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Abstract

Flameholdersstabilized flames are conventional also commonly used in propulsion and
various power generation field to maintain combustion proddmscharacteristics of flame
expansiorwasobtanedwith various blockageatios, which wasbserved to be highly

sensitive to inlet conditions such as temperatures and veloEitipsriments and simulations
combinedmethodologywas performed, also the approach adopted on image processing was
calculated automatically through a program written in MATLABvas found thathe

change of flame expansion angi€eicatedincreasing fuel supply could contribute to the
growth of flame gpansion angle in lean premixed combusti®esides, thenfluence ofinlet
velocity on flame expansion angle varies with different blockage ratios, i.e. under a small

blockage ratio (BR=0.1), flame expansion angle declined with the increase of velocity;
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however, under a larger blockage ratio (BR=0.2 or,0l&ne expansion angle increased

firstly and then decreased with the increasing velocity. Likewise, flame expansion angle
increased firstly and then decreased with the increasing temperature unde2/BR=h

addition, flame expansion angle was almost the same for BR=0.2 and BR=0.3 at a higher
temperature (900K), and bothwhich were bigger than BR=0.1. Over&R02 is the best

for increasing flame expansion angled reducing total pressure lo$se influence of

velocity and temperature on flame expansion angle found from this research are vital for
engineering practice and for developing a further image processing method to measure flame

boundary.
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1. Introduction

In modern power generation and propulsion devices, combustion typically took place under
highly turbulent conditions. The turbulent flow conditions arose from-bmged turbulent

inlet flow (free stream turbulence) as well as turbulence generated by the flame stabilization
schemeFlame holding devices such asgutterare commonly used in propulsion and

various industrial systems ignite and maintaithe stablecombustion process in a high

speed flow. An extensive amouwttresearchson flame holdehas been performed over the
past 70 years, making it one of the most commonly studpds in turbulent combustioji-

2]. Most of the earlier studies ondutter bcused on the flame stabilization mechanism,
ignition and blowoff limits in steady combustion, and the conditions and mechanism of the

occurrence of unsteady combustion.
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Extensivestudies have focused on thieeakup andmixing of fuel in the air to incia&se the
performance of combustiof8-7]. A numericalmodel of the fuehir mixing process had been
come up to identify key design parameters involved indireiixing and to characterize

how mixing performancecales with the Reynolds numi&t. At the same time, the
interaction of swirl flow with partial premixeaid diskstabilized flame was investigatg@].
Ignition and blowoff are directly affected by mixing of fuel and §l0]. Experimental study
on lean ignition and bloweff indicatedthe change laws under various flow conditions and
geometry parameterd], 13. In addition to flame propagation and stability issues, planar
laser induced fluorescentechniqueand ICCD camera wergsed to obtain simultaneous
imaging of hydoxyl andformaldehyde, as well as the flame spreading prodess7]. Also,
numerical simulation of flame propagation and stability had been done via large eddy
simulation using global and skeletal reaction mechanid&g&2%]. Moreover, exhaust
emissions and combtion efficiency are key indexes for combustion organization. Plenty of
experiments had been conducted to investitpeeffect of bluff body in steady and unsteady
combustion 23-27]. Besides thesstudies on stabilizeg number of experimental studies
have been performed to investigate the effect of turbulence on premixed flames as

summarised in the review papers of Drisc@8][ Clavin [29], Lipatnikov and Chommiak

[300 . Based on the different fl ame geometri es,

(Bunsent ype fl amesyhaip@l ifdaenes)V AUNnattachedo
flames) categories and propagating flame kernels. Neverthedssarch on flame
circumferentialexpansiorangle of bluffbody is raren the previousvork. Indeedthe space

of adjacent stabilizers is extremely importantitcumferential flame spreading and axial

distance of flame joinit is essential for the flame front traveling through the entire burner

cross section before it reaches the exit iaf@rburner or a ramjet burner. The

afterburner/ramjet burner &/enlydistributed with stabilizers whose number depends on the
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V-gutter width and the spacing of the adjacent stAnsl. also the flame stability and

propagation performance varies withvil@onditions.

To better undetand the flame circumferential expansafter the flame anchored behind the
stabilizer, experiments combinedtivsimulations are necessd8i]. The influence of
velocity, temperature and blockage ratio on flame expansisrnirwastigated and stated the
reasonMeanwhile,a new image processing method was implemeiiteel.changef flame
expansion angle wasesented to be a refererfoe theselectionand distribution of

stabilizersin practical application

2. Methodology

In this study, flame images was recorded using high speed camera and processed
automatically through a program written in MATLAB. Numerical simulation was auxiliary

method to analyse the change of flame expansion.

