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JHHEINA RTD M4 et 17— I M 28 (17K 71 7% B¢ (hydraulic performance)%/K 71 30%
(hydraulic efficiency), 1 PLH7/K /JRLZF 487~ % (HEL, Hydraulic Efficiency Indicators)>k3%
7N B4 N I 4R 7~ 25 (Short-Circuit Indexes, Wl ¢79s tsp. .. 55) MR A FR 78 2% (Mixing Index,
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FAR 2 A A E o AR 572 4 TR ) R A E S AR 5 N 31 27 & 42 BE I 1R] POt 9 L
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BRI SBR S )BT AR (R TR RV, T AHLHERE Tk 5
YLﬁ” = \/Tan = quz Z(q,/t,) (5)
U i=1 i=1

KR ERNT, =0/ > (g, /t,), FHREIR 4 F1 7,

i=1
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AN/ HljD&%%EXBLHTIEE%%&%E%E%%WF%&?E AT LAFRAF Uik 2 (C-1)
PR ER B-t BREU(RTD #h£R)5E, 42l id 2 (6) kit & H ¥ 145 B i [a] :

t, = J' tE(t)dt (6)
0

Ieifh [E(the =1 )
0

X 1, JP T IR, SRR AR EACE, mEREN E(ndr.
AWt CFD BUERH, £ CEREREREER F, T =0 I ZI7ERE Wi %
JBOREFYIT, W ERYI TR EE B 0 B9 3 Co IR 25N, J5AE HH 1 W Ak 5 ) B T
BRSO C, [R5 K — 5N dr, 155 £ 2 o B2 FRAE SR G
RATEROREARAC 2, B2 D RREAEE 6L Co(IX N T 5P A idy m) k. MIZESE
i WD (1 BN IR )t IR ESEIN C-Cryy XIETARIREE 738 C-Cry A 2 TR B AL E
TR E g TRA:
q,=C-C, (8a)
g, = (Ci -G )* dt (8b)
WR ¥z (6)IAE, NMiZE @) KB, (HUR drfaE, EREEHBa)RIH .
PR B 1 25 15 B I 1) R A% Gt S BRIP4 B I IA] 1, (3K 6), D X 13X B A iy
2N AT ] T, oqu (Equivalent Residence Time):

Y:equ = Z(qi 1) Z(qi): z((ci -C)-t) Z(Ci -C.)=t, (€))
pui ﬂiﬂﬂﬂ HIZE A HTI@EX%TY Bt B ) 18] T (Diffusive Residence Time):

T, = Z%/Z/ Z(C C..) Z((C C.)/t) (10)

%E{ETU%{%‘éE,ﬁgi jz*}_‘ﬂﬁ,ﬁ: equ Tequ Q lef_lef*Q &*ﬁrﬁﬁﬁ)&ﬁﬁ

3 FELEIE RN L T AR A SO

CFD Z A58 AR SCHR[1-2132 tH A B (1 1), IRl p i 858 e 4t . O R 4% 35 5 4%
MR, MIFEAN 0.2023kg/s; @Un R Tt e s, W& 0.2013ke/s; &
4N 0.202kg/s(=4k), —4EiH5 Y 0.87826kg/s.

B AT Z S A W TR 1, O B R (outflow), /K THTZ % BRI (symmetry)
BUAH Y T A B [ B 7, CARBE T 3 R O I8 A% DO BETD,  dehndERE B2, WiE)
IR BN K
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S AR 5 B I T 93 A S RS T SCHR[2], R L EUEAL (A 2). BT I s AR
JEEAR B0 Y VAT PN, B IR R T S N, BT, B g IR
K, AV 5 0 A 5 — g LA 2

