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Received?020-05-15 To cut metals, the oxycut process uses a prehefigimg, usually composed of oxygen and a

Accepted2020-10-20 combustible gas, in addition to a flame-independenbf oxygen. In the present work, the

Available online2020-10-20 partially premixed combustion model of a finiteurok-based software was applied to analyze
the flame temperature in a cutting tip of acetylefethe torch inlet boundary, the flow rates

palavras-chave - . .

Modelo de Chama of oxygen and acetylene were adjusted to sweegearange of fuel-oxygen ratio. The results

Oxicombustivel pointed a peak surrounding the stoichiometric ra&ib3106 °C for the literature and 2650.93

Temperatura de Chama °C for the numerical model, contrasting a deviatminl4.65%. The maximum temperature

Pré-Mistura Parcial occurs at 52.38% of oxygen volume for the literatand 50.03% for the model, a difference

Combusta : - .
ombusido of 2.35 percentage points only. It is concluded th& results of the numerical approach
keywords attained the ends of the research.
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RESUMQO

Para corte de metais, 0 processo oxicorte usa umaaea de pré-aquecimento, normalmente
composta por oxigénio e um gas combustivel, aléomd@to de oxigénio independente da
chama. No presente trabalho, o0 modelo de combwsgwé-mistura parcial de um software
de volumes finitos foi aplicado, com o objetivoadalisar a temperatura de chama em um
bico de macarico de acetileno de corte. Na entr@d@éocha, as vazdes de oxigénio e acetileno
foram ajustadas para varrer uma grande extensdora#zio oxigénio-combustivel. Os
resultados apontaram um pico nas proximidades dp@rcdo estequiométrica: 3106°C para
a literatura e 2650,93°C para o modelo numéricoautiferenca de 14,65%. A temperatura
maxima de chama ocorre a uma propor¢cdo volumétdea52,38% de oxigénio para a
literatura e 50,03% para o modelo, uma diferenca 2J85 pontos percentuais apenas.
Conclui-se que os resultados da abordagem numatiogiram os objetivos da pesquisa.




1. INTRODUCTION variable density field. Their work also found thiats model

could be a powerful tool to predict combustion piveena
%nder low temperature combustion strategies.

Oxycut is a thermal and chemical cutting process,
frequently performed to cut carbon and low allogett faster Costa Rocha (2014) calibrated a model for a sncalles

and cheaper than any mechanical mean (Machado,).199@rizontal axis wind turbine. In contrast, Riahiat (2020)

Oxycut main advantages are its relatively simplefigoration,

directly associated to expenses, alongside withctiemical

source of most of the amount of energy requirethbyprocess:
a reaction between oxygen and a combustible gas.

stated in their paper the use of the SS® ker a turbulent
combustion with hybrid enrichment by hydrogen amgigen.
In their work, a turbulent diffusion flame from aaxial burner
is analyzed by investigating the impact of hydrogenount

The oxviuel gas cutting uses a pure iet of oxvaen gariation on the flame structure, on the tempegatlistribution
Y 9 9 P J YIEN 4nd on the emissions of atmospheric pollutants.

oxidate the base metal and to remove the mixtuoxiofes and

the material to be cut from the fissured region (@gd&s et al., According to Wiliams and Smith (1970), the
2011). The preheated surface at the ignition teatper, combustion of acetylene is of a considerable chahémd
combined with the oxygen jet, produce the catakimp industrial interest. Furthermore, the importanceth®d flame
oxidation of all the part's thickness (Machado, 8P9Cut temperature study in the oxycut process using Esetygas is
quality is connected to, among many propertiesgtmes flow prominent. The objective of the research is toystamt analyze
rates (Marques et al., 2011), as well as the teatper reached the flame temperature created by an oxycut tip. grloeess is

by the process (Marques et al., 2011; Ramalho,)2008

Although studies such as the one developed by €arlo

(2008) evidence the attractiveness of Liquefiedddeam Gas
(LPG) for oxyfuel gas cutting, acetylene is stikktmost widely
fuel gas employed. However, the investigation oét@ene

simulated through a numerical model, for a widegearof
xyacetylene ratio. Ansys® Fluent Release 16.0pfgied to
ompute the model, using the partially premixed loostion

and the SST ks models, and the results are compared to those

provided by the literature.

oxidation is beyond welding and cutting applicatipbpecause it 2. TYPES OF FLAMES

also takes place during the combustion of largelrdgarbon
fuels and plays a major role in the growth of spatticles in
fuel rich flames (Murray et al., 1992).

