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Micro-gas turbines are a good alternative for on-site power generation, since their
operation is very reliable. The possibility of operating with various fuels increases
versatility and, as a result, the usage of these devices. Focusing on a performance
improvement of a tri-fuel low-cost micro-gas turbine, this work presents investigations of
theinner flow of its combustion chamber. The aim of this analysis was the characterization
of the flame structure by the temperature field of the chamber inner flow. The chamber was
fuelled with natural gas. In the current chamber, a swirler and a reversed flow
configuration were utilized to provide flame stabilization. The inner flow investigations
were done with numerical analysis, which were compared to experimental data. The
analysis of the inner flow was done with numerical simulations, which used the RSM
turbulence model. A B-PDF equilibrium model was adopted to account for the turbulent
combustion process. Different models of heat transfer were compared. Thermal radiation
and specially heat conduction in the liner walls played significant roles on results.
Keywords: swirler stabilization, natural gas, equilibrium combustion model
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I ntroduction

Gas turbines are one of the most reliable devicespbwer
generation, as they do not depend on environmentaditions and
are able to operate on demand. Within this classesfces, micro-
gas turbines have the advantage of being used-git@meneration.
This kind of usage is important for areas where tosts to
distribute power are high or for customers thatdnae independent
and reliable energy source.

Tomczak et al. (2002) describe the studies caroigdon an
industrial gas turbine combustor fed with mixtuafsnatural gas
and hydrogen. CFD studies using a commercial codgew
performed changing fuel composition from naturak ga pure
hydrogen. The main goal of the numerical simulaiomas to
predict the internal and the wall temperature iistron as well as
combustion phenomena. The flame is stabilized bgrabination of
swirler air and the formation of recirculation zeneThe 3D-
calculation was based on mixture fraction and ckheh#quilibrium

The combustion chamber is the gas turbine componemiodel. The authors argued that this approach hasdaftional

responsible for receiving the combustion process throvides
energy to the turbine section. The main challenfgegd in the
combustion chamber design are related to wall ogoliflame
stability and emissions control (Lefebvre and Balk910). These
features determine gas turbine operational rangapdity, cost and
emissions characteristics.

This work presents an analysis on a low cost miga®e-turbine
combustion chamber able to operate with natural] g&& and
ethanol. The objective is to contribute to the depment of
technology and solutions demanded by the on-siiergéon.

The micro turbine combustion chamber configuratibas
changed as its development evolved. Straight flmnmber with
and without dilution holes, as well as bluff bodwlslized flames
were adopted, until the reversed flow configuratigith swirler
stabilized flames provided the best operationabd@ns. All these
combustor types are adequate for use in singlet shaffo gas
turbines, as reported in literature.

Tuccillo and Cameretti (2005), and Cameretti, Realé Tuccillo
(2007) give a comprehensive view on micro gas nabicombustion
chambers. A literature review on combustor desigs eonducted by
Tuccillo and Cameretti (2005), discussing desigatsgies and the
different possible geometries. In addition, theyoalpresent a
numerical study of three classes of combustorfugidn annular, lean
pre-mixed and Rich burn-Quick quench-Lean burn)enetthe flame
stabilization was reached using a swirler.
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benefit of allowing a more accurate estimation toé flow field
mean density than using the finite rate formulat{@tuent Inc.,
2000). No heat transfer effects were taken intooawst This
approach is similar to the No Heat Transfer modeldun this work.
The comparison between measured and calculatedsdataluated
based on the wall temperatures using pure natuaal @ pure
hydrogen. The overall agreement of the wall termpeeas good.

Khelil et al. (2009) presented the numerical pridicof a high
swirling non-premixed confined natural gas diffusftame in order
to predict the pollutant NOx emissions using theFPBodel
coupled with the Reynolds stress model (RSM). A nubal
equilibrium model in conjunction with the assumdwse of the
PDF is adopted. The mixture fraction PDF is desdtilwith ap-
function. In order to predict the NOx emissions,N®x post-
processor of the Fluent has been performed. Theettration of O
and OH radicals is obtained assuming the partialliégum and
using a PDF in terms of temperature. The numesgallation of
various factors influencing the combustion procass examined
and compared favorably with experimental resultsisTmnodel is
very similar to the combustion model used in thisky

