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Table 1- Swirlers specifications

Swirler () (R=RJ/R) Blockage Swirl No.
1 34° 0.64 76% 0.52
2 40° 0.64 76% 0.64
3 50° 0.64 76% 0.92
4 34° 0.64 52% 0.42
5 40° 0.64 52% 0.53
6 50° 0.64 52% 0.75
7 34° 0.64 43% 0.39
8 40° 0.64 43% 0.48
9 50° 0.64 43% 0.68
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Figure 3-a) 3D printed swirler-1 of present study, b) 3 different arrangements of holes of perforated plate
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Figure 4- Low swirl burner of present study and schematic of burner main parts
ol ol G132 0,19 3b of yodrds axdllae 890 (i y2nS Jorioo —F S

1. Settling Chamber

A



ERC NSO RTRVOX WIPIL OV ESRVPY

g Lo g 5 e (20 ol lgp g g slapl > (ol Dlasein 504,9 slapl > J5uS 9 s pSojlal Gise po
xS orlals g )Lad oedats )95 9 (S slayed by ol Slasiie l liee SS9 eadis S ojluil Gl 2 lad
o s oanlice ilos] eliz] Lol gliz] olym b o S 40 e s ploxil (g jgee (o0

City DSLR Canlcral |I U
Natural Gas ,g.,

Line

L@ Control Valve Q Flowmeter
kG \ 10— Burner

N

Air Compressor| Pressure Pressure
Regulator Gauge

: )
;l!gth’ress'u.re —H{I . Q =
Ir Teservoir Control Valve  Flowmeter

Figure 5- Test rig
Glo3T (sl521 olg> b0~ JSCis

Analyser Probe i
Flue Gas Analyser - Quartz Cylinder
|:_‘|
:{ CCD I

shls aS 058 o (5 ,SojlosI Dwyer oS i cslw g Rate Master g,los ol b s 00 lawgi s oL > o0
Sl (5 pSojlail cud,b 2Slas j0) oy ¥ gllas 2STlas slhls o (LPM) adds 5 2J 94 6 ,.505lwl cud b sSTas
SV L)L Y S oslasl oogasme L STL o8 i ol 9 ST-100 (5, b b jlid =5 lawgs (5,900 (slgn ,Lid
oS s Lawsgs olgzds Ol s e Blas b b o o0 JrS cnl doye ) iSlas gl gljls g ool (g 1505l
olgsds (om0 pamad G LB [Lid 3l oy S L aS ould ploul HPC oS i el g HPC-312 (g,lows oL b (5,90 (20
Ci g b 15,208 a6 pdy Gl polopylis (gl sl (65008 (x5 anlllas ol o)l Cgus 3l0 1) (55500
5 el Gl 50 et G9 5B Gl Slasiine el Gla )5 )0 Vb Jade loslanad (Bl Sl g s 08 5
Pl 3ol 5 oas (i e S Jrin GialojT olSiss o)l e (658 slaca g plo b 65load, b g oS 5 g
s aS 058 o (5 ,503ll Omega oS i el 9 FL-3096SA (s, pb b i o0 bawgs 55 b > 29 0,5
Gloa s .l (g pSojlail cud b 5STas 10) ao 0 ¥ gllas sSTas slls g aids 5 I A 5, 50slail cus b =Slas
900 g=Soslasl L VB 5L /o) (g pSeslail 5, LSTL w8 )b ol 5 ST-60 (o)l pb b )lid 75 lawgd (55500
P b (gyame (o0 oaiuS kil awgi olgsdo Ol s e JBlas b b > o0 J S cwl s yo ) iSlas sllas gl ls
Sy (5 yeee olgds 20 s CoblB jlad cdl o saS L aS ouls sl HPC 8 )i el s HPC-34 (g )lv

el gols v o dlaud] Cauns J3G
ol Shgelt o e sl i e aBlE igels o lgieds wenl ol ] o alad 45 (65 led Cand (2 yieS
Gl (pl a8 Al rals Gl ©)goh 63955 S g (e Sl Al S S5l ey o5 090 0s Joo D90

o] Cwodds Sl 90 0 dlad Ldgels w00 Lngui.ﬁLo)‘T b o LYYV V]0gd oo (i QT L blee o))l



