IMPACT OF P -1 RADIATION MODEL ON SIMULATED FREE JET F LAME
CHARACTERISTICS OF G ASEOUS FUELS: CFD WITH PDF APPROACH

HassanF. ELATTARY?, Eckehard SPEEHT?, Bandar AwadhALMOHAMMADI * Mohamed H.
MOHAMED®, HassaneinA. REFAEY*®

! Department of Mechanical Engineering, Benha Faculty of Engineering, Benha University, Benha,
13511, Egypt

2 Department of Mechanical and Materials Engineering, Faculty of Engineering, University of Jeddah,
Asfan Road, Jeddah 23890, Saudi Arabia

? Instituteof Fluid Dynamics and Thermodynamics, Gtn-GuerickeUniversity of Magdeburg,
Universitatsplatz 2, 39106 Magdeburg,

* Department of Mechanical Engineering, College of Engineering at Yanbu, Taibah University, Yanbu
Al-Bahr 41911, Saudi Arabia

®> Mechanical Engineering Dept., College of Engineering and Islamic Architecture, UrGurAl
University, PO 5555, Makkah, Saudi Arabimi{mohamed@uqu.edu)sa

® Department of Mechanical Engineering, Faculty of Eagiing at Shoubra, Benha University, 11629
Cairo, Egypt

* Corresponding author; Emahassan.alattar@bhit.bu.edu.eg

Simulation and analysis of a turbulent free jet flame erupting into still air
are done using computational fluid dynamics (CFD). Using 2D
axisymmetric numerical modeling in ANSM8ent 14.5. Three distinct
kinds of gaseous fuelre used: methane, carbon monoxide, and Biogas
(50 % CH and 50 % CQ. The effects of thermal radiation redithg
utilizing the R1 radiation model on the behavior of a free jet flame are
investigated and the impacts of air temperature and fuel velocity on the
flame length are also provided. The findings demonstrated that the radiation
modeling did not affeche temperature distribution and flame length for CO
and Biogas (i.e., lower heating value fueld)levertheless, the air
temperature and fuel kincbnsiderably impadhe flame behavior. While the
fuel inlet velocity (i.e., burner power) does not affect tlaene length.
Additionally, free jet flame velocity and length numerical correlations
considering radiation modeling are predicted and presented with allowable
errors. A comparison with earlier experimental correlation proved
successfulwith a maximum &r o r of N9 . 4 %.

Keywords: CFD simulation; Free jet flame; B radiation model; Non
premixed flame; flame length


mailto:mhmohamed@uqu.edu.sa
mailto:hassan.alattar@bhit.bu.edu.eg

1. Introduction

Flames are often used in turbulent jets in various practical combustion processes, such as
crystallization, mixing, drying, preci@tion, polymerization, and extractionrSome industrial
processesvere devised and developed to produce desired prodlgimg unbounded (free) and
bounded jets for these processes is applicable because they are simple to implement, output highly
turbulent flows, andhave high mixing efficiencies. A jet that exits the nozzle due to a pressure
differential and is injecteduickly into the medium without taking the impact of any solid boundaries
into account is referred to as a free jet. Tla@ dynamics behaviothrough the jet controls heats and
mass transfer between free jets and between a jet and a surface (solidddr Tigei norpremixed
free jet flames are widely used uisefulapplications, such as power plants [1], rocket engines [2] and
gas turbines [3].Because of their basic influenaen combustion parameters, flame shape and
dimensions, particularly flame lengtare critical for jet flames. The flame length may easily describe
several flame featuresuch as thermal radiation and pollutant emisskurthermore, flame length
and shape are required for the design and operation of combustion systems or gasvilerethe
flame dimensions often define the combustion system dimeng$oiesto the contact between the free
shear layer and the jet, more sophisticated computational modeling methods are neegadddhe
characteristics of turbulent compound flowscurately Gaseous fuels are also used to generate
energy, and their combustion properties during energy conversion have garnered study. CFD has been
used for years to create and improve chemical engineering equipment and processes. Experimental and
numeical research on turbulefiee jets is substantial.