230mm 25

water surface —4—Chamberl,exp
T == Chamber2,exp
Chamber3,exp
—&— Chamberd,exp

15 2 25 3
Time,8

BT SCEROI R A o s B2 SCRR2] A fs v i 1) oA
2o A 0 2 TG 2 A AR AR ) 3 SR, e BN AR TSR A R A i
JS2 S B NA SR R FE 0.01mm, BT 1.5, JE 11 )2, R R ZD N, &
LI R 95%160 MK L IT(K 3); HiR 14 FEAARRIRIAR MY H L2 B TR 45 R TR R A A5 - B
B WFERANARERE Tmm, 328 R EYR, BRI 55X 100 [ BITE 4)

B3 A R R R R R S . BT S P

AT, T R NS 14 AT EEE 7).
3.1 BN Rz 451

PR B S AR (& 3) AT, AR A I BV B L 2R 3R A 5 B (R R AR i L by 2 (1]
591k, B 6 AP X I A AR NI D — L MR R T R IE R I . A FE NI X 2k
i AL S ROTIRBGE - i 1A SR i 3 38 4 s AR /NI A e AR 5 70
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Effective . Effective Active . Active
. Effective . Active
Case Q, kg/s Residence ;) Volume | Residence 3| Volume
. Volume, m . . Volume, m .
Time, s Ratio Time, s Ratio

A6_02 | 2.777E-06 | 6.624E+06 | 1.843E-02 | 76.99% | 8.189E+06 | 2.279E-02 | 95.18%
A6_01 | 8.783E-06 | 2.098E+06 | 1.846E-02 | 77.09% | 2.704E+06 | 2.379E-02 | 99.38%
A6_04 | 2.777E-05 | 6.634E+05 | 1.846E-02 | 77.10% | 8.763E+05 | 2.438E-02 | 101.85%
A6_03 | 8.783E-05 | 2.097E+05 | 1.845E-02 | 77.09% | 2.771E+05 | 2.438E-02 | 101.84%
A6_06 | 2.777E-04 | 6.630E+04 | 1.845E-02 | 77.06% | 8.768E+04 | 2.439E-02 | 101.90%
A6_05 | 8.783E-04 | 2.094E+04 | 1.842E-02 | 76.95% | 2.774E+04 | 2.441E-02 | 101.96%
A6_08 | 2.777E-03 | 6.571E+03 | 1.828E-02 | 76.37% | 8.795E+03 | 2.447E-02 | 102.21%
A6_07 | 8.783E-03 | 1.951E+03 | 1.716E-02 | 71.70% | 2.686E+03 | 2.363E-02 | 98.72%
A6_17 | 1.562E-02 | 9.523E+02 | 1.490E-02 | 62.24% | 1.301E+03 | 2.036E-02 | 85.03%
A6_10 | 2.777E-02 | 4.232E+02 | 1.177E-02 | 49.18% | 5.033E+02 | 1.400E-02 | 58.49%
A6_09 | 8.783E-02 | 1.053E+02 | 9.263E-03 | 38.69% | 1.171E+02 | 1.031E-02 | 43.05%
A6_11 | 2.777E-01 | 3.139E+01 | 8.732E-03 | 36.48% | 3.293E+01 | 9.163E-03 | 38.27%

A6 8.783E-01 | 9.995E+00 | 8.794E-03 | 36.73% | 1.033E+01 | 9.089E-03 | 37.97%
A6_13 | 2.777E+00 | 3.300E+00 | 9.182E-03 | 38.35% | 3.414E+00 | 9.498E-03 | 39.68%
A6 12 | 8.783E+00 | 1.055E+00 | 9.285E-03 | 38.78% | 1.090E+00 | 9.594E-03 | 40.07%
A6_15 | 2.777E+01 | 3.343E-01 | 9.302E-03 | 38.86% | 3.441E-01 | 9.574E-03 | 39.99%
A6_14 | 8.783E+01 | 1.061E-01 | 9.334E-03 | 38.99% | 1.089E-01 | 9.584E-03 | 40.03%
A6_16 | 2.777E+02 | 3.374E-02 | 9.387E-03 | 39.21% | 3.467E-02 | 9.647E-03 | 40.30%
A6_18 | 8.783E+02 | 1.075E-02 | 9.455E-03 | 39.50% | 1.100E-02 | 9.682E-03 | 40.44%
A6_19 | 2.777E+03 | 3.414E-03 | 9.499E-03 | 39.68% | 3.494E-03 | 9.721E-03 | 40.60%
A6_20 | 8.783E+03 | 1.050E-03 | 9.236E-03 | 38.58% | 1.073E-03 | 9.443E-03 | 39.44%
A6_21 | 2.777E+04 | 3.203E-04 | 8.911E-03 | 37.22% | 3.265E-04 | 9.086E-03 | 37.95%
A6 22 | 8.783E+04 | 9.892E-05 | 8.703E-03 | 36.35% | 1.007E-04 | 8.863E-03 | 37.02%

