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ABSTRACT

A cannular combustor with a 180V thermal pover was designedith a swirler,primary holes, dilution

holes, and cooling holes based on an original gas turbine of a practical application. Further, the combustion
process in this combustor wasimerically simulated by usinGomputationalFluid Dynamics (CFD). A
methanereduced chemical mechanism was applied to CFD to simulate the da@mbpsocess. The
combustion performance, product concentrations, and flow field were analyzed. Experimantédiladidlow
distribution obtained in previous study were applied in thegieprocess. The present work was reported to
verify that the experimental data can be regarded as a guide and optimization basis in the aerodynamic design
process. Additionallythe consistency of numerical results and design data indicates that tipe idethis
papercouldsatisk the design requiremesat

Keywords: Cannular combustpNumerical simulationTurbulent combustianCombustion mechanism

1. INTRODUCTION has been conducted to discover the basic law
between velocity and temperature profiles by

The micro gasturbine is a developing type of conside_ring the linkamong the internal_flow fie_ld
thermal engine, which is extensivelyeasin ground ~ @nd exit parameters and the toguantity of air
generators. The design process of a combustor i$UPPlied (Yang, 201§. Using the fiFortrard and
slightly different from that of an aircraft owing to Delphi codes, a combustor design program has been
the usage of different types of fuel. The kerosene isdeveloped to not only simplify the design process
used in aircraft while natural gas in ground but a_llso to predict the aeryrmhmlc parameters én
generators. Considerable experience and_the liner wall temperaturf_in, 2013. Further, the
experimental data are applied during the designlnﬂuence of vane angle on the outlet tempetu
process. The airflow distribution should be initially Pattern factor was analyzedBy appropriately
considered to obtain a reliable flow field. Further, decreasing the anglethe exit temperature

the combustion performance can be observed bydistribution can be improvedLiu et al 2017).
conducting a numerical simulation. Gordonet al (2005)described a detailed simulation

of the YT-175 engine combustor. Thentire flow
Several experimentalnd numerical studies have field was modeled, ranging from the compressor
been conducted on micgas turbine combustors, diffuser to the turbine inlet. Further, the
both domestically and abroad. Various types of temperatures of the vaporizer and the liner walls
micro-gas turbine combusts have been proposed were pedicted and compared with the measured
(zhang and Feng2003 Zhang and Feng2005  test data. An agreement could be observed between
Yang, 2016, and the differences betweemet the calculated and measured values. In the
characters of actual thermal flow field and the TECFLAM combustor, a presumed PDF model
design index, such as total pressure recoverywith respect to temperature fluctuations was
coefficients, the exitemperature, mass flow rate, employed to numerically simulate therlulent
and et, have been investigatéthang and Feng, swirling flame of methane. The calculated axial,
2009. Furthermore, the influence of the flow radial, and tangential velocities of the gas and mass
control plaé on the temperature fielit the exit and  fractions, temperature, and temperature fluctuation

the distribution of pollutants have been discussedof species agreed wehith the experimental data
(Zhang and Fen@005. Thedetailed flow analysis
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(Yang, 2009. An oxygeri methane diffusionldme protecting the turbine blades from ablation. While
in a gas turbine combustor was experimentally the turbine blades are operated in a high
investigated under various operating conditions. temperature environment for extended durations, a
The flame stabilization mechanism  was certain amount of ablation is observed to occur, and
investigated, and it was observed that both thethe blade life andeliability exhibit a considerable
flame and fuebas temperatures decreased with andecrease.

increasing equivaler ratio(Habib et al 2015. In .
terms of large eddy simulations, a methagacting ~ 2-1 ConceptualDesign

flow was simulated in an industrial gas turbine |n present work a cannular combustor was
combustor that was operated at a pressure of 3bargesigned, with a given operating condition, which
A reduced GRI 3.0 mechanism containing 15 myst satisfy a range of basic requirements.
reaction steps and 19 specigas introduced. The  According to a practical application, the design
results at different axial locations were observed 10 gyiteriaconcerned in this paper are listed as follows:
be similar with the measured data, which verified

that the CFD methods can be used to solvel. High-combustion efficiency (>99%).
complicated arbulent combustion problen{®ulat 2

etal 2011). Low pressure loss. The total pressure loss

coefficient is limited to 4%.