For a lifted flame, noipremixed CH for turbulent free jet flame injected into still flowing gas,
Mahmud et al. [4] examined and presented experimentally and numericallyfthméobservations,
involving the gas temperature, oxygen, and concentration distributions of NO. This raised, non
premixed, turbulent free jet flame's combustion and NO features can now be more accurately
visualizedcreditsto experimental data collected directly from the fla@encerning the most modern
method of visualizing a flame, Lawn [5] highlighted the three most important ideas for regulating the
height of the flames on fuel jets operating inflow air (experimental and computational review). In
exchange for informatiofrom various investigations, the authors proposed new data for a Methane jet
with flames created in a stream of-bowing air that spreads outwartiouf et al. [6]completedan
experimental and numericahalysisat Sandia National Laboratories to dersivate and forecast the
performance of inadvertent Hydrogen emissions. It was determined whether the calculated
temperature profiles for turbulent free hydrogen jet flames at the laboratory size agreed with the
experimental data. Jiang et al. [@aminedthe norpremixed GHs-air micro flame characteristics
experimentally The results demonstrated that ignited spoemixed GHg-air could form a balanced
flame depenithg on equivalence ratio and inlet velocityhoi and Chung [8] conducted experiments
on theimpactsof starting temperaturdeviationon the steadinessharacteristics of nepremixed
turbulent flames in célow jets with CH, fuel diluted by N. Based on theesults, the unburned fuel
air mixture'sfeaturessignificantly influence flame steadying in-low jets when the initial conditions
are alteredOh and Noh [9] studied and published the characteristics oiM®titane flamesn a
laboratoryscale slot brner under atmospheric circumstances (298 K and 1 bar). An increase in
oxygen and fuel velocities results in a longer flame and greater height at ignition. Hydrogen jet flame
was the subject of a thorough reevaluation by Molkov and Saffers [10]. An updiatedsionless
flame length connection in terms of Froude, Reynolds, and Mach numbers is introduced. The PDF



(probability density function) approach was first presented for pulverized coal combustion by Zhao
and Haworth [11]. The researchers used tHe rRodel to simulate radiative heat transfer for a-gas
particle system that generates gray absorbance and scattering. In Hefei city at normal atmospheric
pressure (100 kPa) and Lhasa city at-athospheric pressure (64 kPa), Zhang et al. pE2formed
experments and presented mathematical modeling of the flame shape and gaseous fuel volume for
turbulent jets issued through nozzles of varying diameters (4, 5, 6, and 8tilizi)g Propane fuel.
The proposed model was illustrated to expect the flame volurbetin pressures reasonably well,
while the estimates were slightly larger than the experimental data.

Kang et al. [13] studied the Dimethyl ether (DME) jet diffusion flame's NOx and CO emission
experimentally and numerically using ZLFD simulation. Reaitin rate and vulnerability analyses
were used to investigate the nitrogenous species adaption relationship, NOx generation, consumption
pathways, and NOx and CO release trajectories of the DME/air jet diffusion flame. In a laboratory
scaleovenequipped wth a slottype burner, Oh and Noh [14] conducted experimental research into
the effect of altering the oxidizer and fuel construction on flame behavior. Both tht-forddizer
mass flow rate and the equivalency ratio affected the flame pattern. Milttradr [15]performedan
experimental and numericakaminationof the flow field of a straight and a little rotating turbulent
free jet using several turbulence models. The numerical results demonstrated the efficacy of numerical
modeling in accurately deribing the flow type under study. The jet diffusion flame's length (L
width (W;), and volume (Y were investigated both experimentally and theoretically by Kang et al.
[16]. The experimental investigation used a variety of fuel nozzle diamefgrfauédijet velocities (1),
and air ceflow air velocities (4,) to examine the effects of these variables on flame characteristics.
We found that the flame shape changed depending on the Reynolds number of the jet fuel (Ref).
Experimental measurements atmmparisons were made by Zhang et al. [17] of the-geetlength
fraction (SFLF) of buoyant, nepremixed, turbulent jet flames at standard atmospheric pressure (100
kPa) and specifically a stltmospheric pressure (64 kPa). For a particular heat rettasehe SFLF
increased with the heat issue rate but decreased withrélnéng nozzle of fuel diameter, with the
maximum SFLF occurring at stdimospheric pressure.

