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Abstract; To systematically and comprehensively understand the dynamics of the moderate-Stokes-number particle-
laden jet ( MSPJ) and to verify the applicability of Taylor’ s fluid particle theory for smaller particles, an
experimental analysis of the velocity evolution of moderate-Stokes-number particle jet is carried out. Firstly, a
particle image velocimetry ( PIV) experimental bench is built. Then, six sets of experiments including macroscopic
large-scale and mesoscale measurements are carried out at different initial velocities. Finally, the evolution
characteristics of instantaneous velocity, average velocity and fluctuating velocity of particles at two scales are
compared and analyzed, and the MSPJ velocity decay is predicted and verified by combining with Taylor’ s particle-
laden fluid theory model. The results indicate that the average velocity of particles along the jet centerline decays
similarly to the gas phase, exhibiting an initial increase followed by a decrease. In contrast, due to the mixing of
low-velocity particles rebounding off the wall and high-velocity particles in the center of the jet, the attenuation of
particle fluctuating velocity exhibits a different trend: it first decreases, then increases, and finally decreases
again. Moreover, a significant difference is observed between the distributions of the particle pulsating velocity field
near the nozzle and the average velocity field; the fluctuating velocity field displays a profile characterized by lower
velocities in the center and higher velocities at the edges and in the transition zone, while the average velocity field
shows the opposite pattern. The maximum cumulative error of Taylor’ s fluid particle theory in predicting MSPJ]
particle velocity attenuation is 6. 16% . Additionally, the velocity self-similarity of heavy particles decays more
rapidly due to significant inertial effects. This study provides a reference for further research in the areas of slip
velocity, drag force, and engine oil spray.
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Fig.1 Schematic diagram of the moderate-Stokes-number
particle-laden jet experimental bench

PIV RGEALHE M 3 i BB HL#1 #2 (HX - 5E,
NAC, JP) , BUBk #hi# 't #% (TOLAR - 527, Beamtech
Optronics Co., Ltd., CHN) ,§" 3% ( BZ - 61, Seika
Digital Image Co., Ltd., JP), [f] 2 #% (LC - 880,
Labsmith, USA) FIHSEAL, SUBK thBOG &8 7 A= 193
JEPA T 527 nm, FOGIEEEHN 0.5 mm , UG [H]
PRI E A 100 s, BOGHRE R 50 m), ] [H] 25
s [ fioh 2 5 R 5 AR WL AU oo, ik & KG B
A3k 0.1 ns, %K 1 000 Hz, 38 i fr) R B AL FAFE
Bl PIE A S0 R e AR AR AL R L

H TR -2 BE 1 PIV 7 vk 5 Z B s T
YEMIR DS, s 8 Z gk, PIV 3R T H A
Seika Digital Image HI7%[E DLR J % 1) Koncerto II
B o T MR AR A A 3 O s BT (% B[] ) o
e NG % RG] 43 UK & 24 x 24
A E R R B T 1 (interrogation window ) |, #
22 i AR DB 0 N T R R AR St 1T
300 3 U A Y 0 7 DA 75 31 B S AH DG HE T 1 I A
%, A T A AL RS As B R] (A] R A v LA

As
ui_E (1)

b SR AR,

1.2 HFSH

K FHIMENR SO, (R, BB R 2 000 kg/m’
SRR K 40. 86 wm, BTSN 10.29 pm A
Ay A a2 fis IR RF 5 Prevost 4517 Al
Kennedy %51 3 B AL 7 [F) — 5 2, 3 )5 SO
o, Ry siR NI 0.010 3 ms, il THHRL
TAFE TR Se VA FLAOMER B, St 2 LR
Ko F bS] 7 A R 7, Z

,

St:T—p (2)
g

o

P 2
_"p P
T T 18,

i MR T, d, R T AR, KR
B L, R TR G R W
10 ¢

—Sio,
8+

6+

i A5 1%

0 2|0 40 6|0 8|0 100
d,/um
2 SiO, MEKRLFRIRZE D

Fig.2 Particle size distribution of SiO, microspheres

ATRXTRL TP HIA 52 1) i 0 46 v S B 1S i
Yol /N T AT S G N T 1 AR T RE
AR I 1 BR B AT A 5l SR 32 Bl , A Ak ok X80
R IAL R R T, AR SCEE 5 HoRE T TG v T
BAHM9.6 ~24.9, )8 Trh i s Sr Gl 7R X A~
g O N YA 2 i 158 U VAW < 1) B S5 AR e Y
S MBENLANE 28