2.1 Experimental setup

Fig.1 showedhe eyerimental setip which consistedf air supply system, fuel supply
system, preheating system, measurement system and burnergutte¥s. The facility
simulatal burner inlet conditions with various inlet temperatures {880K) and velocities

(50-200m/s).

The air supply system consistefitwo sets of Rootblowers whose maximum flow rate
could react8kg/s and the highest aupply pressure reach 0.17 MPa, fileev control
valves,and twodigital vortex shedding flowmeters with temperatpressire compensation
for controland meas@wment The fuel supply system consistefdfuel pumps whictcould
achieve/ MPa fuel pressure, injectors, flow control valvesameters and digitahetal tube
flowmeters. To ensure the accuraitye measured valveytameters andigital metal tube

flowmeters werdested andalibrated before eaaxperiment The preheating system
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contains combustdr and2 thatheatambient air to hot gas, the mixing chamlagrithe
rectifier section. The measurement systewolved several thermoouples thameasurd the
temperature gpreheating systemutlet andournerinlet, flue gas analyser placed at rectifier

section to examine the hot gas componentsadmgh-speed camera.

air supply fuel supply
system system
—

= [>f a| combustor-1 [
|va|ve—1 VSF-1
N =9 ] o combustor-2 [
valve-2 V/SF-2

¥ :thermocouple

O :injector flus gas
analyzer

B :flue gas analyzer

Fig.1 Structure ofexperimental system

Theburnerconsistedf a crosssection witha horizontalength ofL00mm and aertical
length of 150mm as well asdewalls made of quartz windoyadlowing full optical access to
the flameshown in Fig.2 Three widths\W=15mm, 30mm, 45mm) daheV-gutterwere
desigred to investigatéhe change of flame expansiatvarious flow conditionsFlame
images were recorded in premixed combustianform evenly mixed fuéir distribution,
nine fuel injectors distributkaveragely irthe inlet cross section amerelocated 600mm

upstream of th&-gutter, as well as injectedetA fuel across the main flow.
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Fig.2 Enlarged burner (3D) of physical dimension (2D)

A high-speed camerdDT, Y5 shown in Fig.2.(a)ksed in this experiment surpassegh
definition with a 4.0 megapixel sensor capable of fr&Mhes per secondps) at full
resolution, whichwasapplied to record the time evolutions of flame expansion with reduced

vertical resolution at a rate of 1061x.
2.2 Image processing

The flame expansion angleascalculated automatically through a program written in

MATLAB. A new image processing methadhsdeveloped including 7 steps as shown in

Fig.3.

Segmentation

Final Detection

Fitting

Separation
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Fig.3 Images processing chart

The image in Step 1 showede of the 100 original images taken by higleed camera over

a time interval forllms During Step 2, the original images processed bylig@etization
methodwere divided intanrows andh columns, whickconstructedan mxn matrix whose
numeric valueslepended ofight intensity Numeric values determined boundatsation

of flame expansion. Firstly, thmaximumgradients of numerical values in the column
dimensions should be marked and analyzed. Secondly, comparisons were made with the
lower and thénigher numeric values shown in Fig.4, andfiheurve at different numerical
values depictlame boundariesThirdly, segmentation was completed by numeric value
range (>200). Thénal processing images Fig.3)(@btained under the given numeric value
range above were compared with original images Fig.3.grity this method reasonable.
As shown in the figure, the expansion angles of these three numerical values present slight
differences, and the bias ard@ween 0.36% and 2.78%loreover, the segmentation of flame

boundaries in unified standard avoids artificial errors.