Ghenai (2010) reports the numerical investigation tloe
combustion of syngas fuel mixture in gas turbine cambustor.
The objective is to understand the impact of theatdlity in the
alternative fuel composition and heating value a@misustion
performance and emissions. The composition of tieé furned in
can combustor was changed from natural gas (methang/ngas
fuel with hydrogen to carbon monoxide (H2/CO). Thathematical
models used for syngas fuel combustion considtek-£ model for
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turbulent flow, mixture fraction and presumed Piubty Density
Function (PDF) approach for non-premixed gas cormitrus
Radiative heat transfer in the flame is accountedwiith the P-1
radiation model (Modest, 2003). No comparison vexperimental
data is done. Instead, the maximum temperaturghfermethane
combustion is compared to the adiabatic flame teatpe to
validate the whole numerical model. The temperategiations
were lower than 2%, so that the model was congideaédated.

The present work addresses numerical
experimental evaluations of the mentioned combnstbamber
operating with natural gas. The main objective dfese
investigations was to increase the understandingtten flow
behavior inside this proposed combustion chambaefiguration.
Numerical simulations were done to provide inforiomatabout
some operational details regarding the chambergerolg the
stabilization zone provided by the swirler and th#uences of
different heat transfer forms inside the chambepdEimental data
was used to guide numerical simulations modelind atso to
analyze the performance of the entire device.

Nomenclature

A = absorption coefficient

f = mixturefraction

h = enthalpy

I = radiation intensity

7n = wall area normal vector

P = probability density function
p = pressure

7 = position vector

S = sourceterm

§ = direction vector of the travelling radiative ray
T = temperature, K

t =time

u = velocity

X = Cartesian spatial coordinate
Greek Symbols

£ = emissivity

& = scattering phase function
Q =solidangle

Y = general quantity

p = density, kg/n?®

o = Sefan-Boltzmann constant
o, = scattering coefficient

I = diffusivity

Subscripts

b = black body

w = atthewall

Y = general quantity

op = atoperating pressure
Superscripts

~ = density-weighted average
- = time average

! = relative to the travelling radiative ray incident on
control volume

"2 = variance of a quantity

Experimental Setup

The combustion chamber configuration was modifiedrdy the
development of the tri-fuel low cost micro-gas fagh The main
project of the entire micro gas turbine setup hasabjective to be a
low cost system. In the view of this challenge fidifities were
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found to design and build a stable combustion clgmBome of
these difficulties were associated with the use aofregular
automotive turbo compressor as air feeding systelnmsen to
reduce costs. The turbo compressor does not aflewditect control
of air inflow. As a result, air/fuel mixture is dgmically controlled
by the flow field inside the chamber. This behawaas the main
obstacle to achieve a stable combustion chamber.

The first design configurations were based on gitaiflow

simulations amhambers with bluff bodies and, afterwards, withirlew on the

primary air injection. This kind of chamber provilistable flames,
but walls overheated, compromising their durahilBgetter results
were achieved when reversed flow configuration waed. This
configuration provides cooling of chamber walls, asll as pre-
heating of incoming air, which enhances flame $tgbiFigure 1
presents a cut view of the reversed flow chamhsrwiork studies,
as well as the chamber main dimensions.
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Figure 1. Geometry of the reversed flow combustion chamber.
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In Fig. 1, the numbered dots represent the theropes’
positions on the experiments. It is worth to intkcthat the actual
set stands on the vertical position and is turnete Hor better
visualization.

The air inflow is made through a manifold connegtin
compressor outlet to the chamber case. Fuel etterchamber
through the injector located at the swirler centexr,seen in Fig. 1.
Injection is made radially, in a plane paralleltb@ swirler plane,
through six equally spaced holes. Liner walls nesisix dilution
holes with 8 mm diameter displaced radially. Thepesknents
carried for this work used only natural gas, altjlothe set is able
to operate with LPG and ethanol.

Temperature and flow measurements were performeallde
comparison of the computational simulations to expental
results. The air mass flow entering the chambermeasured using
a calibrated ASME nozzle, which is based on pressiifference,
attached to the compressor inlet, as shown indherse of Fig. 2.
Water columns indicating pressure differences haaillimeter
resolution, yielding to an uncertainty 8f 10~3 kg/s. Fuel mass
flow was measured using a rotametr {0~* kg/s of uncertainty)
and the proper corrections made with measured ymeesand
temperature on the fuel line, taken with a manom@®7 kgf/cn
of uncertainty) and a T-type thermocouple.

