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4. AMAEICKA PDA, XK PR EFHARE ORISR EH R ITHE, HERET
AHAK, R TRMEEEE, oFRIESEFHRRRE R

1 *RRBENANBRS

1.1 XERS

IRFEFAFLAERSE, WRABN MOmmx140mm FEE, K lu HBHATERK
B, A=AANEVNENIHE, THEREEAMRS. MARY OFEALKF%H 4 —% 80mm, K
Im KEREHEE. PRADRITERETHEE, £NUBRARNYFEARE. WRABEE
EE-EREE, SRS O EABR. AR P E AR AR B EREE R R SRS,
BB A 1500kg/m®, FIRFR% 230 wa, P E BARERER 1146 pm. SHIRER T4 BUH,
BAR/NT 5 pm, BRI RABRIRRED.
1.2 MRBRL

W& A28 2l 2 F] (Dantec) W =4 FEIAMTN, B 1 RENBRAGEER. BT
&S (PDA) MTARBERFARXEZ L GFBNEEE, AARRBELSNIINE Y
PHENEFNER. REBARSZHAR: S, WK, 775 519 HH B F R
PP E AR R, BN 1% BRN20NEFEET Mie KESTEE, HEENERE
BEATIA 4%. ST REES M BANBRKE, WA EHBNRE, MEREY 30%.
BINREH—EENEN, SRRESERBEMBEREL.
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Fig.1 Schematic of the PDA measurement system
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AN R, WG ERESUEAE ENERRE, BRERE 1um £48. BURHHE. REM
FERMBAD, TEHAAENSHEFEW. SEFANEN, AP ASEREE, wWE AR
FRBb kR, EESHENIES, EIRGEBRERENSEER, BIRIERRBRKESH
KPR NERESHHEE MEHEFTIHHELWERS, TRIRETEBERNRIN, N
BANF 5pm HEASH, BBRKXT S5pm fEXXEM. ZEXR P B HBR M AT 473 (FAREE)
Co< 1 (BBEHN 1071 ~107%), MM THATEFARR, TLZEB LS ZRMEL
1EM.

S FFPR I FHEE U MFHSIEF Urvs @0 TR SPGB

. N 1/2

=2
> >~ U

_ i=1
N UrMs = | —F—— 1)

AW, w ARBRBREEE, NATNETHE.

21 ERNAXRMBASERAOEEER

SCHR (6] B BRI B W R (2%), BN EELFEN EFHEEMNRRERE W,
BAME TSN AR (1.8%) Bk, HEMRUEFNEKFALREFHER. KERNSET
¥HEE Uy b 8m/s, BN RBRERN 1.8%, FHEBEEN C) = 1.46 x 1075,

K2 REHMKBNRERNSH. BRBAMITERRNAHSHKETQFYERE ¢ =
100mm Fl z = 700mm #ELKMSF. BH, KFHE z AERFH, #EAH U, EET
ERPHREKTEA y, EED V. ABPITLMBRITESHKFHEERLMBAD. HERIE
FHREET, BT AFERENERBA, 5[0 FR—B HFEEHHFITUEHLRE
KEE, £ 100mm 4, §=4mm, £ 700mm 4, & =15mm. EHKFRRERT, LREHN
EMHERAPNBORL. BNOEEEEAMEERTAR, £ 3mm DAMFREESSH
HERY. XEX[6 PEEAFETENENAIKR—H. X (6] PENABHETIM, B
MHTHEEARKRE, 4mm KK RERNHB.

A3 EEFNRERNSHG RS EEE 100mm BHEHLKSH. HETR, SHKKFRK
SHHEBER IR Urms 1H TR B AR WA PRI B EM . £EE L, #£EERE 3mm
AKX, EKSIEE (Vams) 0, TE 3Smm UAMIRBKESHEEREH BRI,
Uil ik Bl 2 R ZE A A 4 A6 AR B T 4 P4,

B 44 700mm #HEASHBKSIEFER 5. KT P bk sh 4R B A 2mm~
12mm MXBEABRPRHNARER/D, TE 2mm QUARBSKRAERLANBRESn. £k
HJ5H, BEREME 14mm DA K RIEASHEE PRSI EES R B KW/, T LS g
RESHNEERKSIEE Y BHEL.