2 L TR R

ARICKE MSPY 73 B HEAT T 6 A 72 MR R E
( macroscale ) A1 47 W ) BE ( mesoscale ) B9 & 52 55,
FRUBE (B T4 B A% i T RN 5 S /F 22 AR, 25 [H]F- 24 1Y
RUE THCAR XoF SR It AR 1 52 el [R) PR AA A, K — 2 R
JEA B R RN AL A% 4 Jm T — 26 =) P 400 5 L
NS RUBE S5 i 4070 1 58 A {HR R T 42 ey Yy 3L
fife , 220 RUBE A 45 6 R 8 X6 [) R %) DA 60 4 1 TR
2, TET AR R AN R BRI B RIS



- 108 - e NS B | A - =

557 %

BT S AL 16 A RUE LR/ N S e T A ] — g, AR
T, B3 [RVRE /N AN — | TR I, AR SCBEA T 4 7Y
S8 SCERA BRI A Y W A AT AR S L
APARABLEE (4 ]R8, ELAS SO 6 vh Al 31 21 g
RN Fre 22 K— A2, fe/ I Ih— g, A
WBEE T 6D x 7D ZoA By i 6 1R A WERUEE 5

o O A5 1 ) P 17 72 P 8 3 B R VT 33 2 5 AR A
F o IR R A LR 2560 o B R S 0L
®2.

F1 KHKAHR

Tab.1 Experimental sequence

Qyimter” Qq i (RMS)/

o WA Rk SRR TR ey ey
M A W EE R —A 849, Ry 20D x 55D 7245 19 Fxp- 1 0 0 9.61 6378 15.90
S G A KW A O R R R B2 203 0.26 1220 8952 9.70
Qg’imﬂzﬂlﬁwﬁgﬁﬁtﬂ 1B A0 B |6 2 S F T 5 Exp. 3 40.3 0.33 16.10 11488  6.60
B [ R Qg,inletﬁﬁﬁjﬁ*ﬂﬁfﬂ 0, 10 (RMS) Exp. 4 60. 4 0.50 19.90 14036  4.65
W1, £ Re j@%%tﬂlﬂ&i%ﬂﬁ%ﬁ%i&,%}ﬁﬁ Exp. 5 80.2 0.62 22.90 16547  3.16
ﬁ%,i@ﬁﬁ?}ﬁﬁ]?}%&@g'm(RMS)ﬁﬁ‘Zﬁi%@? Exp. 6 95.2 0.76 24.90 18487  2.35
F2 E&SH
Tab.2 Image parameters
¥ QRSP ks EFSIRm EURAFIRF /o FRE L/t

24 x 24/ pixels 32 % 32/pixels

MR RE 2560 x 1 080 0.246 630 x 266 5.90 x5.90 0.89 x0.89

SR 2560 x 1 920 0.037 95 x 71 7.87 x7.87 1.18 x1.18

3 s T MSPJ S 56 Y 2 R RUBE FiA Wi R
JEE I 25 A s R 2 RS R 0 S A A 1 R 45 )
B, KRR 5, A XL R 00 3 e Y S 9
i T3 AR AR G R SE B, B T VR S el e A
FEVLBNAETT , PR A B ) G S TR RO e/ 7
W SRR MR T 7 AL BT A SR B I
S AR E DR AR R SRR E YR
L AR R F AL ) ) R L T 0 ST R 5 5 e R e
PEAGHLAASEAL B RSB E

H3 REHERE T MSP] & (Exp.1)

Fig.3  Schematic diagram of MSPJ at different shooting scales
(Exp. 1)

3 gRHT

3.1 BRETEE

4.5 SR THE Exp. 1 H 2R R R/ W
JE SO ST P W A PR A%, o 7 ) W 2 o 3 R v —
X PIV BG4S 2 /9 J5 — ot EUZR £ i , ATy
PIV B RS 2 A 2 I — MU EHR Y, R Bk
b i B (] v R R R s e R 6 ) o MM L
e D A H PRSI LT A URE A RUBE S50 R
ASCH W HAR D IH— LA B AR BRI, NI 5
HaT DL ST e e e i R (S R 0 2k
AN—E, T2 B 28 S v O 2R 8 sl A, A R S5
AL T SRS A RN A0 00 2 7 , 3R SR B A it Ik
AV B, 8 5(a) ~ (g) JiZiim s mii i 1,