With  different combustion chamber shapes
combustion performance of a diesel engine, was
numerically investigated especially the speed,
temperaturg dischargeand gas flow(Cao and Lj
2018).Undewvarious swirl numbers, the flow field, 4. Reliable igniton and stable combustion
temperature field and thermal N@rmation atein performance at a given operating condition.

the combustor were analyzedn a heavy gas . . . .
turbine. With swirl number increase, the More detailed design criteria, such as low &siun,

recirculation zone enlarged and the temperature.durab'l'ty’ will be proposed in further

peak decreased, then the thermalxN@mation !nvestigations.'l'he design conditions were shed
decreased@e and Fu, 2008 A new concept of in Table 1.

reverse fuel injection as proposedRajparaet al

2018. It declared to enhance the fumirning rate  Table 1Known conditions for design process

3. A suitable exit temperature distribution, which
varies due to different pattern factor, lafst
satisfies normal range.

in upward swirl cannular combustor. Experiments Operating conditions
and simulations indicated that reverse fuel injection Inlet airflow mass rate 0 9Ka/s
could improve combustion efficiency and reduction - =2Xg

in CO emission. And theénjection length could Inlet alrf_low temperature 473K
influence the totapressurdoss a lotSaboohiet al Inlet airflow pressure 400bar
(2018) focused on the conceptual design of a Outlet gas temperature 1200k
conventional gas turbine combustor by the multi Inlet fuel pressure 640bar
objective optimization methodt aimed to optimize Calorific valueof fuel 39MJI/Nn?

the emission indices, airflow stribution, and the

length of combustion zoneResults suggested that |n the conceptual phassgveralsimple empirical
minor changes could mattes much to obtain anformulas are applied to determine the outiafiehe
acceptable solution. combustor while preparing the detailediesign
the process.The conceptual design procegsin and

As one of the three major components, Zhong, 2015is depicted in Figl.,

combustor plays aimportant role in a gas turbine
Further, the combustor caulirectly affect the
lifespan and power output of a turbine. In this study,

a combustor modeling process and combustor Basic design requirements
structures are initially introduced CFD software =2 5
application called Fluent is used to simulate the o

flow field inside the liner to obta the flow Overall design plan

structure and various performance exds which = Z
are subsequently used to derive an optimal model h )
that is applied for detailed combustor simulation. Combustor flow path design

]l L

2. DESIGN PROCESS Key components design

The combustor is considered to be the major

component in a gas turbine. In thenbustor, the Design of various holes
chemical energy is converted to thermal energy via : :
the combustion of an aifuel mixture. Fig. 1. Conceptual design process

Hot gases are produced after the foehgen 5 5 Experiments on Airflow Distribution
reaction, and these gases are subsequently cooled

by the fresh air admitted from dilution holes to The air flow distribution in the combustor
achieve a suitable exit temperature profile for considerably  influeces  the  combustion
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performance According to the project to the airflav distribution characteristics, the actual

requirements, it is expected that the airflow air mass flow can be obtained under a given inlet
distribution doesnot change too much with the condition. The experimental data is summarized in
different @mbustor inlet conditiongHe et al Table2.

20138.

Owing to the limitations of turbines, and liner
materials, and cooling technologies, the total -fuel
air ratio in a combustor is lower than the
stoichiometric ratio. Therefe, flame stability in
the primary, dilution, and downstream cooling zone,
as well as the exit temperature, must be considered
(Lin, Xu and Liu, 2003

Because of the limitations of turbines, liner
materials, and cooling technologies, the totalifuel Measuring the outlet total pressure
air raio in a combustor is observed to be lower than

the stoichiometric ratio. Therefore, flame stability

in the primary, dilution, and downstream cooling

zone along with the exit tgmerature must be
consideredLin, Xu and Quan, 2008 1300

Vortex flowmeter
Pressure measuring tube ; Airflow

U Measuring thenlet total pressure

Fig. 2. Experimental system

During previous invest@fions, experiments 125}
pertaining to airflow distribution have been
conducted(He et al 2018. A cannular combustor
with a 100KW thermal power, which is the original
model for the design process, was usegerform
these experiments. The experimental datt were

obtained in these investigations could serve as a = swirler

reference to achieve a suitable combustor design 1%

and optimization in the present study. o5t . . . .
800 1000 1200 1400 1600

The experimental system used in this study is
presented in Fig2. Air was supplied to the
combustor using &crew air compressor, and the (a) The flow characteristicef swirler
mass flow rate of air was adjusted using the vent
valve of the compressor. Further, the air flow
through the inlet duct and the mass flow rate were
measured using a vortex flow meter that was
installed in the measurement sent upstream of 180k
the combustor. The experiment was performed
under the atmospheric pressure condition, and the
total pressure of each component was observed to2 1eo}
be considerably smaller than the atmospheric
pressure. Therefore, the drainage method, in which primary holes
the change of pressure was converted to the rise of 140}
the water level in pressure measuring pipe, was
adopted for measuring pressure so as to obtain 00 B0 To00 20120 1600 1300
accurate pressure values. The total pressures of the
inlet and outlet in the combustor were measured at o ]
the denarcated measuring points in the inlet and (0) The flowcharacteristisof primary holes
outlet ducts. Further, an-shaped total pressure
measuring pipe was employed to ensure that the 180
pipe was exactly opposite to the airflow. The hole
plugging method was used to obtain the airflow .
distribution chareteristics of the swirler, primary 60}
holes, and dilution holes. After completing the
measurement, the air was expelled to the
atmosphere.