Ol 50 ESgw Olime GRlB b g eads 545 lalad Gaie a5 Gloj (5500 5 wlge Casoay Bl JBsels g
usl.a.uo cJl> 9o )l OMTWO:D LSLQQS))‘W'Q S .)9.«.4‘5;7 &).u d‘)’“" 9 J.._im.u c\...lj‘ Al LS')‘GJ? ﬁl.?u‘ 9 (5999
Soges 5o alads (9,5 hgels abaxd abgype (LDgels polie ias e LS ) Il aled (5)len S (2 6T i
9> 0 9) s gl ES g e il Wiy, 4 o,Lil 4 (Decreasing o3ly slanh) D oles ol LY ¢ & sla o
el 00l oolawl T oles 51V 9% sl JSo slaloges jo iuli8l aigy (ol ol oas ool lias sl sigels

OO S Shels abaxd o Lhgals w5l e alad (59,5 Gy alamd )0 (LAgels v a5 Al asiie ba)ldge (o p b
abid o cwl Blpel OYsame § bodes iiSTy o oles Jols (g 8 aasd o Sgls ol e ol alel
SiPl b cwl 63V (65,lpp Camns jo G348, 4 5L (Gl l asl o Gles Jols 0g>g pas Jdoay caleds 50,5 15,
S5 USs g LaiSTly (g8 calads LSis 5l ] Cavods e b yo wollae los Jolai g 00 3T (g i
G USS (o 058 o ol )8 dlad ol pdgy e 5l Sl o608 65, Glacans o Al LS Sl oles Jolss
d.]o})).o LSLEU“"}J’ 3o . Cwl 00 M]‘) SAM U"}J’ Sde u,uL.u‘)J od..ul};?-).bd.: .on)c ‘;...\9.0[} J.?'J)QLG.A Y 3?
A g ol Cavdds Oz S 0ails 2 dwaie bl 55 (V) adasly a5 ol p3Y S5 pl ,SS Silode] Cawsay (V) alal 5
lrossils > o b i Sal duglie g Sojlul gl L a5 Sgi oo ALl pwais i > sae Olgxe
Jodo (red g Sl (65970 Ao 4 by (S22 A e Sand Sl lg)s alaly cnl gy o0 S0 25 20S
(97 Ol Odmiend Jdoa) YU slasladl Cons )3 5 (0> 2357 Dad GVl Jddoa) ok o sblys 5o
adlas ol glaoasils > can jid > sae aSl fed 99d so cdaline (Lo pedds 095 0 YU L a i > sae
Ol Ole sl lagl o alads (s)lub 5l 5 by Gl Slasuin § cuale aShl Jdods wunl + 17 51 iy
6[.14.7-)‘ s...:l) osls Cuxlad pis Sl MT(S‘ s jis >SS LgLa:od.ub-P £y s y)}pf O‘J"‘
aS 09l oo dmwle abgy e ailg, 5 b sl il (6T oslail Sl g 5l Jdods a5 daosls (5 uSeslail jo Salaiw
el 00 Al do 0 B 5l a8 idu cpl 4o o] oliee

