couldn’t give reliabésults in
diluting conditions. Usowicz [5] considered visibdegion length as ethylene diffusion flame lendth.
another research that was performed by Sulligaal. [6], methane-air laminar diffusion flame was
considered. They diluted methane with ammoniaNtid observed that N@mission level diminished

up to 50% in confined use of ammonia.

Preheating is one of the other topics in diffusflaimes which mainly investigated [7-12]. Oxidizer
preheating provides stable flame in expanded rahgeaxing rates and also brings more uniform thdrma
characteristics within the combustion chamber. i@neiases combustion efficiency. Preheating is dne o

the flame stabilizing mechanisms that speciallyonees important in lower levels of oxygen in oxidant

[71.

The effects of preheated air on laminar co-flowpamee diffusion flames under normal and microgravity
conditions were studied by Ghaderi Yeganeh [8].hWiptical emission spectroscopy and direct flame
photography, CH and LCemission intensity profiles were obtained as thddmensional spatial
distributions. He reported that 400 degrees ineréasair temperature causes a 37.1% decline ineflam
length. Gupteet al. [9] utilized an industrial burner for preheatingdadiluting air with N in methane,
propane, acetylene and hydrogen diffusion flaméeyTpreheated oxidizer up to 1100 K and reported a
30% reduction in energy consumption. Christoal. [10] and Medwellet al. [11] studied co-flow
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diffusion fuel jet combustion along with a secondaurner combustion products and environmentalltair.
was concluded that diminishing oxygen concentratioroxidant stream from 9% to 3%, reduced gas
temperature up to 13%. Mishetal. [12] investigated the effect of adding Hto composite LPG-kifuel

jet on laminar flame length, gas temperature ang &iission level. Research was accomplished for non-
preheating and preheating up to 470 K situatiomeyTrealized that adding,Hesults in flame length
reduction. They also observed that preheating laivgawith adding hydrogen to fuel stream, decreases
flame length further than non- diluting state. Mmrer, with preheated air, flame length diminishasher

in comparison with non- preheating state. Moeral. [7] studied the effect of preheating reactants in
methane- oxygen diffusion flame. They varied terapee in the 298-398 K range. They showed that
increasing temperature diminished residence time tduenhanced velocity. Therefore stoichiometric

mixture formed in upper height and lift-off heiglose.

Regarding The literature review, it is inferred ttlt@incident implementation of incoming oxidizer
preheating with adequate dilution can be an effeatemedy for establishing a high efficient, stabill
flame with fuel saving and pollutants reductionpiractical combustion systems. Also, according ® th
literature review, it seems that experimental reean the effects of adding nitrogen and carbaxide
on natural gas and propane flame structure (as evoih on hand and widespread energy resources) in
coaxial diffusion flames have not been investigaaeéquately. Hence the present study is focused to
investigate the effects of adding nitrogen or carb@xide along with preheating oxidizer on visible
flame length and flame structure in propane andrabgas laminar diffusion flames.

2. Experimental Method

A co-flow burner is used for experiments. Figurshbws a schematic of the burner. In this burned, fu
nozzle has 4.8 mm inner diameter which is locatethé centerline of a pyrex tube with 11.14 mm ne
diameter and 1 meter height. The material of thel Fwzzle is brass with a 0.4 mm thickness. The
Oxidant stream flows from area between fuel nozzid pyrex tube and mixes with outlet fuel from
nozzle. The axis of pyrex tube and fuel nozzlepdaeed coaxially. Pyrex tube prohibits environméata
to be involved in combustion. In these experiments, initiate from pure oxygen and gradually with
decreasing oxygen molar percent, nitrogen or caitioride enters into the oxidant stream (dilution
process). An electrical heater is used for prehgdtie oxidant stream. The flow rates of the oxicamd
the fuels are metered by the calibrated flow metensinted in their respective feed lines. High dyali

digital pictures (Power Shot G6 Canon) with higiptoaing velocity (0.1 msec) are taken for analyzing
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the flame behavior. In this study, luminous zonegth is taken as flame length [8]. Flame length
measurement accuracy is a tenth of millimeters.rélying on reported data, the experiments hava bee
carried out for several times. The Parameters ddoredemonstrating flame lengthgfland lift-off height

(Hy) are indicated in Fig. 1. The Flame stability bebais studied by increasing the oxidizer dilution
percent until the flame begins to blow off. Fuelkeam is always in the room temperature (25°C). In
performing tests, a parameter is defined that shdilusion percent. This parameter is indicated by Z
When the base of the diffusion flame lifts off frdime burner tip and remains suspended at a certain
distance above the burner, we call this phenoméfiandf.

