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Abstract

Particle diffusion from a continuous point source was experimentally investigated to clarify the mechanism of turbulent
diffusion for a wide range of turbulent Reynolds nunt®erThe values oR.were systematically changed from 43 to 445 by
controlling turbulent intensity and vortex scale, using an active turbulent generator. Particle concentration was measured by a
laser system. The mean concentration profiles agree with Gaussian distribution, and streamwise growth rate of the variance
became larger aR:.increased, as predicted by the Taylor’s diffusion theory. Lagrangian propéitjas.,(To) were
determined from the streamwise growth rate of the variarceDiffusion fields shifted from the short-time diffusion
dominated by meandering diffusion to the long-time diffusion dominated by relative diffusRrnneseased. Then we
discussed the ratig (=T./Te), between the Lagrangian and Eulerian time scales. The contributions of the relative and
meandering diffusions to the total diffusion were evaluated by the Lee & Stone’s model.
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Fig.1 Schematic views of diffusion experiment facilities. types of injection nozzle.
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Fig.3 Signal processing of pedestal signal. Error due to Fig.4 Method for determination of threshold level.

superposed pedestal signal was effectively reduced by
applying moving average based processing.
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Table 1 Characteristics of turbulent fielk/M=55Us=5m/s

6(£°) /Uy ViU m  n  w@md Lwtm Luem)  pp mz Te@sed) Asm) g gas)  Ra Symbol

Grid Turbulence 0 0025 0020 105 1.03 0.108 21 14 041 043 42 9.0 053  0.095 43 O
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Y 1
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360 0.164 0.126 132 128 0.699 240 112 0.16 0.15 48.0 102 043 1.35 445 [
u', v' :RMS value of mainstream and vertical direction velocity fluctuation component
mi, n2 :Decay rate of u', v’
u1 :Characteristic velocity of turbulent field (: Ve +20* /3)
Lux, Lvx : Mainstream and vertical direction integral length scale (: U_[: Rux, vadt)
m1, mz: Growth rate of Lux, Lvx
Tt :Eulerian integral time scale (=Lux/Up)
g :Taylor’s micro scale (= (15vu?)/¢)
n :Growth rate of Ag
¢ :Dissipation rate (= V[ kE(hdksr[ K Ez(k)dk)
Ry :Turbulent Reynolds number based on Taylor’s micro scale (= (u A¢)/v)
Rux, Rux: Mainstream and vertical direction autocorrelation function
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T T T
O_ Grid Turbulence
L1 e
P 28 9 Bxcited ) 103
: Turbulence
e ‘o —~1ns
----------------------- SO —— =10
RN =
' L 10!
: ' e o 5 10
LK I R T . =
R R R EEEE) 5107
8888888885
I | I ! I 10.1
80
Fig.5 Downstream variation of the turbulent intensity Fig.6 Variation of non-dimensional turbulent energy spectrum.
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Fig.7 Mean velocity and turbulent intensity distributions in the wake of tracer injection nozzle.
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B (T>T) £THEENS R=185 & 230 IZHBW T T < T, OFIPAD /I EAED 70 % FIWCTEER L 72 55T 3 2D
LagrangianfrE AR L, BS N7 20BErGE M Lz o Lg% Z & C, SMEIC X 2820 %
fTotz. ZOREE, RPKELTT< T ORFADHEIE LOBIIITE TWARWEAIZIE, T> Ty TOEREREIC
X BWFEEDREENG T ND Z ENbiroT-. 512, Corssif1963)i12 L, LagrangiardSE8hd e vy & SLiES
O EulerianZE5h#E v 1TIEF%E L, AERERIIZOLXMZIZTHZL WD, F2, 3-4 10 THEBTEH LD
\Z Lagrangian& Eulerian® 45 A 77—V D b fET T DAL, MOFFHRERFE R LITE KL TVWEDT, K
FEEBROPROFANEE X H A2 FRERFES N TNE D EE X HRLD.

10 [ZBUWVTHHD TITxT 22101, RV SUVIEFELIRYS TlE, & O/ SWERRIIRZE(L L 72> T
%. FHEELTES T, R OB 2 IHEIHRAIC 2B T 5. 2, LIRS OELAIVERECIA 7 — LD
N & 0 A& ELIRIRFOIEBEE L S A DO TIE72 <, RUOEEINT X > THAT 5 KHBGRIC K A TiEE)
TN— DOFAEHIHZJER S E5H 2 & C, LN E(LT 2 Z 2R L TnA. 2 OfERIE, Miyata(2009)
5 OBPERERIZEIT D RUCTHOVTHIZIE L, AFHIEROEENEZ BT TV 5.