HEEHEBRER, ERFBNRENET, BRMKFLRENFEBEEHBAN. BB
BN (LE 8 L34 T, 7E Smm Ll EREAMRY S, Tk B, ok EE
WA, PIREMAATFHWERN 2 4. HPHERYIHAKRE, EXAROBRRRT, 2~3
P E AR AR Z X P I BB B R W AR AR R/, BB, JBURLZE W35 R R B — N3 Bl U A e 3R ik
BAFKER B SR s B R m, WESHEHYS. Rogers #l Eaton (1990)(© A
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A, SHRKHELFRERLUSREERHEMEH FRRGRE. FX L, ETFTHEAEZHED
RRsh MR, BAKRERENE 02mm A, ATFERELAXNRS, REURYEERR
AR ARSI RN 12, AR ONESHNE 03mm L4, HEARRARRSHNBEER
A, FE 2% DAL BORLIMAJE, A0 I BK 30 B 2 50 4k B B0k A 42k o A 8 2 4 4 11 346 3 (81,
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0N
10 1.0
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S 4 0 z=700mm, laden flow $ 04 VVW’VIVVYVV X v
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0 Il L 1 J PN N N L
0 5 10 15 20 0.0, s o 5 50
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B2 RRULIR I R AR T PR U 0954 B3 100 mm A GBI 8 B SUH B 3 026

Fig.2 Horizontal velocity U of two-phase flow with low
particle load ratio

Fig.3 Gas fluctuation velocity at 100 mm
section with low particle load ratio

Tn i; 0 £=700mm, unladen flow , 1o
E 1.0 ® z=T700mm, laden flow ,E 8 RO Q 00 2 0o g o ¥
0.8 6
2 06 000000, S 2=0, C;=19.3e—5
bﬁ 0.4 . ° o o 0 4 0 z = 100mm, unladen flow
0.2 A ) 2 X z = 100mm, laden flow
0.0 0 ® z = 100mm, particle
. 1.0 - ¥ £=700mm, unladen flow 10
xr? 0.8 A £=700mm, laden flow w |? 8 . x5 N rabgl A é I v
£ o6 VVVVV £ 60q z=0, C3=19.3e—5
4 FYVY v D 4 A z=700mm, unladen flow
5 04rfAby a4 ivy X v A 9 0 z=700mm, laden flow
0.2 Y z=700mm, particle
o . : . )
0.0 T e e, 0 5 10 15 20
y/mm y/mm
4 700 mm AR ALE AR IR B SCHUBKSH A 0 AL B S WRMRRHEAACTY 0 FYRE U
Fig4 Gas fluctuation velocity at 700 mm Fig.5 Horizontal velocity U of two-phase flow with
section with low particle load ratio high particle load ratio

2.2 KEHAEMIEEAEEER

LR RBERREK, FRIBOE 24%, B FHERERE C = 19.3 x 10-m3/m?, ik
MAAREESAEET W, WE S5 HEPEESFTR, SHEFNARENESHER
2 FSE /I T 7 B VI PAAEE M TR FSE SR . AR S R 7 B TR MHIE 785 T S A T 78 40 304 T AR 2,
P B RE T B SE A AT AE AN R A IE. X —BR 5 Lee #1 Durst (1982)1° 100 um FI
200 pm B9ISURFT Tsuji 25 (1982, 1984)1011) 200 pum 5514 75 B T B I0E 00 S0 38 40 A AR AL, BV G
EEMRSHEERET T XA TEARARRE AR RS T ER T
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GLRBEEEESCAHEESD) 99.5% SARERLMER). TRABNEERRYME —cBEEW
TR T AT, 0SB P UL £ BEL 4 1 P AN e R R T Y (XS B X R B
MEFW, EEREROENTHEMAE, SRELRERE.  Tsuji 2% (1982, 1984)110:11 7
EE R ERLR R (300%~600%) BMERMELRPRAASHBAREELEREME, KFEFHE
EWEHANHLFAPRRAERARNKRRAR; EEEEPEEHIANE -, LEHRH
ZRERNBERABRDBE. RLBPENARMANEE, REREELTALERORAR, EE
FRHAMBAEERHTRRIMRESFTHRIERL. X0, 1) BF 4 HEABRK
ER4AG, BHE [10] 53 [11) FARBKFEE LR TUEHEKFEPPNKRE SR
A5, RIRBFHNARHER. ATHNAKEESTBRSSREANELR RIMUE
TREAFREENSA, BS T FLESENRENBNKRENERLMG, SRFBNER
BB AAAL, TRLES, ARTEAOEN, HRRENESELEBRAENX, WAE
100 mm 2 TG40 YR E 1§30 Bt 700 mm &I KT H. To T8 B 00 B 32 B 50 8 T 4 J0hs vk B AN
SR BB AR S AN AL PO R BETE 100mm B E LB K, FIEERE 100 mm % E BE 45 50 3
KiE, BHENZFREWREKXZ.