Pressure differentialfmmH_O)

Pressure differential{mmH,0)

oy
S
£

140}

Initially, in Fig. 3, the airflow distribution *  dilution holes

characteristics of the swirler, primary holes, and
dilution holes were eperimentally observed under
atmospheric pressure to obtain accurate pressure 2 oo Too0 1260 1400 1000 1800 2000
measurements

Pressure differential{mmH_O)

Further, the pressure differentials of the swirler, (c) The flow characteristicsf dilution holes
primary holes, and dilution holes were measured  Fig. 3. Airflow distribution characteristics .
under different airflow inlet conditions. According

1709



P. Zhanget al./ JAFM, Vol. 12, No. 5, ppl7071718 2019

Table 2 Experimental data obtained 2010. Severalkey parts, including the swirler,
W(g/s) | Ws Woh Wah We primary holes, dilution holes, and cooling holes,
283.82 121.61% 133.21% |26.89% 118.29% have supported reasonabl@mbustion, cooling

effect, wall temperature, and outlet temperature

409.11 [22.10%33.49% |26.91% |17.50% profile. Under condition of strong swirl, the fuel is

450.2 |22.19% ([33.46% [27.21% |17.21% rapidly mixed with the swirling air in the
46860 |22.66% |33.63% [27.57% [16.13% combustor, in which the combustion is close to
491.® [22.65% [33.75% [27.64% |15.97% semipremixed. A large number of small couii

holes were created to reduce the wall temperature to
510.8 22.63% |33.94% |27.60% |15.83% protect the liner part and to prolong the service life
539.73|22.62% [33.72% |27.53%16.12% of the generator. The main configurations of this

combustor are presented in FHg
W represents total airflow raté/V= denotesthe . .
airflow distribution coefficient. Ws: \girler 3.1 Fuel-Air Ratio

airflow; Wph: primary air jet; Wdh: dilution air jet; Assuming that the gases at inlet and outlere

Wc: total cooling airln addition, the inlet and regarded as incompressible, perfect gases
outlet total pressure in the combustor were 5ccording to energy conservation equation, the total
obtained with the swirler, primary holedilution  fyel air ratio was calculated to be 0.017, to provide

holes, and cooling holes all remaining open. Theny jean combustion. While at the primary zone, the
the total pressre loss coefficient can be calculated, fyel-ajr ratio was designed to be 0.058, and the

as showrin Table3. mixed flow was exactly stoichiometric.
Table 3 Experimental data obtained 3.2 Combustor Flow Path Design
Mass Flow Rat| Inlet Reynolds| Pressure loss b | h desi Iv based
~ oS Number coefficient Com ustorfpw pat lesign was generally based on
9 previous design experiencéin and Zhong, 2015
283.8 196918 4.42% g
: : 0" Lefebvre andBallal, 201Q Meller, 199Q Jin and
409.1 283790 5.94% Suo, 201§ With the velocity method, dome
428.5 297320 6.53% preference velocity was selected to be 5.6m/s, then
450.9 312863 7.26% combustor maximum area A, ) could be
468.6 325144 8.08% .
291.0 340687 8.78% calculated from continuity.
510.8 354425 9.54% On basis of design experices the design
539.7 374478 10.67% parameters were selected as follows:

Since experimental pressure loss isamned with ~ Diameter of flame tube:

the inlet air flow of the combustor, the design R el 2)
conditions need to be converted to the experimental ™ ~ e | p=131mm

operations according to the equal Mach numberCombustor length:

principle in the inlet. The experiment was carried '

out under atmospheric pressure and normal |_:(2_5~3_3 D, =405mr 3)
tempeature, 20 degrees. Actual inlet operation can

be calculated as follow Combustion zone length:

M, =2 :rmA%: Y Gokg/sm 0286kg (L) L. =(1.8~2.9D,, =270mr )

. .. Primary andDilution zone length:
As the inlet mass flow rate equals to 285g/s, it is

exactly corresponding to the design point, and atL =L ,= (0_9 ~ 1_5) D, =135mn (5)
that time, the pressure loss coefficient 244