Temperatures inside the chamber were measuredthvite N-
type thermocouples inserted through holes in tteentter case. The
tip of each thermocouple was located as shown ig. Hi
Thermocouples’ points in the chamber will be reddrto as 1, 2 and
3. In addition, a K-type thermocouple was positiié the turbine
outlet. The uncertainties for the temperature megsants were 5 K
for the N-type thermocouples, K-type thermocoupdes T-type
thermocouples. All uncertainties reported in thragpgr have 95% of
confidence level.

Experiments were performed in two stable operatioegimes.
Regimes were determined by the fuel mass flow, miyu
controlled by a valve. Air flow tends to increaséem fuel flow
increases. Combustion stability and compressor esugge
responsible for the mass flow inferior limit, whiltuel line
capability limits higher mass flows.
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measuring
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’/ Compressor § #
e
I]
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Figure 2. Experimental test rig.

The averaged values presented here were taken \fesious
measurements performed at the same operating mmndiable 2,
at the Results section, presents these mean mdatateefor cases 1
and 2. Mass flows averages were taken from at |taste
measurements performed on each configuration (cigeile each
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measurement was taken, temperatures were acquigetirhes per
second. Each measurement took about one minute peitformed
and temperatures were taken during this time forenev
measurement. Fuel flow was controlled manually,leviiir flow
depended only on the turbocompressor regime.

Mathematical and Numerical M odeling

The turbulent flow inside the combustion chambes siaulated
using the commercial CFD code Ansys Flfemthich is based on the
finite volume method. A RANS based turbulence miodelwas
adopted. Regarding this turbulence modeling andpifesence of
combustion phenomenon, the Favre’s averaging wad us the
governing equations of transported quantities. Thastransport
equation for a general quantity can be writterhasve in Eq. (1).
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Momentum, turbulent kinetic energy, turbulent kioe¢nergy
dissipation, Reynolds stresdga:,"u,"), enthalpy (in simulations
with heat transfer), mixture fraction and mixturadtion variance
were the transported quantities. The last two qtiesitare detailed
in the next section.

The variable density flow approach with low Machmher was
used. The overall flow field inside the combustaramber has low
velocities. However, a very small region had velesi higher than
0.3 Ma, due to the fuel injection. In Ansys Flférthe option of
using a density based approach disables the naonbprée
combustion modeling. Hence, considering that thiskwntends to
model combustion as a non-premixed process, a |pedsased
approach was adopted. However, a compressibilityrection,
presented in Eg. (2), was used to account for ffeets in this high
velocity region.

_ p
P = Pony- )

A velocity-pressure coupling was necessary to close
transport equations, since a pressure based appveas adopted.
The SIMPLE (Semi-Implicit Method for Pressure-Lioke
Equations) algorithm was adopted.

Reynolds Stress Model (RSM) was used to accourntifbulence
effects. The option for this model was due to thvrlimg behavior
inside the combustion chamber. This behavior reguine modeling
of the anisotropic part of the Reynolds Stressaienkhis model for
combustion chambers (and swirling flows as a whbbs proven to
provide good results (Weber et al., 1990; Xia, 12881 Palm, 2006).
Model standard parameter values were used inrihdations.

Discretization of advective terms, second term op EL) of
transport equations, was done with first order Upewscheme.
Discretization of diffusive terms, third term in EflL), was done
with the central difference scheme (CDS). Time mitzation was
not necessary, since steady state simulations deere.

The discrete ordinate model was used to accounttter
influence of radiation on temperature. There igdence that this
method is adequate to correctly simulate radiationgas turbines
(Kayakol et al., 2000). The radiative transfer emum in the
direction § is presented by Eq. (3). For a given directiors thi
equation is treated numerically in the same mansédavier-Stokes
and other transport equations, as Eq. (1) (Fluent 2000).
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Considering the walls as diffuse reflecting surfacehe
boundary conditions for Eq. (3) are representedfy (4). In this
work, scattering factor was set to zero, so thdy emission and
absorption of the medium were considered. Wallsevamsumed to

be black bodiegés = 1), which is a reasonable assumption given thgas reaction which,

massive presence of soot and rust in the chambks {#ayakol,
2000). The black body intensity is given by thenkladistribution
and is evaluated at wall temperature (Modest, 2003)

The absorption coefficient of the gas mixture wadcuated
with the sum of gray gases model (Modest, 2003}hia model,
emissivity and absorptivity of the gas mixture istatmined as a
weighted sum of the water vapor and carbon diosbgorptivity.
The weight of the species can be found in the wmykModest
(2003). The direction domain was discretized wix2 3olid angles
in the polar and azimuthal spherical coordinates.