Taylor(192 DL R & <ttt 3572, X 10 Ofjfh% LagrangianfFtE &% AW ClESOT(b L, MR L
72 b D&M 11I1ZR7. Taylor(1921)2 JAuld, AREFIEEEER (T <Tu) T, 70— ADWEITIZ X D P80 30
BT, S0 TSR LTINS 2 723, RRRHESAER (T >T) CTlE 7 v — APNEOFSHIE B LB & 720,
RO T BT S. ELRSG DA 7 — &<, JEBIFEA T SO FaiH A2 B2 TLE H 729,
RSOy DN B IERBUCA Y 35 . —J5, ALY Tl R O > TSN R RERIEH)» & AR
WL ~E > 7 b5, 25O Miyata(2009Y> DEWEHFEER T HIE U CTh 5. Ri=325 445 CIIEHI S
B YL AR CERFRIABIC /e > TR Y, K ELiS CIIHESREER 7 — A0 T8% (K 9) % Hifk
WCEATRES ORI EZ I CTE S 2 &8s, A, REBRTIE, 77— AOMITILBOMEE 2L 5
2 D702, RREFH 300 EETALERS S,

3.3 HLERH

121245 Ry CO IR EE L3 A1 D /3 R ORFRIZ > 5 R(2) & AV TR L7 IERUR S K ofeh 7128 k% R~ 9.
FRUT(B) TR L7z Taylor(19210 4k F RIS < K o, AFEBRTR® iz Lagrangiankiit &2 A L
THHLEZLDOTHS.

K= 1 do? )

2 dT

K= U%TL {1— EX{— T; To J} (3
L

72, MOARNTR SN B8R, TR HRE WEE (T >T) OF RICHBITAMLIME (K=vlT)
Thod. LT OWEIRE, SLIVERE S ROERICSBL S, RINBKE S I N— 0BT 585518, K&
JEBBEZ FFO 2 EPMHERI S NS . JEBFRBOWIEICEH T2 &, RIAVNI G TELIRE T, ik Lr-~uL
(=0.1cnfls) & —HIFRE LHNEVNEEND, RBSEKROEE, K 630cnt/s & KEILH L ~VL (=10~10cnf/s)
WIERIER VA E LS KREREEFFD. RACK T D IEHERE O IT, BB L D IEHRENS K E LA
bL, REBROEA, FREBERMICHEKT S (K 13 2%, Miyata(2009)> OfE & AEBRFER & BV E /R~
G, $EBODIREIC )30 &3 Ry (BAST — /L EELIL) AN K ICHRERIZR 8% KITET. Z 0 X 5@ ikiee ik
JERE DFATRZ T S CREREMICIRIRE DME T 523, BREIRIC RS ST L QWD 70— ANERIT
BAEWREZHERE L, ZRDNMRMICHEIIT 5. EMRIRECE T VOBEIZYS o> I 7 NV — A LA o —
S & o TIRIE SN B IETO R E B~ DB A2 T RAICHA L NCTHHERD S,
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3 0 T >T. — K=viT,

10°F 600 - — K=4.42 exp (0.0011RD -----]
F ¥ K= T, (T >Ty)

® Present work '
[~~~ O :Miyata, et al.(2009) ~ "~~~ A
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Fig.12 Variation of diffusion coefficier{ with convection time. Each Fig.13 Dependence of diffusion coefficiéaion Rx.

symbol shows the value Kfcalculated from eq. (2) considering K increases exponentially with increas®in

the time variation of#, and the solid lines dendtecalculated Rz, which depends on the turbulent intensity
from the Taylor's theorem in eq.(3K has very a large value for and vortex size, affecks decisively regardless
meandering motion of plume, and increases with incre&se in diffusion process.

