Chinese Physical Society

ME*E Acta Physica Sinica

€D Institute of Physics, CAS

= SRR RS R X B i s 1 A2 R 2 )

FHE I £

Influnce of polymer additives on the transport process in drag reducing turbulent flow

Guan Xin-Lei Wang Wei Jiang Nan

5| {5 & Citation: Acta Physica Sinica, 64, 094703 (2015) DOI: 10.7498/aps.64.094703

7E 26 %35 View online: http://dx.doi.org/10.7498/aps.64.094703
23 N 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2015/V64/19

AT RERCH B BB S &
Articles you may be interested in

[ EE Vb TSR 1 = eI RN M ik
Experimental study on flow visualization of hypersonic flat plate boundary layer
YyH 2402015, 64(1): 014704  http://dx.doi.org/10.7498/aps.64.014704

Ty 2 7041 R € [7] Lorentz 73 il T F RS & s 37t i 45 14
Vortex structures in turbulent channel flow modulated by a steadily distributed spanwise Lorentz force
YE = 4.2014, 63(5): 054702  http://dx.doi.org/10.7498/aps.63.054702

WEPATETE N Jeffrey WAk IR & & BTSN
Transient electroosmotic flow of general Jeffrey fluid between two micro-parallel plates
YE = 4.2013, 62(14): 144702  http://dx.doi.org/10.7498/aps.62.144702

— YRR 52 1 5 R DR BE RN B AR
Mechanism analysis of one-dimensional short groove quasicrystal structure drag-reduction
YH % 4.2012, 61(19): 194702  http://dx.doi.org/10.7498/aps.61.194702

FBANE R UIR - R SOSRTAK I 20 T 20 M
Fractal analysis of Herschel-Bulkley fluid flow in a capillary
PP 22H%.2012, 61(16): 164701  http://dx.doi.org/10.7498/aps.61.164701


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.64.094703
http://dx.doi.org/10.7498/aps.64.094703
http://wulixb.iphy.ac.cn/CN/Y2015/V64/I9
http://wulixb.iphy.ac.cn/CN/abstract/abstract62386.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract62386.shtml
http://dx.doi.org/10.7498/aps.64.014704
http://wulixb.iphy.ac.cn/CN/abstract/abstract58081.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract58081.shtml
http://dx.doi.org/10.7498/aps.63.054702
http://wulixb.iphy.ac.cn/CN/abstract/abstract54493.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract54493.shtml
http://dx.doi.org/10.7498/aps.62.144702
http://wulixb.iphy.ac.cn/CN/abstract/abstract50102.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract50102.shtml
http://dx.doi.org/10.7498/aps.61.194702
http://wulixb.iphy.ac.cn/CN/abstract/abstract49459.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract49459.shtml
http://dx.doi.org/10.7498/aps.61.164701

32 % R  Acta Phys. Sin. Vol. 64, No. 9 (2015) 094703

= SRR PR A X B o e s I AR A S
EHED THD U

1) (REERFHU TR B % &, KiEE 300072)

2) (CREETTIAR L)% E L=, KidE 300072)
3) (B PR R ER XN BN B o, KEE 300072)
(2014 4£ 10 A 19 HYH; 2014 4E 11 A 6 HILEMESHR )

BT HH R E 1R EC R I KA 43 B G W YRR i I 1Y) v I TR 2 9 kL R DI R (fime-resolved
particle image velocimetry, TRPIV) (%} LU SESS, M iy SRV IO i i a2 51 2 21) B R a1 s el 1) 4 B8 2 A
LR RO X b 9 255 10 7 U . 7 R B s SR A AE A iz i AR . X — 5 5 e S B i It
i 32 AL IR 6 i@ 3 B MG T 2% 5 S5 AH T 5 4 IO B UDAH G, 38 FH SR A AR AL~ 357 R G R R 2 BE L A

11 (linear stochastic estimation, LSE) % J71%, W32 B Ty SR 37 Th 10 R R IR AR = 3 L 45 L R AR
T R ANEE. FECTIEK, & SRV b A 45 4 B3 ) RS OK, W Jieas 3l (1 e B ARt 4
TR 1A A B 52 B 0 55, R T N S R BEAS T R IR R R AR AT H 4E RN, IE R I R AR
SER, RIS T R IR I EE X 54X 2 W B E MR EE, AR I OC R, AN T

tiapiwnelib] SR

KRR B, RPH, ZhEfERIZ, MERY

PACS: 47.27.De, 47.27.nb, 47.27.Re, 47.50.—d

15 =

Wi 2 HH S A R S AL R ) AR R AN B B AS W
bk, A AR 1) AR AR AR A A H
ZL. Toms M F 1048 4 1 YR BUMARIK P 1) 5 T
VTR Y 25 3D it IR U B R BEL g, 3K — RS (%) sk S
MR G5 Tz k. SR & R YA i 2
T —ANEIRBE RS, EATZ 3 A
VERATSAS WA, ey SR A7 U ok L PR L 2 ey 2R 75 38) ]
W ERPEN AR, PR EEHT T REX
T v SR U9 AL B B BE R 43 B ES (i A AU AN
SIS WL A 7T, Lumley 21, Hinch P fl Ryskin [*]
LI VR 1B T R=TR R A KX - R = R N7 B Vi1
(R I JE SMEAE R B AR, A i 1 I K 46
FEY R, DI AT RN BE R 38 0, AT 1 i