I(ﬁM:g) _'S(ﬁm)lb(ﬁv)
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Combustion modeling and statistical treatment

Equilibrium combustion model for non-premixed flasneas
used to model chemical reactions. This model assuthat
chemical reactions happen until they reach the da&m
equilibrium. Even though this approach has limitas, it is
adequate to predict temperature distributions irs garbines
combustion chambers (Tomczak et al., 2002; Ghe2@ip). The
equilibrium combustion model has been used extehsivor
turbulent non-premixes flame calculation, as carséen on Kent
and Honnery (1987), Piro (2007), and Sacomano F{&@l1).
Flame instability cannot be predicted using thidlelimg along with
the RANS approach. Once the main goal of this wisrkthe
prediction of temperature distribution and flow tpat inside the
combustor, in operational regime far from instaie$, the
equilibrium model can be considered as suitable.

The model requires mixture fraction transport téowal the
combustion phenomenon computation in the flow fielthe
transport equation for its quantity is presentedhy (5).
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Figure 3. Temperature as a function of the mixture fraction for natural gas.
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In laminar adiabatic flames, quantities as tempeeatmixture
density and mass fractions of chemical species lanrightly
extracted from mixture fraction. Figure 3 presettie relation
between mean temperature and mean mixture frafticthe natural
in this case, is represented nsthane.
Nevertheless, in turbulent flames these quantidémot be rightly
extracted from mixture fraction, since only the meguantity is
transported. In the view of this fact, a statidticeatment is done to
allow dependent quantities derivation from mixtfreetion.

In this work, the statistical treatment of the twlgmt reaction
was done with the presumed Probability Density Fionc(PDF)
approach, specifically th&PDF. Calculation of this presumed PDF
requires the value of the local mixture fractionriaace. Ansys
Fluent transports the mixture fraction variancecading to Eq. (6)
in RANS based turbulence modeling, whe@ and Cy are
parameters which have values of 2.86 and 2.0 ragpkc

opf™
at

apf,
ak& -

a [ ofe F\" | pe
5735y ) o) -~

A mean quantity can be calculated by the presunied Bs
presented by Eq. (7).

(6)

1= [ arpar ™
The presumed PDF is given by Eq. (8).

a-1 p-1
B(f) = fra-=-pNFra+p) ®)

r(@re)

In the case of Eq. (8);(¥) is the gamma function andandp
parameters can be calculated as shown by Eq. (9).

AP e - 021,
"2 f
For simulations with heat transfer, a jolPDF of mixture

fraction and enthalpy is used to account for thibulent reaction
treatment. In this case, the mean quantity is tatied by Eq. (10).

)

§= f f 9, WP W)dfd (10)

Boundary conditions

A plausible definition of the boundary conditions highly
important to perform simulations that actually esent real
situations. Masses entering the domain receivedassrflow inlet
boundary treatment, at the manifold entrance aedfubl injector.
This approach prescribes a constant mass flowaradeallows total
pressure to fluctuate in function of the inner solu The inflow
direction was set normal to the boundary. Infororation the
turbulence is also required for complete boundaonddions
definition. For the air inlet, turbulence intensityas set to 10%
following information on compressor outlet flow (@hand Kang,
1999) and length scale to 0.01 m according to thet size. Mixture
fraction was imposed as zero. Set fuel inlet valwese 5% and
0.001 m. For the fuel, mixture fraction was set to
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Flow outlet entering the turbine was treated whke pressure
outlet condition. In this case, a value for a staiessure on the
outlet boundary must be specified. This value iatiree to the
operational pressure and was set to zero. Opesahtwessure used
in all simulations had a value of 2 bar, accountfog a mean
observed compressor outlet pressure. Thus, it wasnaed that
pressure on the turbine inlet had the same valwen fithe
compressor outlet, which was increased on the sitionls due to
the mass flow inlet condition. Turbulence intensityd length scale
were prescribed as for the air inlet.

