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Abstract: A experimental study is carried out which investigates the predictive performance
of a Reynolds stress-strain lag eddy viscosity model (EVM) for Unsteady Reynolds
Averaged Navier-Stokes (URANS) equation closure in simulating the flow physics pertinent
to a low-speed forward-swept axial fan. Time-resolved particle image velocimetry (TRPIV)
is used to investigate the flow at suction and pressure sides of 60% span of blades in a
low-speed axial fan with three blades at a Reynolds number of 370,000 based on the tip
speed and the blade chord. The data is processed to yield the time evolution of velocity,
Reynolds stresses, and strain rates using the phase-averaged method.The phase lag between
Reynolds stresses and strain rates is found, so the studied Reynolds stress-strain lag EVM
will be considered as a promising closure for improving the state-of-the-art of industrial
CFD by accounting for non-equilibrium effects in comparison with a classical linear
k — £ model which is widely applied in the industry.

Keywords: axial fan, blade, Reynolds stress, strain, lag eddy viscosity model

1. 3|18

TR EREMR LELRENTRTER, MREEEERAEEPREEORNY
—, EEBLRHREEEEN KRS FERTRRKBRAER, NAEEHRTFYTE
(R e ok THRER OSERF . ERTAMIRBIA TR AL, ETRTER ZHMA.
BRBERE B UER T FERA, Txt T hedm RRis S f 3 Emmn R N Emm.
REHCERBIR L E AN r 8, BRIk SR FEaNR RS E T A XA
EPIRAE T R B R AR AR RS SR P T R OHE SR P BT kAR . T E AT AT AR R R
BAZEEENKES PHEEERRKEZ AN THAM KRB, 5 TR 43T

14



F/\EEELRRA I EEREW

BRHR, MENEEHRERAHTEIE, SREFNNKELSFHERLTRRKEZHN
FfIRFR. XN EEMREBEDRY THOTFRTH, FAFRZ—-AEAFEENERNK

R 1877 4F Boussinesq 5 AT LT 454 0 E # a HLIR IR R, @RS IA E AR R
BRBBEERNAKE<uy, > 5PYREEREKE< S, > HEBRALK, NMEREET

B ENE A EE.

<u,.'u; >—§k§y. ==2v,<S§, > ¢))

d<u,> 9<u;>
+
ox, ox,
FREOEGEAEMRERWHERN SN B E R B RBHE, B
~(z, +P8;)=-2vpS; (>

BEMFZFIFERRRR, TARATEOX—RE, BEHM LEEREEN KRS
TR ERH R BBERER, FiEAAHRNMAML, XRHRN. Hanjalic et al "B R RALE
WA MRS, FENASLRANERS, HELRRMRE M. Hadzic et al.“!
F S5 R 0 R 1) PR T FE R B AR N AR AT BRI 9T, G5 R R B NN 5 AR R AR AL
MEEELR, TS ESE RN 4T B A58, Cambonl B HUE B3 HIb % i &
PR & R RIS TR, SRRANHKE S RN RE N T HA—B
(AR S BRINAE KB M M LEEIE. ChowBEPIVERBIAT RIEVRSTH TR
R, WERAERTEEMEURARAR, SN MIRER, %Y
BHEHW K. Revell B k—e-C, A, HHHHX—EE, k- RBUNATRER R

FRHEAT BET S, R k- MRS ARBIMIAE, IR RATREORRE
A HRG MR, TIRAGRERERN MR EARERAREIR, RO THRENL-&
RN S NAREE . B2, FEWAL, S@EPEHEIRRRNEERNTEERE
ICRAERR M WRAER, FERRZHSRASEERIEIR, AR —MEFT AP
&M EE H Rl PIV 2R B AR BRI A R R F W TIN S <uu, > 5
THIEENIERE < S, > RENNSHAAXR, Wit — PR EBNEEN ) 53BN
JE R B TSR S BRI, AT Stk Tk P 938 N R TR SRR, SRS HE M TR = 4 R A%
3T i 98