; ; PP Transition :
Moreover, the desired airflow distribution in an ansition tube

aerodynamic design can be obtained as follows: L,=L -L, (6)
atomization airflow = 22%, primary jet = 33%,

dilution jet =27% and cooling airflow = 17%. In  The combustowas divided intothe primary zone,
the present study, the experimental data weredilution zone and a transition parthe total length
initially regaded as a predicted airflow distribution was 405mm The maximum diameter and total
in the combustor flow path design process and as dength of theouter casing were 180 and58 mm,
reference for further optimization of the airflow respectively.

distribution design. . .
g 3.3 Swirler and Injector

3. COMBUSTOR STRUCTURE Swirler design did matter much to flame
stabilization.A flame can be stabilizedn account
In the present study, a combustor was designed fo©f the recirculation of highemperature gas andtia
micro generators, whichre required for ensuring fuel. The main objective of a swirleiis to create a
operation in an economic and reliable manner overrecirculation zoneébased on the principle afortex

long periods without attentiofLefebvre andBallal, entrainment by which a lowpressure coreis
formed Because ofhe continuous flow ofhot gas
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upstream, a selfompensating ignition sourci Thestream oftooling airmade an angle &5° with
formed, which is necessanto maintain theflame the main stream. Total cooling area was
stability. Further, he swirl vane angle can be 0.0004464r A cooling film grew near thdiner
adjusted to investigate the influence of various wall, and this film served textend the life othe
angless on the exit temperature profile and liner part over a range obperating temperatuse
combustiorperformance. All themain components adepictedn Fig. 4.

In this work, & axial swirler was selected. Mma

design variables were: 4. SIMULATION ~ AND  OPTIMI

ZATION
Vane angle50
Vane thicknesslmm 4.1 Math Model and Simulation
M ethods
Number of vanes: 12
i Four basic governing equations should be
Outer diameter: considered for investigating the turbulent

_ _ _ 7 com_bustion ina gas tirbine combustorincluding _
Do (0'35 O‘SQDfef 46w ™ continuous equations, momentum conservation
®) equations, energy conservation equations, and

Inner diameterp, =(0.45~-0.73D, =26 species equation3hese equations were given

Injector length:L, = 45mm 9) Continuous equations
A plain orifice injector wasemployed in this W piru) x)  (uw 0 (10
combustor. The methane, under high pressure from pt K YU Zu

a gas pipe, would be injected to hot airflow from _ )
several inclined holes. The cbination of swirler r means density of fluid t means time And u,

and injector was showed Fig. 4. v, w denotes the vector velocity three directions
X, Y, Z

Momentum conservation equations

H(ru), e | (w) ()

Mt K yH Z (11)
a g & 8 - an 5
H oM oM %‘:
= C IJX i ¢1y 4 I’_J'E _SJ
pX M 4N XU
uirv), hmd)  (wwy (v
- Ht K yH ZH (12)
Fig. 4. Combustor model 5 5 8 5 s 5
Haeﬂﬂ o Hae!”w oM &E
3.4 HolesStructure s &y - K W3 )
With a desired airflow distribution, the flow area of KX s M yH
each component could be determined from (. AU
continuity. Thus, it can be seen in Fig, that the “( )+ I(l ) + (HVM *( HWV?
liner suface containedsix primary holes and ten HE K yH Zu (13)
dilution holes and they were uniformly distributed a 6 4 0 3 o
along the circumferential direction. M 'o'“&f”}M o H 2 B -
= Q HX L w a4 m T TSN
In the dome fuel was abundartb provide a rich X M Zu Zu

ignition; and, a part offreshair flowing through the ) ]
primary holes was introduced upstream and In these equation) and mrespectively represent
supplied for combustion. the pressure in the surface of fluid cell and viscosity

Furthermore the primary airflow aced to cut off of fluid; S S and S, were volume force in three

the recirculation zontor avoidng the exparsion of  directions.
the hot gastowardthe exit. The six primary holes

E2omm32, H5.amm 2were located in  the Energy conservation equations

distan@ of 135mm from the injector exit. u(rT), bar) | (uvr) ()

A . Ht K YH zp (14)
nother flowwas thefeed across thdilution holes, . i . -

which wasemployed tceliminateheat fromthe hot ua/ Moo u 2 Qw/ q

gas andto achievea suitable exit temperature ?:TJ 14 §+ % M ? Cpéu

distribution. Ten dilution holesF18mms3 4-were T W 7 St

locaied in the distancef 270mm from the injector

exit. WhereT meangemperature of fluidy .C,» and S

1711



P. Zhanget al./ JAFM, Vol. 12, No. 5, ppl7071718 2019

were the thermal ealuctivity, specific heat capacity
andviscous dissipation.