0 5 10 15 20 25

x/D
E4 Exp.1 WEMKRERXR

Fig.4 Macroscale experiment of Exp. 1

30 35 40 45 50



PRI, A5 P s T ROk S A T A S A - 109 -

yiD

0 1 23 4 5 6 78 9 101112131415 16 17 18 19 20 21 22 23 24 25 26 27 28
x/D x/D x/D x/D

0 05 1.0 1.5 2.0

I -

02 04 06 08 1.0 0.1 02 03 04 0.5

D

=,
42 43 44 45 46 47 48 49 152
x/ID x/D

32 33 34 35 36 37 38 39 4
x/D

(a) MSPIIIRLFIEAE E Y = K

yID

2

1 ;

0 | eSS b R
||

2

01 2 3 4567 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
x/D x/D x/D x/D

(b) MSPJ FRRE T 45k i 2k I
5 Exp.l INMREXBERE=E

Fig.5 Mesoscale experimental velocity field of Exp. 1
3.2 EHEE

PS4 5 B SR FH s RSP 2535 BT 2 000 5K
BUGAT B, 2R R BE S 56 it A A 14 3 2 1)
(DLIEL6) , 178 B M L RIS o 2 3R
JEE 2R, S B DA O KA /N R R AE G oy
AT A RUBE S 56 I St 1A - 2 B 37 (L
7.8) , B 43 A A A5 2 00 R I — 3, (H A
WLRURE ) 12 5 A A v A B, R I T 2 A AT
AL 8t /] DL Y 0 W B 3T A 3 B 37 2 9
AT

g0 s S0
-5 -] s
10 0 -10 0
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
(a) Exp.1 (b) Exp.2
10 20 10
20
5 15 5
Q Q 15
S0 0 3 0 10
-5 5 -5 -]
-10 0 -10 0
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
x/D
(c) Exp.3 (d) Exp.4
10 10 30
5 20 5 2
S S
s T
) 5 10
-10 0 -10 0
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
x/D
(e) Exp.5 () Exp.6

BE6 ZEVKRESLEHHRTFIEES

Fig.6 Mean particle velocity field of macroscale experiments

AN [0 e FRUPE T A 3 Y S v e ) i
N9 (a) Atz , DT H R R 2 08 R RUBE A W R
JEE D {11 70 S AT 8 DR i 328 T e i ) R[] sk 2

{E’Eﬁ%‘,gﬁﬁﬁﬁﬁgﬂﬂﬁﬁﬁo Prevost 25'1%) ,
Kennedy %:'*) | Krothapalli %) 1 Calvo 25!ty
SR T IXMELAR , H e R A3 0 U A T e
A A e T OB R DT 5 BCURE
PN RUBE 22 [0 A A0 22 S v 7 2 WL R0 e )
JEA R B 7E4 TR M R 3 3 0 Y
I3 FORAORE T e LR SR 2521

100 12 3 4 50 1 2 3
O -

D

0 1 23 4 5 6 78 9 101112131415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
x/D x/D x/D x/D

0 05 1.0 1.5 200 0.5 100 01 02 03 04
[ N = B =

L= = SR e S 221 |
32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55
x/D x/D

yiD

7 Exp.1 BN W RELLE (MSP) AL T FHiEER)

Fig.7 Mesoscale experiment of Exp. 1 (mean particle velocity

field)

0 5 10 0 5 10

01 2 3 4 5 6 17 01 2 3 4 5 6 7
x/D x/D

(a) TS B 30T PR T2 E (b) KEY
E8 Exp.1 WAMRERXE
Fig.8 Mesoscale experiments of Exp. 1

