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Abstract. The present work reports an experimental investigation about a new concept of a two stage combustor for
gas turbines. It is based in low emission of NOx by the control of operational parameters like primary chamber
length/diameter ratio (L/D), equivalence ratio, swirler blades angle and fuel jet Reynolds. Therefore, the variation of
these parameters was made with the purpose of determining the influence of these parameters on the heat transfer to
the combustor wall and to asure that the new concept of combustor satisfies one of the principal objectives of its
creation, which is, to reduce the high temperature to which the walls of the combustor are submitted to. The result
shows a general behavior in which high values of acoustic amplitudes and low swirler blades angles produce an
increase in heat transfer to the outer wall. Also, higher L/D ratio and lower equivalence ratio generate lower
temperature profiles and finally lower fuel jet Reynolds numbers have a tendency to increase the temperature values.
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1. INTRODUCTION

Nowadays, gas turbines for energy generation ansidered of great interest due to numerous facach as
complex cycles that can have an efficiency of 50%e benefits derived from its very high construetiarhich offsets
the initial investment (Corred,991). It can burn a variety of fuels and be adapteuse when the supply of coal gas
decreases (Newby and Bannister, 1993). Howeverobtiee main problems of using this type of turbisghe high
emissions of pollutants such as nitrogen oxidegeimeral (NOx), carbon monoxide (CO), unburnt hydrbons (UHC)
and soot (Beckest al., 1986).

Generally the traditional gas turbines operateeuntbnditions where the reactants enter into thebestor
separately, for reasons of security and contrehefmixture. However, this leads to obtain higtelewof thermal NOXx,
obtained at high temperatures and in regions meastbichiometric mixture of reagents. At the sdime, due to how
the regents are introduced into the combustion bleamit is difficult to control the process of mixgj (Almeida,
2007a).

This leads to a high production of soot in the #apmimary zone, which in turn increases the ratkeaft transfer to
the walls of the chamber, and therefore makes sacgghe use of complex refrigeration systems. Somée
traditional methods used to reduce the high tentpess and the formation of thermal NOx has beenirtfestion of
water and water vapor (Brewstaral., 1999). However, the injection of a great percgataf air to cool the turbine,
combined with a corresponding decrease in the atmofuair available for combustion has a directuefice on the
profile of exhaust gas temperature. Moreover, tieceQuench decreases by the high presence of not burned air,
reducing the combustion efficiency and increasimgssions of CO and UHC.

Among the various technologies developed for thlthucBon of NOx are the combustion system of theetppe-
mixed low (LPLean Premixed) for gaseous fuels and combustion pre-steamegbamchixed poor (LPP-Vaporized and
Lean Premixed Combustion) for liquid fuels. A similx feature of this system is the complete evapmmaif the fuel in
case of liquid and the complete mixing of reaggmisr to the combustion region. This type of tedbgy has serious
problems associated with combustion instabilitiésywout and flashback (Almeida, 2009b).

Another technology used for the reduction of NO#his combustion of type Rich-Quench-Lean. Thisasda on a
two-stage combustor where the reagents are injalitedtly into a primary chamber, which allows dteecontrol of
the burning process, leading to a mixture rich costion (Corret al., 1991). In this new technology, the air enters the
chamber passes through a swirl, creating a tarajesttimponent of high speed that adheres to thedrydial wall of
primary chamber, thus forming a film cooling. Thilows only a small amount of air conducted to tkeater of the
chamber to be mixed with the incoming gas, resgltma rich burn. In this area the airflow absotis intense heat
transfer by the radiation product of the soot ia lame.

After the first stage, the gas enters in a charbarlarge diameter, where the wall effect produogdilm cooling
is lost, and the flow tends to expand rapidly ia #xial direction creating a zone of low pressar¢he center of the
chamber called Central Zone of Recirculation (CZR)is allows the mixture of not burned air with theoducts of



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

combustion from the primary zon@yench effect) and also creates a homogeneous mixture of infemsecombustion
(Ronceros, 2005).

Using a laboratory scale model of the combustioandter, the Aeronautical Institute of Technologya®Blr has
been studying the effects of parameters regulatiegcombustion process like the length/diametethef primary
chamber (L/D), equivalence rati@)(, swirl number §), Reynolds number of reagents (Re) and acoussiabilities in
the combustion process on the temperature profiggstered from the wall of the chamber, to detgenif this new
configuration is able to reduce NOx emissions aedt ttransfer to the combustor wall, with the puepos obtaining
maximum efficiency in the combustion process. Toefiguration of the combustor used both RQL coneaqut LP to
control emissions, without pre-mixtures, a chandstie of the combustor LP and without additiontdges of air to
work, a characteristic of the RQL combustor.