Grids

All the grids used in this work are unstructured amomposed
by tetrahedral elements. Near swirler region, iniveer walls and
the region inside the liner received better refirata, comparing to
those used in the inlet manifold and outlet coneo Tdifferent
meshes were employed in the simulations. One aghthessesses
computing nodes between liner walls, being ablecmount for heat
conduction in this region, while the other does not

To guarantee mesh independency, a simple test erésrimed.
Temperature results between three different refer@m were
compared in the positions where thermocouples \eeaed. These
refinements (named A, B and C in Table 1) are prtipaal to each

chamber, between the two high temperature areasciwhre

actually a tridimensional annular volume) formedbbe the dilution

holes. Although the contours structures are vemyilar, any small

positioning difference of these structures may tyealter the

temperatures in a given point. No great differenam be seen in
Fig. 4, which compares the whole temperature fisddsefinements

A and C. No significant grid dependence on tempieeais observed
in Table 1, since the maximum deviation is 3.7%c®the aim of

this study is to understand the phenomena insielelthmber, these
small variations were considered irrelevant anéheafient A was

adopted for all simulations.

Results and Discussion

Experimental data

Mass flows and temperatures were measured expedahyen
using the described apparatus. Two regimes werataiaed for
accomplishing the measurements. Fuel mass flow coasrolled
manually, while air flow depended on the resultindocompressor
regime. Table 2 presents the average results ofrs@surements
performed in each regime.

Table 2. Experimental conditions and mean results.

other, meaning that all regions were refined withiven factor. c
ases
Table 1. Numerical mesh independence. 1 2
Mesh A B C Air mass flow (kg/s) 0.171 0.129
3.9 45 6.3
Elements Milion | Milion | Million
Fuel flow (kg/ 3.18(% 2.22(10°
Temperature 1(K) | 1542.7 | 1487.4.7 | 15289 uel mass flow (kg/s) (Ip (10)
Deviation @) (3.58%) (2.79%) Global equivalence ratio 0.318 0.294
Temperature 2 (K) 888.3 921.2 908.1
Deviation @] (3.70%) | (1.42%) Thermocouple 1 (K) 1357.4 1334.1
Temperature 3 (K) 1014.3 1028.9 1022.5
Deviation Q) (1.44%) | (0.62%) Thermocouple 2 (K) 1097.8 1087.1
Simulations were performed with mass flows clos¢hmse of
. . Th le 3 (K 1113.4 1070.5
Case 1 (0.180 kg/s for air and 0.00361 kg/s forhamet) and with ermocouple 3 (K)
no he_at transfer modeling. Mesh tests were perfdrirefore the | Thermocouple turbine outlet (K) 826.9 832.6
experiments and the mass flows were based on m®vio

experiments for different chamber configurationsueDto the
expensive simulation time, no further calculatiovere carried out
with the measured mass flow rates.

590 879 1169 1459 1748 2038 2231

P
k
F
‘7 L l

Figure 4. Mean temperature (K) contours for mesh ref
with no heat transfer simulation.

inements A and C

Evaluating the specific points, higher deviationsrevfound for
point 1. The region where this thermocouple is fimséd has the
strongest gradients. The thermocouple stands atéhter of the
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Simulations

Both cases were simulated imposing the mass flowkable 2
to the previously described boundary conditionschEaase was
firstly simulated considering two different apprbas: without heat
transfer (neither radiation nor conduction in tired) and with
radiation and conduction in the liner. All cases adiabatic, since
there is no heat exchange with the environmentutitrocasing
walls. For comparison of the separated influenée®nduction and
radiation, two more heat transfer models were sitedl: only
radiation and solely conduction.

The main goal of this study was to compare theceféé heat
transfer on the flow and temperature patterns enttié combustion
chamber. By analyzing the temperature contourdi@fsimulations
without heat transfer and accounting for both réolie and
conduction, as shown in Fig. 5, different structueee noticed.
Temperature distributions differ more in the regidose to the
swirler, where the highest temperatures are foudfl.course,
temperatures between liner walls and the casinglaceaffected by
the presence of heat conduction in the liner.
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It is worth pointing that cases 1 and 2 had venyilar profiles
(see Fig. 7). This was expected, since their glebaivalence ratios
are close to each other.

300 590 881

F
h
|

nn 1462 1752 2043 2236

282 585 1799 2103 2305

Figure 5. Mean temperature (K) contours for case 1 with no heat transfer

(top) and radiation and conduction (bottom) models.

Figure 6. Mean mixture fraction contours for case 1 with no heat transfer

(top) and radiation and conduction (bottom) models.

The different structures of the temperature fietdgiced in
Fig. 5 are explained by the fact that heat tranafars the whole
flow pattern. As a result, the mixing process isdified, as seen
in Fig. 6, which shows the mean mixture fractiostdbution.
With no heat transfer approach, mixing elongateth&r from the
fuel injection. As temperature is dependent on ortfraction in
the employed combustion model, they are affected.