0025 o |
0023 | ¢~ i

0.021

0.019 —a— Active Vi

0.017
0,015

Volume, m"3

0.013
0,011 \A
0.009 At
0.007 |

0.000001  0.0001 0.01 1 100 10000
Discharge, kg/s

2)A6_13 b)A6_10 ©)A6_17 d)A6_07 €)A6_06

K5 PIRIBUE T B AT R R 1 i 25 K6 2N 2R B 5 mB R

PRI 24 R A RO R Wl o S, G S A B H 5B R, T BB E M A 1Y
BESRAT M A1AT 2015 B I [ R R R R S il 2, eI NI X d5e 4 — 2 e ATl 2 X
1% W H B R IUR A B 2 10— R, Ui (M o), HE2SAME.

3.2 FUIRBAHTIAHIT 14 IRt E

KB HIEES, ZZaIE B AR IR 2, FE45 B I [A) 7047 ol B Rk ER A IR
IR R (ERUE, 18] 8). S RTD Lk —ELEAAL T, s B H A T ) RTD H
AR ABE AR IR, FISeie 2R K. B 7 g i KigE, Sikg
B H B BRI e T R PE RO AN, 3K 5 PURRCER I ) SRR AT AR AR R S8 4 — B (3R 2)
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Effective Residence Time, s Active Residence Time, s
No. of Effective Volume
Chamber| Multi- Single Ratio Multi- |Single |Active Volume Ratio
1 11.36 11.36 41.76% 11.77 |11.77 43.27%
2 20.20 8.84 32.50% 20.98 | 9.20 33.83%
3 30.84 10.63 39.08% 31.76 |10.78 39.62%
4 40.61 9.77 35.90% 41.83 |10.08 37.03%
5 51.64 11.04 40.56% 52.99 |11.15 40.99%
6 61.32 9.68 35.59% 62.89 | 9.91 36.40%
7 72.23 10.91 40.08% 73.87 110.98 40.36%
8 81.75 9.52 35.00% 83.54 | 9.67 35.54%
9 92.53 10.78 39.61% 94.36 |10.82 39.77%
10 101.90 9.38 34.46% 103.83 | 9.47 34.79%
11 112.57 10.67 39.20% 114.51 |10.68 39.26%
12 121.82 9.25 33.98% 123.81 | 9.29 34.16%
13 132.39 10.57 38.86% 134.37 |10.57 38.85%
14 141.61 9.22 33.89% 143.61 | 9.23 33.94%

K 7

-—

Experiment & Lagrangian Approach

—e—Chamberl,exp

—&— Chamber3,exp

—t—Total%, Chamberl
——Total%, Chamber3
———Total%, Chamber5
—m—Total%, Chamber7
Total%, Chamberd

Total%, Chamber11

lotal%, Chamber13

| | 0.16
—m—Chamber2,exp
—e—Chamberd,exp 014
—e—Total%, Chamber2

Total%, Chemberd o _
—+—Total%, Chamberé ]
Totalt%, Chambers Foil g§
——Total?%, Chamber1d H
—+—Total%, Chamber12 0.08'®

-

Ui o) UESHERE, b) L, o) FAEE

Iotal%, Chamber1a

1

15
Time,0

K8 kM H A
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—e—Chamberd,exp
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3.3 BRI LT 14 BRI E
WP iR AR Y B, 7R3 DN R, E R RIK e 4 — 8 RRUK
FEEN 0.1, RN O TIRES T, Ky 8 R E0H H Wilke-Chang 2 305, HX

A 1.73055E-08.

