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Abstract. Pulse Combustion is the burning process where testyre, pressure or other state variables changerov
time, presenting a higher mixing ratio between filed and the oxidant. This work proposes to nunaflsicdetermine
the utilized fractions in the combustion and sautssions from this process. An experimental arramg@ was made
with a free burner, ie, without flame confinem@te fuel used is liquefied petroleum gas (LPG),re/ités acoustically
excited by a speaker. Through the experimental adetivas determined the resonance frequencies inhathe LPG
gas was acoustically excited, at an inlet pressafr@.5Kgf/cm2 (49033.3Pa) and a mass flow rate.2R/s. Under
these operational conditions, the burner producdthme with higher thermal efficiency and low seatission. It can
be affirmed that acoustic excitation reduces théssion of soot.
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1. INTRODUCTION

Non-renewable resources such as fossil fuels draistely used in industries despite the existeataumerous clean
alternative energy sources. One of the main reastiysthe use of fossil fuels is still due to itghicalorific power
compared to other alternative energy sources. Herydlie use of these conventional sources of enesgges the
reduction of the ozone layer, global warming by ¢neission of CO2 and the release of NOx, which riloutes to the
formation of acid rain (Bowman, 1992).

It is relevant to optimize existing processes thatimize emission of pollutants (soot, 02, CO, CA®2 and NOx
gases) with low investments and operational ctisthis scenario, pulse combustion is shown assaipiity to conciliate
the growing demands of the industry that uses cafitiu as source of thermal energy with the new renwental
requirements.

Pulsed combustion is a burning process where tinpdgature, pressure, or other state variabless/avith time,
producing a turbulent mixing rate between fuel aridant in the flame region, making the burninggass more efficient
(Zinn, 1986).

Investigations have shown that pulsed combustidnaes the emissions of gaseous pollutants fronapaxidation
and particulates, also promoting the increase efcnvective heat transfer in the combustor (Chn4al987). The
resulting flames from the pulsed combustion hageally presented an aspect with less luminositye bblored and soot
reduction (Bastos, 2001).

In recent studies, numerical simulations based amglitational Fluid Dynamics (CFD) methods are camgntary
to studies of combustion processes for furnacesanuers in industrial scale.

In this research is performed a diffusive flamelgsia with acoustically excited mixture, being izt#d numerical
and experimental methods for the solution of prajgizoblems, in order to determine the resultaattions from the
combustion.
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2. EXPERIMENTAL ASSEMBLY

A free burner which there is no confinement of flaene was used to perform the experiment. Thedisel is the
LPG gas, being acoustically excited by audio traned attached radially to the burner body, at sadte of 0,155m
from the gas injection. The installation of thisvide allows the excitation of the acoustic modeghef burner with
minimum power demand by the assembly.

The burner shown in Figure 1 has a fuel inlet 60@5m in diameter that allows the gas to be ingetto the burner
body, which has internal diameter of 0.017m an@®.8ngth.

The LPG gas flow in the burner body has Reynoldsber equal to 1006 and Ma8ht - 10™*, characterizing the
flow in laminar and incompressible. The gas is cmted to the central region of the burner tubeebutn which was
fitted a disc for flame anchoring.

Figure 1 Configuration of the burner
a) speaker, b) LPG inlet, c) anchoring disc

Figure 1c shows the burner outlet where the dinoensf flame’s anchor disc is 0.0115m in diameter.
2.1 Analitical determination of burner’s acoustic modes

The studies of confined waves - such as sound wiavagube - demonstrate that there are certaguéecies for
which superposition results in a stationary vilmatpattern (Tipler, 2012). This way, the oscillatimodes are formed
by nodes and antinodes, in which they can behagecissed—open tube (1/4 wave) or open-open (Li&wa

The resonance frequencies were calculated bastt: gropagation velocity of a sound wave, accorttingquation
1.

v = % 1)

Where:T is the temperature given in absolute scale R the universal ideal gas constant [8.314J/moMKijs the
molar mass of the gas [0.029kg/mol]the constant that depends on the type of gaslifomic molecules [1,4].

The uncertainties were calculated by equation Zretw is the standard deviation related to velocity [rdg" is
the standard deviation related to temperature [K].

2

ot = () ot = (45) () ) @

The propagation velocity of sound wave was deteethiby substituting the measured value of the teatpes in
Equation 1 and corrected the uncertainties in Eou&t The results of the velocities and the retaérrors are presented
in Table 1.

