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Vortex Simulation of Low Reynolds Number Gas Jet Laden
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An air jet, which remains laminar and axisymmetric in the single-phase flow condition, is
simulated numerically in the particle-laden condition. The vortex method for particle-laden gas jet
proposed by the authors is employed for the simulation. An air issues with velocity Us from a round
nozzle into the air co-flowing with velocity Ua.. The Reynolds number based on Us and the nozzle
diameter is 1 333, the velocity ratio Usz/Us is 0.4. Spherical glass particles with diameter 65 ym are
loaded at the mass loading ratio 0.025. The particle velocity at the nozzle exit is 0.68Us. The
particles impose disturbances on the air and induce the three-dimensional flow, resulting in the
transition from the axisymmetric flow to the non-axisymmetric one. As the particles make the air
velocity fluctuation increase, the air momentum diffuses more in the radial direction, and accordingly
the spread of the jet becomes larger. The abovementioned results agree well with the trend of the
existing experiments. The proposed vortex method can successfully capture the flow transition
caused by the particles laden on an axisymmetric air jet.

Key Words: Gas-Particle Two-Phase Flow, Vortex Method, Flow Transition, Non-Axisymmetric
Jet
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Fig.1 Round nozzle and released vortex element
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Table 1 Particle properties

Diameter d 65 um
Density p,, 2590 kg/m®
Velocity at nozzle exit u o 0.680/,
Response time 7, 0.0324 s
Mass loading ratio M 0.025
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Fig.3 Configuration of flow field and computational
domain

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

BT M0 S L7248 Reynolds ORI B O AT 957

5. BFRREEE

51 ZREBHEROBR BTEIaERVER
HAFMERIZIBITS, 2 AAhb 14D FHRO .08 E
HEOREZLE 4 2R3 K r>20 1280 T,
BT ALY uge PIEITEHENCELL TWD . %3
5 MFIOERICL DS OTHD . BIWL ugy 12
RIZETHS.

Feor I FREL o ERBEAAE RO EES R K 510w
. L, MERRPLENE BIRT S x-y FriE EORER
THY, BE( ([U+2Us)/3,0) ZEF N eT b v
BRARL ThHDH. FLETHCT THEFEEL TWD
x/D>11.8 ®= 7 FFICIL, (IS MBEICRmEINRE
L TW3. x/D<L20 2BV T FiAvidsisad itz e L
T3, ,

X5 & RN BT 2 MERL REOSHE XK 6 1
7. K6(a)iX, IMEROFLE x-y Fil iz e FITS
gy b LEERTHS. 7 AVHOENS BHE hi
RERIL, x/D~11 FTITFEEECHEEL, F0

2
<
<
)
S
<
Qﬁb
=0 ugy/Ug
PP RS SRR
0 50 100 150

1*

Fig.4 Time-variation of velocity on centerline 14D
downstream of nozzle for single-phase jet

x/D

Fig.5 Velocity distribution for single-phase jet
when t*=66

T TIRITMICEARL TN R FAY —2 KT
5. EROBPINCHIEL TWS . B, BEL LR
BRI 38T D IREROEEL, Tz
L, #OFHHEITH 13300 ThH-7-. HWESMED &
IZHRE 0 ZFEL, x-y FHE( z=0) ([E’EZ z A
5y 0, DR TRTE K 6(b) DL D 2725 . x/D>11.8
WCRITD @A E R TE DN, WESAL #XHRT
H5D.

KUo/D) |

x/D
x/D

20 20

(a) Vortex element

(b) Vorticity

Fig.6 Distribution of vortex element and vorticity for
single-phase jet when 1*=66

U EDRRELY , Z2[BMERRIL x/D<20 128V T
BRI EBE RTZ & Bbhs.

52 HFICKHEEREBESZOER R F%
el BB BT S, / AAhb 14D Tl
Hh LD KITHEORBELE K 71277, 2L, %
K[EEEROERD 500 TH 5 . B IEEEE +>20
ZEWT/ Anpo aE o B3, EOREIT +>32
BWTHEND . SRR ug PETT2EEL I
BAERFHRANC2S . Z0ETE, #8555 12,
HEBRIEBOWARICE S . BHRRSY ugy b KELS £
95, RrofeIcky, SRR OB L
5.