S

Pyrex Tube
Pyrex Tube

Figure 1- Schematic of the coaxial burner along with alifted flame

3. Resultsand discussion

In this study, first the effect of increasing fustteam velocity while oxidant stream velocity igoke
constant is studied; and in continuation for eatthe fuels four experiments have been accomplished
These experiments are effect of oxygen dilutiorhwii, effect of oxygen dilution with C§) effect of

preheating and oxygen dilution with,Nand effect of preheating and oxygen dilution wif©,,
respectively.

In diluting experiments process, the fuel velogityalways 6 cm/s. the Oxidizer velocity is selechsd
equal to the fuel velocity. In preheating condiipthe oxidizer stream temperature is 480 K antowit

preheating is equal to the room temperature (298 TKe Fuel temperature is 298 K in all of the
experiments.



3.1. Effect of fuel stream velocity

In this section, for investigating the effect okfstream velocity in constant oxidant stream \igjo@
separated experiments have been done for each Airend pure oxygen are utilized as oxidants
respectively. In both experiments, the oxidantsstrevelocity is constant and equal to 6 cm/s. thiel@nt
and the fuel inlet temperatures are both 300 K.nBkels number varies from 4 to 150 for natural gag a

from 15 to 250 for propane in laminar regime coe$in
3.1.1. Effect of natural gas fuel velocity

As figure 2 demonstrates, the flame length is lowepure oxygen state comparing fuel/normal air
combustion.This is due to increase in oxygen concentratiomixing zone and raising oxygen mixing
rate with fuel that causes flame length declifiee presence of enough oxygen in combustion zausle
the mixing and consequently combustion processethdofast and complete mixing and reaction in
combustion zone. For instance, in the combustiotheffuel with pure oxygen, with the imagination of
the fuel and the oxidizer streams as parcels, tipegeels can meet each other and then create
stochiometric combustible parcels in the nearedspga the fuel and the oxidizer inlet ports, sattthese
combustible parcels can burn intensively and effitiy inside the limited zone. According to this
impression, in air oxidizer situation, lower measaf oxygen in mixing zone makes flame to havehient
length. It is considered that with increasing thelfiet velocity, the flames length discrepancyaries
through increasing the fuel measure in constardamti amount and is predictable. Variations arealine
for both oxidants. It is necessary to note thathenbasis of equation (1) [13]:
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(whererJL is the laminar diffusion flame Iengt??'f is the fuel stream velocity; is the fuel nozzle

radius and? is the mixing rate, respectively) laminar diffusiiame length has straight proportion with
fuel stream velocity and inverse with mixing rat8] The Fuel stream velocity effect results agrestm
with theoretical equations shows experiments implaietion process veracity. Furthermore, as it @n b
seen in Fig. 2, the natural gas/ pure oxygen flanery resistant and stable against increasingdtod
inlet velocity of fuel. This is due to this factathusing pure oxygen instead of normal air incredke



flame burning velocity and this way it can broadbka flame stability region so that the flame can be

stable even at higher velocities as compared wraagas/normal air flame velocity [14].
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Figure 2- Natural gasflamelength variations with increasing fuel stream velocity for air and oxygen

3.1.2. Effect of propane fuel velocity

As it is evident in figure 3, the propane flalaegth is lower in pure oxygen state. The resulnbre
accessible oxygen and consequently rising mixirig. rehe Propane flame has higher flame length in
similar oxidant condition in comparison with natugas flame. This is due to further carbon radic¢als
reaction zone that makes them to traverse furtiséarcce to approach their necessary oxy@agarding
constant flow rate of oxidant stream for both naftuas and propane conditions and more carbon of
propane as compared to natural gas, for stoichi@cregimbustion of propane and normal air/pure oxryge
comparing natural gas combustion, more oxygen edee. Achieved results from this section have

coincidence with eq (1) and confirm our experimeémiglementation process.
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Figure 3- Propaneflamelength variations with increasing fuel stream velocity for air and oxygen



3.2. Effect of oxygen dilution with N, and CO,

In this part of the study, effect of oxygen diluties studied. The Oxidant stream volume flow rate i

chosen 36 lit/min so as to the oxidant stream vldecomes 6 cm/s.