Mardani et al. investigated CO and £@oduction for a CHH, fuel combinationundernath
MILD combustion conditions of a jet in a hot coflow (JHC) burner [18]. This study uses (CFD). In an
axisymmetric 2D computing domain, the RANS equations with modifietlk e quat i ons ar e
Methane oxidation routes are examined using oxidizer oxygencentration and fuel hydrogen
content. Under MILD conditions, greater hydrocarbon oxidation routes create CO an&la@r et
al. [19, 20] used a twdimensional axisymmetric model to study rotary kiln restricted-pr@mixed
jet flames. The Realipte Kk U t ur b ul e n well with theotetical and expetimental data for
nonpremixed jet flames simulation. Fuel, surplus air number, air inlet diameter, temperature, and
radiation modelingubstantially affect rotary kiln flame length and peakn#éatemperature

Recently, Liu et al. [21] introduced a coupling study among radiative heat transfer and
combustion inmodeling turbulent flame. Sun et al22] reported the 1D firsbrder spherical
harmonics PL nongray radiation heat transfer technique in a gas with a spherical geometry. Except
for gas mixing circumstances, the results reveal that theaPproachwas just as accurate as the
discrete ordinates method. The effectgaafiation models on both stable and unstable laminar non
premixed flames were shown by Wu and Zhao [23]. Radiation solvers and spectrum models used in
conjugate combustieradiation simulations yielded nearly identical results for the two smaller flames.



When sootwas factored in, radiative rabsorption has a fanore meaningfuleffect on the overall
flame configurationof the two unstable flameKkim and Kim [24] looked at how different absorption
coefficient models affected thelPradiation model for Aydrogerwater vapor premix flame

Based on reviewing the previous works, it is found that several numbers of research have been
conducted to investigate the flame length characteristic experimentally and numerically. Whereas only
a few works undertak€FD analysis for free jet flame without considering the impact of radiation
modeling on the flame behavior (i.e., length, shape, temperature, etc.) as well as computational time
and cost. Moreover, further research is needed to determine the impacisus vaerational factors,
such as air temperature, fuel velocity, and gaseous fuel, typabe flame length for turbulent non
premixed free jet flameg\s a result, the current work aims to provide a computational analysis for the
nonpremixed free jetlame using the commercial code ANS¥&ient 14.5 to investigate the effects
of thermal radiation using the-P radiation model, air temperature, fuel velocity, and fuel type on
flame length behavior. Such characteristics are required for the effectigm dasl operation of the
variable jet flame industrial process in order to manage the flame length, which regulates the thermal
processes and, as a result, the prodheracteristic Furthermore, mean mixture percentage and
temperature contours are shovenhielp picturethe flame form. Finally, as a primary contribution of
the present study, useful design recommendations and dimensionless correlations that describe the
flame length are established and provided while taking radiation modeling into account.

2. Computational model geometry, details, and mesh

For studying the influence of the radiation model and operating parameters (air temperature,
fuel velocity) on the flame behaviof afree turbulent jet, Fig. 1 shows the schematic diagrams for the
physicalmodel, computational domain, and mesh boundary types used in the present free jet flame
simulation. Fig. 1(a) depicts the burner geometry of a pilot plain tube burner with a nozzle of 50 mm
in diameter and a thermal poweariety of 2.31- 6.56 MW, dependig on the fuel type. The fuel
moves steadily from 30 to 100 m/s in the scenario. Table 1 summarizes the physical and thermal
parameters of the fuels, with a focus on the thnemmmendedyases: methane (G} carbon
monoxide (CO), and Biogas (50 % ¢&hd50 % CQ).

Table 1. Fuels' physical and thermal characteristics.

Fuel kind L }o(20°C) hu(net) Mo d fst K
(Kgar'kgo)  (kg/m®)  (MJI/kg)  (kg/kmole) (mPy/m,) (W/m.K)
CH, 17.3 0.668 50 16 9.5 0.055 0.035
Biogas 5.45 1.248 20.5 30 4.76 0.155 0.0295
CcO 2.46 1.165 10.1 28 2.38 0.289 0.24

The present simulation's 2D domain geometry and mestlispkayedin Fig.1(b), (c), and (d).
We assumed that the domain geometry of the free jet problems was a giant symmetrical cylinder to
better depict a large rooand eliminate the influence of impediments on flame behavior (length: 20
m, diameter: 10 m). As illustrated in Fig. 1(b), hayfinders have been used as a simulation domain
to speed up calculations. Mesh and boundary conditions are shown in Fig.1 €cflaffile zone
around the burner contains 40400 organized and quadrilateral cells. The air input is a known pressure
inlet, while the fuel intake is a velocity inlet. Combustion gas production is pressure. Fosimeesh



independence, many meshes are credi@ime length converges with mesh number, according to
mesh independence research. To ensure flame length convergence as meshes grow, mesh
independence research is done. The flame length convergence test employed meshes of 5,270 to
99,660 cells, as shown iFigure 1(d). As seen in the illustration, a mesh size more than 40,400 cells
usually produces a flame length fluctuation of 0.3% or less. 40,400 meshes are utilized for
simulations.