3:4 STV BERICK DHLEBIBOFM

3-4-1 Lagrangian 5 EERA 4 —ILE Euler WA BRRA—ILDL

Taylor(192 1D JEH R 4R S D LIS 2 ek 32 HRERCRIE, LagrangiarsHHI OB AR ST
%. ZAIUZHES HEECE T VA W TIEBEI S 2 3 -4 5121, 1B Lagrangianfrtt &0 FHAY, @GO
Lagrangianfe!k B OHEE HFIEASE L 72 5 (Hanna, 1981 ZivE T EulerfOEIHI» 5 Lagrangianke!k: &4 HEE 5
%2 < OWFFEDMTi T & 7= (Hanna, 198) L EL - K KWL BFFE O il 35\ T & Lagrangiark Hfll & Eulerian
FHANC BT DDA —/L Dt p (=T/Te) 1ZEETH 5 (Anfossi et al., 2006 X 1412, KEBRTE LN
7= Lagrangianfi /> FRE A 77 —L T &, ELERHD 53R D 72 Eulerianf& /R A 77— L TeBEH LT p L &L
R OBMRZ R T, X B O HRRCFEE F(Lee and Stone, 1983aBaldwin and Johnson, 1972[Fk, #iLi
FREEIZIZIESCEBI L, FNLRERDO B R E Shvd 3~4FEE offi (Pasquill and Smith, 1983 it L T\ < Z L A3
5. 1z, FRKOIZRT B O RATH T DARAEMEIXELAVIRE & EMERICIZF U Th 5. L, Lagrangiargtl
M HR 7= Sato and Yamamoto(1987p#t i & AHEN A HILH T2, FEBICHGT L CW MR HSH. EIHIZ, B &
ELAVIRIE ORNZII@)DOBUER H D Z ENHBEN TS, B a T —TEETH D EEZ BN TEY, Busch(1965)

i 4
p= oc(u' /Uo) '
20 T T T 20 T T T T
. @ :Present Work + @ :Present Work
‘Lee&Stone(1983a) 1 | @ :Sato and Yamamoto(1987)
' O :Baldwin and Johnson(1972) '
—- -CS T :Sato and Yamamoto(1987) ] - . \ , -1
o_ ¢ 1 °
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Fig.14 Dependence of the ratio of the Lagrangian integral time scale to the Eulerfarootiee turbulent
intensity andRx..
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12 K AHETIT 044728, £< OEBRTIT 0.3~0.85FEFEDEN RO SN TS, KEBROES, 0.28~0.56 D]
LD, FEZNE TOHERESCHEBRMEOHBNICH 5.

3:4:2 Lee & Stone MDETIVIZ & BExHhE & EeiTHEERDHETE

R ZZMALIHT, 7b— AW TIEE AR 7o R R HE I 2 & oA B R A Bl 9~ 5 121, 2imsuskt
T HMITOFFEGR, FHAMEHOKE KZH LT 20N H 5. Gifford(1959D &) 7 /L— AET /L (¥ 15a))
W RAUE, BYEHL (0D & FXHIEHL (02) 36 K OMEITHER (0,2) DRINZIE o= 02+ 0,2 BRI Y 310, FARHEROLE
ITHEECZ RHM LT 261 & LT Nappo(1981)iZ & % AT L EHIISS, Yee and Wilson(2000) (2 & % probe rake
EHOWEZARREHIN S S, UL, BRI DM TIEBCCHRHER O % 581, AR O ITEEER D
HZEIFITERY. 2o, AW TR & 172 Lagrangiankitt &% Lee & Stone (1983byD-E7 /VIZi#EH L,
BHLHUT KRS DABRHILHEL & MEATHER OEI G DR ST AEGIZOWTELEET . Lee & Stone(1983b), T L—H ik
HIR O RBEROEAIZOWT, Gifford 2E5#(1982)x random-force theoryZ J&-S & fiik L, &L Lagrangian
B L O EulerianFitE 0> B R TTHER ST A —H (o, Op, Ome ) OB LA R LT2. 723, Lee and Stone(1983b)
DETNTIE, AR 2V ADERITT/HHAEZHSONT, ZWoe/ AVT hy Iy MUOEESREZET 55D
EIREL of=@dY12)( AL HRATWDN, KERTII AL RO, AvzHnTng. 207
of=(d¥a)(22TH L L, EBEH a%r / AR OFEE AR O ERUED B3RO TETF MM L. 7k, R3E
BROGE, RIZED 2 AN bOREH LHEIXRZR 505, WTINOBE bIESMIXIZIZFEETH Y, a OfE
1389 45~53 L 7e o 7. BIHUZIT DIRE AR OEER 2O FZHNE % Lagrangianfe k& CEX Lk L7z on, B
LT, Lee and Stone(1983B)E 7 L H3RD HALIHE ST A —H 0p, O, I DIZ, £ 2 THH S 01, Ome
5 Gifford FRFH(1982)k 0 kb LN BILH (o) OFT —# %X 15bITRT. AEROFEHHE (@) & Lee and
Stone(1983bY Gifford(1959)DE 7 /L bR SN RO T — % (I3 —) b5 &, 7 XVt co%b o
THERNT, ROK/NMNIESTIITITE BT 5. AIh, HEE SN T A —X OEITZYS 7ol %R~ LT
W5 JEBE O RIS SRR REA B CAR Y 5 Ri=43 DA, YEENC 5 DI TR ORI/ N & <, XL
BRKENTHD. ZOHA, HERIOITIE TR b L — Y ORI EEEREREIC 3\ T O AR &