3R 14 R SR G 1F I R THEER, B O S ML AR5 B I 8] A ih 28, ]SS L
BRFLIVET A RR W EL 258 8 544 RTD #h 2 XU (K 10). 55—l H 3L o 40

A7 BREANAE, VA WG AR (G N & sk b, 225 9

JEEAR K LA A8 18 R i 2 58

Wz iy, FE 14 R L 58 4 A Al iR 55— I AR (&L 10), (RIS 55 9 0 ) 2R 56 55
MRS, VA X RTD M BE, ERVIREY) QAL ey B, CaBcf Mg
Wi AR, HSERR BRI IRAEAE(E 7).
*® 3 G EFERETE

Eulerian| Multi Chambers Single Chamber
Approacl Residence Time, s Volume Ratio Residence Time, s Volume Ratio
No. of
Chamber] Td(’f Tequ T in Rd(’f Requ Tdif Tequ Tin Rdif Requ
1 13.373 26.869 27.209 | 0.4915 | 0.9875 | 13.373 | 26.869 | 27.209 | 0.4915 | 0.9875
2 29.755 54.012 54.419 | 0.5468 | 0.9925 | 16.382 | 27.143 | 27.209 | 0.6021 | 0.9975
3 52.271 81.534 81.628 | 0.6404 | 0.9988 | 22.516 | 27.522 | 27.209 | 0.8275 | 1.0115
4 75.518 | 108.469 | 108.837 | 0.6939 | 0.9966 | 23.248 | 26.935 | 27.209 | 0.8544 | 0.9899
5 101.713 | 135.955 | 136.047 | 0.7476 | 0.9993 [ 26.195 | 27.486 | 27.209 | 0.9627 | 1.0102
6 126.894 | 162.891 | 163.256 | 0.7773 | 0.9978 | 25.181 | 26.936 | 27.209 | 0.9255 | 0.9900
7 154.092 | 190.376 | 190.465 | 0.8090 | 0.9995 | 27.197 | 27.485 | 27.209 | 0.9996 | 1.0101
8 180.017 | 217.313 | 217.675 | 0.8270 | 0.9983 | 25.926 | 26.936 | 27.209 | 0.9528 | 0.9900
9 207.559 | 244.796 | 244.884 | 0.8476 | 0.9996 | 27.541 | 27.483 | 27.209 | 1.0122 | 1.0101
10 233.830 | 271.733 | 272.093 | 0.8594 | 0.9987 | 26.271 | 26.937 | 27.209 | 0.9655 | 0.9900
11 261.496 | 299.218 | 299.303 | 0.8737 | 0.9997 [ 27.666 | 27.485 | 27.209 | 1.0168 | 1.0101
12 287.949 | 326.154 | 326.512 | 0.8819 | 0.9989 | 26.454 | 26.936 | 27.209 | 0.9722 | 0.9900
13 315.656 | 353.638 | 353.722 | 0.8924 | 0.9998 | 27.707 | 27.485 | 27.209 | 1.0183 | 1.0101
14 342.583 | 380.947 | 380.931 | 0.8993 | 1.0000 | 26.927 | 27.309 | 27.209 | 0.9896 | 1.0037
’ — ool . Lagrangian & Eulerian Approach e
4.5 '\ ——CFDchamber2  |— —CDchamor 1 ——CFDchamber2
\ ——CFDchamber 3 15 A ——CFDchamoer 3 = CFDchamber 4 H o1a
4 —CFDchamber 4 1 —E;gc:amoe:i :E[gc:amser; E
| —ovams | | Tl S e (L
\ ——CFDchamber 6 35 1t ——crDchamoeril ——CrDchamber12 H o
3 ! ——CFDchamber7 | — l e CFD chamberl3 = CFDchamber14 L o1 ;
\ CFDchamber 8 3 — —|  ===Total%, Chamberl Totel%, Chamber2 H T2
. —CPenambers | S L M| e e onmone £
5 e Total%, Chamber? Tm:w:cnjzzi»: -
g2 I CFDchamberll || . Total¥%, Chamberd Totel%, Chamoer10 || 0053
s —ovowen | o A o e [0
1 CFDchamberld || | \ 0.04
0.5 7 / Mﬁ;:iak 05 0.02
/ — \
0 ~ w 0 0
4 05 1 15 2 25 3 0 05 1 15 25 3
Time,8 Time,8