Air, Tair

Pressure inlet Pressure outlet
k‘ Pressure inlet
¥
d, ‘J

Fuel 20°C, u, *—L A ——

(CH, CO, Biogas) T —— 1

w (1

e

Velocity inlet Axi-symmetry

Y Pres let _
X g
z — 2
e H
Air ]
> S
> 5m é
. H
— T Axi-symmetry 2
0.095m j— =) j’ plane Fuel e £
j— o .
‘ 20m |
Number of Cells
(b) (d)

Figure 1. 2D free jet flame model: (a) Physical model schematic, (b) computational domain, (c)
mesh and boundary types, (d) mesh independence study

3. Methodology

3.1. Choice and validation of turbulence model

For the present simulation; k s | a n-dbe rReNd3), ke al -ivz asht laer,d akS& T, k
and RSM turbulence models amployed Simulation findings are compared with experimental data.
Fig. 2 (a) and (b) compare axial mean mixture fraction and getgperature profiles to experimental
data [25] as reported by Elattar et al. [19, 20]. It is found thatthe k (r eal i zabl e) tur bu
closest to experimental results with maximum errors of 33% (underestimation) and 22%
(overestimation) for @al mean mixture fraction and axial temperature distributions, respectively.
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Figure 2. Comparisonsbetween severaturbulence modelsanoi experimental results [25] (a)
axial mixture fraction, (b) axial temperature. [19, 20]
3.2 Mathematical models, formulations, and assumptions
This work simulates Reynolds Averaged NaviStokes (RANS) equations, species transport,
energy equation, and radiation model in Cartesi@ordinates using a CFD RealizableCk t ur bul en't
heat transfer and flow solver. These equations and models are in [19, 20, 26 abdn®Tdred to
existing kU , it saves computing time and correétly pr



order upwind interpolation approach is used to discretize the governing equations, and the SIMPLE
algorithm is used to couple pressure and veldoitya residualof continuity, momentum, and energy
are smaller than 18 10°, and 1¢°, respectively, therhe solutions have converged, and the results
can be confidently asserted. Chemical reaction modeling employs PDF and combustion moeels (non
premixed). Due to its turbulent mixing qualities, the PDF is recommended for turbulent flow in
combustion processes,nc | udi ng f uel a n dPD® maddal i nsed irs ther cari@enmh's . Th
work because igives clearerresults for turbulent nepremixed combustion flow than other PDF
models [29]. The mixture fractio)( i n t h e -PDF depandsarbspeeieskss fraction (Zi),
which makes it easier to determine the species transport formula:

0 —— 1)

f f
The subscripfi o xdénotes the oxidizer inlet value, and the subséript u imdicetes thefuel
stream inlets.
The transport formulations of the mean mixture fract@amd its varianc@ Are illustrated in
eqguations (2) and (3).
-"Q —"6Q — —— (2)
— W — e — —— 8 — g 3)
Where® "Q "Q the constants aré; - 0.85,Cy - 2.86, andCy = 2.0. The mixture fraction is
independent of any thermochemical scalar, species fraction, density, or temperature at the chemical
equilibrium state. Instantaneous values of mass fraction, density, and temperature are directly related
to the instantaneoumixture fractionf, and are given as:
- -0 (4)
« + "GO (5)
Equations (4) and (5) represénstantaneous species mass fraction, density, or temperature, and
instantaneous enthalpy, denotedrhyfor adiabatic and neadiabatic systems, resgtively. Equations
(6) and (7) provide the average species mass percent and temgésature

&  Nn'Q MQQQ (6)
& | Qe "BOQQ @)

Accordingly, the mean timaveraged fluid densityan be determined by

- . —QQ 8)

Wherefl ' Q — | andf are: | Q S p,1 p Q = p

For solving the mean enthalpyQ transport equatiorand predict%. For the noradiabatic
system, equation (9) is applied:
— "0 t "w0 t — 0 9)

The species' thermal characteristics are expressed in terms of temperature and normal
atmospheric pressuf&.013x10 Pa). For the enthalpy solution, energy equation (10) is used.
” . (‘p - "Y (10)