Not every combustion phenomenon produces flames. On

the other hand, flames can be classified as prehmiaxenon-

Amongst many researchers, such as Perry et al6)20bremixed. The difference between the flames lighénreagent

Tian and Lindstedt (2018), Staffelbach et al. (2008d Drake
and Haworth (2007), it is a general agreementoimhustion
devices, the naturality of the presence of hetareige in the

composition. These devices are gas turbine chambdeest-

injection engines, industrial burners and othetse toncept of
partially premixed flames has been employed, in mastion

simulations, by many researchers. It involves déifé devices
and applications, such as a direct injection nhgasaengine (Li
et al., 2019), precision test burners and Bunsendnisystems
(Chen et al., 2014), and others.

mixing molecular states (Turns, 2013; Kuo, 2005).

Figure 1 illustrates the configuration of acetylene

combustion for welding or gas cutting processeswAl as to
other fuel gases, it occurs in two stages: the gmymand
secondary combustion zones, according to Wained4Rdn
this figure, within the primary combustion zoneetth is a
narrow region where chemical reactions occur aruggate
through the mixture air-fuel. This narrow regioritie so-called
flame (Turns, 2013).

The patrtially premixed combustion model combines th

non-premixed and the premixed combustion modelsetral.
(2019) report in their work the importance of thedy of
probability density functions, PDF, in the solutiohturbulent
reacting flows, due to the modeling of the averageemical
source term. The chemical source term appearslosad form
in PDF transport equations, thus this problem carsdived.
However, there is a necessity of accelerating tiepuitational
process. The Lagrangian Monte-Carlo particle metisoithen
used to solve the transported-PDF equation (HawaehO).

See and lhme (2015) allege that large-eddy sinmuati

(LES) has provided considerably improved predictioof

turbulent reactive flows. Their work was carriedt @ua gas
turbine model combustor. Wu and Ihme (2016) stutteduse
of low-dimensional manifold combustion models foES of

turbulent reactive flows. The work identified soesc of

uncertainties. The authors also state that evalyaticertainties
in the absence of measurements or reference résudtsicial

for reliable and predictive simulations.
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Figure 1 — Configuration of oxyacetylene flame tor.
Adapted from Wainer (2004).

As reported by Zhang (2020), the acetylengiCas in
Figure 1, is a commonly employed gas in aerospaatenblogy,

On the other hand, several researchers have sttigiedPOWer systems, chemical industry and other fieldss also

use of the SST k» (Shear Stress Transport) turbulence mod

in fluid flow applications. Azad et al. (2016) dias the
efficiency of this model for turbulence complex viloand

pquently exploited in the industry, where the kawas
ocused, for high temperature cutting and metatimgl, due to
its rich combustion temperature: Approximately 3200
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Within this same concept, other researchers, suchimfinitesimal control volumes.
Lokachari et al. (2018), Ramalho (2008) and Wills&amand
Smith (1970), emphasize the high temperature ofykse
compared to other hydrocarbons. Many studies asmn t
established in acetylene oxidation, therefore, ohthe main
application sources in welding and gas cutting.

There is a relation between the equivalence ratibthe
conserved scalar fin Equation 2. The mean miXta@ion can
hus be used to define the flame borders. Thiserord scalar
can be preserved throughout all the flow field,cadag to a
governing equation with no source terms.

The relevance of the research of acetylene anligts
flame temperature in combustion is related to iletular
structure. According to Williams and Smith (1970¢cause of
its triple bond that results in high enthalpy ofrfation, the
combustion of acetylene produces flame temperatoigiser
than those usually achieved by another hydrocafbeh As
stated by the authors, acetylene is a linear mideand its
structure is best described in terms of sp hybatilin.
However, the authors report the instability of thyglrocarbon,
due to its short bond lengths and high bond strendiut the
enthalpy of formation is also high, which resultsan unstable
nature.