DOI: 10.7498/aps.64.094703

WAkB), T T ZME, AT IEERR R, AR
FUOE R TN, FE AR PH AN, 1 Tabor A1 de
Gennes 1! fl Sreenivasan il White [ 3@ )] 43 #r
fHH, 22 )2 T 172 KT Kolmogorov R H i it
JEE RS, 430 53 B A 1) 8 401 BT A A R R v e
AR SRAZIRE R EHN, mEWHEREREG T
U3 BEL R AR 1. o o 50 A AL P A o AR 2 5 00 ek
AR FEG, BTN s B A 75 (direct
numerical simulations, DNS) Al ¥ )t £ & 8} ] i
(laser Doppler velocimetry, LDV) 8k ¥ E 45 &
(particle image velocimetry, PIV) £ ARX =545
it Y7 ) () A0 R A FH EAT B 92, Dimitropoulos % [7)
A1 Angelis %5 (¥ iz FI B 35U PN 5 SR A0 B Tt
) e B~ HEAT B TIURIE 9, R I BEE e SRR
PR 1Y 9, i I R B PR A TR IR 1 2 gk
Chemloul ) Fil LDV B A 5256 09F 788 i v 2 R 4

* EFRANRIF RS E NI iS5 11332006). K B AR 4 (k'S 11272233) X B AFFEIES EHRE1E 530 RBTH
(S 11411130150) F1E 5% = o BRI 705 e 1R (973 THRI) (Btkvi: 5 2012CB720101, 2012CB720103) H B URA.

T #E/E#H. BE-mail: nanj@tju.edu.cn
© 2015 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

094703-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.64.094703
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 64, No. 9 (2015) 094703

XoJ it L e ST AT ) RS e, 4 SR WK S 353 1 B e
o AEhes 1 = R, AR L %4 1 i imiksh
. Shao % 1] F#O% 2 35 ¥ A (laser Doppler
anemometry, LDA) 73 7l & | 18 b i 4
BEVEN =1 VDS s i s, Seie gl R AT
ISR T 53, HARIX A L N 2K
I S AN 7N RS T 4 i 1 oK RBE i
SEK). Kim 25 01 3T DNS HAR R T s B i
XHiRBELE R A, 48 e S R, SR A i
e &5 16 7% BB A B v B B Re A RE PR AR T IRIR A
FJ. Motozawa 25 1213z F PIV £ AR X MBE T VE AN
15 SR AV ) R i YA T I A e A R R )
T REIX ) kIS 37 o FH G5 R A A ) 74 () R i 20
RE PR AR THH AT T/ T A A R /) 3t 2 B 1 1)
X35, o SR P 2 A 2 AN B
AT TRPIV S50 HE DA sy SR W00 i
T 2 WA T 25 R AR FH R DI N R, AT Vi 3 &
R B fATAa 1Y) A7) B 22 490 e 3 vy SR A ¥ BT B i Y
Vg, 3D PR LR AL E I X KA R A
IF) B VB HCR IR 7K I e SR DV VR i R I i3 AT
TRPIV SZ5 I 0 7T, LA T 3 K = R W
(1)~ 2503 P A0 e 1 B . 18 26 AP35 LSE
JeHH R RS T 1, FRBGE KA S RS L 2
R SRR RN K RiROE SRS AT 4
. BT 0N R BRI S i A T 4 A ()
A, I FT e S O BE T IR BN B R RS Y

AL

2 IRRESEAR

S TE R K S Ak ) 5 SE 0 = SZ-2 BF
FAGHRKAE AT, KA L5 B K 1200 mm, B8 140
mm, & 150 mm. I8 smit N T 3.5%, 1
SIFER 0.6%. LI ISP AR K P 5UE AE 7K Rl I T,
1050 mm £, 138 mm %, 10 mm &. FHATZ% N
41HIEMEIR, EHTWF7.5 cm A E B2 N 3.5