Combustion and radiation heat transfer rates are included in tsource vagigbégition (10).
The R1 radiation model calculates free jet flame radiation fluxl Radiation models are
smpler than PN models [30, 31]. & model also requires few CPU working units and may be



considered in intricate geometrigsuseful indicator of the model to utilize in the current study is the

optical thickness$L. Here,L is an appropriate length sedior the computational domain. If0 1 p,

the best alternatives are thelRand Rosseland models. Thd Pnodel should typically be used foc

> 1[28]. For (L > 3, the Rosseland model is cheaper and more effidath the discrete transfer

radiation model (DTRM) and the discrete ordinates radiation model (DO) are effective across a wide
range of optical thicknesses, but they come at a high price. If the issue permits it, we should thus use
"thick-limit" models suchas R1 and Rosseland. Only the DTRM and the DO model are valid for
optically thin issueslL < 1) [28]. Gaseous fuel simulations assume isotropic scattering coefficients of

zero. The computational domain's mean absorption coefficien®i$ n * L= 5 me2and UL
Thus, the PL model suits this work. Local & and CQ concentrations, route length, and pressure

determine the absorption coef fi-sumefgraygasdsgodel( 1 1)
(WSGGM),
n w0 (11)
Where G is the incident radi dgsabedas and O i s i
W

12)
Where U is the ah ssdahepsdaitednyg coefficient, faid dsi tenlibear
anisotropic phase function coefficient, the transport equation fer G
twOo | O1¢.,Y Y (13)
Wheren is the medium refractive indeand ; is a userdefined radiatiorsupply. Combining
Egn. (11) and Eqgn. (13) yields the followiagquation.
th | Ot ¢ ,Y (14)
To determine the heat sources/sinks owing to radiation, th may be easily replacedith
the energy equation. Indeed, CFD and commercial software are now essential weleloping
several engineering applications {3@]; thus Fluent has been used to simulate all configurations in
this work.

4. Results and Discussion

4.1. Species distributions & effects of fuel velocity
Figure 3(a) depicts typical mass fraction patterns along the flame centerline during CH
combustion without radiation modeling effects. As shown in the figure, methane mass fraction reduces
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Figure 3. Species mass fraction distributions: (a) axial distribution, (b) radial distribution

along the flame owing to CO conversion to £6© 4gill uncompleted.The hydrocarbon flames are
ended when there is no Ci@ the flame axis. Figure 3(b) shows radial patterns of species mass
fractions at x/gd= 30. A reaction zone is emerging because oxygen and methane chexistfects of
varying the tiel velocity,u,, from 30 to 150 m/s on the centerline axial temperature profilesand

C



the centerline inverted mean mixture percéptyere shown without taking radiation modeling into
account in Figure 4 (a) and (b). The fuel and air temperaturess lvegh 20°C. At any given fuel
velocity, as shown in Fig. 4 (a), the flame temperature rises along the flame axis until it reaches its
ma x i mum °C)atlx0=0L70, after which it decreases along the flame axis. The figure also
shows that the axialldme temperature profiles are unaffected gy While Fig. 4 (b) shows the
inverted axial mean mixture fraction along the flame axis. The flame length reaches its maximum
when the simulated mean fraction matches the stoichiometric mean mixture frégtiokt «/d, =

174, methane's free jet flame length endedtitionally, since all of the analyzed situations fall within

the range of turbulent flame, the flame duration is independent of the fuel velocity and, as a result, the
thermal power of the burnefhis conclusion is consistent with Yang and Blasiak [37], where the
fuel's Reynolds numbers vary from Re = 91363 to 487500.

4.2. Effects of air temperature

Theimpactsof air temperatureT,;, (20-1000°C) onu,, T,, f., andaxial flame density} , versus
mean mixture fraction are shown in Fig.5-(d) usingCH, fuel atu,=100 m/s and,= 20°C. In this
case, the radiation model-(B wasn't considered in the simulation (without radiation). In Figure 5 (a),
we see how the axial flame velocity.Al,) is affected by air temperatures of 20, 250, and 10
The figure indicates axial flame speed seldom varies with air temperature and even rises. As the
picture shows, axial velocity decreases along the flame axis, as expected. Elattar [20] sH&tthis a
fuels with more significant stoichiometric mean mixing percentages. Figure 5(b) show3 how
affectsT, along the flame axis. Axial flame temperature profiles show air temperature's influence.
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Figure 4. Influence of fuel velocity on (a) axial temperature distribution, (b) inverted axial mean
mixture fraction