The progress variable describes the evolution of a
reaction from unburnt state to burnt. This variabldefined as
0 for reactants ahead of the flame, 1 for prodbetsind it and
fluctuating between 0 and 1 within the flame brgsben its
transport through the domain (Ansys Fluent Theound€ 16.0,
n.d.). Probability Density Functions (PDF) have besed to
reproduce partially premixed flames, where a cowufiagm of
conserved and reacting scalars parametrizes thadlcbemical
field (Tian and Lindstedt, 2008). The PDF, freqientritten as
p(f), reflects a portion of time that the fluid speridsthe
proximity of a statef. Scalars such as temperature and density-
weighted mean species mass fractigpsdre calculated in the
The flames are classified in welding and gas ogttisoftware as in Equation 3, which can save compmurtatitime

applications according to the oxygen and fuel com#ion compared to approaches that solve species trarsmaations.
rates. They are frequently called carburizing flamken there

is an excess of acetylene, neutral, if the amoaintscygen and @ =  f;, ¢»(Np(Ndf + 1 — ) [, ¢u(Hp(Hdf 3)
2§§te)glgne are similar, or oxidizing, when thereoigygen in Where the scalars¢(f) are polinomial fits

experimentally obtained and the subscriptand u represent
3. PARTIALLY PREMIXED COMBUSTION burnt and unburnt. The equation for reduced tentperaan be
MODEL simplified to the form of Equation 4, wherB, is the
temperature of the unburnt mixture afig; is the highest
adiabatic burnt temperature.

Several researchers, such as Gicquel et al. (284@)
Veynante and Vervisch (2002), discuss the purpose To= (1 — )T, + cTyq 4)
combustion regimes. According to them, these regimee
introduced to represent physical processes thatirdden
turbulent flames and to choose closure models, asilamelet,
thickened flame and distributed reaction. Aggar{2009)
describes the structure of partially premixed flanas hybrid
flames possessing the characteristics of both peerand non-
premixed flames.

The temperature calculated by the model is then a
function of the mean mixture fraction, determined the
software’s PDF approacii,, is a variable supplied by the
software’s library. ANSYS® Fluent presents thisiahte as a
function of the mean mixture fraction in Figurevihere the
PDF table is generated for pure acetylene and oxygefuel
and oxidizer, respectively. The figure shows thmgerature,

The partially premixed combustion model alliesitioa- which can barely reach 2726.85 °C (3000 K) at sioimetric
premixed, which can be reasonably simplified to ixtume Vicinities for acetylene in the conditions presentey the
problem, to the premixed combustion model, a powetdfol present work.
capable of studying the speed of the flame. Thespart
equations are solved for arbitrary scalapg &s described in
Equation 1 in the solver.

3.00e+03 -

2.50e+03 +

[, 2224V + § pgs - dA = $ T,V p - dA + [, SpdV 1)

St 2.00e+03 o

Where:p = density 7 = velocity vectorA = surface area
vector, I = diffusion coefficient fokp, V¢ = gradient otp and
Sy = source of¢ per unit volume. These scalars may be
guantities such as the mean mixture fractiphgnd progress
variable €). The mean mixture fraction is related to the 5.00e+02 -
equivalence ratiog(*) and the stoichiometric mixture fraction
(fsr) as in Equation 2 (Peters, 2010; Turns, 2013). 0.00e+00

1.50e+03 4

1.00e+03 4

Mean Temperature(K)
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According to Turns (2013), the mean mixture fratti®
vital when non-premixed flames are evaluated, where
carburizing and oxydizing flows are initially septed. This The PDF approach in combustion modeling is a temgpti
scalar is adopted to generate a chemical specresenation method to avoid problems in the mean reaction maideling,
equation, which do not possess a source term. fidiim (Warnatz et al.,, 2006). Through this concept, & $patial
simplifies the solution of reacting flows when dpgllocally in location#, the representation of a density betwpeandp +

Figure 2 — Relation between temperature and mean
mixture fraction in ANSYS® Fluent PDF approach.



dp, a temperature betwe&nandT + dT and other parameters,oxyacetylene flame and was developed in three stades first
such as the local composition, corresponded by fnassons one is Computer Aided Design (CAD) modelling of therts
betweer¥; andY; + dY;, are then given in terms of a statisticahssisted by SolidWorks®. The behavior of the flame
function. The shape of this function behaves, atespoints, temperature is then evaluated, varying the mixfaretion on a
similarly to a Gaussian distribution. In Figuretl®ere is a peak CFD solver (ANSYS® Fluent Release 16.0) and thaltesire
at approximately 2650°C in the vicinities of stdametric compared to those provided by the traditionalditere, with the
proportion in the mixture of £, and Q. support of MatLab® to postprocess data. The deveét was
carried out profiting resources provided by Fedéhaiversity
olISVi(;osa - UFV, with the support of the universitgdepartment
of production and mechanical engineering duringredl extent
of the project.