Table 1. Speed of sound and relative errors

Temperature Temperature Uncertainties for Uncertainties for speed of
Speed of sound (m/s) \
measuremen (K) temperature (z) soun( (£ m/s’
1 302,( 1,C 348,¢ 0,6
2 302,( 1,C 348,¢ 0,6
3 297,( 1,C 345, 0,6
4 296,0 1,0 344,7 0,6
Mean 299,3 1,0 346,6 0,6
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In the open tube at both ends the air is freeateelrin the displacement antinodes, being the foreadaal wavelength
2 times the length of the tube and the naturalueegies are calculated by Equation 3:
v nv

fn === nf; where n=1,2.3... 3)

n

According to Tipler (2012), in the case of an opde, there is a pressure node near each end.deadng that the
sound wave in the tube is a one-dimensional wasevalid hypothesis for a tube diameter much smahan the
wavelength - the pressure node is very close tojlea end of the tube. For this reason there éed to make a correction
on the pipe lengthAL). Therefore, the effective length of the tube igegi by Equation 4.

Les =L+ AL (4)
Where:L, is the effective tube length [ml;is the tube length [MYL correction of tube ends [m].
2.2 Experimental determination of burner’s acoustic moaes
The procedure of sound pressure level measurensnp@rformed according to 1ISO-3744: 1994 and IS@637995
guidelines, in which a scan was performed usingrizdel & Kjaer 2260 Investigator30-band 1/3-octave spectrum

analyzer. The meter was set at 1.28m height ancbptione positioned at the distance 0.01m from tlady anchor, as
shown in Figure 2.

Figure 2. Experimental arrange for frequency mesasents
a) Briel & Kjaer 2260Investigatorb) support, c) burner's assembly

2.3 Numerical method of the combustion

For the elaboration of the numerical model, firgtiswdesigned the real scale geometric model in Ckslfiopm.
Additionally, a combustion chamber (Figure 3c) veatapted to the geometry, with the following dimensi larger
diameter of 0.09m; smaller diameter of 0.03m; nkecigth of 0.06m; overall length of 0.450m. The ti@aof this
geometry allowed the computational domain to bereded up to the height of the flame, allowing ialgsis, as shown
in Figure 3.

Figure 3. Geometric model of the burner
a) Diffuser, b) burner’s body, ¢) combustion chamber
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3. RESULTS AND DISCUSSIONS
In order to define the acoustic behavior of thersperner, it was necessary to determine the motlg®aesonance

frequencies by analytical method, through the apgithn of equations 1, 2, 3 and 4, and verifiedh®y experimental

method.
The graph of Figure 4 shows the seven first haro®woif resonance frequencies of the burner bodythése
frequencies, the burner presents better thermalesity, with reduction in the amount of pollutaetmission.
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Figure 4. Frequency x amplitude for open-open tube
The results presented in Table 2 show the differémpercentage between the experimental and &algtethods.

Table 2 Frequencies and relative errors comparisons

N° harmonics| Experimental frequency| Corrected analytical | Experimental x analytical
(Hz2) frequency (Hz) difference (%)
1 370,0 335,1 8,0
2 690,0 670,2 2,2
3 1135,0 1005,4 10,8
4 1585,0 1340,5 14,9
5 1910,0 1675,6 11,9
6 24450 2010,8 17,5
7 2605,0 2345,9 9,6

3.1 Numerical results of the combustion

Figure 5a shows the velocity distribution at thenew outlet, where a rapid increase is observdaeabutput near
the diffuser, with a maximum value of 1.107m/s.sTWélocity increment was due to the geometric sludiplee diffuser,
providing the expansion of the gas.
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Figure 5. Boundary variables
a) velocity, b) temperature

In Figure 5b, the temperature distribution is higinehe region located just above the diffusetlmanchoring disc,
occurring in this region the complete combustiothef gases with heat release. The temperatureadss @ the region
near the walls of the tube.

Figure 6. Fractions of pollutants
a) Fractions of Propane, b) fractions of Butane

Figure 6 shows the reduction of the propane andneuimass fractions in the region near the anchdreoburner
where combustion occurs.

Figure 7 Fractions of oxidants and pollutants
a) fractions of Oxygen, b) fractions of soot
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Figure 7a shows an increase in oxygen consumptiotmé center near the anchoring of the burner duthe

occurrence of combustion. Also it is observed iguké 7b a low soot formation in the anchoring ragibhe amount of
soot increases as the flame moves away from babe aichor.