Where the axial flame temperature distribution increases with increasing air tempehégure
can beascribedto the growth of air temperature (ogizer) tends to increase the combustion gas
mixing temperatureAccordingly, arise in flame temperature is observddoreover, the peak flame
temperature increaséy @ 2 8 % wi t hly framc20 te 4098C.nFgure 5 (c) shows how the
value of T affects the length of the free jet flame. Wighowing air temperaturely;,), the mass flux
is reduced by turbulent mixing due to the air's decreasing densitsefote the flame endshen the
simulatedf, equals the stoichiometric mean mixture fractifp(see the figure). The low density
means fewer oxidants can diffuse into the fuel flow, less air can enter the fuel jet, and the flame must
travel farther to finish the reactipincreasinghe flame length to complete the reaction procdss
higher temperature. Yang and Blasiak [37] conducted an identical study. Also, it is shown that a
temperature rises from 20 to 1080 in the air results in a lengthening of the flame by around 18%.
Figure 5 (d) illustrates the variation of againstf, with differentT,;. As shown in the figure, the



flame densityreduceswith raisingf, to the lowest value df; then it increases with, and the same

trend is observed at any air temperature. This caasbebedo increasing the flame temperature with

the increase of mean mixture fraction until it reaches the peak flame temperdtyrairate the fuel
convergence ismprowed. As a result, the flame density decreases until it reaches its lowest point at
the hghest flame temperature. Following the peak flame temperature, the flame temperature drops as
f, rises, which causes the flame density to rise once alfmireover, the flame density distribution
againstf, decreases with thar temperature res andthis effect is sensible at lofy andtrivial at high

fa. Figs 6 (a) and 6 (b) demonstrate how ambient temperature affegt¢e@iderature and mean
mixture fraction contours (b). The outlines show that air temperature influences peak flame
temperature and letiy
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Figure 5. Influence of air temperature on (a) axial velocity, (b) axial temperature, (c) inverted
axial mixture fraction, (d) axial CH,density versus axial mixture fraction

Tye= 500 °C

Figure 6. Influence of T,; on (a) temperature contours, (b)mixture fraction contours

4.3. Effects of radiation modeling

The influences of radiation modeling (with & without radiation)Tgnf,, } ,, and on temperature
and mean mixture fraction contours aescribedn Fig. 7 (a)(f) using CH, fuel atu,=100 m/s,T,=
20 °C, and differentT,;, (20, 500, and 100Q) as a studied parameter. In this study, the radiation
model (R1l) isused i . e . , in case of radiation i mpact),
with the <case of Awithout radiationo model i
temperature profiles is depicted in Fig. 7 (As seen in the figure for anyy,, "with radiation"
reduces the distribution of the axial flame temperature and peak flame temperature (i.e., with radiation
modeling). The flame cools and the temperature profile along the flame drops owing to radiation heat
adding to the flame's total &keoutput. The figure also demonstrated that radiation modeling affects
axial flame temperature more for higher Tair and less for IowerRadiation only provides a little
amount of heat transfer at low d@emperatureshence it very marginally affectthe axial flame

temperature profile. CHf u e | flame temperature contours at

Radiation modeling is associated with the flame zone's lower temperatures, as seen in the picture.
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Figure 7(c) shows how radiation modelinggmi affect flame length estimation using inverted
dimensionless axial mean mixture fraction profilgé,. As can be seen, the radiation modeling has
adversely affected the flame lengithe flame length shortens with radiation modelihg tocooling

the flame which leads the flame to complete its reactiom ghort distance due to its higher density.
Moreover, the figure shows that at lowky;, the influence of radiation modeling on the flame length

is small, whereas, at high&y; it is reasonald. This is due to thexplanationgiven in Fig. 5 (c).
Furthermore, in the case of radiation modeling, @ flame length shortens by 4 %, 9 %, and 10%

at 20, 500, and 1000 air temperatures. Figure 7 (addicatesthe impactof radiation on the flame
averagemixture fraction contours fo€H, fuel at 20C air temperature. Adlustratedin the figure, the
radiation modeling has tiny effect on flame length shortening (i.e., at small ambient temperatures).
Fig. 7(e) shows radiation's impact on axial fealensity,} , profiles, where the radiation modeling
moved up thg , profile at any air temperature. This can be attributed to the amount of heat part
transferred during radiation modelinghich lowers the flame temperature and consequently increases
the flame density. Moreover, the impact of radiation modeling preduces at lowel,, andis
negligible at | o wesuch aisuBiogas @and IC@s teported byvEdattau RG.
Additionally, Fig. 7(f) illustrates that a flame with a greater density zone is associated with radiation
modeling.
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Figure 7. Influence of radiation modeling on (a) axial temperature profiles, (b) temperature
contours, (c) axial mixture fraction profiles, (d) mixture fraction contours, (e) axial CH, density
profiles, (f) CH, fuel density contours