The regions where the oxygen volume percentage
under 50% are described as cumulative probabilitghese
values. As long as the curve goes to the rightt hathis
concentration increases, the respective temperakececases

until 1, where the chemical reaction ceases. 4.1 Model Description

The progress variable, ¢, may also be written, mlicg The cutting tip chosen is a Torch model 3502 setips
to Veynante and Vervisch (2002), as a reduced frastion, as number 1, as shown in Figure 3. White Martins Gases

in Equation 5. Industrials Ltda supplied it for research purposese tip is
N made of a copper and brass alloy, and the manuéactu
= YZ_YZ (5) recommends its use to cut plates from 10 to 15 rick.t
F 'F

Acetylene is the recommended fuel gas.

WhereYg, Y andY? are, respectively, the local unburnt

gas and burnt gas fuel mass fractions. The busmfug mass
fraction,Y}?, is non-zero for a rich, i.e. with fuel in excess.

However, aiming the reduction of computational cost
the model contemplates the outer zone of the gutifin so only
one of its six flame outlets is modeled. By modglthe outer

In Computational Fluid Dynamics (CFD) researchegpne, the present work considers the mass congeruahile
studies are carried out to ensure the accuradyeafetsults, so a gases are blended within the mixture chamber. Togeiwas
posterior refinement of the mesh would generatelesse also reduced to a 2D domain with cylindrical symmpetvith
additional computational cost. In these studieg parameter the same end.
has key function: the dimensionlegs, calculated in the
software by Equation 6, wheseis the distance from the wall

andu; is the so-called friction velocity. Ansys Fluentiser’'s
Guide recommend the usewf =~ 1.
pucy

n

t= (6)
The turbulence intensity (1) is defined as theorati the
root-mean-square of velocity fluctuations and theam flow
velocity (Turns, 2013). According to the softwark&p system,
this variable can be estimated, for fully developagzk flows, as
in Equation 7, and values below 1% are then deffioedow
turbulence and turbulence intensities greater th@#o are
considered high. Rgis the Reynolds number based an D

(@)

The turbulence intensity is set up as a boundangition
in CFD models. The Damkdler number (Da), definethasatio
between mixing and chemical time sca§giying aNATcpemicar
in Equation 8, measures the reaction rate in teofshe
interaction between turbulence and chemistry (Rehagd
Kind, 2021).

y

I=0.16Re,, /8

Da = —mixing (8)
Several applications are found for Da in the litera
Some authors, such as Marchisio and Barresi (2Q3@8),it to

interpret results. Others, such as Marchisio €2806), Gillian

Tchemical

and Kirwan (2008) and Johnson and Prud‘homme (20

develop rules derived from Da analysis. Othershsag Gradl

et al. (2006) and Metzger and Kind (2016), use ®suggest a

transformation point when it comes to the influerafethe
mixing and chemical issues on the reaction.

4. MATERIALS AND METHODS

¥

Figure 3 — Cutting tip Torch 3502 series number 1.

Figure 4 exhibits the 140 x 28 mm domain desigired,
silver, where model inlet, outlet, axis and walls axposed. To
favor convergence, the top edge is simplified weadl 140 mm
long. The inlet edge is 0.35 mm long, half of tharch tip’s
flame outlet, which is the hydraulic diameter,\f 0.7 mm.
The model outlet edge is designed 28 mm long, deioto
reduce influence of the top edge wall in the fl®@aundary
conditions are in red.

The boundary conditions prescribed for the modieitin
and outlet edges are given in Table 1. The modsloaeried out
adjusting flow rates of oxygen and acetylene atidauies to
sweep a wide range of fuel-oxygen ratio, from 8286 oxygen
volume percentage in steady state.