2. ERRERER

LR RBKERAE D LLTREHRT, KA Dantec AR _REHEIIHE PIV RE
(TRPIV) B4 5558 SMLIN BB 60%28 BE AL FE ) E AR /1 T AR TiEsA 3 A o BHIRAANLI K
B NRIEEAIBTEM B, A Sk 3, AR 450mm, FEEEL 0. 37, M TXKY 380mm.
FR e RMLEL 2 840rpm, AR A 48.5cfm. T BRARILAHAIZET, KB O RZEFR
SR . TRPIV {5 B3 22 40 4 75 T S B ARUOURS Bk v 8t 3% (diode-pumped Nd:YLF laser), #0%
52 s B h 10m)/pulse, e R E 424 1.8mm, BKWPSEREN 180ns. WFPIBRBAIREAT £
B4 10um BEMR T . B AL (NanoSense cameras)ff) 7 #HE Jy 1280x1024 pixels’. it
o SR XU R, A RS SR AR LS B O B R 2 R . ZEBURE
AhEE T, SRS G TERIYIE, LR AT, REMEMEXTHE, Bl
HORMA 32x32pixels’, EBFEN 75%, BRARBHE —KEFEHRBETEIE 77761 T
R, SERRMER O AN 130x110mm?. B 1 4 HHRRHLA BTZ 0 2 n K E.

Ko, FHEEERES, >=%[ ) v RRERY, k RWIE.

15



BNEERLRIFAE I FFREZW

I HEEE

B 1 MR KB RS SRR R E

3. ERERSHEIR

KA R B AR NR R E RSP REUF RS, ATB 2 A AL — R E
o', FHNAKENEERLEKE, HREAWTF:

(,)(x,5.9) =%2N1(u,- ), @)

(4 ) (2. 9) = S [ 0), ~ () [ ), ()] @
a("f>

alu,
<Su>(x,y,¢)=?12‘l: a:f>+ ™ }(5)

]

Hep, “< >RpEM R LR RLGEY, N=14 B R F—AEA 505 i sk g
KEFZHAE, x My SRREIRMBIFEAL, oRABMAA, THRINjH4IR1F2, K
VAR, = u )RR RIEE(u, = V) &.

124 H I - 60%8 BF Ab 7 IR 42 [FIAR L 60 BAB RL I Dl e B < 1 > U,, MEEZLE. EP
AeERARTRAT L, BHAARRMEMSTNEFEARN, MR DEMD SR —REA,
i BRaEN B e, WEEHY K. XSO TERER, M A IEESIRANEHDBE
T, YRR RREWRER T, EERERES, F5RTRHAEERN, BRXFHIE
TR I 2R IR G5 BT FE R AR F AR . 25 =4 R UL RS 3 N R B AT &R & 4 b
1H R UL 2% B i P 22 308 A 99 45 MU BB R DR B (WL ST R Sarpkaya®, Hall”), Leibovich!"” | Brucker!'1l'?ly),
Sk B B A SR RN T E T, WA SN HEEE B E . AESPHRETLES,
- R 7 T8 Y7 ) S P O A K T I T PR

16



FNEEELRRAE N FEEREW

025 02 -0.15 0.1 005 0 O

0.05 0.1 0.15 02 0.05 0.1 0.15 0.2

xlc x/c

]

B2 mh WA%E%%%#B{ELW*S’CJJWJI&<;>/U MEELE, SWHENLAT, ARFLERMNS

tip

MR, AGHARTRETL, HHLNRELEREFENE, HAREN 840rpm,U,,-p M R A%
EE (20.06m/s), ¢ &M FEK (380mm)

B345 th v A B 1R 60%4 TR AR PR AR AL P39 B B K BY VIR D 3 B < wyu, > /UL, (%51)
MEFWRRENE<S), >/Q GEINHFELE. NEPTUES, €M FERE60%ALN

FI—AAr, EEWYIR NSRS PHREWIRARNEAEHRNREAFL, RAaR
T WIS T PR PR E. Chow RIAERBHIEL TREMNE, FiBWHINA
HIARAMEN, PREEI AR K. KEHE SR SR MR RS ETE
AT . BER S SNENA— BRI FHARR G — M GRS, BRI ERRR
B I AL S S B0 SRR . i Boussinesql 4% e R BE IR R TP A I TR R 41 )
HR, REREEN) S TOREERROTRSYE, TERSWRERILINN RIS T H=
BAETHIRS, FUHEEIT= B PR A &7 A HRR I R . B4 I 60%BE AT
FIARRL BB S BIVI 1 < sy > /U, SPHERBIRRE < S, >/Q MEMAREFHER
B, TERR—HASITHENEE B, E ARV T=0200 8, EAIXRBAEE M
Bxe, y/cl=[0.07,0.251HGE HIB A, B2 BIBER, IARSKRIR A A R
KBE), YIRS . WEFTUEL, SRR 5 TRERT RS RES
FAE EAEARRS. Bk, FREMS0sREaT ENFRREREIKRER, TELSRE
MARRS. @ TXHSERFAS SR — ORI, AREE, A LT, R
B BIAE SR 5 AR S SRR AR Jox — FE, SRR BN S BRE
FREIMN, XEHELRAN AR R IR R A TR R,