4.4. Fuel comparisons

The comparison between three gaseous fui@s,(Biogas, andCO) at u=100 m/s, J= 20°C
on the flame behavior is presentedhe following sections. Figures 8 and 9 show the influence of the
kind of fuel onuJ/u,, T,, f/fa, (fa-fs)/(fo-fs) profiles, temperatureand mean mixture fraction contours.
A comparison between present numerical and literature analytical results for flame length and radial
velocity distribution is also presented.

Figure 8(a) show&H,, Biogas, andCO axial velocity profiles at ZIT. As sea, axial velocity
decreases along the flame axis for all fu€l€.has the greatest velocity profile upx,a40, whereas
CH, has the lowest. The higher fuel density results in a higher axial velocity profile (see Table 1).
Whereasthe velocity profile & CO is higher thanCH, and Biogas has an intermediate velocity
profile, afterx/d,4100, fuel type has negligible influence on velocity profiles. The axial temperature
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profiles for the studied fuels are also presented in Fig. 8 (b) and (c) with and twigtthation
modeling consideration daf,,= 20°C. As displayed in Fig. 8 (b)¢O has theultimate peak flame
temperature located atd,a (41-47) based o, and theimpactof radiation modeling, but Biogas

has thesmallestpeak flame temperature locatatix/d,a (71-86), andCH, in between and located at
x/d,a (166-205). CO has the highest peak flame temperature and shortest flame length, whereas CH
has the middle peak temperature and longest flame length. Radiation does ndl @féextBiogas
temperature distribution (i.e., lower heating value fuels). Radiation modeling andadiation
modeling axial temperature profiles for all fuels throughout the flame length (limited with flame end)
are illustrated in Fig. 8 (c). As seen in the imagethBtwith radiation” and "without radiation”
conditions have a peak flame temperature towards the flameSendhe flame ends at the greatest
flame temperature when the mean mixture percent is stoichiometric according to the method of flame
length calculton.
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Figure 8. Comparisons of CH,, Biogas, and CO fuels for (a) axial velocity profiles, (b) axial
temperature profiles, (c) axial flame temperature corresponding to flame length, (d) inverted
axial mixture fraction, (e) axial mixture fraction corresponding to flame length
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Figure 9. Comparison of present numerical and analytical results: (a) flame length [38], (b)
velocity profiles [39]

Additionally, Fig. 8 (d) and (e) displaiy/f, and €,-fs)/(f,-fs) profiles along the flame axis for
CH,, Biogas andCO fuels atT,= 20 °C, with and without radiation simulation consideration. As
shown in Fig. 8 (d), the flame ends where the simulated mean mixture fraction equals the
stoichiometric value. As the fualtoichiometric mean mixture decreases, the flame lengthens (see
Table 1). As observed O has the lowest flame length, followed by £&hdBiogas with CH, having
the maxi mum fl ame | ength both Awith r addeliag i on?o
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CH,4 has 59% and 76% longer flames th@® and Biogas Fig. 8 (e) illustrates the axial mixture
fraction profiles along the flame lengths of all fuels; for all fuels, the axial mean mixture fraction drops
to the stochiometric value at the flame d€hd. f.-fs)/(fo-fs)= O at the flame end). Fig. 9 (a) compares
the analytical flame length correlation of Specht [38] (wHeffdo= 1/(fst tan §) ¢/ }f°) with the
current simulated free jet flame length "with radiation" and "without radiationCfdy; Biogas, and
COfuels at 100 m/s fuel velocity and 20 fuel temperature. The simulated free jet flame lengths for
Biogas andCO fuels fit well with the analytical solution, while the analytical Céblution is 12%
higher than the numerical solution.i$ldifference is due to the modeling assumptions raunderical
approximations. Fig9 (b) compares the radial dimensionless velocity patterns between current
numerical results and analytical results reported by Giese [39] usingf@Hat 20°C and air
temperature of 20C, where the radial velocity profiles are simulated at dissimilar distances from the
burner tip (x/@d=10, 30, 50, 100, and 200). The comparison illustrates good agreement between the
analytical solution [39] and the present numerical satioih, confirming the validation of the current
simulation approach.