Table 3 shows the simulations results taken from phints
where thermocouples were located. Since thermoesugb not
measure exactly one point and there is a smallrtaioty regarding
thermocouples’ tips position, the temperatures shawthe table
are averages of the temperatures on the compuaatiodes located
in a 1 cm radius around the estimated thermocoygasgions.

The same table also presents
computational results to the experiments. At theatmn of the
thermocouple 1, modeling with no heat transfer esgmated
temperatures while heat transfer modeling undenegéd. This is
explained by the mentioned different pattern in thegh
temperature region. With such difference, compassof single
points may be misleading.

446 [ Vol. XXXIV, No. 4, October-December 2012
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Table 3. Simulation results and deviation from expe  riments.
Cases
1 2
No heat 1502.1 1415.9
0, 0,
Thermocouple 1 (K) / transfer (+10.7%) (+6.1%)
Deviation A o ang| 11905 1300.3
conduction (-12.3%) (-2.5%)
No heat 910.4 974.6
- 0, - 0,
Thermocouple 2 (K) / transfer (-17.1%) (-10.3%)
Deviation A o ang| 8700 9475
conduction (-20.8%) (-12.8%)
No heat 1063.5 1055.0
- 0, - 0,
Thermocouple 3 (K) / transfer (-4.5%) (-1.4%)
peviaten \rlgtljt:;tion and 1009.9 1030.7
conduction (-9.3%) (-3.7%)

Point 3 has the best accuracy for both models. dVerall
agreement is verified, once numerical simulatioproduces
reasonably the experiments. In point 3, gradien¢sless severe
and the mixing process has a minor role. Distogiare explained
by the same flow pattern sensitivity, which is lggeminent in
this region. It is worth noticing in Fig. 7 thatettmodel accounting
for radiation and conduction in the liner undergicts the
temperature in both cases. This indicates thasitimelations were
conducted consistently.

Casel
1600
1500 -
1400
= .
x
E 1300
2
g 1200 X o Experimental
Qo
£ 1100 . ® = No Heat Transfer
& [}
1000 X X Rad. & Cond.
900 n
X
800
0 1 2 3
Thermocouples
Case 2
1600
1500
1400 =
I~ .
E 1300 *
2
g 1200 o Experimental
Qo
£ 1100 . = No Heat Transfer
@
© .k X Rad. & Cond
1000 k X Rad. & Cond.
[
X
900
800
0 1 2 3
Thermocouples

Figure 7. Temperature comparison between experiment al
simulations without heat transfer and simulations w
conduction modeling.

results,
ith radiation and
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The differences between the two cases cannot loestisd by
local points. Case 2 has a slightly lower globaliealence ratio, but
it is not plausible to expect lower temperatureshi@ same points
for this reason. The temperature fields depend archmmore
variables than the equivalence ratio, such as ndéstribution of
mixture fraction, absolute enthalpy and mixturefi@an variance.

Chamber’s outlet temperatures were taken to chiecldlations
consistency concerning the energy conservation. tEngperature
values, presented in Table 4, are the averagdseafdmputational
nodes on the outlet plane. The adiabatic flame ¢éeatpres at
constant pressure, calculated as presented by T2008), for each
case according to their global equivalence ratioadso presented in
Table 4 (bottom line). Inside the combustion chamibemparing
temperatures to the adiabatic flame temperatures dag make
sense, because of the different flow statistic fanix fraction and
enthalpy), as previously stated. On the other hasidce the
combustion chamber is considered adiabatic, thes fémthalpy
should be conserved at the outlet. It is worth keppn mind,
however, that even at the outlet section therespagial gradients in
the mixture fraction and enthalpy, which may leaddeviations
from the idealized well mixed reactor model.

Table 4. Chamber outlet temperatures and adiabatic
corresponding to the global equivalence ratios (K).

flame temperatures

Cases
1 2
No heat transfer 1060.2 1040.8
With rad_latlon and 1071.3 1045.3
conduction
Adiabatic flame
temperature 1104.6 1051.2

As expected, values are very similar. The majocrdjsancy,
4.0%, relative to the adiabatic flame temperatsir@dserved in Case
1 — No heat Transfer. Small differences are duth¢opresence of
the B-PDF in the CFD simulations model, which differsrfr the
well mixed reactor model used by Turns (2000). Carimy
simulations with and without heat transfer, fREDFs are different
from each other, causing variations between CFDItesBased on
these results, one can conclude that the flow &ntha conserved
and agrees with the experimental data.

