#31 % £ 14 /- - - Vol. 31, No.1
1999 % 1 f ACTA MECHANICA SINICA Jan., 1999

FE B - B A B R R

BRER WEZ

(P EBHFERIFPRHT, JLET 100080)

WE EdBEHsHMXEIE, STEE. RESYSORARSR - RS, KB mxt
EE, BUTERRNSYESK. RHMVINEBMEEHTE, BETESXFToRNSHY
HREARZE. SRFRBOEE R UM EEOR, 4500 AEF SR G g, 44
FW), KFRADY R AR T AT W, ARATE R, KR/GRET 1.5

REBE M- B, WU, AXTEE, BORS S, |

EFER D BT, BRS ARG EESEENER. TAT, T, BESY
EFMB SR, EBRE Y, PR EARGES, TENHBEENEE. Y
F—4F, LA THEEEFREGSEMKBORE. EWMRFANT, FAEEERT
SENEXRS, AESFRSBOMEERER. SAOKBRARMBR MR ERNEZED, T
R RBE 1 SR T A REERBE S A R BELL B IR ISEE). BT IR E AR OME, 5
BB R B TR RARR, 7E%BEBEER, 3N TR SR B i NSURL R H X R
EAMEHAER, WENLE T ERHFRARR. V.G Levichl xR B A F £ /MG i Bk,
BRHSEERAERRERIE, EABKNEENE, HESHS - EWEAARS, WAEEEREL
K FANX. D, Acbel? BRKM T, AHTH - FEWRAREXTFHRRERHANT MR E
BEBR RN EENRER. ERERTENRGT ZRMGBE. £ 1%, HFgLNE
ERATHMANRONE, TS - ARTOEMHEE, CHARSWERER B w- [
AR BB B2 B/, xR 2 W B A, BRI - R R AR AT R R R
AXHE T BN RZIRNE, 27— ATHTEEYS. BEORERA, BE
W-ERFREEZOESR. ATHEREERBNSH, ERASINSZ TER AL,
HERSBRS REZM BBO Hi2. LB ML MM AR E S AR, SMALR
FbR, RYWERGEEEEPHARTORBTIE, SRR LRRRSNER, WE
THXEEFHELEAIRTTRANSHORTRU BT X0 R

1 BREEZMXTENSHRX
1.1 RERNSHMHE

Hy Basset, Boussinesq il Oscen %y H 411 5 WURL 75 W44 o 18 3k 58 6 38 30 ) — i 07 5 1 — ot
B E
1997-11-05 #rFI & —#, 1998-05-06 W FIE .
1) ERARMFEEEHEITHE




30 h # s i53 1999 4 & 31 4%

dv 1 dv dv
1/'_1) = -VV _ V _f - P
Pp &, VPt 55V (dtp dtp) + b5 + B A7 +Basset f (1)

KNP AR T ERBES, BZIOAMMBIR T, o, pp AR BAATBRKERE, o,
vp BHIRMEOFAEREOER SR, V EFAAR. S 2 d Corrsin # Lumley % s
B 5% I (081, AT 220 Wi s R0 P D SBURR FF S rh B R I 7. B BRE 7 B B AN ) AL A A
HE LW rEishrm, W EsUah

dv, Vdvf 1 ‘<dﬂ _dyy

Va, =V, Tt T ) ~ e —r)gV I +Basset 170 9
oy dtp, P1 dtf+2pf dt, dtp) (pp = ps)gV + BT +Basset J175 (2)

Jh d% R % BHRSE T BRI R A KD, % BTN & TR s, kAW
D
WAL 02 S TRMALLE, TR A T, 5, SR o, v, 20

v =Ty + 0, vy =T, + (3)
) B e 3 RE 2 R
e =g - v = (Tp = Tp) + (V) — v)) (4)
Blo, =vy —vp, A (2) SR BEFE
1 ~_.dv, dv dv -
(pp + 50 |V = ppV EEL - prde + (pp — ps)gV — BT —Basset 33 (3)
% P P f