5. Correlations between velocity and flame length

From the simulation findings of the present study, regression analysis yields the following
inverted dimensionless axial velocigprrelation in terms of axial distance from burner tip, nozzle
diameter, average jet flame density, and fuel density:

— T U X — (15)

Where] is the mean centerline jet density along the flame. Eqgn. (15) was obtained from data in
the following ranges: 2€ OT,; 01 0°00 X@& ©@2 0 0 ; T,=a26°@. The prediction of this
equation is sbwn in Fig. 10 (a); the correlation can describe 85% of numerical results within an error
of %15

From the present study's computed results, regression analysis can be used to derive the
dimensionless free jet flame length in terms of stoichiometrideaitand (mass basis) as follows:

— pBT O ° (16)

Equation (16) is achieved f LOIM7H&LPRC,andT,=t he f o
20°C. The estimate of this equation is shown in Fig. 10 (b); the correlation can predict 100% of the
numeri cal resul ts wiAskdont flama length cooelation dver i Gargd &r  %.
temperature range is produced. Fuel densityiclitmmetric density, and mean mixture percentage
affect dimensionless flame length.

— Sppri— (17)

Equation (17)isal i d for data in t HgeO2f 81 EMNOhEO;0 anges
and T,= 20°C. The prediction of this correlation is shown in Fig. 10 (c); the correlation can predict
100% of the numerical results within agg®rror of
the flame length Eqgn. (17), we can set the molecular weight sibichiometric mixture equal to
Nitrogen [40].

- —— (18)
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Figure 10. Free jet flame correlations prediction: (a) fuel axial velocity, (b) flame length, (c)
comparison with [41]

Here, Ty is the combustion gas temperature at the stoichiometric mixture, so the maximum
flame temperature is assumel; equals 2061 K, 1825K, and 22X/ for CH,, Biogas and CO,
respectively, atT,,= 20°C and T,= 20°C. The extreme deviation achieved amongst numerical
correlation Eqn. (17) and its approximation wusin
et al. [41] experimental correlation to the current numerical correlation (Eqn. 17). Experimental flame
length is longer than simulated, but no significant deviations are noticed. This is due to the difference
in definitions of the flame length for both simulated and measured values. Moreover, experimental and
simulated findings differ due to turbulence aodmbustion models' simplifying assumptions and
measurement uncertainty. The highest variation between experimental correlation [41jeand
numericalone(Eqn. 17) i$9.4%.

6. Conclusion

Three gaseous fuels (GHBiogas, and CO) were used in tdionensional 2D) CFD
simulations for free jet flame using the commercial CFD package ANSYSENT 14. The effects of
radiation modeling usinthe P-1 model and other significant influencing parameters (fuel velocity, air
temperature, and fuel type) were investigated waported. The following is a summary of the key
conclusions of the current work:

The flame length and the peak flame temperature increase with increasing the air temperature
(oxidant temperate), while the flame length is independent of the inlet fumtityeli.e., burner
power).

Radiation significantly affects CHuel's flame duration and peak flame temperature, causing
the flame temperature to decline and the flame length to shorten with radiation simulation. But the
temperature distribution and flame durations €@® and Biogas are unaffected by the radiation
simulation (i.e., lower heating value fuels).

CH, flame length shortens by 4%, 9%, and 10% at 20, 500, and’@C&i0 temperatures,
respectively, in the case of radiation modeling.

The CO had the greatestitimateflame temperature and the shortest flamegtlerof any of the
fuels (i.e., smallest flame volume). ComparedC© and Biogas, Cklhas the longest flame length
(i.e., the largest flame volume) and the intermediate peak flame temperature.

The average flame density, fuel density, nozzle diameter, xaaddistance from the burner tip
were used to establish a general numerical correlationujog. Within an error of 15%, this
connection may accurately predict 85% of computational outputs. Additionally, a dimensionless
version of the general flame Ilehgcorrelation in stoichiometric air demand/d,) on a mass basis
was derived from computed data with a maximum inaccuracy of 0.73%. We also propose a
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