SHERBHSEEHSAWE 6 B 7 FiR. 7 100mm SR KK FF [ bk sh#
B, BTFFRREYRSWES, £ 2mm DSRE, SRKSDFEEFHREKT 10% £EH
FE, KM EELE 10mm DIR K KEED, EHUAAHRBEARK, RBAHKI0SHE
£ 2mm~ 5mm B HP—KA, HEZHKEDN SEMBHL KK T, ERRLARTFHRH
W. A7 r="700mm BELESHPFHYREEEHBR AR SAHIKOLE. Urms
ZHEE 4 PEBBRRNAEL, EEWRETN 2mm ARSI EE L RHANEREL. £
2mm~12mm R ARSI . 7 12mm LA ksh BRI A FRASH Kot
EEEGR, SHEEKSIEE Vavs TR AR B URKRENFEABRENRS, HEEHH
0.5mm PLP K RIEA 12mm BAMY KSR K kshEEH K, £ 2mm~5mm K8 HH—1&
%.

B8 EEBNKEEEEBREANSMA. £ 5mm M FRENHRYS, mMEEHEE, FR
WEREE K, BELEFIRER 245, ARPXBREER S 4. Bt 200 pm B E S

0 £=100mm, unladen flow Oz =T700mm, unladen flow

-1

1.4 1.4
E }(2) @ z=100mm, laden flow @ ig (’% ® =700mm, laden flow
\Eg'g 0 50 $,00000
. 0.6 0]
£ o4 o.ogoogoo ¢ © ° 5 04 ¢ ¢ "% o o .
0.2 S 0.2
0.0 0.0
1.0 _ 1.0
~- ¥ £=100mm, unladen flow 7 L A £ =700mm, unladen flow
'g, 0.8 A £=100mm, laden flow « 0.8 ¥ £="700mm, laden flow
£ o6 E,,,O‘GA'MAAAAAAA v
50,4 VVVVVXVV ¥ v A 50_4_' 404 X A
> 02V Aak A > o2f YV v
0.0 1 i l ) 0.0 L ! 1 J
o 5 10 15 20 0 5 10 15 20
y/mm y/mm
6 100 mm #L 1 4 FE UK 5K B AUH I 30 B 94 B 7 700 mum 4870 A7 MU L6 B LA B0 B 0 R 4L
Fig.6 Gas fluctuation velocity at 100 mm Fig.7 Gas fluctuation velocity at 700 mm section with

section with high particle load ratio high particle load ratio
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f B AT 2. HEZEET R, 7 100mm #&H
AERREEEDIRA. BP TR RS
BRRENBRRENEESA, SEBBER
BB AR, (BRSA R 2 BRI R B E K
ST RE BN END. B9 A 10 &
Bioh P pksh R AR R BB MR TERBE
KB4, 7E z = 100mm &E4L (B 9), Bk
W RRE R BRK P R ERR 1P
BB A, EKFH RBBK Urvs H7E
y > 12mm A HARBUR B3R B 23 5 T 30%,
TiZE T E A B Vams 7E v > 3mm D5MEO3E e
E—ff. 7 2= 700mm Fi&!t (& 10), Fowk
- 16 B Bk 3 RS A R B R R T LR
F; £FEF AL, R Vams ERMERAX
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n 0 z=100mm, unladen flow
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0.4 000%%0" o O
Lo ¢ z=100mm, unladen flow
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2 04WLREVEVVSVY g  V 4

Loy VYT Y v

0.0 P S S S S B L —
0 5 10 15 20
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B9 7Rk A o BB B 3 M A
z = 100mm #ELK 57
Fig.9 Profile of particle fluctuation velocity at
z = 100 mm section with different load ratio

Ci1=1.46e—5
2. —6—z =100mm, low load ratio
—A— g ="700mm, low load ratio

2.0 Cy=19.3e-0
- --z=100umm, high 'oad ratio
1.5 ~—f= z=700mm, higi: load ratio

A
) 5 10 15 20
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8 WNWMEREAERY M EKHH
Fig.8 Profile of particle concentration
in vertical direction

1.6
~ 14 0 £=700mm, unladen flow
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£ 120eg ® z=700mm, high load ratio
> 1'0(‘0  J

w0, §

3 o8| P (] v .