NTHREA d, HEREBH, 8O F £

™
F, = gdzprd]vr]vr (6)

HA Cy RIBHEH, SEHNEFEHEL Re, = v dp/vy HXR, vy RAGEIMERE. HTEF
g #, w4 Basset HFRESIFE ¢ - oo, KA

3, tode,  dt
= —-d: _— = 7
EFy 2dp,0f\/7r1/f /_oo i i (7

M (5) AT, BRRTEEEN SBH o, pp, vy, dp RESIMERE g HR. Mo, —BWHE, &
MERBEEHNERESY — BEPHRENNYE U, WEIRE D Ax. ETRHEMBAES
ARSI MR, HTAXHNRAYS, PR BERERERMKNENSE
HATNA, v, BIEWTFEE T 5 pr, pp, v, U, D, dp R g Sk TASHH XK. KERRS
e, v MEERET S PERRNSH. SRS PSHA:

Rey = % RUETEL, Re, = E;f” R 2L, (‘;—f - 1) AL - AT
3
g, L ovmma R, 6= 2L ATnst REEARERE
f
Re :¢|:<p—p—1),R€f,£l£,G:| (8)
14 Pf D

WAREMERFRZINTEOERM EREY, BRAPHAREETFREENSE. ITE
MABR B OB, 7728 ORI i 04 4 5w (100, 3F A0 BUORLIA A B AL A2



£1H4 B R IS - LA AL - (8190 DR F A R 31

TEF. EXEBET, AXSWETEAML, MR TRENSH, MEBRENZN,
BEERROEERLF.
1.2 RERSHUFTRKERHT

ALAAHE RS K FRAARSIMREN KBRS L. MXEMREN, HEsRHEX
REERR (—RCAEHER) Irmrshey. % e RIWAEREK, D RAARIIRE, o XK
FIMERE SRR, N BB RE. WSS, SnREERTEIE, N XA
ay ~ (e2/A)3, e ~ U3 /). X% Hutchinson % Q97D FE R A E B T MR BT A,
SREMBREANEER ST D B 1/10, BMH A~ D/10. BL#A

2
a; ~10-U?/D=10- I—I;%Re} (9)
Bl X deis i i 5 RB}/D3 MIEH. AU E EWRE R R E . 3058 (9) T EE A Rl
FRARIRIMEENRE, HE5 g ELLETM: 5 Rey MY EH D NMRERKE af > g, AT,
HIE (B) R E AT ZE, Hih, % 3 ANTEER SRS Re,,

2o o (P2 _1) % 1
e (1)

B—ME R, X Rey iR - BERNEAFTELRM D URKNE, F ap € g, B TE
() RS RAAMEREE RG] LI Z, HEEMNAAY
1\ dv,
(pp+§pf)vd1:,, =
JREPZRE W Rsh g, FREEAASHE S BN R ER KA X E 3 8 5 B AR
R, HHFEQ) FIHENETRESRES, BETETE, HAS5ENTE, ®F

(pp — ps)Vy — B ST —Basset J1I0 (11)

vis
8
$tF Re, > 1 R ABRKME DR Co, ATHBERR, MATSRAMRER., THEEMES
XF, TEE 1 < Re, < 200 BH — EHERIRE M F AL

/gd;i(pp —pp)g = —dipsCqv? (12)

24
(13) XA (12), BHECEBREER, AHXSBHE S YE, 78
(11).67 0.75
o = vn = [W@? ~1)g] (14)