2. EXPERIMENTAL SETUP

The model used for the experimental assembly watenoé stainless steel in a modular design in oethetble a
change in its configuration. It is divided into tveoeas easily differentiated: Primary zone (residmdor the rich
combustion) has a diameter (D) andrd.length (L) of 0.In, 0.2m and 0.3n, which gives L/D of 1, 2 and 3,
respectively. Secondary zone (responsible forgha burn) has a diameter of ®.2nd a length of OrB. Fig. 1 shows a
schematic diagram of the experimental setup.
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Air Distribution Primary Secondary

Gas Inlet Combustion ~Combustion
Swirler Chamber Chamber
. ‘| } Combustion
| 9 Exhaust
' ' ! ! Gases
-
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Figure 1. Schematic diagram of the experimentalset

With the purpose to vary the Reynolds number offtie¢ flow (Natural Gas Vehicle, GNV), the massiloate was
held equal to @/s, it was used three nozzles of various diameters, D (@1353.20nm and 7.8'1m) providing
Reynolds (Re) of approximately 50,000; 40,000 asn@Q0, respectively.

The axial swirl used has 9 blades of 0.®@f#thickness. The angles used weré &0Ad 80 according to Lefebvre
(1983) for these angles; instability and stabilitzombustion are experienced, respectively.

To obtain the mass flow rate of fluids (air andlfuerifice plate systems were used. An orificetpléRadius Tap"
was used to obtain the mass flow rate of the airmBasure the mass flow rate of natural gas was aipdate of small
diameter pipes (about @#n to 40mm). Both mass flow rates were calibrated with a mmaxn error of 3% of the
measure.

After the data acquisition of pressure and tempeeathe program "Calculo do Numero de Swirl" (Riva005)
was used in which mathematical equations suggdsté&kimeé are implicit (1987), for calculating timass flow rates
(air and fuel), equivalence ratio, swirl number,yRa&lds number, among others. The calculations ef Reynolds
number and equivalence ratio are limited to theatiqn (1) and (2), respectively.

4m

R, = s 1

Where,m is the fuel flow masg the viscosity of the fluid an® the diameter of the fuel nozzle.

— (F/A)opera 2
(I) (F/A)stoic ( )
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Where,(F/A)qpera represents the operating air-fuel ratio afitfA) i corresponds to the stoichiometric air fuel
ratio, found as (Turns, 2000):

MWair

MWy e (3)

(F/A)stoic =

Where, MW,;,. andMW;,,, are the molecular weights of the air and fuelpeesively.

To detect the Amplitude (A) and the combustionabdity in each working conditions, a Kistler 726fezoelectric
pressure transducer was positioned arB@bove the swirl, at the primary wall chamber. Tgusition was chosen due
to the lower wall temperature, around B58t the external side, facilitating the coolingnsducer (Almeida, 2009b).
For the results presented here the maximum frequemor is 1% and 5% for amplitude of the measure.

2.1 Data acquisition of temperature at the outer wihof the combustor

For data acquisition of temperature at the outefiswaf the combustor, an optical pyrometer or inéch
thermometer was used, IRtec Miniray 100, which wag# infrared energy radiating from the bodies fandises on a
detector, which converts that in an electrical alggmplified and displayed on a digital displayisTimstrument has a
watch with a circular laser with spot dimensionslat of 3.5nm, measuring range from 241to 79X, capable to
acquire data for a certain time and display avesagehese measures, it also complies with ISO XKj@ifications,
with a limit of error £274.K (from 24K to 29&) or +1% of reading (from 296to 79X). This was located at a
horizontal distance of 1.59and a height of 1.30 of the longitudinal center combustor in a varighdsition, allowing
free movement along the longitudinal axis thereof.

The points at which temperatures were taken abther wall combustor were determined for the priraramber
according to its length, for 02and 0.3n length was distributed to 25% separation, whetikashamber Ort due to
its short length, just found a measuring point (50%or the secondary combustor 4 points of it wiadeen, each
separated 0.10 (Fig. 2). At each point of temperature 20 measatantervals of 19were acquired, to make this half
of temperature with a significant number of samppeeviding a more accurate measure of the realeval
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Figure 2. Temperature measurement points for @iffet/D: (a) Relation L/D=1, (b) Relation L/D=2 afa) Relation
L/D=3. All distances in 18m.