o siolosl cools o 8 glcamsts glp aS ob Joo & g0 (pl 4 5 ey sl ooyl 1SS 5| b gl o jo
Ry Gl D9 cn sy Hloged 53 Lol (Sl laiie O cpl 5l (655 eSile b o 5 0 S5 5L 0 slas 4
o logad 5o g oad axs 5 L layislesl 1SS 5l Lol sl lereas sasoles nSlo b jlade O ol o S
O 5l S saiolus Gl Sl g Wools yo G oy ien (ialej] opl o .ol oo ools ylis Uas b & jg0a
wald Gygo 4 aS oo 48,5 s aoye O o islel 1SS 5l Lol Solar gl ol Sde aed 4 4S 00 duo o
oy Vg IS lalages jo o iole;] H1S5 acuns 720 liebl b bgels polie g oo sols (ylis Jloged ;o Uas
oails > plu 5l 5wl i (io > sae b oaiils )2 (gl (hgels > 4T 598 oo cdalive by loges ol o sl
ol 5 ol Jds sl Faglie cbgels ascans jlins Slowdl Cad b a2 8,5 aml lgi o 45 Cowl 48 5 18
Ol Gl iz sae a5 0gd co e YL sladl Gl Ly iz sae (Bae (iSu (0 a5 jebles oS el
wlbgpe aled i Cuoglie camw yidun Lid > g Gl i SYL aely j0 bye s Dol g g iy cuils >
30 LPM &glais 0055 Casyus 90 50 sdguls ao 6o jloges anslie jo Conl 0uls Lronisls > plo giais cuiils >
Iy egels plp jo alad jlid, g ol a8l ialS 0095 Ce pu il B3I L alad Ligels 0> a5 09l oo canlie 50 LPM 4
Sad Lili8l el bye 0ol Cae g Liol38l L ol b m o> Sal ol uj Jdo a5 cl ootz S
S (o0 SeS (Ghgals plp poaled i oIk @ Gl S

Al



ERC NSO RTRVOX WIPIL OV ESRVPY

® U=30 LPM (D)
O U=30 LPM (1)

o o
o o »
(4] o o
T T T
[ I

o
o
T

Blowoff Equivalence Ratio
o
&
T

]

o
»
B |

IS T T TN VRN O O T AR Yo OO A T O O W 0 Sl 1 AT W T
L 04 05 06 0.7 08 08

Swirl Number
Figure 6- Lean blowoff limits of swirlers in U=30LPM

AL g 2 Ve 0098 Cas pw j0 i 5 due wlwl p Bousis j (hgels v —F JSCh

065 W U=50 LPM (D)
- O U=50 LPM (I)

06

i%
Ly gt

0.45~
0.4"- II I E
035 =056 o7 08 s 1

Swirl Number
Figure 7- Lean blowoff limits of swirlers in U=50LPM

LB g yid Be 0085 e w jO By D wlulp ouiils o bgols v -V IS

0.55

05

Blowoff Equivalence Ratio

Alad B o sl
dgo 5 C g bl (6550 Cond (Il38I L aS cal ool lag alad CutS p oaudy (55, 2 a8 Splxl o)o0 Sldlas
SCans ;0 5 00,5 Iy (bym ootV G 4 S > 4 bled el o ls ol panas |y aleds (Sjem 5 ialidl a5
30 a5 e oo Jade ddy g Jrie S50 04lg S g 00,5 ES o Jrie S5 Alas e 4 aled ap> sadtin 55,02
aials g ol Cadl b jlons dosl Blod 5l essay ol 0,10 ol ey 1) Bl sl ailobus o 56 5 Jadie 4500 40 sl (63150
el (5i)led Cumd Gl b ol adlllae o 098 (T sla alad Sl 5l aS 05l o i Sl et 55
JSalals 5 gladads 4 i >0 slaadass Jlgaie (JSiglawls) JSaV cdl> 5l ol jo aS s, b 1) 138 > o
Ol38l 0l oy 6l 09 oo camlie A S o Jlasl clls jo SV aled 090 o0 o Jridee ailes 4 ate g
Sl a0 as (JSBV alads SO 50,5180 L aS 098 o Jes a3 ol (i a0 el Bl sl 69 0 65l S
o0 alad a5 o sadlice (o S GEN ] 093 A5 anl)d alad B ools ol38l 1) g5)led s e il 095
ol 4 USE o aS wloy JSaM a4 aS oyls bles lal jo g 00,8 el 1) 0g5 138 LS, Lasin 5))lep Cams