Even though the comparison with experimental datandt
totally conclusive, there is evidence that heatdfer modeling is
necessary to assess the combustion phenomena. r@iagceéhe
temperature measurements (Fig. 7), the adherenc@mflations
with heat transfer is not significantly better thdmose without it.
However, flow structure patterns are changed wioarisidering heat
transfer. This pattern is kept in both cases. Ahsneement stations
2 and 3, both numerical models show temperaturewbehe
measured values. Furthermore, as one could expeuntjlations
considering radiation and conduction inside theerlinndicate
temperatures below the simulation without theset Heansfer
processes. Atthe measurement station 1, whergptiteal gradients
of all variables are very high, simulations consiug radiation and
conduction inside the liner show, once again, teatpee below the
measured values. Simulations without heat trarisfee, however,
higher values if compared to the measurements. Bbizavior
seems to be inconsistent with the results at theerottwo
measurements points. Concluding, regardless oflatie of more
measurements stations in this critical regionsitonservative and
logical to assume that the simulation with heatgfar approximates
more to the real flow.
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Heat transfer modeling has noteworthy effects. densn Fig. 5,
conduction in the liner is significant and its miig allows the
evaluation of the liner temperature. Simulatiordidated that the liner
temperature reaches a value around 900 K and ghé valuable
estimate that might be used in durability calcolasi

Simulations with only radiation modeling and onlynduction
were performed to have indications regarding the ob each heat
transfer form. Figure 8 presents temperature m®offor the four
types of simulations performed: no heat transfediation heat
transfer, conduction in the liner and both radiatamd conduction.
The first noticeable characteristic is the tempees between liner
walls and casing. Obviously, only the simulationghvonduction
have temperatures higher than 300 K in this regi©omparing
conduction with and without radiation, one can obsethat
radiation causes an increase in the casing wafi¢eature.

Case 1-100 mm

Radiation

No Heat Transfer -=--- Conduction ~—-—-Rad& Cond
2500
2000
1500

1000

Temperature (K)

500

Figure 8. Temperatures of a radial line located 100  mm from the swirler for

Case 1.

Case 1-300 mm

-~--~ Conduction —-—-Rad & Cond

Radiation
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2000

1500
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Temperature (K)

500

Case 2-300 mm

—— Rad & Cond

Conduction

Adiabatic = === Radiation

2000

1500 +

1000 +

500

Temperature (K)
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Figure 9a. Temperatures of a radial line located 30 0 mm from the swirler

for both Cases.

Case 1-400 mm
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Case 2-400 mm

No Heat Transfer Conduction - === Radiation —— Rad & Cond

1500

1000

500

Temperature (K)

(m)

Figure 9b. Temperatures of a radial line located 40 0 mm from the swirler

for both Cases.

Comparing the whole profiles, it is clear that tragliation
simulation is more similar to the simulation witb heat transfer,
while the conduction simulations (with and withegatiation) are
similar to each other. It points to a leading role conduction
inside the liner in this chamber. The same tendéneypported in
other distances from the swirler for both Casegufgé 9 shows
other two examples. Again, conduction seems toctffieore the
results. Observing the temperature contours predeint Fig. 5,
regardless of the different flow rates, one can sea&t, in
comparison to the no conduction model, there i®raperature
increase of ca. 100 — 150 K as the inflow air apphes the
swirler. Inflow air heating occurs because of theathtransfer
through the liner. Consequently the heated airrérgehe swirler
alters significantly the velocities and mixing pesses at the fuel
injection region.

Figures 9a and 9b also show an interesting facasgmmetry
of the region between casing and liner walls at dtephs edges.
The air entrance in the casing is made through rifold inserted
asymmetrically, as shown in Fig. 1. This causesaihdgo achieve
higher temperatures in one side of the evaluates. liThis
characteristic may also be responsible for thehslasymmetry
noticed in all the contours shown (Figs. 4 to 6pmparing Fig. 8
and Fig. 9a and Fig. 9b, one can see, once adaih the region
between the fuel injector and the first temperatomeasurement
point is critical. As shown in Fig. 8 there arersfggant deviations
in the temperature profiles not only at the neaerliregion but also
in the whole flow inside the combustor.