After defining the points for data acquisition eitperature at the outer walls were varied durimgekperiment
parameters such as L/D ratio for the primary chamhel jet Reynolds number, swirler blades angi¢ 4nd the
equivalence ratio, as commented before.
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3. RESULTS
3.1 Influence of the number swirl and combustion istabilities on the temperature profiles obtained

Recently, a study with this combustor has showh filraangles below 50°, it failed to maintain aldéaflame for
fuel flow 1g/s, (Aponte, 2006). Moreover, according to Lefebvre98p by increasing the swirl’s angle, there ars les
acoustic oscillations in combustion chambers far fymbines, improving the quality of the mixturerefgents. This is
the reason why we worked with angles representicgafd 80.

According to Stone and Menon (2002), for a smalrlsmumber exists a small amount of tangential nmogat in
the flow, this being a factor in the stability dietflame and consequently the combustion procdsrétically, these
parameters are crucial in enhancing heat transfehe environment. In Fig 3 are shown the tempegajuofiles
obtained for various conditions.

Comparing the temperature profiles with the valieamplitude in each condition applied, it can lbserved that
there are cases to swirl angle of 80here the amplitude value was significantly higimpared with the amplitudes
obtained for the same L/D and D condition. Thesesare presented in Tab.2.
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Figure 3. Temperature profiles obtained to relatiti=3, Re= 50,000 and=6(". The profiles withp=0.206 and
¢=0.191 has acoustic instabilities.

Experimentally, the high values of acoustics ampht registered influencethe profiles obtained, presenting
increases of temperature for low values of swirhber and acoustics instabilities in the combustioamber. (see Fig.
3 and Tab. 1).

Table 1. Values of amplitude and swirl numbers iolet@ to relation L/D=3, Re= 50.000 ang6(’.

0) m.. (9s) S A (Pa)
0.441 38.006 1.754 113.3
0.33 50.252 2.273 2121
0.279 59.799 2.569 74.7
0.243 68.495 2.762 231.9
0.223 74.567 2.897 452.9
0.206 80.968 3.000 802.2
0.191 87.695 3.078 771.9

As shown in Tab. 1, high values of instability wetatained for reasons of equivalence extremely (fless than
0.206), which coincides with the theory of systetimst operates with low theoretical reasons equicdethese are
susceptible to combustion instabilities, which @neently, increases the heat transfer system tenhedcombustor’s
chamber walls. According to Lieuwen and Zinn (1998ijs suggested that the processes of combustitnlow swirl
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angles and deficient mixing between reagents ada plobal combustion, produce pressure oscillativat increase
heat transfer.

In the cases stated in Tab. 1, the origin of tistainilities can be related to two factors as folowhe low swirl
numbers obtained, which provide a drop in the guali the reagents’ mixing process and the obsemwaif vibrations
in the secondary chamber, which indicate the exésteof a strong zone of destruction of vorticesdmsThis as a
product of oscillations in the combustion processha time of mixing the reagents from the primaone to the
secondary chamber, suggesting that the acousticaatieaistics of that area are influential in theeegence of
instabilities which increase the heat transferrendombustor walls.

Such behavior can be attributed to the presenddifigiences across sectional areas between theetiarof the
primary chamber and secondary chamber, which dra. @nd 0.8n respectively. There may not be space available to
the mergence of a recirculation zone strong endaiglbsorb vibrations caused by the breakdown dfcew (Almeida,
2007a).

According to Aponte (2006), in studies of instal#é made to the same settings of two stages cdorhube
secondary combustion chamber is responsible foethergence of oscillations; it is because theretsuniformity in
the reagents’ mixture, which induces an increaselease of energy as heat.

Furthermore, comparing the temperature profilegiobt in Fig. 3 and Fig. 4, greater instabilitieer@vobtained for
low swirl numbers (fora=60°), while for high swirl numbers (for 8)) the flame became more stable (Tab. 2),
obtaining temperatures slightly higher for the migncamera that worked with high swirl number. Tikiglue to the
high tangential motion as the flow, which creatasircreased air circulating in a spiral shape adothe combustor
walls, which reduces the burning area and the aliditly of air in the middle of it, producing a theetically rich
combustion (excess fuel) which causes increaseskpce of soot and increases the brightness ofdime fradiant heat
transmitted over the unburned circulating air, Brwleasing the heating temperature on the combusiths.
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Figure 4. Temperature profiles obtained to relatiid=3, Re= 50,000 and=80".