FeoTCFEEEL T2 HEMEBRIC I B KR D HE S %
8(@) IZ-Y. 772U, xy FHELE( z=0) OFERTH
v, EHE( (Up+2U,)/3,0) & EFIWZ7 K LD5y
M IRT. x/D~4 ETOFEETIE, 7 AAhb ORGE
XEHESTS. L2rL, 0O FRTIREEESMETL,
x/D>11 TIEFEFMRES EARD E LB IT, K
RRE S ORBBEND . TRbDL, FhoBxFEs

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

958 BT30S M7z B Reynolds BURHEE 5 0 1L E4T

ATV D . AMRHT TR T Reynolds 34 Re, 1K BN5.

Th 34 THY, R F~OMEHIT2 V. Kk 8 & RIRFANZ 1T 5 MBERO % K 9a) 12K
333 R OMEXHEEICERL TRAETS REHTHMN T RICEE O kTt iy, RERIL x/D~4 12
S[IRICHEUERZ RITL , Finz JEdstfric 2bs & BT IR PR O ' A BISAL , x/D>11 TIERES

4. 723, Reynolds %t Re 4% 20000 O FH4& " FEFHD HEATL, RS 5 A Z —Z2BkTE. 2075 X
EEfAT 000 2T, RFIERTF Y vy AT T & —i%, [ 8(a) IZRL 7 KB Iz L ThA .
 ZER[EAERREL D L ERTHEEBS ¥, ZRTrR B, MTESHCERL TRERNPRETE 2D, A
RNORAEZ RES THEENES LTS . X 8(a) BROBRBIIEZHAEROBELY b £, TORF
& FIRFRNC BT B RO 4% X 8(b) 1IZRd. 7272 RISEHEIEA 46700 Th-o7=. K b) X, WED 2z
U, x-y FRERICEEL 2R THD. x/D>11 T, kL ML 0, DA% ~T. BREMREKTRL -k
FRIREERO BELY ZT, FRFACSETS. R I S@F T AAEEL , BRI M T Ll

EFLY ICTRBRIZAML Tnd.

2
=3
Q Single-phase jet
> [
= L ik e A AR 2
. v
ba 0
~
=§o /Singlc-phase jet
ugy, /U
L L N " | " " " s ! L L N " Q Q
0 50 00, 150 3 S
Fig.7 Time-variation of velocity on centerline 14D
downstream of nozzle for particle-laden jet 10-
y/D
4 2 0 2 4
I 1T 1T 1T 1 v 1 1711 -2
O WM ., ,.MM\NIIIIHllllllll\lll 0
1l :II!I!}i:IIIII{Wiu. [ \mi\m}lll{m"llm\l |
i x'l"ﬂiu['“!s'""ff,: ¢ ::}ﬂ”g!ll%EHIHMH!
AR A e A
N IR R
T
TEE T 1 A e A
S gEEdER S &
= 1A A o A T .
e "’“"ifi!i"ivi!ihwi” (a) Vortex clement (b) Vorticity
%EIHI:‘Illla;lllﬂt'ﬁ%:::i: 0 b
IETHNH TR R oAU ] . . . . . .
i ik - L Fig.9 Distribution of vortex element and vorticity for
or L i 10 particle-laden jet when #*=66
b M dHtA
11 } 1]
ik < i
il i
-
I I "‘-2_5
il i :
il il
|HI|H““H1I5 JUE—— m)l?ll"l‘lll[l’
BRI e 4522 R T HE D
IIII%I1iI||IHIHIIF(ﬁ’.(’::“?ﬁ@,JﬂIHHHIIHH[H 3
[T A, D\ 1M 1
i s R &
20L mlmuuwmw.»pﬁ:5'nm/mﬂCinumrmm\.mwuun 20 i
(a) Air velocity (b) Particle
Fig.8 Distribution of air velocity and particle for
particle-laden jet when #*=66
B ® OMFER( Re=800) DEBRIZE NIE, I
ELE A NS <. 3 SR~ PR )
FTHEERAL M 5% 0.05 TH St s IRz £k (a) Single-phase jet (b) Two-phase jet

T5. REHTIZRNT, / AV A OKRFLO BisiE .
(Uo — U,) 1= 53¢ Re I3 800 THY M 1Z 0.042 Th Fig.10 Iso-surface of vorticity |@|/(Up/D)=0.384 when

t*=66
AT L EEETNE, FEITEREIRYTHD L EX

NI | -El ectronic Library Service



The Japan Soci ety of Mechanical Engineers

@ﬁiﬁ?bfﬁﬂﬂé‘ 721K Reynolds 5 SAHE R O i@ ENT 959

WMESHO ZRITHRFETZIEETI 2D, REDCE
iz X 10 \CR3. ZEREMAER T, X 10(a) iZr
TI5 1T, EREMERREh TS —J, BRTE
T, K 10(b) TROND LD 1T, EEHL AT
EUROREmA BN, FL < SRR EBESNE
L TWs.