B 10 s 0 RTD hgk FigfEmf 8
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N FORE Rk WY H J7 R RIRRRL T 7] ) RTD B GBEAT X EL (BT 11), AHER I ORKFLTTE
S A S AT WV A < NS e SR Y VA= X < B R 1 PR 1 28 =i ) T & 6
Wi, @ IR B RS BURIM E; OWIRMER 14 AR RRTHE, € diii 7 5em
PHGTIZ B A ST, A — EAREE U J LI 2%, DRI SR 5 e R R
A TR U RA% B B A B IR 0 Al s @RS 4518 Foks B H BB TR A 11
ARz 75 9% ) R 451

FIRE, FNGEEIEE (& 12)KE, BRFEcA A, (B s B I ) il 2 A A
(& 13), AR H R OB AR 2 B 5 B I (E)a 7 e B I TR I 2 50, @A
FEE A R4 R B I TS 1) B A5 R I RV S, S0W] 5 i AR FE AN 7E RS fn . [R] RTD
HET(E RN R

PRLHERE S LA SR A B I TR (R 4), KA R8s B I TR E 9 O R T IR, R & AT
SR TR (ST N oS R I R e A= 0B -k T = LT PP D A DR B 1 4 S I
DF(Diffusive Factor):

DE =(Tyy = Tip) (1o = Ty) an

. Residence Time of Multi-Chamber Residence Time of Each Chamber
28.000 -

350 26.000 > i

24.000
22.000

220.000 /

212000 /

g

im

T

icl

156 et 1| g1so00 y i
o 14.000 1
100 A sive Residence Time ||
/ 12.000
0 A | NN NP NN
EF] N4 S

8.000
i 2 - 4 5 6 7 8 g 10 = 12 13 14 0 2 4 6 2 10 12 14 16
Number of Chamber Number of Single Chamber

Bl 12 PIRRTT I 15 B I R T S 4 2R (2 140) Bl 13 PIARRTT i 15 B I A T 5 2R (o s 4)
* 4 BEMEEFEREDLE

Lagrangian 1B i Eulerian 8
s L Tacl;H] Vact Tequjr;l:I Vequ
R e s O e B 15 RO B 7 L B
1 Teff$u Veff Tdifﬁ:u Vdiff
FIERE TRy 0, R TR b
TR Rk, B R R | Ol Bl . B T

SR TBCR B AR B R A B RN (E] 14), WERH: O 845 B a) S /e 2R 5 B it
RN RI ezl A SR A A R A A 5 I R — A J SO BB, DU = B B I 1) (- 22452 B
(8] £,,) /™A% S5 T PR A BN IR], i U 2 B AR AR M S5 TSP A A . @t I s 3 ANk
A, AR I 1 B I R R AR RS s A SR SR A LR A — AR (45 B I T A A
H HH 7KL S S5 A L A5 B I B A A 52 A%, KT SEHE I (B3 A, 45 B I 1] 4 K
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S s A4z BRI 1l /)N, [F] Demirel™ (T 78— 2

FH T2 B B IS ) 23 Bk B I TR AR s i, WO AR AR T AN s A 9 3R P38, BRIk
&~ RTD #hZe35 ) Bt 7 —> DF B9{E, AR nr, — R st i H i TE s 4
AbIEE R, HERF AR, —HR1G DFE, 0] DI HT IR RTD #iZk (&l 10), #S2y
Al
3.4 i+1ig