Table 2. Values of amplitude and swirl numbers iolet to relation L/D=3, Re= 50,000 ang8(’.

® m,,. (9/s) S A (Pa)

0.371 42.67 19.775 347.9
0.293 53.549 23.669 69.3
0.245 63.193 26.116 107.3
0.218 70.591 27.446 70.7

0.2 77.184 28.538 113.8
0.186 83.2 29.349 86.3
0.173 89.747 29.96 64.3
0.162 95.791 30.462 54.9
0,154 100,4 30,835 314,0
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Although it is difficult to predict a behavior far secondary camera, it appears that once workddhigh number
of swirl, corresponding to 8qTab. 2) showed a tendency to present higher teatpes in the secondary cameras than
the once worked with low numbers swirl (Tab.2).sThan be seen in Fig. 3 and Fig. 4, where the tefflas more
marked for reasons of equivalence numbers, where ik less air injected for combustion.

For equivalence ratio extremely poor, the maxime@mgeratures obtained in the secondary chamberttebe
lower fora=80"than the temperature obtained é5:6(°, this is due to the presence of high amounts @fao around
the walls of the secondary chamber, which actsfasmaooling to reduce heat transfer to the wallshis area.

3.2 Influence of the relation L/D to the temperatue profiles obtained

Comparing Fig 4, 5, 6 and second Herbert (2002)jnarease in the ratio L/D results in the decreas¢he
temperature in the primary chamber, because detigth enlargement, so there is more space avaitaldissipate the
heat product of combustion.

According to Fig. 5, a chamber of énllength (relation L/D= 1), has little space avaidgbproducing a rich
combustion in a small space, therefore, it is sddalarge amounts of energy (heat) to a small anakjng this a
condition for obtaining higher temperatures thathim longest primary cameras, consequently lowapégatures were
registered for the primary chambers with L/D= 2g(F8) and L/D= 3 (Fig. 4).
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Figure 5. Temperature profiles obtained to relatiib=1, Re= 50,000 and=80".
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Figure 6. Temperature profiles obtained to relatiib=2, Re= 50,000 and=80".
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In the same order of ideas, analyzing the tempergiofile behavior along the secondary chambés,ribticed that
despite there is not a followed consistent patiteradl profiles, there is a trend to lower temparas for relations L/D =
1 as compared with L/D= 2 and L/D= 3 (compare Fjg546). This can be attributed to the fact thathigter
temperatures experienced in the primary chambeL,/fd= 1, there is a greater amount of burnt re¢égethus to reach
the secondary chamber there is little presencaeadftdb be burned releasing less energy during tbeggs.

3.3 Influence of the equivalence ratio on the obtaed temperature profiles

By analyzing the general behavior of the graphsemied above, it appears that temperature prafileobtained
with lower temperature as it decreases the equicaleatio of air/fuel injected in the combustioraoitber, for example,
in gradual works with poor equivalence ratioremote to the stoichiometric ratio, less hedtaasferred by radiation
(flame) and convection (hot gas) to the combustaltsf{Hebert, 2002)Such behavior is mainly due to increased mass
flow injected to the combustor, allowing more ama#able for combustion and efficient cooling tsdilf.

The graphs presented above, show that the temperaisults corresponding to the primary chamba&sent a very
similar behavior, that is, the temperature variagidbetween each equivalence ratio is only a fewedsgcentigrade,
which gives an indication that the changes in eajaivce ratio, which enhance the mass flow injegiedbably will
have more influence on the temperature profileesponding to the secondary chamber than the prefflelts of the
primary chamber, lowering the temperatures foresjance ratio with more presence of mass flow of ai

According to Fig 7, 8 and 9, to the temperaturdifg®obtained wittn=80, when the work conditions decrease get
closed to extremely poor equivalence reasops (.209 to L/D=1,p < 0.188 to L/D=2 yp< 0.175 to L/D=3,
approximately)the profiles have less variatiortamperature, behaving almost like a curve. In theeses, the mass
flows of air were: 75.43§’s, 84.083)/sy 97.252y/s, approximately, suggesting that for high angleswifl (a=80°) and
m'aire high, near the highest capacity of the compres$06y(s), temperature profiles are more dependent of the

relation L/D and the diameter of the fuel injecfBe) than the equivalence relation.
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Figure 7. Temperature profiles obtained to relatifi=1, Re= 40,000 and=80".