Species equations

MY, o) | (wvy) ( nwy

n x m o (15)
a M, 6 4 U 6 3 )
ugD, " 6 Mad D, 6 H &L{S 0
- ¢ s e W s TR e
HX M 7

Where{s and D, Mmean the mass fractionand

diffusion coefficient of specie s, andy, represents

the production or consumption of specie s owing to
chemical reactions inside the cells.

According to the Reynoldsaverage method, the
Standard lepsilon turbulent modelJones and
Launder, 197p was adopted in simulationdor
enclosing the Reynolds stress. The finite volume
methodwasused to discretize the fields the CFD
software that can be referred to dsuent. The
difference equationssingthe finite volume method
were accuratelyolved using SIMPLE, which is a
semiimplicit  algorithmbased  staggeregtid
method.

Further the real chemical reactiom turbulent
combustion is so comgk that it is difficult to
analyze the concentration and distribution of
variouscomplex components detail. In a rough
simulation of tle internal fields in combustoit is
imperative to consider trmmbustion performance

Therefore to simulate the global reaction
combustion instead of considering complex chains
reactions, thefi imple chemical reaction system
model (Spalding, 198Phas beenassumedand the
eddy dissipation model (EDMjMagnussen and
Hjertager, 197Hwas selected ithe present work.

With the introduton of methane reduced
mechanism, the eddy dissipation concept (EDC)
model (Magnussen, 1991was used tosimulate
compkx chemical reaction mechanisnmsFluent

The eddydissipation model, a turbulenchemistry
interaction model, was provided in Fluent. With this
model, for any species the net rateof production
was given by the smaller of these two expressions
below:

. Coa Y.
— Ar i R (16)
R r \(J MN i mInR m
av
Rr_\(l,r MN,i ABE -[:| P (17)
a Vj,r Mw,j

Where Y, means the mass fraction of any product
species Pwhile Y is the mass fraction of a certain

reactantR; k, @are kinetic energy andissipation

rate;and A B equal to 4.0, 0.5these subscripts
such as, j, P,R, declare different species.

The eddy dissipation concephodel wasextended
based on the ededyjissipation model Detailed
chemical mechanism was allowed in turbulent flow.
And a new ternthe fine scales was introducéa
modify the source term in the conservation
equation.

4.2

For grid meshing, grids of different sizes were
selected considering ¢h complexity of the
combustor geometry, and an unstructured grid was
generated using Gambit. A local mesh refinement
was applied to a thin layer adhered to the inner
linear part and small holes. A mesh model with
6425621 cells was selected after verifioatof grid
independence. The mesh map is shown in%:ig

4.3

The boundary conditions that are involved in the
simulation are as follows:

(1) Inlet conditions: The model combustor
contained gas and air inlets. For a given mass
flow rate, he airflow mass rate was 0.9 kg/s,
while the gas flow mass rate was 0.0153 kg/s.
Further, the temperature and pressure were
determined by a fixed value. The velocity
vector was specified to be normal to the
boundary. The two key parameters of
turbulence cmbustion are intensity and
hydraulic diameter of the tube, and both the
parameters can be predicted.

Modeling and M eshDescription

Boundary Conditions

In this study, the flow path exhileitl almost a round
tubular path Therefore, the hydraulic diameter was
exactly the same as the inner diameter of the.tub
The oxygen concentration of the air inlet was set to
0.23, while the methane concentration was set to 1
at the gas inlet.

(2) Outlet conditions: The velocity and pare at
the exit were unknownHence, the outflow
boundary condition was selected.

(3) Wall conditions: The default standard wall
function in Fluent was accepted. And, the
specific wall temperature is not a considered
objective. Only the fluid region will be used in
the simulation, and the fluidolid coupling is
not involved, so the radiath and heat transfer
coefficients could be ignored-urther studies
about wall temperature would barried out

In terms of the operating conditions, the reference
pressure was set td@ar and was located within
the fluid domain.

4.4

In this section, four slices are exttad for detailed
analysis: Face A: longitudinal seah at the
combustor centerand located in xs0Face B: a
slice crossing through the center of all primary
holes and normal to Face, Aand located in
z=135mm; Fae C: a slice crossing through the
center of all dilutionholes and normal to Face, A
and located in z=270mnface D: combustor exit.
The locations of the sampling faces are depicted in
Fig. 6.