D9l oo odnliv dad 5l >

\Al



T
i

Figure 8- Lifted stable flame of swirler-1
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Figure 15- Nox emissions of swirlers as a function of equivalence ratio
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Figure 16- Nox emissions of swirlers as a function of equivalence ratio
Syl oo sy Cilizio ousils 4o NOX ousg YT 4yl jwe -8 JSCi

Nox corrected to 15% O2 (ppm)

55

50
45
40
35
30
25
20
15
10

m Swirler 7
® Swirler 8
m Swirler 9

Lean Blowofl Limit

LS

L L L

|
|
|
|
|
|
|
I

L TR L1 P R |

1
06
Equivalence Ratio

04

Figure 17- Nox emissions of swirlers as a function of equivalence ratio
Syl o s 59 cilizo (glaouils o NOX 0uig YT ¢yl jme — VY Sl

\A4



ERC NSO RTRVOX WIPIL OV ESRVPY

Sl eolannl b aleds Sl slanssy g o)l dga g is 2 0S e85l sladl Caas 130 pwy 4 casllae cpl o
Gl soo 3l &S sl 15 >0 0aiils > Lol sla el )b 51 S slasl G 098 po SN0 5y S 1205 Jriio
Sglae olawl Cond aw (gyluly poails > (635 0 JUI oladl Coad 15U oy g jekiieds ole S >0 S aled
dw d,..a.?u U"‘ B S ol ).n.\.au&o| (5)5’@ Jl..lf ).79.0 WL..M.A).»..JU d;/..]o )‘ LQcJ...ulD)? Sl Cnnd ).....u e @ r
s al a8 Jlas s 5 0y gl dw e cpl 3l plaS i 6l g ol Gl /Y 5 <[0T < YE Ll sloedl cos
G 7EY 51 slas! cod (I3 L aS g 9bas cly o ralS baoaiils 1> Ldgels oo slal Coend (iol3I L as ol las
Ol b as wl sdalice asllas () 50 .l oo Sgups alrd 5l g aBl 1alS YD sgu> U sigels a> )l LYE

USaglals,F el bl les UKV cdle oS5 5l aled o] o a5 00,5 b 1, A8 anls oK aled 65,len o

Sl slopes) rl 0,5 pendi Solite (il w0 e & Glgioe 1) S anl 09,00 G Jrie dilas 4 Jate
Sl e oo 4 olS Jlasl clls o alads 5 Jnes ailas 4y Sz Jlail Sl 4 aled (las aled gl el Juls
0,5 es a5 ol sdalive adlllae opl jo il s jWgl; sae g (65l Cad eluly (Bl slaess, pl sgus aS
2ot 5 Jtie U515 & s St aalll ()55 mirod il oo Spuds 53 U 0355 s il b el 5 Al
S sladain GleSe S SIS plyed plon |y 3550 (nl 45wt ssaline St dniin 5 509)9 Ll
250 45 oo s g 00 3l e (3,0 4y alads o oasedis Laylpd 0 alidS )0 sadelal Slidllas o d S Ly
san YT e a8 ols las sossls > ‘;a.;g)ﬂ Ol (o i oddlice alad S dslllas ol jo Ll gl oo Joiee
s9a 53 NOy (i ) & 5055 53l Slocorms 53 5 s il 5ld o Gialidl b o1 51 ol NO,
o e ateo) 4o 4285 Sldlls gl b olpee ol 45 ool (BLO| y5mST 710 b obimamas l5ae ,0) ¥+ ppm
il o LhalS gz BB s b Ll glen b 5l o NO (slooais¥T a5 sos o oLt g 4l Ulyhan i 2 oS

bS5y ol glaalsls o NO, sloosn¥T ials sl o, 58], Hlsieas |y S y2eS oo ol o o

&lw

1. D.T. Yegian and R. K. Cheng, “Stability characteristics and emission levels of a laboratory hot water heater utilizing a
weak-swirl burner,” American Flame Research Council Fall International Symposium, Berkeley, California, USA, 1995.

