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ABSTRACT

Swirling flows play a crucial part in the gas phase and solid particle combustion in the
most practical burners and furnaces. This research presents a detailed steady and
unsteady computational investigation of the swirling flows in a confined domain with
tangential injections. The swirling flow inside the confined domain is highly turbulent
and coupled as compared with axial bulk flow, resulting in complex flow dynamics. The
study explores the distribution of swirl intensity and flow structures, i.e., Vortex core,
Internal Recirculation Zones (IRZ) for both isothermal and reacting environments,
aiming to enhance a better understanding of flow characteristics in furnaces and burners.
Simple circular and square cylindrical geometries with four tangential injections are
considered for investigation. The evolution of swirl intensity is analyzed with and
without accounting for the effects of accompanying pressure fluctuations. Turbulence is
modeled using the Shear Stress Transport (SST) k-w model followed by validation

studies for steady and unsteady conditions.

The findings indicate that the injection angle significantly influences the strength of swirl
induced by such tangential injections but remains relatively constant across different bulk
flow Reynolds numbers (Re), except for lower Re values. The formation of swirling flow
leads to the creation of IRZ at injection angles of 6° and above, or when the asymptotic
value of the maximum Swirl Number in the domain exceeds approximately 0.6, mirroring
the transition value of inlet Swirl Number in swirling flows with axial injections. The
length of the IRZ increases with the injection angle and varies with Re for lower Re
values at a given injection angle but stabilizes for higher values above 40000 in
isothermal condition. Whereas incorporating heat addition effect by creating reacting

environment in the swirling flow, leads to no effect of Re on length of IRZ. The



conventional Swirl Number exhibits a rapid increase downstream of the injection plane
followed by a gradual decline. In contrast, an alternative Swirl Number, which
incorporates gauge pressure variation, shows a consistent, gradual decrease downstream
of the injection plane. This alternative Swirl Number, incorporating the gauge pressure
term, encompasses the interconversion between axial momentum and pressure in regions
of vortex breakdown and IRZ formation, providing an alternative perspective on the
evolution of swirl intensity in swirling flows. The higher heat addition flattens the
swirling strength distribution and shrinks the size of IRZ. Interestingly, variations in
operating pressure have no noticeable effect on the swirl strength distribution or the size

of IRZ.

The simulations demonstrate that swirling flows exhibit a statistically steady behavior
(no large-scale unsteadiness) within the circular confined domain, while the flow inside
the square cylindrical confined domain displays transient characteristics of mean flow
(large-scale unsteadiness). The time-dependent nature of the flow leads to the formation
of complex flow structures such as asymmetrical vortex cores and IRZ, as well as the
precession of vortex cores and oscillation of IRZ along the central axis. Conclusively the
precession frequencies of vortex core are directly dependent on the swirling strength and

Reynold number.
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quifg 7atg (Swirling Flows) TG TGRS §+R 3R Hfedl & T =R07 3R
31 HUT g8 | U Heaqul YT AU €1 8 iy Hifird &4 (confined domain)
# W= (tangential) $o/aRM & AU B aTd YOI UAT8 &t fRRR (steady) 3R
3PS (unsteady) FTUDI (computational) Siid P FAIRYdd T BTl
g | iftra 85 % HieR o1 uffa vaTe 3rafies Siid (turbulent) Bl ® 3R I8 3
o UdTg &1 gaT § MfIF AT (coupled) BT &, O Sifed varg et Saa
gl g |

3 o guff el (swirl intensity) 3R vaTg TRaT3f S fab dI¢ad ®R (vortex
core), 3ATAR® TR &F (IRZ) HT faaRo, ST g AT (isothermal) 3R
BTN (reacting) IR &, g0z &1 yamg foar ma B dife Higat ok o=k
o yarg faRIvdrsil &1 dgar TH U DI Sl Fob | S & oy IR =i Soiar

& 1Y IS M 3R FHR SAIHR SMHIIAT (circular and square cylindrical

geometries) gl 5 gl

quif diaret o fd@ &1 faxayr a1 SAR-9G4 (pressure fluctuations) & WAl
& AT FR AR 51 fire fu fosar mar 81 S=IfA (turbulence) &1 AiSfelT
Shear Stress Transport (SST) k- ATSE BT IUTN HX a1 T g, o RR 8iR
SreapITcre U & folT U 31890 gRT URET T 5 |

gRkomy gRifd € foF S9IGRM P10 (injection angle) GO vaTg &1 dfiaar &1 1w

JUIFAd HR &, Al T8 b UaTg ¥iegy U= (Re) & fafta A R ga-Td®
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w0 9 fRR 3ga1 8, Ry &4 Re A1 & | guffa yarg o1 fAwfor SSe= Sl 6°
I fYFH W IRZ & (AT B 3R o ST &, a1 ofd &5 | 3Hfdpan goff T

(Swirl Number) &T ORI A (asymptotic value) TTHT 0.6 T AP g1 SI1aT
2, o 31efiT S9aRH & 1Y g aTdt UaTe | 3de Swirl Number & IpHU A 9
A Wrar gl

[RZ P daTs SR DI &b 1Y F&at § 3R QT 7T BT WR HH Re AHT & o
gGaldl Tgdt 8, Afepd isothermal fRUTT & Re > 40000 & 1€ fRR B 91t 21 981,
O GgTRIT aTdTaRUr SR SHOAT gfg (heat addition) Y <At foa S B,
Re &1 [RZ &1 9eT8 W HlIs UHTd Tg1 &1 7T

URUR® Swirl Number $9IaRM A & §1& deil ¥ 56T & 3R f dR-dR gear g
O fquild, T& ddfeud Swirl Number, S 719 G&1d (gauge pressure) & fHdT
&\ M FRAT 8, THIRM I & F1G AR 3R BTG =0 J gedl 8| g dhiedd
Swirl Number, St 719 G&Td UG &1 UM ST 8, 98 37 & H 31efig Taw (axial

momentum) 3R &G & §rd 3fq:-uRad= ®I gfdT § SIgT dicad faged (vortex
breakdown) 3R IRZ Wﬁﬂfﬂ%ﬁ?ﬂ% ﬁﬂ@fﬂyﬁd“lqm & farg ﬁwm
T et 3

31 ST Se- ¥ guifa digar o1 faavur guad 8 oirdr € 8iR [RZ &1 HHR b

SITdT ¢ | e &7 ¥, IR ga1d (operating pressure) H fadT &1 goifa diear

IR AT IRZ & HR WR BT WY YT et uSd|



Rrgaer & gt 9ad1 & fr i S &7 ¥ iR gufa vare sifereia w0 @ fRR
FAER (statistically steady behavior) UafRid HRdl § (Pl g9 UAM BI SfF-aadm
e g, SIaids IR HfHa &= T UaTg SHINId UaTe B &0 fa=IdTd (transient
characteristics) UafRid &Rdl g | TaT8 &1 -k uehfa Sfed yarg WRamst &1
fafor st g, SN o o dida B, IRZ &1 fAaion, 91y 8t aicad ®R &1 A
(precession) 3R IRZ BT HET Y & Y e (oscillation) | FIshEd:, dica HR
@1 iR saftral Tt goffa dtear oik YTy Tem w R gkt 8
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