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! Reynolds Stress Model (RSM)
2 Soave-Redlich-Kwong (SRK)
3 Acentric factor
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Figure 1 - Computational domain of bi-swirl injector
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Table 1- Geometric parameters of bi-swirl injector

Parameter Symbol Value (mm)
Slit width 6, 0.76
« Inlet axial location Ly 3.00
2 Swirl chamber radius R, 450
S Swirl chamber length L, 10.40
& Contraction angle 0 45.00°
£ Nozzle inner radius Ry 2.70
~ Tube post thickness t 0.80
Recess length l 1.50
Head-end axial location Lq 13.70
3 Slitwidth &f 0.17
S Inlet axial location L, 15.40
© Nozzle inner radius Ry 3.50
‘d":) Annulus width Ar 1.50
O Tube post thickness t, 1.50
Injector length Le 24.20
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Figure 2 - Effect of grid resolution on time-averaged radial distributions of tangential velocity (U), axial velocity (W), relative
pressure (p — p.r), and mass fraction of kerosene (Y ,.) at the axial location of inner swirler exit plane. Solid and dashed lines
correspond to 0.51 and 0.62-million cell grids, respectively.
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Table 2- Operating and boundary conditions of the simulation
Tempreture  Mass flow rate  Density Tangential velocity ~ Radial velocity — Actual velocity

(K) (kg/s) (Kg/m®) (m/s) (m/s) (m/s)
Oxidizer 120 0.1 1002.0 8.2 4.7 7.4
Fuel 300 0.4 684.5 -22.2 -11.1 254

\id



VEY Gl epilezr olod oo ly Jlo (3l g o gm (otmgh —(oole 505

Goe (6 lwdiwanns

BUEIPRUNJOWING SIN IPL LW PR WP o0 SN ESRLA R PO Ry UR FUOR B YR E PP S ES VR PRYE SO S WP SOU
Gl 0als plxil (Gley oy ,0) Bl adls Oy Slsle IS5 PISO’ PSP [t R 00 PR P KO
Sl Ll Sl (3l sladils o Slaslre S5 abauls (LLL Pl 50 Logasue) v ,oSl cnl 5l oalizal [YY]
Slile (oled oS oo ol axly 4 S0 S ) sla Sl l esliinl e o ) (Sopd Sbey a5 Sl 5 go0e
00 ailio Ko ¥l g el Sl a8 IVE] wloas (gjluarncsd o Sedie od pgo 4 yo by, 5l eoliiwl b gloj i
3 ) sy g ol Olile ple cal bz Glace o /A Sdl)sS sae aniin b blis oS cal oad azd 5 L
e sl g, 5l eolatwl b (Wloads a4 4l o (g33e g, b a5 g, sla s JWl g 458 isn SVoles
S lortianS (Conl el Cawsody 93 45 y0 dugol By, 5 635 p0 NS i, Sy S 5 b 45) MUSCL' sy 45 50
SleMbl b > )bl sl 3855 gl B oy cusdS 5 ylacebl 51 ey o piiio Sloj (6,05 pSile (5l iloas
sl o ploxsl (6,05 (1 Sleo 0,8 5 o Slloee asals IS o bl iy CalBl ey pl £ oo 185 Do 4y o

o ol mwylacl

s o8 hellan 9355 Vllis LIS 5 S5l geili a5 (L i Sa & ar5 b
oS ) Sl ol pesls slagts; il ), it Sdedr (i 5l il oad (5155 ey (nl )0 (gogue
cad 1) oale (Seul sla s, 5l logas 5 Sgane )25 Slalllas (e 3 (o yined] Loyl 1 & Ceend) YU Lid Layl s
lea) d5bie b sesiz i Sy Gl Erisn o il skd ooliiul (o &5 RS Spons sl
peiine 5yl 4o (ISl wlanlio 5,cnlil (Candiml (e alhize g )9S5l (SIS )gslS 55l cobe (Suuzen
370 Yk sl e nf D00 alal> (goue @l Lo o) Yo Rl 25z Gl b0l 092y Sl ey
el 00l

5 SRK > alolee URANS  oi¥s )55 Jowo cly [Lid wgamme poe (g00e ybg,) pol> (goue aing iy ;\151
Spe Sl oolad lld cov b Liam el S ok Olies ileand Su (Slld Jil el
w25 a0 4 azg b UAV] col sad paie g oad omiw liel om0 slaesls b sone gl .l az8,5 15 oolisul
i (nl @Blgys ol K00S0 alie Lids jo50e llie 5 ol anlllas )0 (ciomy o)lg 51 s wilp g (Solindge s
Ll 0as (6,l08 s Wb goue

s 55 ooy Olise oS Sl 5 ol (sloodnay oy b sl (538 Slobrs S sippimas
@ ol ce Jlie gl el L3I BB 50 plol alie (b > slaglone 0 oo psend slaodsss b lag] daslio 5 pol>
L least s e Sk 8,55 5 455 o 5 3l 4ol (855 e SIS an i ol 5L 5 ooy
s &5 3,5 o)Ll g ladils 5 plesl g () d(SeiddSa b 55bess O )le B ,0) Heki- by (slubl greela-olS

Lol 00liiul 890 (533 At Cuzmo Jie LSl

! Pressure-Implicit with Spliting of Operators (P1SO)
2 Monotone Upstream-Centered Schemes for Conservation Laws (MUSCL)
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Figure 3 - Time-averaged axial velocity contour superimposed by the mean streamlines
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Figure 4 - Main charachteristics of bi-swirl injector flow field
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Figure 8 - Time-averaged axial velocity contour superimposed by the mean streamlines at nozzle and outer duct of bi-swirl injector
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Figure 10 - Instantaneous distribution of vorticity magnitude in bi-swirl injector flow field
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Figure 11 - Non-dimensionalized time-averaged vorticity budget profiles at different axial locations of injector vortex chamber
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Figure 12 - Non-dimensionalized time-averaged vorticity budget profiles at different axial locations of injector nozzle
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Figure 13 - Instantaneous distribution of density (Right) and time-averaged density contour superimposed by the mean streamlines
near the injector exit (Left)
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Figure 14 - Non-dimensionalized time-averaged vorticity budget profiles at recess area of injector
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A numerical study has been conducted to identify the cryogenic injection and mixing characteristics of a
coaxial swirl injector under supercritical pressure. An improved formulation of the Reynolds-averaged
Navier-Stokes turbulence models (to close the governing equations), Soave-Redlich-Kwong equation of state
(to estimate thermodynamic properties), NIST database (to estimate transport properties) and PISO algorithm
(for velocity-pressure coupling) are employed in the flow solver. The present study —distinguished from many
other studies by considering real injectors’ geometrical complexities and propellants’ thermodynamic
nonlinearities—characterizes supercritical mixing dynamics of the coaxial swirl jets through vorticity budget
analysis. Results highlight the tilting/stretching term as the only mechanism of vorticity generation within the
injector vortex chamber. At the injector nozzle, the baroclinic torque and volume dilatation terms control the
mixing dynamics, too. Numerical observations indicate that the effects of recirculating bubbles (in front of
the injector exit plane) are significant and improve the contribution of vortex stretching/tilting in terms of
vorticity generation. In addition, the Kelvin-Helmholtz hydrodynamic instabilities also plays an important
role in the mixing process in the injector nearfield.

Keywords: Coaxial Swirl Injector, Cryogenic Injection and Mixing, Supercritical Condition, Vorticity
Budget.
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