2. N.Syred andJ. M. Beér, “Combustion in swirling flows: A review,” Combustion and Flame, 23, No. 2, 1974, pp. 143-201.

3. C. K. Chan, K. S. Lau, W. K. Chin and R. K. Cheng RK, “Freely propagating open premixed turbulent flames stabilized
by swirl,” Symposium (International) on Combustion, 24, No. 1, 1992, pp. 511-518.

4. D. T. Yegian and R. K. Cheng, Development of a vane-swirler for use in a low NOx weak-swirl burner, Office of
Scientific and Technical Information (OSTI), Technical Report, DE97001252, 1996.

5. D. T. Yegian, R. K. Cheng, “Scaling the weak-swirl burner from 15 kW to 1 MW,” Combustion Institute meeting,
Berkely, California, United States, 1998 .

6. R. K. Cheng, D. T. Yegian, M. M. Miyasato, G. S. Samuelsen, C. E. Benson, R. Pellizzari and et al, “Scaling and
development of low-swirl burners for low-emission furnaces and boilers”, Proceedings of the Combustion Institute, 28,
No. 1, 2000, pp. 1305-1313.

7. M. R. Johnson, D. Littlejohn, W. A. Nazeer, K. O. Smith and R. K. Cheng, “A comparison of the flowfields and
emissions of high-swirl injectors and low-swirl injectors for lean premixed gas turbines,” Proceedings of the Combustion
Institute, 30, No. 2, 2005, pp. 2867-2874.

8. M. Farshchi and N. D. Tohidi ND, “Experimental Investigation of a lean premixed low swirl burner emissions,” 3rd Fuel
and Combustion Conference of Iranian Combustion Institute, Tehran, Iran, 2010. (in Persian)

9. M. Shahsavari and M. Farshchi, “Experimental Investigation of the effects of geometrical parameters of low swirl burner
on flame stability,” 10th International Conference of Iranian Aerospace Society, Tehran, Iran, 2011. (in Persian)

10. M. Shahsavari and M. Farshchi, “Stability Characteristics and NOx Emissions of Low Swirl Flames,” Fuel and
Combustion, 5, No. 2, 2013, pp. 59-75. (in Persian)

11. S. I. Pishbin, S. M. Modares Razavi and M. Ghazikhani, “Investigation of the effects of performance parameters on the
flame behavior and temperature distribution and exergy analysis of low swirl premixed burners,” Modares Mechanical
Engineering, 14, 2014, pp. 27-38. (in Persian)

YA



12

13.

14.

15.

16.

17.

18

19.

20.

21.

22.

23.

24,

25.

. P. L. Therkelsen, D. Littlejohn and R. K. Cheng, “Parametric Study of Low-Swirl Injector Geometry on its Operability”,
Volume 2: Combustion, Fuels and Emissions, Parts A and B. Presented at the ASME Turbo Expo 2012: Turbine
Technical Conference and Exposition, Copenhagen, Denmark, 2012.

A. A. Verbeek, T. W. F. M. Bouten, G. G. M. Stoffels, B. J. Geurts and T. H. van der Meer, “Fractal turbulence
enhancing low-swirl combustion,” Combustion and Flame, 162, 2015, pp. 129-143.

A. A. Verbeek, P. A. Willems, G. G. M. Stoffels, B. J. Geurts and T. H. van der Meer, “Enhancement of turbulent flame
speed of V-shaped flames in fractal-grid-generated turbulence,” Combustion and Flame, 167, 2016, pp. 97-112.

G. D. ten Thij, A. A. Verbeek and T. H. van der Meer, “Application of Fractal Grids in Industrial Low-Swirl
Combustion,” Flow, Turbulence and Combustion, 96, 2016, pp. 801-818.