17



FNEEEERREHFFREZW

02 04 CC R
xic

3 M G0%ES AR RGBSR T B U vIRE ) <, >[UL, (EF)REBEN DT %
<SS, >/Q EFHHBELE, c RHAEK (380mm), R0 HH#(840rpm).

0 02 0.4 038

xlc
B 4wt 60%E AR FARML ERWR A5 FHEEN R ELENEAXRAEEFEKE, TR HE
HRBENERENE,

4. &g

ST FEI TRPIV R 4600 BG4 B S P B0 4 60% 5 B A 7R R ARG8T PR T A0 55,

LT BN ) 5 TR B 1T R A ARG G X R, T BRI T

4.1 50 F60%EE BEAL R AL 2R MR P AR, v D EMGE S —iRE, T E
v RRERs, REEN K, XA RIRE R SRR E A L R, T It
Fr R AT B e B ) = A TR

4.2 460t Fr GO%BE FERFIAERI AL, 8 BRI VIR 114 5 P BB SV T B MOAR Kt BRI
WRFS, MARBEEENNANE T LSRR, RN 5 R
BTG Rt BT X

4. 33 FRAHL AT = BAE PEIIE, (05 L I BRI VR 1 K SR S 1
4B <ul,> 5T EEEHEN B <S, > 2 A KSR S . B
Boussinesqfi BUREBE MBS AEME B MR IR S NI I VLA 1 JE T A BL AL L 28,

4. 4 PRI IR BAELR ARV LI SOUIR (0 S S T TS RITER, IY 7599 %6 18 K R %
LK 2 VL A T 5 A3 B I D MO, R S S 3B P A T

18



FNEEELRRENFEREZW

RHERRBER, BRI AT AL AR R B UL P I B TY SRR E
BEFye iX—BIRH AT B — MR R R ATR A3 IR, AT SE hnAs A S 0 T b 45456
TR AR R AR

SR

1.

10.
1.

12.

Reynolds O., On the dynamical theory of incompressible viscous fluids and the determination of the criterion.

Phil. Trans. Roy. Soc. A, 1985, 186: 123~164.

Boussinesq J., Theorie de 1’écoulement tourbillant. Mém. Prés. pardiv. savant a lacad. sci. Paris, 1877, 23: 46~50.
Hanjalic K., Jakirlic S. and Hadzicl., Computation of oscillating turbulent flows at transitional Re-numbers.
Turbulent Shear Flows 9(Springer, New York), 1995, 323~342.

Hadzicl., Hanjalic K., Laurence D., Modeling the response of turbulence subjected to cyclic irrotational strain.
Phys. Fluids, 2001, 13 (6): 1740~1747.

Cambon C. and Scott J. F., Linear and nonlinear models of anisotropic turbulence. Annu. Rev. Fluid Mech., 1999,
31: 1~53.

Uzol O, Chow Y. C., Katz J., Meneveau C., Experimental study of the structure of a rotor wake in a complex
turbomachinery flow. Proceedings of ASME Fluids Engineering Division Summer Meeting Honolulu, Hawaii,
July 6-10, 2003.

Revell A. J., Benhamadouche S., Craft T. and Laurence D., A stress-strain lag eddy viscosity model for unsteady
mean flow. Int. J. Heat Fluid Flow, 2006,27: 821~830.

Sarpkaya T., On stationary and traveling vortex breakdowns, Journal of Fluid Mechanics, 1971, 45: 545-559.

Hall, M.G., Vortex Breakdown, Annual Review of Fluid Mechanics, 1972, 4: 195~218.

Leibovich, S., The Structure of Vortex Breakdown. Annual Review of Fluid Mechanics, 1978, 10: 211-246.
Brucker C., Althaus W., Study of Vortex Breakdown by Particle Tracking Velocimetry (PTV) Part |1: Bubble-type
vortex breakdown. Experiments in Fluids, 1992, 13: 339~349.

Brucker, C., Study of Vortex Breakdown by Particle Tracking Velocimetry (PTV) Part 2: Spiral-type vortex
breakdown. Experiments in Fluids, 1993, 14: 133~139.

19