0.6 Cooo o o

0.4 0

1.01 y #=700mm, unladen flow
- ¥ z="T700mm, low load ratio
Yo 0.8 A z=700mm, high load ratio
g MWV v
\§ 04 XY YV ATIE B
g ¥ +
> 0.2

0.0 A L 1 J

0 5 10 15 20

10 RSN H e SR Kl
z = 700 mm #4895 A
Fig.10 Profile of particle fluctuation velocity at
z = 700 mm section with different load ratio
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IAPERETE 12mm DLSM Y KR AR BURE MR B 8, TO7E 2~10mm $rh R XA, Bk Ak shE
EMA R £/ 9 fE 10 M9 B34, FRUKFH AMKSIEEBRTIROBKSIEE, W
EREF A, FRNOKSIERH)ZIBHNTAM.  Tusii & 101 R Bt RS
$. Steimke I Dukler (1983)113] A 43X & i FHOR R R W, T Tusii HEBRKDHIK TS
0 B A F BB R ~F B A AL FBUR ) AR ELREHE.  Rogers Fil Eatonl® R BRI BH 10 um 1
WinESBOBR K RER 30% M1, FLREBERK, BRRAMREERR], mHEY
PREA 11um, BN ROBAMBRORER TEER. wEMEsD 1 Mg 00
NEEG BB PR T AE B A K. 7€ 100mm &Hok ik E H3h H 700 mm &
REXRBE, FRFRE 100mm BELMKSEEFRRGHEM (B 8). AT B TFRRH
BR, BROKSDIPSHEHKSIETRRGOIE, XRESHEDTNBRKDELLRPRXER
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X 1 B 16:7,8,10,14]
3 S 5iHE

3.1 BBEE
R BB (AR EE) EXAHERSPRNEEZE, B

U,=U-U, (2)

HEBE R, RITRABEEREDRBEFA SR 5T M B 5 XA
WEEE R EEBX. Lee il Durst (1982)1° AN E F AN TR SN BEERENERETEAT
Bt R B X F 100 #3200 e RSN, %EE S 4N BICH LB 20% F1 10%. HRIEBURY
SHPRPHE, SENEERTBRESAFIRE: PONREY BB HR TR
HEBRTETRR, HRBMTFATF 0um HBN, CAEERERHK, ARRNIIAE
WHAMBRZs), TURBREEWTRERE SRR X EE. ALK S HTERE
K, BRZER LTI EBR R, TRABLERF B KE M. Lee 1 Durst 1&g
DUBUR X ST BV PR A Rl BA % IRERI MBER. BRATS BT LUE BRI S
WMAABRAEE, RESNEREORER/N. YERNEBEEFSRAN, SERLHMEY
FAOMFEEEZ R B, SMHERSSROBEERN, NaRitie. e RR
KT EhBE BT UABSREANRE: SARX, PERFGRER. 7EREME G Kk
X, MAZEBHEREE, YREARBH, BRPYEEATSRH, BRI MEER, <
BB, BSBAARKDEERK;, EERBR, BREETAM, SHAMHEERL
EWBR, RN EERE. DA AT SRR PR R S B R, MmT
MAKORS B ESHKEINE. EHRARER, BRSSHEFERY, SHABERNEREE
HTHE BTN ERR. PERERSRBNRERARA MR, ALK TR B MNR
SHRISMMRERY, HEARAGRER, SREOMHERERER £ARR, FRSSK
WA REHERA, HEARRS. £ o= 100mm REL, FEHREEEAN 4mm. JhEE
XA ERBHS AR B, 7 2 =700mm REL, HELREOEEN 14mm, R EF
#1% 3mm, X A HEREE 3mm~ldmm KX, SMEK YR EEBEUS MRS, H Rogers
1 Eaton (1991)1") i 45 5, 850 mm 4R T &b fi 34 58 F5E 938 4k th 7T LA B B 43 i} o 6] R A5t R 2 4b
R, HFZCRMN BRI 4mm D AKKE, EEKSHEEXHER. 25 3R (9~11)
MXRERERA, LRRBBEEHAPISBRRTERX, AEXREHHE—SOTRMEL
B, HCRREERE, KTCRBRR SN A R XA R EEN, SRERT K.

3.2 BEEEY
R Gore F1 Crowe (1989)13) Bik: & 33 1 & X

Re, = U,d, /v 3)

R U, AAWE PR AR EE, 4, YFRAE, v ASREHE.

H1/E 2 F18 5, PR S S KA EE U, < 2m/s, B £ Re, < 30. # 30K (3] BB
MARESHBAEEE, SAXMBLEREAG—B, BREFRRUEERMINERAEDR.
EAARERA%T, TUABKEERRBBESRANEEER, EARETRBER
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RN, BB EHEEREELY. FREHEHERRB T ABRAESH B35 E M
RIBENEN, BA BB SSRAAXNE3 1, FEibAS 685 4 i BUk TR 5 200 K /N ok 3 i S
PESHEANSR. HBUNE A 100~400 f (8] X 15 B 58 0 70 2 34 .