3.2.1. Dilutionincluding propane as fuel

As it is shown in figure 4, increasing Idercent in oxygen enhances the flame length ghiyddis is
due to diminishing available oxygen for fuel decasgd radicals which causes them to traverse farther
distance for perfect mixindn dilution process, with increasing l[gercent, luminosity of flame and also
combustion products such as carbon dioxides anerwapors decrease. These phenomena occur through
lack of enough oxygen in combustion zone and disoffame temperature reduction and consequently
emission intensity reduction from carbon radicadd aombustion products such as carbon dioxide,rwate
vapor and etc. In high percents of dilution, flalifteoff occurs and finally flame blows out. Flantdow-
out limit in diluting oxygen with Nand with propane as fuel is in 85 molar percemi.ofT he flame color
follows from radiation of distinct wavelengths theatits during the combustion process. The bluisitevh
and blue color of the high calorific fuels, likeopane, with high oxygen concentration is resulktsnfr
chemical reaction of atomic carbon to carbon mam®xand subsequently carbon dioxide during
combustion process. The yellow part of the flamo¥es from the imperfect combustion of the carbon
within the fuel. The Flame lift-off from the fuelomzle occurs due to delay in stoichiometric mixture
formation. Because dilution diminishes oxygen molacconcentration level and consequently it rezgiir
more time for making stoichiometric mixture. Asesult, stoichiometric mixture forms in a higherdtgi
from the fuel nozzle. Moreover, diluting diminishBame maximum temperatur&igure 5 indicates
images captured from dilution process of oxygemw@o, related to propane fuel. In this test, blow-out
limit arises in 75 molar percent of GOWith increasing C@ molar percent in oxidant stream, again
gradual flame luminosity reduction is observed.ilAsstrated in prior part, this is due to decreas#lame
maximum temperature. In diluting with carbon diexidlow-out happens in lower percents of diluents in
comparison with N addition method. Since GMas higher thermal capacity than $b that it reduces
flame maximum temperature further and makes it mum&table. Consequently flame diluted with £O

blows out earlier.
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Figure 4- Effects of diluting oxygen with N, along with propane fuel. Each of the figure points matches with one of the
flamesfrom left toright, respectively.
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Figure 5- Effects of diluting oxygen with CO, along with propane fuel. Each of the figure points matches with one of the
flamesfrom left toright, respectively.

3.2.2. Dilutionincluding natural gas as fue



In figure 6 dilution of oxygen with Nand for natural gas fuel is indicated. The Flahosvkout limit in

diluting oxygen with N and for natural gas as fuel is 79 molar percemilafion. It is discovered that in

low percents of dilution, a luminous zone can benseo that this zone disappears gradually with
increasing dilution percent. In high percents dfitibn, first, the flame lifts off and subsequentiipws

out. In lift-off situation the flame color in allfdhe points becomes blue and luminous zone decays.

Because of lower maximum temperature, natural lgasef lightens less than equivalent propane flame,

i.e. in the same dilution percents, propane flahieres in contrast to natural gas flame. Additiondift-

off height is greater in natural gas flame. In figi7, the effect of oxygen dilution with GOn natural gas
flame has been investigated. In this test, likedther tests at the present study, the dilutiorseadlame
shininess reduction, height enhancement and eubntifiaoff and blow-out. Flame blow-out limit for

this experiment is in 73 molar percent of LO
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Figure 6- Effects of diluting oxygen with N, along with natural gas fuel. Each of the figure points matches with one of the
flamesfrom left to right, respectively.
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Figure 7- Effects of diluting oxygen with CO, along with natural gasfuel. Each of the fig. points matches with one of the
flamesfrom left to right, respectively.

3.3 Effect of preheating and diluting oxygen with N, and CO,

In this section of the experiments, effectsorfgen diluting and preheating have been studiéd T
Oxidant stream temperature during mixing with thel fstream is 480 K. However, the fuel stream has
298 K temperature. For diluting oxygen streamalNd CQ streams are used. In this part, the flame length

is compared to without preheating section.