Figure 8. Fractions of pollutants
a) fractions of Carbon Monoxide, b) fractions of Cantidioxide

Figure 8 shows the fractions of carbon monoxide @artbon dioxide. An increasing of pollutants isified in the
region near the anchor due to the combustion.
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Figure 9. Temperature profile of the flame

Figure 9 shows the numerically obtained graph effthme’s temperature variation at distance of 8800 from the
anchor of the burner. A notable temperature redaodih the central part of the flame is observed tuthe thermal
exchange with the cold parts of the walls of thenbu
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Figure 10. Fraction of mass: gases in combustion

The graph of Figure 10 shows in percentages usétkicombustion, where the fractions of propaneH&3and
butane (C4H10) as they approach radially towardsatithor of the burner flame, their consumptiomstitrally reduces
from 50% to approximately 0%, since they are be&omgsumed in the combustion process. It is alsorgbdehat there
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is an 8% increase in the fractions of carbon mat®XiCO) and carbon dioxide (CO2), products gendrfitam the
combustion process. Finally, the curve represemtiygen (O2) increases by more than 20% becausxitient is being
drawn into the combustion and mixed with the fudt@).
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Figure 11. Fraction of mass: soot in the combustion

The graph of Figure 11 shows the percentage of soigsion resulting from the combustion, which ticafly
reduces from 0.05% to nearly 0% as it radially agjppnates towards the flame anchoring of the burfikis behavior is
desirable because when they approach the centbe dame there is a lower emission of soot dubuiming between
the oxidant and the fuel being more complete.

Figure 12. Temperature profile
a) graph of Figure 9, b) laminar diffusion flame

Figure 12 shows the graph of Figure 9 overlappiregflame. They are arranged in an axisymmetric rgnn such
a way that the higher temperature occurs at thédvaf the flame anchoring disc, due to the edégeebf the diffuser.
In the center of the flame there is a drastic rédodn temperature. This is because the gas daafels as a jet from the
combustion chamber does not have enough oxygemeftine the combustion in this region is incomphate leads to the
formation of carbon monoxide.

3.2 Experimental results of the combustion

The recordings of flame behavior of the burner peration, with the configurations of frequenciescaent with
the previously determined acoustic modes, werepadd with the aid of a digital camera positioned height of 1.15m
and distance of 0.20m from the flame. As shownabl& 3, the flames presented yellow-colored lunitpasaused by
the presence of soot generated during the cominystaxress.

When acoustic excitation is imposed on the burneody by a speaker with a voltage amplitude of Otf3Aauses a
stirring in the fuel molecules. The excitation fuegcies correspond to acoustic modes at frequenti@g0, 690 and
1135Hz as shown in Fig. 3b, 3c and 3d of the Tabla these figures is observed the increase invehecity of the fuel
jet, reaching a point where the flame remainsebtitlet of the injection point. It is importantriote that the phenomenon
calledlifted flamedoes not occur, ie, an increase in jet velocittheopoint where the flame is displaced from theebaf
the anchor, generating an area with no chemicatioza Another observation is the presence of woirtethe luminous
region of the flame and occurrence of more intamdse. At the base of the flame is notable a reduaf luminosity,
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partially losing the yellowish coloration to a tghicoloration, and this phenomenon occurred becaluiee greater

acoustic energy in the utilized frequencies.

The flames evaluated in figures 3e, 3f, 3g andf3rable 3, they presented a yellow luminosity antémse brightness
with indication of presence of soot and withoungigant changes in the appearance of the flame.

Table 3 presents the best configuration for buoperation considering the parameters of voltagey end pressure,
where a lean mixture with low LPG gas consumptiocuos and less voltage is imposed to the audicdaer.

Table 3 Visual analysis with and without acoustic actuatio
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4. CONCLUSIONS

The experimental methods allowed the analysis tmsh the best burner configuration, consideringctiteria of
acoustic energy intensity and frequencies. As aleskby the experimental method, at low frequeney dboustic
transducer produces greater energy with largeatisphents, and therefore greater capacity of exuitat the gas during
the pulse combustion.

For the numerical evaluation through CFD modellingre defined the main physical quantities involvedhe
combustion, especially the temperature, whose nicaleromputational prediction presented a valué16f9 °C (1453
K), with a difference of 26% when compared to tlkperimental results identified by Devadiga & Ra®13). The
numerical study also presented a low emission of sear the anchor and an increase of this poll@siit moves away
from the anchor of the burner.

Finally, it was possible to demonstrate that défgracoustic pressure fields reduce the soot emnissiuring pulsed
combustion, and that small-scale improvements camete significant effects in a non-stop operatiérthese
improvements are reapplied in other industrial costion systems, the performance gains may be eeatiey.
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