Fir AR S 5% A 052, AE—AE P R sl I A S st e B
IS 1) — & & T PR B 1), RIS Topu=ty= 7o TANEE TN HR 93 FRAFATRENE , 5 SCHR
HORE 1, < 7o SERERRUN RN . BRI IAAAE, X2 EENRN, SLIRPRREA 1, < 74
Z PSRN AY, RTD Mh4eA MKW R a1, st rRER F3. Fit
B B IS TR AN B AR St AR L SRR, TR~ R ) RUBE

BN R, BT Lo AT AT O R, IR I RE M A2 8 1K) Hydraulic
Performance, &M B4 B R shRe PRI RR ), DA IR 5038 50 2 4= ok
J5T RTD #h4k, LAUERTCMEIL 1o §HUa R A A B 20, JCHAER S B b R SE R
W BATRIARAAE N R AT 4 ? B W R IRE L RSN R () RTD #hZk, e ATEFR{nG ?

Frkg B H 7795+ B Random Walk 777%, SRIET % R HARRAT Bz 3h, XM s
HER%Z CFD , B BAAENIZsi IR R, (HRAGERR E By H R, FE
RVBRLNE PR, B A REIEE THEAS A& 11 B9 4k RTD 404 &l hits B
H OB B e Sy s, D AUHAT R 7 ks, iR 24y nl Az .

Equivalent Residence Time for Eulerian Approach Residence Time, Average of Adjacent Chamber
276 —e—FauivalentResidance Time | 28 P P P PO P P P RV Y 1
oretct asgence Twe_| . T e =

] 5 /A\ —@—Theoret HuA Ti / ; ﬁ,’——“"—' :.g
§ e

B VIV Y
L e !
S VLV S Ca
/R ERVERVERVERY
AR AR AR ARAN ol d,
* L4 10 X = 0.2
" : l‘ 2 3 4 5 6 7 g 9 10 11 12 13 140.1

Number of Single Chamber Numbser of Chamber
Bl 14 SR AR 2 e fee B I () 15 4 BRI 5 HO R 5L
4 g5

(1) RTD HiZkrr, P4 f B it fa] (G A5 B I 1) — 2 KBS TR R I (], ANS5 T
—EARRGED . HEL BRKIEL ) MRS THREENEE 2, %2 RTD #iZk
KK R RER LS, B EIRPIC ARGk S /Y, THEI IS FIhL, BUSRIRIR 7
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(2) IH TSN ER 2 W o) AN 8 n) R & 0, SRAL T3 — R, EATRINAF
T2, 49 BT DL BRI, Bl ) A AR B — B e, RS RLIESE N-S J7 AR AT
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Time scale method in CFD residence time research in multi-chamber
contactors

ZHOU Xiao—quanl, NG How Yongz, CHEN Ri—dong1

(1. State Key Laboratory of Hydrodynamics and Mountain River Engineer, Chengdu, 610065.

Email: xiaoquan_zhou@126.com, 2. Centre for Water Research, Department of Civil and Environmental

Engineering, National University of Singapore, Singapore 117576)

Abstract: In this paper the traditional Discharge Scale and new developed Time Scale were
applied into both Lagrangian and Eulerian species transport, the main purpose is to get their
comprehensive residence times and their comprehensive volume. The research showed that the

Lagrangian approach is one of a special Eulerian approach with no diffused in species transport

-713 -



= Jm BRI & B s & EDKE) AR 2 WO

simulation, and the Total Scale is a bridge of the two approaches. Any flow problem can be
divided into velocity field and diffusive field. When the diffusion can be ignored or unimportant,
the flow problem is just a velocity filed problem, but in most cases the diffusion cannot be
neglected. The effective volume or active volume can be used to explain velocity field, the
diffusive factor can be used to explain diffusive field which is the only meaning of RTD curve.
Strictly speaking, two flows are similar, not only the velocity field but also the diffusive field

should be equivalent, which is the basis of similarity theory.

Key words: Total Scale; Discharge Scale; Residence time; Equivalent Method; Eulerian

Approach; Lagrangian Approach; CFD.
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