It is observed that with increasing relation L/Deteffect of equivalence ratio on the decreaseswiperature
profiles is reduced, since for increasing the rati® required an increase in air mass flow that ceeate the same film
cooling effect experienced for L/D= 1.

As it is known, the main objective of a combusticiramber is to achieve maximum efficiency, achieving
highest conversion rate of fuel inject to deliveery to the turbine; this effect is to achieveoaplete combustion.
With a greater amount of air, combustion takes gladth greater efficiency to take advantage of gpeaelease.
Moreover, air excess will reduce the final tempamtand the amount of energy release. That is whfufure studies
would be air/fuel ratio as a function of temperatand combustion efficiency desired.
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3.4 Influence of the Reynolds’ number on the profés of temperature obtained.

In this study, the Reynolds’ number characterizes level of turbulence in the flow of fuel injeattd the
combustion chamber (Almeida, 2007a), using diarsetérnozzles of: de 2.83%n, 3.8nm y 7.8nm with Reynolds’
numbers of approximately 50,000, 40,000 and 15,aG&pectively.

By analyzing the results obtained from the variataf this parameter, the results were comparechéosame
relation L/D, varying the diameter of the fuel icjer, where the following trends were registered:

Comparing Fig. 5, 7 and 10, that worked with relatL/D= 1 and fuel injector diameters of 2n3#, 3,8nm and
7,8mm respectively, it is shown that for low turbulentyRelds numbers (Re= 15,000) were obtained tempesitu
slightly higher than those obtained for higher Rdgta numbers, that is, by measuring the increagarbtilence fuel
flow, lower temperatures were recorded on the catdrwalls.
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Figure 8. Temperature profiles obtained to relatifi=2, Re= 40,000 and=80".
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Figure 9. Temperature profiles obtained to relatiti=3, Re= 40,000 and=80".

This effect is attributed to the fact that fuelWlavith higher speed can produce a central flowh@a ¢ombustion
gases with a greatest amount of movement, it mearfficient turbulent flows are able to create anbgeneous
mixture between the reactants, increasing the tffatess of the combustion process, otherwisetuakes! in the three
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graphs listed above a little turbulent combustidlh ve done and with a deficient mixture of reagenthich results in
increased formation of soot that increases thehbr&ss of the flame and consequently the heatféraad to the
combustor walls.
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Figure 10. Temperature profiles obtained to refatitD=1, Re= 15,000 ana=8C.
4. FINAL REMARKS

The present work shows the influence of operatigmatameters of the combustion process (relation, L/D
equivalence ratio, swirl blade angle, fuel jet Regs number and acoustic instabilities) on the hemisfer to the
combustor wall producing trends in behavior as shbelow:

High values of amplitude influence the behavioteshperature profiles, it increases for low valuéswirl number
and acoustic instabilities in the chamber.

High swirl numbers increase the heat transfer éocttamber walls due to the high tangential movemien to the
flow, it created a reduction in the burning areal ahe availability of air in the center itself, pitecing a rich
combustion theory (excess fuel), which results imerease in the production of soot transmittingrenbeat by
radiation to the circulating air that does not hwand increasing the temperature at the outer watlse chamber.

The relation L/D = 3 shows temperature profilesdowhan the relation L/D = 1 at the outers wallglef primary
chamber, probably because there is more spaceablafor the occurrence of combustion and the gndigsipation
product of that process.

It is possible to obtain profiles with lower tematures for lower air/fuel ratios. For conditionsageration with
poor equivalence ratio or distant to the stoichitiimeatio less heat is transferred by radiatidane) and convection
(hot gases) to the outers combustor walls.

Low Reynolds numbers show a trend to increase teatyres at the outers combustor walls due to the lo
turbulence provided the flow, which hinders the gess of mixing, increasing the formation of sootl dhe heat
transferred to the walls of the chamber .

Finally, the results show that general behavide tiigh values of acoustic amplitudes and low ®wiblades angles
produce an increase in the heat transfer to ther auall. Also, higher L/D ratio and lower equivate ratio generate
lower temperature profiles and finally lower fuet jReynolds numbers have a tendency to increasteihpeerature
values.
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