Results andAnalysis
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4.4.1 Non-Reacting flow

The influence of thechemistry reacton on the
internal flow field in the combustor can be
considered to breegligiblein case of anon-reacting
flow, andthe only matter thaimust befocused oris
the process ofas air mixing and cacirculation. A
cold flow field is considerably significarftom the
viewpoint of the combustion flow structureA
reasonalyl cold flow field helps with the
subsequeninvestigations.

Fig. 5. Mesh description

Plane:z=270mm Plane:z=405mm
Fig. 6. Slicelocations

The velocity vector and isogram contour are
depictedn Fig. 7. andFig. 8. The simulatiorresults
exhibit that the recirculation zone was
symmetricallydistributed inside the combustor. The
airflow crossingthroughthe axial swirl tured into
swirling jets,and a low-pressurezonewas rapidly
formed under this conditiona recirculation zone
was formed in this lowpressure zond~urthermore,
the additional airflow admitted from the primary
holes mayhave beerdrawn upstream owing to the
presege of a low-pressure core.Additionally,
almosthalf of the additionakirflow flowed back to

both the primary andthe dilution holes isalmost
uniform around the tube. The primary jet height is
as deep as 0.7 times the combustor-haight. The
air jet wasfed into the combustionane torapidly
combine and react withthe unburned gasthis
further increased the combustion efficiency.
Meanwhile,the dilution jetwas approximatel{.5
0.6 timesthe combustor haffieight, and the cold
airflow could cool the hot gas to a reasonablet exi
temperature pattern factor by diluting with the
burned mixture.

Fig. 7. Velocity streamline of nonreacting
flow.

[velocity-magnitudelN 110: 10 20 30 40 50 60 70 80 90 100110120

Fig. 8 Velocity vector contour of nonreacting
flow.

4.4.2 One-Step Reacting flow

The combastion state is thenajor objectthat haso

be monitoredduring thereacting flow simulation.
The temperature fielgh various sections idepicted
in Fig.9.

the primary zone in addition to the vortex produced The two peaks of the flame are clear and are

in the recirculation zones, both of which can

symmetrically located on surface A. Th#ame

accelerat the reaction rate and the heat release rateStructue and location in the combustorare

The reciculation zones ndeit possibleto stabilize
a continuous ignition sourcat a certain locatign
which is an important precondition feerforming
the flame-holding measurements. A cooling film
flowed along the liner surface, which prav¢he
effectivenes of thecooling technique. The entire
flow field was symmetrical and similar tthe true
flowsin actualprojects.

Generally the recirculation and dilution process
are advantageouwhen the jet depth is (0.8.7
timesthat ofthe combustor halfieight(Jiao, 198
It can be conclude that in Fig 8, the jet depth of

reasonable,and a hightemperature zone is
formed behind theprimary holes. The fresh air
was combined witta small amount of unburned
mixture in the downstreanmregion, and a further
reaction occurred that relesisthe additional heat
to warm the mixtureMeanwhile, the cooling film
near the liner surface waell in an effective
manner to shield the liner part from heat.
Additionally, the primaryjets were effective for
reducing the primary recirculation zoneA
suitable secondary afltow can effectively
strengthen the combustion Therefore the
exposed surface aregradually increased with
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increasing amounts of inflow dfesh air, which
acceleratedhe reaction rateCombined with the
temperature contour on the Gplane, the
secondary aflow was sucessful in reducing the
temperature of théwot gas flowing in from the
combustion region The average outlet
temperature was approximately 1200 K, and the
exit temperaturelistribution is depicted iffrig.10.
The combustion effiency was calculated to be
99.6% from the temperature meth@kro-engine
Design Manual, 2001 Thus, the temperature
field was observed to belatively reasonable.

A:

TEMP.N 110: 500 670 840 1010 1180 1350 1520 1690 1860 2030 2200

Fig. 9. Temperature contour of reacting flow
(TEMP: temperature/K).

The temperatureat different locatios along the
axial direction of the combustorare plotted in
Fig.11. High-pressure methangasinjected from
aninjector with an initial temperaturef 300K. It
was instantlymixed with the swirlng air. Further,
the mixture reactioroccurred The center othe
nozzle exitwas located at z = 0 mrlotably, the
temperaturealong the axiablirection increased to
almost 1800 Kwhen the methanwas stretched
out Atz = 0’45 mm,where the dome exit, the
temperature continued to increase along the
central axis.In the recirculation zone, the fresh
mixture was preheated by the hot gas in the
upstreamregion, and large quantities ofactive
carriers were produced, which promote the
chemical reaction rat Furthermore, cooling jets
wereinjected through the primary holeendthey
were subsequentlinjected into the hot unburned
gas, whichacceleratedhe reactionand released
large amourd of heat, resuibg in elevated
temperaturg In the meantime, thkot gas region
was separat by a vast airflow from the primary
holes subsequently, the temperatuadong the
central axis was relatively lovDwing to thelong
distance from the injector exit, the surrounding
hot gasstarted spreading ithe central reign in
which the temperature was observed to be
relatively increased After the hot gaswas
completely mixed with the cold air entering
through hose holes the temperaturégended to
remain constant; hence a suitable exit
temperaturevasachieved.
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Fig. 10 Exit temperature distribution .
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Fig. 11 Temperature at different axial locations.