Based on the segmentation, brightness and darkleéssted edges of binary imagesre
processed and then given digital curves by MATLABauatically. Sometimesbetween

upper and lower boundaries there were several little flame vortices shedding, which led to
brightness andatknessletected edges of binary imagéserefore,hese discrete and

mottled circles were removed. The upper and lower boundary were fitted separately by the
least square method combined with the optimized FIT method and to assure the corrected
fitting curve depicting the original well. And then calculatsiope of corrected fitting curve

to obtain the angle.
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Fig.4 segmentatiowomparisonst variousnumerical value ranges

The flame expansion angle fluctuation treaddl mean valuesere shown in Fi¢. The
angles of lower and upper boundargreobtainedseparatelyy calculating thdull angles of
the 100images taken over 0.1sing the method in steps {{B), and then taking the mean

value.
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Fig.5 Flame expansion angle fluctuatitends and mean values
2.3 Numerical simulation method

Nonreactingsimulation by CFD was performed to analyzeftbes characteristicsvhich
affected thechange of flame expansion angle. The coupling equations of pressure and
velocity were solved using the SIMPLE algorithm. A realizab&rkodel was chosars a

turbulence model. The near wall region was processed usingegndibrium wall functions
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method. The numerical simulation domain isB Bectangular channel of 150mm * 1000mm
same with Fig.2.(h)and the distance between the bluff body end eddéhenchannel exit is
800mm. Theefinedmeshedbehindbluff body are structured grids. The detailed boundary

conditions are shown in TablL[32].
Table 1

Boundary conditions

Boundary conditions Boundary location Parameters

Velocity inlet Inlet V=50, 100, 150, 200m/s; T=900K

Outflow Outlet

Wall Solid wall and liquid Stationary wall; no slip; no heat
boundary flux

3. Results and Discussion

Flame expansion angle (FEA) is mainly influenced by a number of factors such as blockage
ratio (BR), inletvelocity (V) and temperatur€l), and equivalence rat{@). In addition the
blockage ratio is the ratio of frontal/projected/cresstion area (2D area seen from front

view) upon the crossection area of the test section.

N ~ . -

"1 T AEAQE] Equation 1

And guivalence ratioeferred to fuehir equivalence ratio was defined as the ratio of the
fuel-to-oxidizer to the stoichiometric fud¢b-oxidizer ratio.The effect of those factom the

change of FEA will be discussed in detail in this section.
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3.1Influence of Velocity

The influence of velocity on flame propagation and expansion was with both negative and
positive effect. On one side, the growth of axial velocity impaireghtbpagation into cross
flow; on the other side, flow intensity that was accelerated by the growth of velocity
enhanced expansion of turbulent flame. To investigate the clohfigene expansion,
experimentafesultsat 900Kwere presented in Fig.@verall| FEA increased with the
growing equivalence ratio, the influence of velocity on FEA differecaimous blockage
ratios.It was foundFEA declinedwith the increase of velocitgt a given blockage ratio
(=0.1).Under equivalence ratio =Q.there was a bidifference of FEA between V=100m/s
and V=150m/sbutwith the increas of equivalence ratio to 8, the difference decreasdt
demongratedthat when the blockage ratio stabilizer waf smallnumericalvalue,due to
incremental effect on chemical reaction rate with the increase equivalencéhmtiyibition

effect of increaseudelocity onFEA could beveakened

FEA at a higher blockage ratio (=0 frst increased and then decreased with the growing
velocity with the peak of FEA presented at velocity of 150m/s. Additionally, FEA at
velocity=200m/swvasbigger than at velocity=100m/s when equivalence rag®inarange
from 0.4 to 0.6. It illustrated that with a bigger blockage ratiogtiogth of velocity
accelerated FEA in particularrange. Likewiseat blockage ratio= 0.3,FEA first increased
and then decreased with ti@wingvelocity, and the peak of FE#&ppeared at

velocity=100m/s was founalsoFEA at velocity=200m/seachedhe minmum

In the comparison dhe experimental resultg)e influence of velocity on flame propagation
and expansion was related to blockage ratio. Velocity with positive effect on flame expansion

achieved théiggest rangat blockage ratio = 0.2.
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Fig.6 changeof FEA atvarious velocities andlockage ratios

To better investigate the influence of velocity on FEA, relationship between the growth rate

of FEA ((DFEA),, ) and velocity gradient ( quyWwas showrat the given equivalence ratio

(=0.5) and temperature (=900K) Fig.7.