B9 (b) R T 5 SCERSES SRAH L I3 — ok ¢
B, Hid | Prevost %51 Szt il FH Ak
TRNZ145 wm PUBEEER, B EAR A 10 mm, ®14GSIAK
A 20.0 m/s, Kennedy SO R ] T 24960 wm 1
W, T LA R T mm , WIIR R 64.5 m/s,,
W 9 FirsR A 3 O 5 SOk i — B
TEXI T, T Prevost 2190 4 Kennedy 2 [40]
(G5 W S NN S 171 G YO VA R T w33 5-38 53 s A8

B 9(c) s T TEMIR B SEE0 554, SRRk
TR ERY HEHR, o AU (Gas ) $408 A ) 55 56 2%
PR B Si0, L84 B R R (DOS i)
(i SEae g R o DOS i 1% B2 918 kg/m’,
AN EERL T HPRAR A 2 ~ 3 m, A7 BB 5t
Bt 0.011 3 ~ 0.025 5 ms, WG ro ik 200
0.01 ~0.06,1E/NTF 1, Al AAR 4 3 PR B S M B 3
SAEFIRL 1 R 5 a8 SR R AR L, A A
TP, TR AR TR A, SO



N

-+ 110 - e

wOL ok K

»e
¥

2 1l 5§57 %

SRR SRRk 14 JiE R R 1A ], 7E W e T
S5 Mk O RIS Ak H R S A I AE AR RO
L AT HY 1R A X ek P 25 3% B e
IR Z A R OL T, R Inide 2 i

30r

R H AL ) A, 70 B WM () by R
FEBWEE L T AR X — WS LE R S Prevost
ZEDOVH Fan 2 (R B—3, ROl AL
HERABE , S B S A E RE

2l e 12p
& T Ena Lof A\
] SN\ - ol
! S 04l
°l 02}
of o
0 10 20 30 40 50 S
x/D

(a) SR RUBE T Bk T3

x/D
(b) JH— kL 38 B 5 SCHER IR T LG

— Exp.1 30 Gas SiO,

-~~~ Exp.2 — —Exp.l
Exp.3 25 = = -~ Exp.2
Exp.4 E;gi

,,,,,,,, g;g;g T 20 e Exps

—o0— P {2409 mm— s

N —o— Kennedy 201 g, 15
S 10t
5t
ot
30 40 50 0 10 20 30 40 50
x/D

(c) MFISEIRFMT, SR SR T B L

B9 HFFHEERFREENREE

Fig.9
3.3 BkBhEE
K-8k sl R TN )P Y245 31, 10,
11 235 7R 1 H 2 00 R ORUEE A WL RO S 36 45 1Y
(V- Yk EhE R PR RO B Bk sh i 3 40 A
AT — 0 WL S SRS A . BR T W
BF ST, BT IOk 2l R I A T2 A ) P S DA ¥
W, L VBT, 7E 0 ~ 1D B R A BT T, 75 P
145 3% R 2 560 pixels x 1 920 pixels , %5 [1] 73 HF %
40.037 mm B RUEE L, P 3T 8 o 0T BORE 1 Pk 3
JEG SRR A i . A —2E3CHR [ 10,30 ] AT
DAt P49 JK sl 3 B 8 93 A1 -5 P 247 3 B 8 23 A
AL, 45617 FE 11 BRI E T X — ki T
MR B LA S A DX I, A 8 5 A 0 X 38 4R 1 Jik 5l
TR - B R (9 o3 A R B o 25 5 R 2
[KI 24 “ potential core” DX I i 3 B2 I SHAR /I T mixing
region” Fl1“ transition” DX 355 43 BE U BI04k IR S T2

10 10 25
5 LS 5 2.0
|15
%\ 0 — 1.0 %\ o I
5 0.5 5 0s
-10 0 -10 0
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
(a) Exp.1 (b) Exp.2
10 3 10 4
A 5 3
2
2o 2 2
-5 1 1
-10 - 0
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
x/D x/D
(c) Exp.3 (d) Exp.4
10
- §
S ofEm== 0

=

-5 -5

=g
yiD

| ]

fgrearearasrau

-10
0 5 10 15 20 25 30 35 40 45 50
x/D

(e) Exp.5

-10
0 5 10 15 20 25 30 35 40 45 50
x/D

() Exp.6
E 10 ZEURARESZWHIKFTHIk3NEEF

Fig. 10 Mean particle fluctuating velocity field of macroscale
experiments

Evolution of the mean particle velocity along the jet axis
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