The total pressure loss coefficient in the numerical
simulation of onestep reacting flow was
approximately 3.09%, which was calculated as
follows:

ez Pm Py
Ps

In this equation,p; is the inlet total pressure, and

(18)

p, is the outlet total pressure.

The pattern factor referred to as overall tempeeat
distribution factor (OTDF) is commonly used for
evaluating the outlet temperature distribution,
which is tailored to maximize the lives of turbine
blades and nozzle guide vanes. Typically, OTDF
should vary from 0.25 to 0.3fHuang and Lin,
2001) othewise, the turbine blades may be
damaged. The factor can be defined as follows:

1- 11bve

OTDF = _max__te
T

3ave

(19)

4ave ~

Tamaxis the maximum of the exit temperatureak
is the average temperature at the exifyel  zaleis
the average increase in temperature.

The maximum and minimum exit temperatures in
the simulation were 1440.68 K and 1049.89 K,
respectively. The initial and final mixture
temperatures were 417 K and 1197.71 K. Further,
the pattern factor was Icalated to be 0.33, which
was acceptable.

Above all, the simulation results were collected to
compare with the design point, ifable 4. It
suggestd that most of the numerical dataould
satis the design requiremesnt

While the swirl airflow was institienf which
resulted in imperfect combustion. The airflow
distribution is needed to be further optimized.
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Table 4 Comparison between design and

numerical data

calculated, and the obtained airflow distition is
summarized in Tablé. The original design was

Design Data | Numerical Data recorded as model 0, and models denoted the
Combustion 99% 99 6% remaining optimum models. Based on the previous
efficiency : experimental data of airflow distribution, exit
Airflow 22%,37%, 15.5%,32.4%, temperature pattern factor, and total pressure loss,
distribution 27%,17% 37.4%,14.7% model 4 was observed to be the most optimal
Total pre.SS.ur 4% 3.1% solution.
loss coefficier
Mean exit 1203K 1200K 2500 (s
temperature A . Model 0
Exit 2000 } / ',3 mgg::;
temperaturel,  0.25~0.35 0.31 - 3 Model 3
factor g wof ) et
8 —
2 1000 b
4.4.3 Optimization 5 =
500
Five optimizations were proposed based on the
initial result obtained from the simulati 0 . . . . .
performed using model 0. Based on the analyses, w0 1°gosili0§f;m) 00 400

the vane angle and holes size directly determine the
airflow distribution. While a reduced angle will
weaken the recirculation zone, and a smaller size of
hole will contribute a deeper jet depth. Moreover,
the primary jet should be responsible to shorten the
recirculation region and its location is obviously

Fig. 12 Comparison of temperaturealong the
central axis.

Table 6 Comparison between different
optimizations

significant. Therefore, for a desired combustor, |Model| Ws, Wph, Wdh, Wc |OTDF 0
several design parameters should be appropriately
adjusted, including the swirler size, vane angle, 0 10.1550.3240.3740.147| 0.33 | 0.031
location of primary holes, and size of dilution holes, 1 ]0.1310.2730.3750.221| 0.32 | 0.031
depending on the previous simulation results. 2 |0.1920.2980.3560.154] 0.29 | 0.026
3 [0.2510.2750.33Q00.144| 0.31 | 0.022
The influences of various parameters on the flow |4 [0.2020.3150.3190.164| 0.25 | 0.028
field were investigated, and a perfect model can be [ 5 [(0.1950.3040.3450.156| 0.20 | 0.026

selected to serve as a reference in the future. The
model parameters are listed in Table
44.4 Multi -StepsReacting Flow