0§gble 1 — Boundary conditions for model inlet and atlet

rders.
Boundary Type Velocity-inlet Outflow
Progress Variable 0.t n/e
Turbulence Intensity 5.7% n/e
Hydraulic Diameter 0.0007 n n/e
Velocity Magnitude 69.5 m/: n/e
Gauge Pressure 264780 P n/e

The present work simulates the combustion of an
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Figure 4 — Cutting tip and model scheme.

The SST ke turbulence model is employed withrefinement levels are exploited: 1252500, 1637&227112,
standard parameters, an approach based on zohesitea the 2651373, 3200000 and 3500000 cells. These grids are
qualities of two of the most widely used turbulemgedels in represented by the numbers 1 to 6, respectively.

CFD: the ke and ke» standard models. The flow rate and

pressure chosen at the inlet boundary are valwespidntly
applied in cutting applications. Considering thewflis fully

developed when the mixture is about to reach fhie mixture

chamber outlet, which is virtually reproduced by tmodel
inlet, and also considering there is chemical dgpiiim at this
point, the hydraulic diameter and velocity magnétade applied
in Equation 7 in order to estimate the turbulengensity. A
factor of 5.7% is then prescribed.

A reference grid, which in this case was the grithber
1, is used to calculate a reference value of thée©Average
Velocity. The Outlet Average Velocity is calculatbdsed on
the law of mass conservation, so continuity equatiare
applied by the software. Once a velocity of 0.0ZI4@n/s is
found, the average size of elements in the donsailecreased,
so the new mesh has a greater quality. The filerisagain with
the grid number 2 and a new value, of 0.020343®@usd. The
percentual deviation on the Outlet Average Velodi¥D)
5. RESULTS AND DISCUSSION between the current mesh, grid number 2, and #naqars one,
grid number 1, is -0.2856%. This procedure is reggbantil the
deviation in the velocity is judged ineffective wheompared to
the additional computational time it would demafide relation

To ensure the results are not dependent on the driziween all the mesh refinements and the chanitpe ivelocity
quality, a mesh independent test is carried outhénpresent is given in Table 2.
work, the test was performed at stoichiometric prépn. Six

5.1 Mesh Independence Test

Table 2 — Relation between Outlet Average Velocitgsnd mesh refinement.

Grid Number of cell Outlet Average %D on Outlet Average
Number umber of cefls i Velocit
1 1252501 0.020400z =
2 163763: 0.02043¢ -0.285¢
3 222711. 0.0202¢%C -0.240C
4 265137, 0.020251 -0.214¢
5 320000t 0.0202:52 -0.129¢
6 350000 0.0202035 -0.107:

The grid number 5, of 3200000 cells, is thus chdsenwall node is placed att ~ 1. The maximumy* found for the
proceed the work. The deviation of -0.1073% inthkcity is chosen grid is 1.2. The scaled residuals are platté-igure 5,
considered negligeable and the grid number 6 tadied. which indicates convergence of all the equations1@v3

ANSYS® Fluent shows the dimensionlgss parameter lterations.

as an output variable, calculated by Equation &ofding to The simulations were carried out on a 4 Intel iB@3
the software’s Theory Guide, the near-wall medinsenough cores, 16 GB RAM. The average computational times wa
to be able to resolve the viscous sublayer wherfitbienear- approximately 8 hours per simulation.
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Figure 5 — Scaled residuals: Convergence achievefiea 1673 iterations.

5.2 Temperature Correlation concentration of oxygen in Figure 6. The trend eucveated

Understanding the temperature achieved by a ﬂamecorrelates the numerical results to those suppljetthe adapted

essential for industrial and scientific applicasorHowever, of Rgmalho (20(.)8)' Th_e_ re_sults obtained n the séigure
high temperatures related to oxyacetylene flamesderi cons_lder a chem_|c_al equilibrium of the gas m_|x1mmel any heat
experimental procedures, since acetylene is capatile Ios_s |s_the_n negligible. The temperature achidwyeother gases
sustaining a self-decomposition flame, while in tmirs with ox:ldatlo_n Iﬁ arllsohplotted. The(;‘act tf;1at the ;c_emyllcur\lle, Ig
oxygen it readily detonates (Williams and Smith7Qp yellow, Is the highest compared to other gasasrestly relate
to its productivity in welding and cutting appligats.
The maximum temperature numerically calculated is
plotted, using MatLab®, as a function of the volup®rcent