M. Nahvi, K. Mazaheri, M. M. Parsafar and A. Mohammadpour, “Experimental analysis of blockage effect on low-swirl
burner combustion parameters for lean premixed natural gas-air flames,” 18" Fluid Dynamics Conference, Mashhad,
Iran, 2019.

A. Frank, P. Therkelsen, M. Sierra Aznar, V. H. Rapp, R. K. Cheng and J. Y. Chen, “Investigation of the Down-Scaling
Effects on the Low Swirl Burner and its Application to Microturbines,” ASME Turbo Expo 2018: Turbomachinery
Technical Conference and Exposition, American Society of Mechanical Engineers, Oslo, Norway, 2018.

. J. M. Beér and N. A. Chigier, “Combustion Aerodynamics,” New York, Halsted Press Division. Wiley, 1972.

R. K. Cheng, S. A. Fable, D.Schmidt, L. Arellano, K. O. Smith, “Development of a low swirl injector concept for gas
turbines,” International Joint Power Conference, 2001.

N. Heshmati, Design and Development of A Premixed Low Swirl Burner with The Approach of Applying The LSB In
Microturbines, Msc Disseration, Department of New Technologies Engineering, Tehran: Shahid Beheshti University,
2019. (in Persian)

N. Heshmati and S. M. Mirsajedi, “Experimental Investigation of low swirl burner flame stability,” 4th National
Conference of Iranian Aerospace Propulsion Association, 2018. (in Persian)

D. Littlejohn, R. K. Cheng, D. R. Noble and T. Lieuwen, “Laboratory Investigations of Low-Swirl Injectors Operating
With Syngases,” Journal of Engineering for Gas Turbines and Power, 132, 2010, pp. 30-38.

D. Beerer, Combustion characteristics and performance of low-swirl injectors with natural gas and alternative fuels at
elevated pressures and temperatures, PhD Disseration, Department of Aerospace Engineering, Irvine: University of
California, 2013.

R. K. Cheng, D. Littlejohn, P. A. Strakey and T. Sidwell, “Laboratory investigations of a low-swirl injector with H2 and
CH4 at gas turbine conditions,” Proceedings of the Combustion Institute, 32, 2009, pp. 3001-3009.

R. K. Cheng, D. Littlejohn, W. A. Nazeer, K. O. Smith, “Laboratory Studies of the Flow Field Characteristics of Low-
Swirl Injectors for Adaptation to Fuel-Flexible Turbines,” Volume 1: Combustion and Fuels, Education. Presented at the
ASME Turbo Expo 2006: Power for Land, Sea, and Air, Barcelona, Spain, 2006.

English Abstract

Experimental study of the effects of low swirl injector blockage ratio on
stability limits and combustion regimes of natural gas flame
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In this study, the effect of a low swirl injector blockage ratio on the flame stability limits is investigated by
using a low swirl burner. The blockage ratio is one of the main geometrical parameters of the low-swirl
injector which has a significant impact on the stability of the flame. In order to investigate the influence of the
blockage ratio of the central channel of low swirl injector on stability, nine swirler with distinct geometries
were investigated. The results showed that with increasing the blockage ratio, the flame extinction limit was
reduced so that increasing the blockage ratio from 43% to 76% reduced the extinction limit to about 25% and
improved flame stability. It was also observed in this study that by increasing the equivalence ratio, the flame
undergoes a transition process in which the flame proceeds from a stable lifted bowl shape to a vortex shape
attached to the burner nozzle. The transition process can be divided into three different combustion regimes
and in this study, these limits presented based on the equivalence ratio and the Reynolds number of the burner
inlet. Evaluation of NOx pollutants of swirlers showed that Nox increased with increasing equivalence ratio
and at equivalence ratios near stoichiometric values, the Nox level was about 20 ppm.
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