3.3.1 Diluting and preheating oxidant stream including propane as fuel

The Direct images captured from propane diffasilame with preheating and diluting oxygen with
carbon dioxide are demonstrated in fig. 8. Dilutingh CO, reduces flame shininess and finally with
increasing flame dilution percent, lift-off and tleut occurs. In dilution process, the flame’s eidue
to reduction in oxygen content increases. In thiseement, the flame blow-out happens in 77 molar
percent of carbon dioxide. Propane preheated flaasehigher maximum temperature than natural gas
preheated flame which causes more luminosity. Qlslo due to this fact that preheated oxidizer gwsin
an additional enthalpy to combustion zone, it Gaser combustion products temperature resultingdarem
luminous flames. Furthermore, because of increagiagflame stability region against increment of th
fuel jet velocity in preheated oxidant conditiordaaiso raising oxygen radicals’ reactabilities letan

non-preheating state, Oxidizer preheating deldisfii time, i.e. lift-off occurs in upper dilutiopercents
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[15]. However, due to bringing more enthalpy to bostion zone and also reduction in ignition delay
time, lift-off height diminishes. Variations of tliame length and lift-off height aggregate as rection of
oxygen dilution percent with CQand in two states of with and without oxidant mating have been
brought in fig. 8. As it is indicated, with prehimat oxidant, flame visible region length decreasSdse
Flame length reduction value for the process aleith oxidant preheating than non-preheating state

enhances from about 5% for pure oxygend>%0) to 30% for 70 percents of dilution £¢=0.7).

Increasing CO, molar percent
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Figure 8- Comparing flame lift-off and height sum with dilution percent in diluting oxygen with carbon dioxide and with
propane fuel in oxidant preheating and non-preheating states.

Figure 9 shows direct images taken from prophfiesion flame with preheating and diluting oxyge
with N,. As figure 9 implies, increasing,Nmolar percent in oxygen makes flame length greatet
eventually brings lift-off and blow-out. Dilutionimdinishes flame shininess. In this experiment, am
blow-out takes place in 87 molar percent of nitrogene Rise in temperature of combustion products due
to oxidant preheating causes shininess for pretiefltane with respect to not-preheated flame.
Comparing oxygen dilution with Nand for propane fuel in two estates of preheatet reot-preheated
flame has been performed in fig. 9. As figure 9datks and it is expected, preheating diminishesdl
length and stabilizes it in respect of dilution g&ss. This reduction is negligible with respecflame
length in lower percents of dilution. In this wadye to increasing mixture reactability and reactiate,
Preheating is one of the stabilizing mechanismflashe during dilution procedure. The Flame length
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reduction value for the process along with oxidargheating than non-preheating state enhances from
about 3% for pure oxygen {¥=0) to 20% for 80 percents of dilution (3<0.8).
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Figure 9- Comparing flame lift-off and height sum with dilution percent in diluting oxygen with nitrogen and with
propane fuel in oxidant preheating and non-preheating states.

3.3.2 Diluting and preheating oxidant stream including natural gas asfuel

Figure 10 shows pictures of the flame during préhgaand diluting oxygen with carbon dioxide
including natural gas as fuel. Like the other petimg states, the oxidant temperature is 480 Kirgur
dilution process, as it is expected, the flame gites and gradually loses luminosity. This is due t
decrease in the flame maximum temperature and oxggatent. Eventually, the flame color becomes
thoroughly blue and afterwards lift-off occurs. THame blow-out limit in this case is 75 molar parc
of CO.. Although, the oxidant preheating reduces lift-officunt, lift-off occurs in upper percents of
dilution. Rising oxygen radicals’ reactability is the primagason. Moreover, as it is mentioned before,
preheated oxidant can broaden flame stability redip regulation of the diluted flame burning spéed
combustion zone. For instance, by preheating @friting vitiated oxidizer, the reaction rates, igmit
delay time and consequently burning velocity camfifiected so that it can lead to higher burningeity
in a mixed parcel of diluted oxidizer and specfiiel [16]. The flame length reduction value for the
process along with oxidant preheating than nongathg state enhances from about 5% for pure oxygen
(Xco02=0) to 20% for 71 percents of dilution §%=0.71). In figure 10, the effect of oxygen dilutiaith
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carbon dioxide including natural gas fuel and i tstates of preheating oxidizer and without prehgat
oxidizer has been showBYy increasing the oxidant stream temperature, catidou completes within a
smaller domain and results in a shorter flame $iledural gas total conclusions are the same asapsp
In preheating case, blow-out occurs in 75 molaceetr of CQ and without preheating happens in 73

molar percent of CQ
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Figure 10- Comparing flame lift-off and height sum with dilution percent in diluting oxygen with carbon dioxide and with
natural gasfuel in oxidant preheating and non-preheating states.