Table 5 Model parameters
The oxidation of hydrocarbonsuch as methane, in
Model Dso/mm | Lph/mm | Ddh/mm air is considered to be a series of chain reactions.
qv Therefore, chain initiation, carrying, branching,
0 50 46 135 13 degradation, and termination must be considered
1 60 50 135 13 when the methane combustion mechanism is
2 60 60 120 13 analyzed and constructed. A esiep chemical
3 50 60 120 13 mechani§m can d_es'sbe a complex _combustion
2 60 60 120 12 process in _the easiest manner, and it demonst_rates
the transition between fuel molecules, which
5 60 60 120 11 comprise a series of elementary reactions, by means

of a global reaction. By contrast, it is very simple to
describe the combustion mess in detail.
Furthermore, the detailed combustion mechanism of
methane is considerably complicated, involving
hundreds of elementary reactions and several
By considering the hot flow field of each model, the intermediates, and its calculation consumes a
temperature distributions along the central axis aresignificant amount of time and CPU resources.
observed to be similar, except that of model 3, asHoweve, the reduced mechanism can describe the
depicted in Figl2. The results indicate that the combustion process while reducing the
swirler flow increases with irreasing swirler size. Computationa| time and resource requirement_

A decrease in vane angle can increase the flow rate; .

however, the swirling intensity will decrease, INthe present study, the optimal combustor model 4
leading to poor recirculation. Furthermore, the Was selected foronducting the detailed siration.
location of the primary holesalso can affect the A Simplified mechanisn(Zhao, Zhang and Yang,
recirculation. As for the change hole size, it was 2019 with 34 elementary reactions and 18
performed to adjust the airflow distribution to COMPponents was introduced simulate the entire
obtain a desired temperature field, and it can peflow field and the concentration of major species,

observed that the smaller the hole size, the deepe@SPecially the radicals. The eddissipation
will be the jet depth. The key indices were concept model was selected and solved in the

gv-vane angle of swirler; Dsouter diameter of

swirler; Lph-axial distance from primary holes and
injector exit; Ddhdiameter ofhe dilution holes
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dowble precision format. The temperature field of the onestep reaction by approximately 200 K. The
the multistes reacting flowwasdepicted in Figl3 reason was that in a single step mechanism there
andFig.14. was no way for higltemperature formation of
. radicals like O, N,and OH, which consumes
A sensible enthalpy.

_ [ [ [ The pollutant emission rapidly increased under

TEMPN110: 400 600 800 1000 1200 1400 1600 1800 2000 . . .
high temperatures in the combustion zone.

Additionally, the proportion of high temperature
region decreased, as depicted in .HFg The
maximum temperature was estimated to be 1331
K, and the exit temperature pattern ttacwas
calculated to be 0.23These values were superior
to those obtained in case of a global reaction.
Thus, the result obtained using the reduced
mechanism was accurate. Based on the
temperature distribution ofhe combustion flow
field, the numerical calculation of the methane
combustion mechanism requires a long time;
however, this is acceptable.

The mass fractions of the major species are
depicted in Fidl6. According to the distribution
of the OH radical inhe reaction zone, the flame
structure can be thoroughly determined. The
hydroxide radical was observed to be mainly
distributed in the central region upstream of the
primary holes, and this region was triangular and
slightly close to the inner surface aftehe
primary region.

Fig. 13 Temperature field of multi-steps
reacting flow (TEMP: temperature/K) .

Temperature

U \ 1300

’ 1250
1200

1150

@ 1100
N A 1=

Fig. 14 Exit temperature contour.

200k Global mechanism |
Reduced mechanisn Flgl6 Mass fraction of OH

2000 E
<
£ 1s00} 1 Fig.17 indicates that a methane jet is sprayed from
'g the conical nozzle, and it rapidly combines with
g 1om0f 1 the oxidant. The concentration of methane
2 instantly decreases as the reaction proceeds.

500 Hence, thereexists an anoxic region behind the

nozzle. The fuélair ratio in the primary zone was
%60 o oo 200 a0 a0 calculated to be 0.017, which indicated a lean
Position(mm) condition.

Fig. 15 Temperature along the central axis The mass fractions of the major products in the

detailed simulation are presented in .E&y H2

) and H20 are malp concentrated in the dome
Comparisons were performed between the 9'°balregion, and this region is parallel to the

mechanism and the reduced mechanism in thetemperature field. In the reaction zone

simulations conducted using model 4. The resultsj,qtficient oxygen content led to the generation
indicated that the calculation time significantly of a large amount of CO. Furthermore, the greater
|ncreaseQW|th the |_ntroduct|on of the_ methane ha distance from the center, the highel i the

combustion mechamsm_. As presented in¥agthe - ncentration of CO. The primary jet supplied
temperature trend is similar to that of the global plenty of fresh air to the combustion process:
reaction. Especially, in combination with the horefore, the unstable CO was further oxidized to

temperature field in Fig4,7it can be observed that CO». Hence, C@was concentrated in the region
the maximum tempature was approximately 2200 upstream of,the primary holes.

K, which was lower than that observed in case of
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