3.3 BRI
S 6 () 1R P T U R R B ()R AR A AR B R 2 L, Stokes #0 S, #5 & [,

t 4 us \ [dy
et () () (1)
K, Cp HEARYE, pp F oo AABABALNSAEEEE,  ue B u, 2051 % 1K 1E B BEFIA
XHBE, d, F e 4K BN R ZAIR R E A,

AL S, WBBY; 71 10°, B TR MRS X BRE SR MR A, BUSURLX Ik ik 3h R
BB, Bow 5 SRR AR AT LIRS 18], BN R RE S, BRKSRBEE R MM, &
PIZEZRBEH R, RRAMNXRSHNKFBEHBOMMTHRRET (86, E8). Hit, A
S50 BK 3 T BE 138 K B R/ A AR ME SR BT S AR I3k, 300 Liljegren & Vlachos!'?l, W84 35 &
IR, UK B3 IR i JB R O T AR R R R R M R R A8 LA B SRR B R, BB b K
WK EIPLE S WA B S B R R,

4 & it

Bif PDA Wi 7K FHish FARAF A E WM R, B HINT5R:

1) BURL7E WKW B R W U O R 4 S AN A MR R A R T X R, W
RERVHE, BEXESRMEWEDLEEHRBERK, FOREELRERE.

2) £EXRTTH LB R REERRRAR, BNERES A SHEREETRAZ W
B AANEATABSAZARE: ERWREX, FRARMLRAEIEK.

3) BAMWEXN AR BZTPENSHAHEEAATRAES, RERSEEHRX. FH KT
PRk s E BB BR R R BT A, BRI MBRRIRRIK. ERHEHT, B
LY K 3l 3 25 JB0RL L 4 1 24 b v BB 11 2R 4 DL R SR B R A 2%

Bt BT ETREERBEASRENBRAES, XFEEREOHOER.
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EXPERIMENTAL INVESTIGATION ON INTERACTIONS
BETWEEN PHASES IN GAS-SOLID HORIZONTAL
BOUNDARY LAYER Y

Qiu Kunzan Li Xiaodong Yan Jianhua Chi Yong Ni Mingjiang Cen Kefa
(Institute for Thermal Power Engineering, Zhejiang University, Hangzhou 310027, China)

Abstract In this paper the interactions between air flow and particles have been investigated
with a three dimensional particle dynamics analyzer (PDA) for the gas-solid two-phase flow in
a horizontal boundary layer. The mean velocity and the statistics of turbulence fluctuations for
both phases in the steamwise and the vertical direction were obtained simultaneously. Effects
of particles with nominal diameter of 230 um at two different particle mass loading ratio, 1.8%
and 24%, on the air flow boundary layer were examined. The turbulence modification due to the
addition of particles was compared at two cross-sections along the flat plate, which was used to
develop the boundary layer.

The experimental results show that the particles have significant effects on the statistic char-
acteristics of the boundary layer. Different interaction features are shown at the two different
cross-sections, with z = 100mm and z = 700 mm, from the front sharp tip. Though the mean
velocity of the air flow was not distinguishably changed, augments in the Root Mean Squared fluc-
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tuation velocity were observed in both directions at the 100 mm cross-section under the low load
ratio condition, but not the case at the 700 mm section. At the z = 700 mm location, attenuation
effects were detected in both directions, the streamwise and the vertical direction. The augments
of fluctuation at the front cross-section, which is opposite to that at the 700 mm location, may be
due to the considerable fluctuation in the particle concentration. As the particle mess loading ratio
1s increased, the modification effects on turbulence in the boundary layer will k¢ more significant.
In the case of high load ratio, the change of turbulence in the vertical direction is more considerable
than that in the streamwise direction.

The particle/turbulence interaction behavior can be demurcated into three regions: the near
wall region, the intermediate region and the outsr region. In the region adjacent to the wall,
increases in the bulk velscity and the fluctuation were detected, with evidence in the velocity and
the concentratica of the particles 1n the area. The particles are moving faster than the air and the
particles are denser near the wall. In the region above the near wall region, the lowest turbulence
was located. Out of the boundary layer, the influences of particles on the fluid are not as significant
as those in the intermediate region.

In the paper, the behaviors of particles in the boundary layer regarding the slip velocity, the
particle Reynolds number and the Stokes number are also discussed.

Key words  turbulence, boundary layer, multiphase flow, turbulence modification, particle
dynamics analyzer technique