X Spreadingby Lee and Stone(1983b)
4 meandering diffusion 2

e Oty o2 =(s2i-exd-T.)f ® o7+ present work (= o2l ZUETE)
o2 =i+ T-(l-exd-T.))-

(s/2)a-exd-T.)f a : experimental constant of jet flow

v — & =ah +oi  Gifford(1959) T+ ; dimensionless diffusion time
Spreading of Spreading b =(T-To)/IT,
toﬁ;?tlilfltlﬁsioon rel::te?ve":lgiffzsion O'g = (d2 / aXZUETLZ) . .
L : Eulerian integral length scale
(a) Diffusion parameter(Gifford, 1959) S= (2/ & 2X§ -1+exp-¢)), &=d/L (=Ly)

3.0

Ra=43

0.6 -

g 20 5
bg b£ 0.4
S 1.0 9

0.2

0 . . . . 0 i i i i
0 2 4 6 8 10 0 0.2 0.4 0.6 0.8 1.0
(T-T)/ T (T-T)/ T,

(b) Downstream variation of diffusion parameter.

Fig.15 Estimation of diffusion parameters by Lee & Stone's Modgl(—) ando,-(—) estimated by the Lee and Stone’s model
(1983b) andr~ (—) calculated by the Gifford's method (1959) using Lagrangian properties agree well with the present
results(@®). For smallrR:, essentially only relative diffusion is observed, but for I&gedistinctive effect of meandering
diffusion is found.
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DB E e D, L L, FEEMNCIIIEA TR B2 Z L 138 L <, RO/NI 7t -ELIRS OLHEER T
I, FRHEHR O K DIEERSR LGB C& 72V, —JF, Ri=44504, JIERSAEREIARICHEY L, 4
JEBZ 5D 5 7 — DO TR DO T ENIEFICRE WD 3D, Lo TARZEE, T /VERICEIT HIET
BG % GRG0 IO EBRHEDORIIBIDO—2>TH Y, T—LOMIKRIEELED K O 7RSO ED
FHECE L CWD EERD. B, KR L X 9 77— L O 5 W O rIAREEE A S g NS L
ST o3& oP% RO THIFER, R UEBREIFICBIT AR L—FEHARE R S 12X L7z Uiz, 2013.

R RAIEE) & B RIIEEBA~BAT T A, I RTT DR TiiE & LB oEIE OB 2T/ 5. K
16@)(b)%, % RIZIIT 2 BIEHE DG BB TR L OMAHEE OEIS % 05103 B LW oiloA & L
TROTZHDOTHY, (NTARHEHA I T DI TIEROFG 2RO b DO THDH. 22T, cAIIFEAETH 5.
F7z, KD(@), (b), CNCBITLHT—FZRDOEL ROMNIKILEF U THD. b L —HDTEEEL KR S Fi
ENDHEE, (@Y 03 oA TBHEIRIZITVE L LICHET 5. AEBRMERTIE, 4 R & b BT o
1LY HDOTNIUEF LTV A, b L—H i O T S HXHEE 3 CICHEA TV AIRIEICH U, FHXIIIC 0.2
VAN R

05 loADIEIX RAKE L, JEHEFM TR TL LD+ SN E REREEFF. F72, JEBEHORE & &
BTN — DNEBOFERHEE DS, 71— LIEOBRREI T LT, ELIRIRO R & SAHHINTNES <2572
02 BT LT ML, Ti=1 10T £ CORMR YRR CIT LB LIRS, D% ER
AYEHAEIR C U i) K & 7o AL & Ff 0.