53 [REBTFOEE M L o KRS
X ORI F O R EREE S R, W micx45 £k
ERTERILOLD (2725, EREHAEHEOEE X
IR T 45 28, K TFEIIED T/RE V. i
HORFOEREIZ, x/D>3 2R\ T BAREROEEL Y
HAES , x/D>8 TIIREL K TF$5. BhRDLS I2,
ELNEE OHINICX 0 R~ EE BB E S
MHThHD. —F, K[hLED b IKEE T, Xhh E
HU 7281713, x/D=12 L TIIIMEL , ZO Tl Tk
HETD . WMFOBEEHLIRRE WD, [KDLH 72

EFLWEERRITIRD iz,
12
é:‘ 1«»0.0508?22299992000
l:?' ‘A Y A‘
A .. A

a
: 0.8 %‘ - ® .
] .
| t o Air of single-phase jet hd
0.6 - ® Air of two-phase jet *
A Particle
™ 0 ' 2
x/D

Fig.11 Change of centerline velocity in axial direction

~-=- Alr of single-phase jet

—— Air of two-phase jet

s Particle

D

Fig.12 Radial profile of mean velocity

RFEE BT O R E R E O YR I A S A A X 12
[ZARY. 72720, x/D=8 % 14 OWEICEITEERTH
D, BRI SLE RERE U ik SRkl <
H5. THEROKIEEL, BEARRICHEAS, dul
TR GRS BEIAMAICEL , KMOENY @@L
T3, Z ok a8k, Tl x/D=14) THE
ETHDH. EHRESERFMICKE ERTE O T
»b. —F, FTOERESAITIRFIEE FRF AR
FLZ2W. ZOX) RPLEEETORTREDET
& ERIANY O KL, ERKMEEH( Re=20000)
DU BEL CEBEKTL KD hTng 900,

K[Fie T OFREDENGAX 23K, FRFM~D
PR RTERI3DES 1T, 272U, x/D=14D
BEICBITS/RTHS . _HEROKEOELNES
i, BRREHL Y b E. &<, LT T O R
TR OMBEL V. —F, MFOENES IR
WIZHATEHATHS . ZOMGHERSTE, r/D>0.6
TIARMEY b K& W,

[ ----"Air of single-phase jet |
— Air of two-phase jet
® Particle

Axial component

17U,

gx
tms[u,,]/ U,

)

rmsfu

17U,
e

L}

Uy,

ms[u, 1/ U,

rms]

Fig.13 Radial profile of rms velocity fluctuation

6. # B

P CTREL EKTMARIC T2 #EE Av,
@R CHEFROIRIEIZH D ZE R B O B TR R
BRI T4 HEL 7265 SETL 7=, 2 Xviin
ORFEEEE 12 2-3< Reynolds i3 1333, / XA JEHE
D—HRIRE EROBELLIT 04 THY , EE65um D
HT AR WEREAL 0025 CHIEE WS . o
FER, LT oORRAES .

(1) BRI, KRRICHEFEAZ RIEL T =Rk tEo

ERhaeHEL, IO mCElLS 5.
(2) BIFICL b [IEEOELNRS B TERHH
~OEEBEILES N , EHRO LAY EH LM
TEEL D L HERTS.
(3) FRORBEREAEROMAE —FKTH5L D THY,

NI | -El ectronic Library Service



The Japan Soci ety of Mechani cal

(1)

2

3

“4)

)

6

)

®

®

(10)

an

(12)

(13)

(14)

Engi neers

960

BElRF 230 S 172K Reynolds SUEATNE it O iR EEIEAT

AR Al FROD SAHMEICC [ ok 7% £HIL 72
FICAEIR T2 Wh o =%tk RIFICIRZ B hp
L ERERTE L.