In figure 11, digital pictures captured from pretimg and diluting oxygen with Nand with natural gas
fuel are observedMixture (N,+O,) temperature is 480 K during integrating into fagkam. In this case,
like the previous cases, preheating diminishesofiftheight sorely. The Flame blow-out occurs in 84
molar percent of nitrogen. The flame length redarciralue for the process along with oxidant prahgat
as against non-preheating state enhances from 8bodor pure oxygen (3=0) to 33% for 73 percents
of dilution (X\>=0.73).In figure 11, comparing between preheated flame rmarchal temperature flame
for diluting oxygen with N has been carried oWith preheating, blow-out occurs in 84 molar petazhn

N, and without preheating occurs in 79 molar percent.

13



Increasing Ny molar percent
—_—

25 1

20 —— withoutpreheat o
.
®  preheat "
15 .
.

T Oigizer (Preheat) = 480K S/

»
10 T T onigizer (Without Preheat) =298 K .~

Hf+Lf (mm)

5;‘__4_*40—/ i

0 10 20 30 40 50 60 70 80 90
Z=[N2J/([N2]+[02])"100

Figure 11- Comparing flame lift-off and height sum with dilution percent in diluting oxygen with nitrogen and with
natural gasfuel in oxidant preheating and non-preheating states.

3.3.3 Effect of changing fuel type on preheating and diluting oxygen oxidizer

Figure 12 contrasts propane with natural gagr@heating and diluting oxygen oxidizer with carbo
dioxide. As figure 12 implies, propane flames amegler and more stable, i.e. blow-out occurs in uppe
dilution percents. This is through higher orderpobpane in respect of natural gas and having furthe
carbon radicals in combustion process. With inéngaglilution percent, scale of the flame length
variations is greater in propane flames than nhgaa flames, i.e. dilution, raises discrepancyvieen
natural gas and propane flames length. This madterelated to physical properties of propane as
compared to natural gas which almost comprises ethame as a prevalent fuel. Regarding combustion
characteristics of propane and methane, propangeflaas lower auto ignition temperature and higher
burning velocity in air and consequently wider digbzone for proper burning [16]. In figure 13nslar
to previous figure, the effect of replacing fuepéyon preheating and diluting oxygen oxidizer with

nitrogen has been investigated.
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Figure 12- Effect of changing fuel type on preheating and diluting oxygen oxidizer with carbon dioxide.
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Figure 13- Effect of changing fuel type on preheating and diluting oxygen oxidizer with nitrogen

4. Conclusion

In this researcinvestigating the effects of pure oxygen oxidafititig and preheating on natural gas and
propane laminar diffusion flames is oriented. lis ttudy, it is inferred that Diluting oxidizer WitCQO, &

N, eventually causes lift-off and blow-out. For dihg oxygen with carbon dioxide this lift-off occuirs
lower percents of dilution. This is due to uppesrthal capacity of carbon dioxide. Also, in dilutingth
propane fuel lift-off takes place in upper molargamts of CQ & N, in respect of diluting with natural
gas fuel. Furthermore, it is understood that withréasing dilution percent, length increase slape i

greater in propane flame in comparison with natgaal flames.

From preheating of normal and vitiated oxidizeewpoint, the following results are extracted. First
Oxidizer preheating diminishes visible region ldmgte. increases chemical reaction rates. Secpndly
preheated oxidant stabilizes flame against diluporcess and lift-off occurs in upper dilution pents.
Thirdly, Propane flame is so longer than natural fimme through presence of more carbon radicals th
enlarges reaction zone. Also, Due to more heatselén propane combustion, these flames are more
luminous than their natural gas counterparts. Magedrom considering the flame luminosity aspéds
found that preheated flames are more luminous tloamal temperature flames visually, because difigisi
flame maximum temperature. Also, preheating oxiddecreases lift-off height sorely. However, delays

it; i.e. lift-off occurs in upper dilution percents

Nomenclature

Z - Dilution percent, [-] X; -Molar percent of | in oxidant stream, [-]
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