(OIZRT g3l 031 03 oA & DM Z R LTV 5. JEBIRERIAS/ NS WIE, 71— ANIEBIT 7 /v — AELL T
O/INEAEELIRIIIC L 0 AT A TV S, FEEEFS TL 2B 2 T, 7 b— AES R RELRIRE ST 5 12>
n, 70— ANESOILEBEITIZELS 725, ZOBE 020X T < TLIZBW TR 45, T >TL TIEH 14 oEnaid
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Fig.16 Downstream variation of2 /o2, o2 /g%, and .2 /6Z. (@) and (b) show contributions of the relative and
meandering diffusions to the total diffusion. (c) shows the contribution ratig¢ 662 . (d) shows quadratically
increase co2 / 62 with increaing Rz .
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2D, IBIREA R < 22D LED LI 5.

WIZHEB & & BB D - TO L EEIR Ol Z 6505 D RA. (C)DFEHTE Lee and Stone (1983b)E
TAMBRHREINTZHDOTH Y, RIATxHT DL 2 EIC T 5 72DIZ@)b) TR SN EL 7y L
ThodH. 2B, PRS2 BAa0ERIE, Lee and Stone (1983ByE7 /LT h L—H it N d~HE%E 0(& =
dL=0) & L= A DB EETHD. ok L=k 91, FL—H R ADOHENEROBRE, 0.2 135 A UrtE TR
YIDH, WTND RIZBWTS 0f o EHIRT KO I8 —2EE RO L ) MMz R~d. F£/, ©—7
TEHEE RS 0,302 OREFRIZERIL, FEROIFE-L R T/HEL 20, IHBIFEBICEIOTR U TH DL Z EBbns.
7z, K@IXIZBT D 0.floADE—7fEE ROBRERLIZHOT, RIIx LT 2 RHlERA 72 BEANE R 237
HHid. B, KTOERIIUIFE 0 L Lz 2IkOZEAzEPHI#R CTH 5.

4 #

W —ARELIS P OELIE LA /L ZH R & 20 STt sl b ORI B IR A2 1T, LR Offam & 157,

(1) FL—HHH ) Az 2 EEMHEL L2 2 LT, _uF 2 U —30RIC Ko T3 PRI TET 5 B 2k
AT CHEXRIBZMEIL, LRSS OHEIEE RO TR CHER 21T ) Z LN T& -,

(2) T AL AT B O BB L DREEHE BB N 2 X — R & D5 BT X - TRGIE L, B
DESF IV % WL LT

(3) RRDEGIMZAENZ AR E 720, ZOILHIRFHIZAIE Taylor DILBER & —Ed 5. £/, RepPE{L T
b SR AR X IE R AR BT D,

(4) R L CELIRIROFEMIE A2k S8, 7 /V— LOREFTHEA AR O 5 R B D AIRHIE S R D
EHEEL & TR IR OB A L=, 72k, TSRO EZ L 52 57-0121F, R==
300X MNETHS.

(5) AP LS5 AR O 4y BB S FH L7- Lagrangianffit&id, Lagrangian& Eulerian ZE 8 B OEANEITEE L <
CorrsinDfERZ2FF+5 2 &, F7=, Lagrangiarfg o FrP LR T, & Eulerianfl 23 FeMEREE Te Db B(=Te/ T))
DIENRE K OEBFER LIEFREDOEZTD Z E0D, FEFZYRMENRHTETWELEEZILND.

(6) LA T R DBEIINT & & 22 W FEEBEEAICEE N L, Sk T Re=445 1281 2 E (T > T 1 634cnd/s (2
L, KRERILHOA—Z I MEE R 72

(D P(=Tel T)IE, SLABREIZSEB L TR T 5. O Ri~DEFMIE, Sato and Yamamotds & [R5 I298 L
TEHWS A, ZERAR LN,

(8)Lee and Stone®E 7 /VIZ LagrangianfFEEOFHINE 295 2 & T, ML (67) & IEFTHER (0,0 OILTK
e L A 3R D, BALHGEFR I3 TR~ OMXHERL & WA TIER O T 5-OEWE A L TE 2. £,
Gifford DEE) 7 /L— LET V% W TRLND BN D70 (0f=0? +0,2) 1, RFEBRO IS B —BiaoR
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ARG DO—E13 ISPSEMFEY 2256018108532 T 7-. Z ZICHEA2RT. F1-, AFEOEHICHT- EM
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