32 5 % Ei:4 1999 £ % 31 %

i

B, R 3 NSEHAATERE Re,. A (9) AXFTLHIMG, S8 Rey WRHREASE G HE
K 2 M. |, FHEF (10), (15) B, BEWMARBRORARR B Bep, —fHE R

a d) b
Rep:“(ﬁ?”) <B> (G, Re) (16)

b o B SRR EE RO R, b R e BOARUAL WA (G ReY) Fik O
Re; B34 Re, IF0H%, WRA Y Res (UER, Hofa0 Rey ATLIBSE, Do, [N, 3o
G T LABS = B MR
TR EIEN, XA (”—;ul) B o BUFLE 1 075, fEMLAFET . KT 4
B 4 Fhoish B0 8 BB Reye B4 B8 (d,/D) AN b WEHE o b
EHENAETIAMLS G & Re, HXMEH A
N AN P
F1 = RC,,C/ \Z—j = 1) . (b‘{-) \1')
S (17) B (16) 50 P = col° Ref) & G BECREN, 41 Iy W3R Nie, L
BB REY, 754 CKRE Rey WEK, % Re, BRI, F L Rel® BRI,
s Rey GRH, MY Re MTIE B 5 RelS MEELEA.

2 LWHEMMEHAR
2.1 HEZENLERENEREEE
U EFIHN A THAEREEZNFREN 5) MBSO, B0 A2 22 A PR
SR Z1ZEREERENEEEEZ 2, Bl u.(t) = ve(t) —vp(t), i = 1,2,3,---. I,
B R {E R
K K

o szr = va(t)—;(zvpt)—vf~vp (18)

i=1 i=1

RIS AR S 22 ) RS B (55 T R B R A OB AR M BE M B 2 32 BR, X REIE b U EE,
TESE PRI e, PIARRRR W B AE N REBFI R SR AE, vp Rovp, REARNZRER. B
B B 5 Z RN BB T, WIH

K,

K2
1
Ure = Uge ~ Upe = 1o z k E;Up(tj) (19)

Hr Ky, Ko BREFEDE, Hh=j 0, t#t 3T AR -FIRRBLD AR 5 b 0P AR 3,
FEUE SRR, AERAEINE K &K 28K, iR

K

Uge = le va te) I,Z’Uf :T (20)
1 K> 1 K

ﬁpe = K va(tj) = R va(ti) = 5p (21)
< j= i=1

Sl )



18 R RS - e N UL - 1B P ORISR ) M B RE 33

Ure = Uge = Upe = Vg —TUp =Ty (22)
JRERFE MR, R 22 1 52 B M {1 1 R TR AR
2.2 TWIREMME

AFEEE SATREHSKRSS, WEEEETEAEADRZN S TR KK LK
BAT. REEERHKREEEEE, WRERELILTHE, mATER 0B KR NERY
0.1mm. FBFTEGAA, B TR TRREN. KEFHEERKRHER I E T3S
FiE (N D=2cm, K 110cm) [ Fizh, EHORBEITAT, BERKE, ERBFRS. #H
ARWE v MR ARERKER, T EHEEHIK (v =265, d, A 0.18~0.20mm, BUF¥ 4
0.19mm), FHIBHEK (v = 2.65, d, A 0.105~0.125 mm, FUOFH¥I 4 0.115 mm), FEREEER (v = 3.60,
dp 4 0.091~0.101 mm, B F3 0.095mm), FHBEFR WG (v = 1.60, d, A 0.35~0.40mm, §X
FHy4 0.37mm). —& TAE TR MU A R MEE L S HmE (LDV) MEEgEALDy
75cm Kb R R R RARBI E R, KM BEIE Re, B 1.50 x 104 2 2.54 x 10%. Bk P #4450
WEMITAE 5 x 107 E3x 1072 2. A ERMERIK, KBROERERS.

2.3 WEHA

WA R - B ARk R 02, R R BURAR B RO, MOR R R RSB BE
TN REHNR T AR LDV 75, RAERSHTRE (Vis) #, BRAE Vis. 55T
B AARE R, 55—, JUT Ok LR i A SO SR 4 o 1] 355407 5 9 o WA JBURE 72 A 1
LDV 55, RAMAKERE (Ped) #H, HEAAR Ped. K155 A5 HUR A 8 B B HE.