Where,
(DV)y, = (V- V)1V, Equation 1
(DFEA),, = (FEA- FEA))/ FEA, Equation 2

SettingV, = 50m/s(|:EA)0 wasthe corresponding value\p. As demonstrated,DFEA),,
declined with growth ofelocity when blockage ratio wésl. However(DFEA),, first

increased and then decreased with growth of velocity when blockage ratios were 0.2 and 0.3.
At blockage ratio = 0.Zhere was a relative increase to initial pphdwever, at blockage

ratio = 0.3there was steep decline after the peakarayzed, the influence of velocity on

flame expansion was clarified, which was with extreme importance to geometric selection in

flame holding system.
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Fig.7 Histogram of FEA growth rates

The influence of velocity on FEA wasdsoreflected in the multidirectional velocity
componentsThe varied ratios of velocity components were related to the flame expa®sion.
D numerical simulations by CFD were carried usimulateflow, and aschematic of the
computational domaiwasshownin Fig.8 Moreover,velocity components ratio, namely
V(x)/V, was defined in CFEpost V(x)/V data curvesocated at 10mm in the rear ofdutter
were compared with various velociti@hebiggernumeical value of V(x)/V indicated a
greater mixing ability of vortex and surroundings, and that was well suited to flame spreading
perpendicular to axial flow.i§.8 showedV(x)/V data curves atariousblockage ratioge.g.

0.1, 0.2, and 0.3}t was foundhatV(x)/V declined with the increase of velocity when
blockage ratio was 0.Whereas V(x)/V first increased and then decreased with the
increasing velocity; the peak of V(x)/V presented at a certain velocity (=158midckage
ratio was 0.2and theother certain veloty (100m/s)as blockage ratio was 0.Bhus, the
influence of V(x)/Vplayed an aux@ctionon flame spreading. Alsahe change of V(x)/V

wascorresponding tehange of FEA an(DFEA),, .
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Fig.8 V(x)/V data curves located 10mm downstream of stabilizers at different blockage ratios

3.2FEA related with Temperature

The influence of temperature on FEA was related to chemical reactiafiresity. As

temperature grew, activation energy wegucedFig. 9showed the experimental results

FEA increased first and then decreased with growing temperature; and the peak of FEA
appeared at 750KChemical characteristics of Kerosene/air premixed combustible had
changed at high temperatufemixture ofn-decane and 1,2;&imethybenzene (8 : 2, by

weight), called the Aachen surrogate, was selected for consideration as a possible surrogate
of kerosene [3]. Side reactions occurred tedecane above 900K, which ledgconverse

effect on flame spreadir{§4]. Moreover, when the blockagatio was 0.2, equivalencatio

had an obvious effect on FEA at a lower temperaitidb0K, due to the sudden increase at
equivalence ratio from 0.6 to 0 &lso, at blockage ratio = 0,3herewere obviousncreasse

with equivalence ratiozvhen temperatures were 450K and 600K. However, it presented a
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small increase with growing equivalence rai®00K which was different from the others.
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Fig.9Line graphs of FEA at different temperatures

3.3FEA related with Blockage Ratio

Blockage ratio was a key issue for stabilizer design, because of its flame stabilization and
flow resistanceFig. 10 presented the processed results to investigate the change of FEA with
blockage ratio. As shown, FEA a@@K was almost the same with blockage ratio 0.2 and 0.3,
and both of them were bigger than it with blockage ratio 0.1; however, FEA with blockage
ratio 0.2 was much bigger than it with blockage ratio 0.3 at 450K. Ther@fdesnonstrated

a stabilizer with blockage ratio 0.2 could increase FEA and reduce flow resistance.

N\
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5 10 - | —=—W15-900K
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8 || —&— W30-900K
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Fig.11changeof FEA at different blockage ratios
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4. Conclusiors

The change of FEAvith blockage ratio, equivalence ratio, velocity, and temperatase
investigatedn this work Flame imagesaken by a higispeed camera were processed by

programs MATLAB. The following conclusions were drawn:

(1) Throughthe steps ofegmentation, detection, removsgparationandfitting done by
programmingtheimageprocessing had the feaés of hidn precision anefficiency, reduced

theartificial errors as well axreateda good method to obtain flame boundary.

(2) Therewasan incremental impact dfiel/air equivalence ratio on FEA in lean premixed
combustion. Velocity and tempureweretwo main aerodynamigarameters related to
FEA, whichdid not increase or decreaswnotonically buhada peak valueThe change of

FEA with temperature and velocited its significance fodesign and layout of stabilizers.

(3) Blockageratio wasanother key parametéar FEA, whichwasrelated © not onlyflame
stabilizationalso flow resistancdn order to avoiextra total pressure loss and insure
combustion stabilityit wasnecessary to seleappropriate blockage rataccordingo the
charge of FEA. As presentedBR0.2wasthe bestor increasing FEA and reducingtal

pressure loss.
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