The simulations also allowed the evaluation ofdivling flow
characteristic. Experiments demonstrated that t@nber stability
in the imposed fuel flows was satisfying. This tated that the
swirler was acting at least close to the way it wiasigned to.
Figure 10 shows two tridimensional isosurfaces bhgpaof
indicating if the swirling flow is actually beingeated. On the left
is a plot of absolute helicity, which is defined the dot product
between the vorticity vector and the velocity vecithe isosurface
value was adjusted manually to provide the bestalization. There
are two well defined regions: the first connectedhe swirler and
the other in the dilution holes region. These twgions have the
higher values of absolute helicity, showing highrbmg tendency.

Figure 10. Absolute helicity isosurface (left) and
isosurface (right) for case 1 with heat transfer si mulation.

swirling strength
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Velocity
Streamline 1

Figure 11. Velocity streamlines seeded on the casin
fuel inlet (black).

g top (gray) and in the

The plot shown on the right of Fig. 10 is an istesce of
swirling strength, which is defined as the imagingart of the
complex eigenvalues of the velocity gradient ten$bis variable is
useful to identify helical structures, representithg strength of
swirling motion around local centers. Its positiaue (as the one
highlighted by the isosurface) only appears whesrehis a local
swirling pattern on the flow (Akturk and Camci, 201

Therefore, it is likely that the stability found the experiments
is due to the achieved mixing swirling structureowgver, as
indicated by previous discussions, there is alstication that the
mixing process is elongating more than it should.order to
understand why this is happening, the velocityastines presented
in Fig. 11 are useful.

The gray streamlines were seeded at the top othlaenber’s
casing, while the black streamlines were seedelédrfuel entrance
holes. More than the velocity magnitude, it is iiaging to notice
the mixing of the two groups of streamlines. A mortof the fuel
stays in the center of the chamber, while the ngixdacurs mostly
close to the liner walls. It is desirable that thel is mixed as soon
as possible and that the mixing takes place incémger of the
chamber.

Consequently, a modification in the swirler geompetray be a
way of improving the mixing process. Air should entloser to
chamber’s center. On the other hand, such adjustmest be done
carefully. It is not recommended to impose mordrig®n to the
air inlet and the swirling flow characteristics rhbe maintained.
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Fuel injection is already made radially. This cdnites to the
fact that the mixing is mostly located near thelsvédtill, modifying
this characteristic may elongate even more the ngixprocess,
moving it away from the swirler. Anyhow, injectamprovements
must be considered.

Conclusions

The present paper reported the design, experimestal
computational evaluation of a combustion chambemfmicro-gas
turbine fuelled with natural gas. Simulations witlur heat transfer
models were applied.

The simulations with radiation and liner conductievere
considered to better reproduce the flow, since thaye a whole
different pattern if compared to simulations withbeat transfer. In
order to verify the consistency of the simulatioomparison of the
outlet temperature with the adiabatic flame temipeeaof a well-
mixed reactor is performed. Results show that flemthalpy is
conserved and agrees with experimental data.

Comparison of temperature profiles between differaadeling
approaches at three planes downstream the fuetiojeshows that
the region between injection and the first measergnpoint is
critical. The profiles differ in more aspects tharst near liner
region, having influence on the whole flow insitie tombustor.

The analysis of the isolated effects of radiatiamd diner
conduction points to a leading role of liner cortthut. Air entering
the swirler is heated, leading to significant chesn velocities and
mixing process at the fuel injection region.

Other information obtained with the heat transfesdel with
radiation and conduction inside the liner is itsanperature.
Simulations indicate that the liner temperaturehea value around
900 K and this estimate might be used in durabdéiculations for
gas turbines combustion chambers.

In order to better support conclusions, more teatpee
measurements on the region between the fuel imjectd point 1
are necessary. This region presents the highetialsgeadients of
velocity, mixture fraction and enthalpy consideritige whole
combustor. The presented results suggest thatldke dattern is
quite different depending on the used heat traregbgroach. This
should be investigated experimentally in more detddespite the
lack of more measurement stations in this criticegion, it is
conservative and logical to assume that simulatiodth heat
transfer modeling are closer to the real flow.

Flame stability at the investigated flow ratiosachieved by the
swirling flow generated by the designed swirler.alifdition to the
experimental observation of stable operation, samoms show that
the swirler in fact increases the mixing process@svever, mixture
fraction plots, temperature contours and streandimedysis indicate
that the mixing process might still be improved. \Weggest
modifications to the swirler geometry and/or theelfunjector.
Mixing should occur in the center of the chambed as close as
possible to the swirler, being able to improve dilit, stability
and emissions.
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