EREEBS A, AHELBEBITHEN=ZFR AL, SHMBRMHAH LDV F54
BERRE, WWHRAEBLE LDV /5, ROGEBELHE, MRS B8 5K E R 1T
GorsbE. FEGERFRTHEL KBREY, €8 - BT, dTHEMAEINDN, HH0E 05

™ ] LDA
amplif- counterf y...
filter ' o proces- data

! micro-p flag sor 1/0
'

two phase A ¢

signal CPU
separator discri- 4 : ’

control |

N 1
t
minaer coarse-p flag H 7 1/0 ]
V4 !
{ reset pulse |

1 WAAES XML RE

Fig.1 Two phase signal separation and processing system

BT, ASCKEF M PWAEELE, REDMHSEARER LDV 550 44 5 B 4 5 %3
FTHOMMBAK LDV MHESH, REH -G HEE S LSRN S0 %%, L8,
WA EN, PR, XA ANEIT B SRR TS S X0 I R A W R R B R 5
3 XRHERRHEPAMN
3.1 REEZNMEMNNESRSEEIEMYRRNXR

M2aHERESEEFHNE U KXKR, L0 CER AR R NG RE U N




34 il & ¥ i# 1999 % # 31 %

}0 cation resin (0.37 mm) AL M SE I, B X LR s 1T
16—Aglass beads (0.19 mm) . WA, A E TS X 4 R4 B sr 5 1A,
L | ®8i02, 20, (0.095 mm) M B o, BRI CEAMET PR

| ¥ glass beads (0.115 mm) +6cm/s

2cm/s, dcm/s, 6 cm /s, B8 ) T Y W H %
AR ORI U, 89 1/1.24 BU{H.

3.2 BHERHSBRENRTHXR

AT HBEWE B E L Re,e 58
BARXS R (dp/D) WIRFR, SIASHF

+4 cm/s

z/cm-s7!

Ure
T T
»
| ]
a
a
\ ]
+
[ =]
o
3
=
w

0.75
F = Rey, (f’{i 1) (23)

\ry
L wHBAHT B G = Dg/v? RREH,
6.7 08 09 10 1.1 12 13 14 ﬁidt%%gﬁfﬁtﬁlﬂ%ﬁ%%’%ﬁ]%ef —F,

U/m.s :
RALY (dp/D) FK, Bp F ATRH
B2 #HEXSERTFHRE U BRF

Fig.2 Velocity difference versus U dp

b
F = K(Rey) - (E) (24)
St B XT$L, B InF 5 In(d,/D) MM XA RBRER b. B 3Rl 4 FER RSN 3 F

Rey T InF-In (%) KR (HPHE F TAK Repe B 2 iR v, BEIGEIET G KHE

vee BEIM). HETLLAWM, XE— Rey 244, 4 FBR MRS LR EREERRA 2.25
WHEKZ LalhE. BEit, Repe 5 dp/D ZF, AFETHEBRHXER

4.0 L ® cation resin (.37 mm)
A glass beads (0.19 mm) 12.8 -
3.5 \ m SiOg, ZrO2 (0.095 mm) 0.7

r-x \V glass beads (0.115mm)
\ 0.6 -

3o \ 0.5
« Rey = 21000
2.5 0\ tanf = 2.25 04 , 4
Rej = 24000 031 - tand =15
S 20t ' 0.2} 7
= ¥+ Re; = 18000
2 Rey = 21000 01+ /
1.5} )\ 12.0 /
\\ 11.9 +
10~ Re; = 18000 \\ 0 b
\ ,

In Fy

0.7 i~

S5 v
o \\\ 0.6 H/e Rey = 14000
| | [ M RSN N T E R T N
0-0 4.0 4.5 5.0 3.5 “'59.5 9.7 9.9 1.01
In(dp/D) In Rey
B3 8% F 5SFRMXMRTIXR M4 8% F SHETHEENXER

Fig.3 Parameter F versus dp /D Fig.4 Parameter F versus Reg



#1484 SPREIRSE R FL R - (A R RSB PR A X BE 35

: 075 /g \ 225
Repe ~ (Q - ]> : (ﬁ) - K(Rey) (25)