3500 I I I T :
| ® Numerical Results
Numerical Results Curve Trend
Acetylene - Ramalho (2008)
3000 =——Propylene - Ramalho (2008) |
— Butane - Ramalho (2008)
Propane - Ramalho (2008)
Metane - Ramalho (2008)
ou 2500 Carbon Monoxide - R lho (2008)
o
=
£
= 2000 - 1
L
=3
:
= 1500 1
1000 |
500 | 1 | | | | 1 | |
0 10 20 30 40 50 60 70 80 90 100

Oxygen Volume Percentage, %

Figure 6 — Temperature correlation: Numerical resuts and adapted curves from Ramalho (2008).

An initial growth in temperature when increasing thof O, molecules that could not perform combustion.
oxygen volume percentage is observed, which inelictite lack Defining the stoichi i " -
of comburent to achieve complete combustion. Ag las the . efining he stoichiometricproportion as a stgtin
oxygen volume percentage increases, it reachesh&aietric point, as long as the fuel-oxygen ratio is eittréased or
proportion before acquiring a declined shape, whic ecrease_d, the F‘“mber of molec_ules that do ”OtO'F’mf
demonstrates complete combustion with oxygen iregxcin pomk_)ustlon also INCreases. There is hence a has,tMmh
this point, there is a significant heat loss mdtdeby the excess justifies the reduction in temperature. The behapioduced by
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the model is thus consistent, which is also obskimwéhe work
of Williams and Smith (1970).

A peak near the stoichiometric proportion is naticd
3106 °C for Ramalho (2008) and 2650.93 °C for tlelef, a
discrepancy of 14.65%. The maximum temperature rgcati
52.38% for Ramalho (2008) and 50.03% of oxygen tfar
numerical results, a deviation of 2.35 percentagjatp only.
Therefore, for the regions where the flame tendsetmeutral,
ANSYS® Fluent’s partially premixed combustion modbelst
approaches to the curve adopted by Ramalho (20@&xth
suggests a correlation of the model to welding anotting
applications in these regions. The maximum tentpeza
calculated is though always below those supplied thog
literature.

However, the more distant from the peak regiort, iha
the leaner or richer the flame is, the less aceutst results are
comparing to the reference. This means that modétb, the
conditions presented in this work, do not represexurately

3000 [ T T T

cutting applications if the flame is either ovedyidizing or
carburizing. As reported by Williams and Smith 709 the
temperature is a function of log(pressure). Althouthe
pressure chosen at the inlet boundary agrees wytljem cutting
processes in general, according to the tip manufactit is not
the goal of the present work to evaluate its infoe on the
flame temperature.

It is necessary to point out that the correlatien i
performed for the maximum temperature of the modél, that
is, regions where the reaction progress variablegranalized
mass fraction of the reaction products, definesntitdure as
burnt. For those regions, the temperature calallée the
model is a function of the mixture fraction onlaleculated by
the software’s PDF approach. The relation betwepiperature
and oxygen volume percentage is plotted in Figurehére the
mean mixture fraction, in Figure 2, is convertedato/gen

volume percentage.

2500 |

2000

—_—
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Figure 7 — Relation between temperature and oxygerolume percentage in Ansys® Fluent Release 16.0.
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Figure 8 — Contours of the Damkohler number.
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It is important to note that it is not possiblerémch the AZAD, A. K.; RASUL, M. G.; KHAN, M. M. K.; SHARMA,

same value presented by Ramalho (2008), sinceuimenical S. C.; BHUIYA, M. M. K. Recent development of
results are limited by the curve in Figure 2, whishalways biodiesel combustion strategies and modelling for
below 2726.85°C (3000K) for any oxygen volume petage. compression ignition  engines.Renewable and
This limitation is also directly related to the sltia decrease in Sustainable Energy ReviewsV. 56, p. 1068-1086,
temperature when displacing the fuel ratio froncstometry. 2016.

Once this trend is observed in Figure 2, the nuraéresults are CARLOS, |.R.R. Analise energética e econdmica dsega
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