X 3

Modarress, D., Tan, H. and Elghobashi, S., Two-
component LDA measurement in a two-phase turbulent
jet, AIAA Journal, Vol.22(1984), pp.624-630.

Fleckhaus, D., Hishida, K. and Maeda, M., Effect of laden
solid particles on the turbulent flow structure of a round
free jet, Experiments in Fluids, Vol.5(1987), pp.323-333.

Elghobashi, S., Abou-Arab, T., Rizk, M. and Mostafa, A.,
Prediction of the particle-laden jet with a two-equation
turbulence model, International Journal of Multiphase
Flow, Vol.10(1984), pp.697-710.

Shuen, J-S., Solomon, A. S. P., Zhang, Q-F. and Faeth,
G. M., Structure of particle-laden jets: measurements and
predictions, 47144 Journal, Vol.23(1985), pp.396-404.

Tsuji, Y., Morikawa, Y., Tanaka, T., Karimine, K. and
Nishida, S., Measurement of axisymmetric jet laden
with coarse particles, International Journal of Multiphase
Flow, Vol.14(1988), pp.565-574.

Yuu, S., Umekage, T. and Tabuchi, M., Direct numerical
simulation for three-dimensional gas-solid two-phase jet
using two-way method and experimental verification,
Transactions of the Japan Society of Mechanical
Engineers, Series B, Vol.60(1994), pp.1152-1160.

Yuu, S., Ueno, T. and Umekage, T., Numerical simulation
of the high Reynolds number slit nozzle gas-particle
jet using subgrid-scale coupling large eddy simulation,
Chemical Engineering Science, Vol.56(2001), pp.4293-
4307.

Yuu, S., Katamaki, S., Kohno, H. and Umekage, T.,
Effect of particle existences on low Reynolds number
gas-particle free jet (Re=800), Transactions of the Japan
Society of Mechanical Engineers, Series B, Vol.64(1998),
pp.677-683.

Uchiyama, T. and Fukase, A., Three-dimensional vortex
method for gas-particle two-phase compound round jet,
Transaction of the ASME, Journal of Fluids Engineering,
Vol.127(2005), pp.32-40.

Uchiyama, T. and Fukase, A., Vortex simulation of
gas-particle two-phase compound round jet, Powder
Technology, Vol.165(2006), pp.83-91.

Uchiyama, T. and Naruse, M., Three-dimensional vortex
simulation for particulate jet generated by free falling
particles, Chemical Engineering Science, Vol.61(2006),
pp.1913-1921.

Chein, R. and Chung, J. N., Effects of vortex pairing on
particle dispersion in turbulent shear flows, International
Journal of Multiphase Flow, Vol.13(1987), pp.785-802.

Chung, J. N. and Troutt, T. R., Simulation of particle
dispersion in an axisymmetric jet, Jouwrnal of Fluid
Mechanics, Vol.186(1988), pp.199-222.

Tang, L., Wen. F., Yang, Y., Crowe, C. T., Chung, J.
N. and Troutt, T. R., Self-organizing particle dispersion
mechanism in a plane wake, Physics of Fluids A,
Vol.4(1992), pp.2244-2251.

1s5)

(16)

(17)

(13)

)

Wen, F., Kamalu, N., Chung, J. N., Crowe, C. T. and
Troutt, T. R, Particle dispersion by vortex structures in
plane mixing layers, Transaction of the ASME, Journal of
Fluids Engineering, Vol.114(1992), pp.657-666.

Schiller, L. and Naumann, A. Z., Uber die grundle-
genden Berechnungen bei der Schwerkraftaufbere-

itung, Zeitschrift des Vereines Deutscher Ingenieure,
Vol.77(1933), pp.318-321.

Winckelmans, G. S. and Leonard, A., Contribution to
vortex particle methods for the computation of three-
dimensional incompressible unsteady flows, Journal of
Computational Physics, Vol.109(1993), pp.247-273.

Izawa, S. and Kiya, M., A turbulence model for the three-
dimensional vortex blob method, JSME, International
Journal, Series B, Vol.43(2000), pp.434-442.

Degond, P. and Mas-Gallic, S., The weighted particle
method for convection-diffusion equations, Mathematics
of Computation, Vol.53(1989), pp.485-507.

NI | -El ectronic Library Service