\Pf

3.3 BHEEHSRABTELRHXFR
AT E WG FR G Reye SHETHHE Rey KRR, 5IASH R

e[ (8

EMY5 Rey o GHX, HENBH G AREN, WALYS Rey %, 4R InF, 5 InRe;
RE GRS InFy ZEEZ 4 FER A RIEME Rey FH-FEME). SHWHELE—
%FR Fi-Rely® MXRAMELK. HETTR, 24 Rey R (B0 Rey = 14009, In Rey = 9.55), #
FEAREZELRT. M Rey MK, WER/A, X Rey 2> 21000 BT, %3 SR B &KL
H&Z& L. BBk, Rep 5 Rey 200, AHAETHIETUORKRE

/f);, v 0.75 ‘/dp\ 2.25 s
e~ i = 0D -Rer? - K (R 27
Rew ~\55=1) {3 e} - Ki(Rey) (27)

B Rey HARF., KA K N (Rey) FHEFHR—EMH, RAREX

p 075 /4 \ 225
= w_ e . Rel?®
Repe = a<pf ) (D) Rej (28)

b, %t Rey = 24000 (U = 1.2m/s) B A9 4 FREBR SN, KB o MFHER 0.080,
X — 7%, % (28) I HH PR R Repe 5 HLK B FW{E Repe BIXT I RE
Lz 4 MENEE RS HERTIIH. EARH, (28) AL H KM Rey > 21000, &
SLHRENSH G ATHAETHREN. X G RN, TN Rep {H A N #bE K.

F1 PHMRSH, EFEENRE v.  BHEEHRMRE Repe RiTH Repe
(Res = 24000, U = 1.2m/s)
Table 1 Particle parameters, measured velocity difference vy, particle Reynolds number
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Particle matrial Glass beads Glass beads Si02-Z2r0O2 Cation resion
pp/oyg 2.65 2.65 3.60 1.60
mean diameter dpinm 0.19 0.115 0.095 0.37
(measured) vrecm/s 5.85 3.5 4.0 7.6
{measured) Repe 11.1 4.0 3.8 28.1
(calculated) Repc 12.2 3.9 3.6 25.6
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RELATIVE VELOCITIES OF LARGE PARTICLES SUSPENDED
IN A VERTICAL TURBULENT LIQUID FLOW Y

Lu Zhanmin  Yang Xiuzhi
(Institute of Mechanics, Academia Sinica, Betjing 100080, China)

Abstract A dimensionless formula for estimating the time-mean velocity differences between
fluid and large particles has been given. The particles are suspended in a homagenesus turbulent
liquid flow and their sizes are larger than the size of the micre-eddy of the turbulent liquid flow.
A comparison between the orders of the accelerations cf the eddy and the gravity shows that in
a flow with considerable high Reynolds number, the dynamic force of eddy is dominant and the
influence of the gravity to the motion of the particies can oe ignored, on the other hand, in a flow
with sufficiently low Reynolds uumber, the gravity is dominant and the influence of the dynamic
force of eddy to the inotion of the particles can be ignored. By combining these two situations,
it is possible to predict thecretically the general form of the dimensionless relationship between
the relative Reynolds number of the large particles and the other four dimensionless numbers.
In addition to the dimensional analysis, experimental measurements are provided, the coefficient
and the powers of the dimensionless numbers in the formula have been determined and examined
by the results of the measurements. The experiments are carried out in a pipe water flow with
suspended particles, for different set of the experiments, the densities and sizes of the particles
are different. Measurements of two-phase velocities in the pipe center have been made by using
two phase velocity separation technique of LDV. It is shown that the relative velocity depends on
the relative size of the particle to the liquid flow with a power of 1.25, and strongly depends on

the Reynolds number of the fluid flow with a power approaching to 1.5 for rather high fluid flow
Reynolds numbers.

Key words  liquid-solid flow, relative velocity, velocity difference turbulence, laser Doppler
velocimetry
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