mm [RJFEER, DA O i 22 U B Ak O 78 47

FF Dantec 22 57 1 TRPIV &4, 5Hi& K5 &
RO IR T 53 A BEAT SR B & I R 4
HI NA:YLF s SO0 ok i 380 2 A e s A AL K,
DA AR A0 A R 73 b 77 3R R AR 1 o 2% A T D i B
BB, WOt R 6T md A LA AR X AL
BuE R, BR Rz, y, 225038 R 3% W
AR R]. S ATECT W s R 2O B
Tk, B2 10 um, % 1.03 g/mm?. H HRG#E
JE790.145 m/s, S80I & X AL TR AT 2~ 0.9
DO K57 T 1 1 s ST B8 i = W e ]
Guan % U311 — 30, WO F6IR A B 5 7 it 1 HE 5
Wy, JEFERN 0.8 mm, P IHAL T /KA L. &
FHBLA TR R AT R, RAFES A 600 Haz, B
JGIN ] 9 800 s, FHFEIHE /K & R MIVE W A 6400 5K
WE L R, BB P8 09 1280 x 1024183 1£
P AN AN [8] FR3925 [ea) o7, B 41 SR 17) - Jo& 1) ~F- [T, OG-
5 FHCFAT, FEPARZ 3 mm M7 mm. & A
BUAN TS 73 50l 4101 5535 7K 1 1oy 5 A0 V8 AR P g P oL
FIR % 5000 7. AbFERL T EURI, Sext Hadk 47 5¢
JGILYEALER, LB R R RS NE R EIR
O HL AR O, AR 5 AH <0 w4 ok T A2,k
32 x 32 R E M AW 1, 75% [Mi%AC3; &5 X
Fr A3 R & AT UV BTG H 56 IE (UV scatter plot
range validation) M *F-35 it JE AL (average filter),
KT SR It ok i s ok ] Rl 4 4 7 5% FR) R R e
B, G RERINREFRNT 2%, d1 e Fr il
YT AR R 157 x 125(FIA x A /R ) A
RO, HH iR a) -3k n) oY TR (R ER 4 0 0.57
mm, I 7] -J& A~ [ S (A RO 0.53 mm 245

A S B F TR v SR A 9 o3 M 4 SR D A T i
(polyacrylamide, PAM), 4> & 4500 Ji. 5 HAth
i P ) e Bk BEL A L, PAM B R4 408
VItEfe, SNUET T (51 an/K SR R Frieds ) e G
e g 2 5 ARG, Uk L M R R e 43 A0 (1) TR A1 VS T
I, SR [ AR PAM BURLIE AR AE K, FR AW,

1 (MTIRE) KR R R (a) UL (b) ML

Fig. 1. (color online) Schematic diagram of experimental apparatus. (a) side view; (b) top view.
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2. —
Tw = PUy; Cf =

1 EKE PAM BRI S 4L
Table 1. Detailed data for turbulent flows with and without PAM solution.

Up/(cm/s)  §/mm  Res  p/(mPas) wux/(cm/s)  7w/(kg/(m-s2)) ct DR/%
K 14.5 25.23 3637 1.006 0.8808 0.07758 0.007379 —
REasli 14.5 26.65 3646 1.060 0.7863 0.06183 0.005881 20.31
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Fig. 2. Mean velocity profile of turbulent boundary

layer over a smooth flat plate.
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Fig. 3. Distribution of Reynolds stress in wall-normal

direction.
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Fig. 4. (color online) Two-point correlation of stream-

wise fluctuating velocities in the -y plane. (a) Water;
(b) PAM.
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Fig. 5. (color online) PDF distribution of A - sgn (w-) along the wall-normal direction. (a) Water; (b) PAM.

FE45°59.078 mm.

K6 &yt ~ 65475 7K FTPAM ¥ W BE it Uit
TS50 1 25 AP X 45 R R 25 A N Aaiay -
S8 (W2 zg) < —10 (Aei), FHH Aci oy 72 IZIE AL E
A 1 JR AR R AR, T o 2 A I R PR AT 1)
B, (Na) NI ZE YT N A I RZRFE
B 1220, R T B R ieia s, B RE
VB 25 3 e R S 1200 R ) S R S A E
SEFEFIFTIA. B 6 (a) GRS R, FER I SR
PIAL B AR AR — SR LGN 1 e 5 1 i e, G
RSN Y i R e oyt ) o I w0 R R RS8N (1S
AR IR T U 17) T A 0 T AR A A S T
A1 9 44° BT V) JE. FEBIYNE N, ok i A4 A
TR, XM A A AR AR AR I — A B L
1T % BGBE A1 (stagnation point, SP), EIH H 4Lt
FARYRH. SRR IR B A T 25 M7 & KRR AE
T -y VTN S FAREAE (PT) T A I 4% 1 B
PRI A T B R R, fE s iR Sk AE g A
b By e B F A7 S AT A PR . A SRR
I3 FOERBE IR BB S ORI, AR 25 Q2 et

Ao EEED T
—14 —10 —6 —2
18
S ,
N T C Tiotietiotely

PR
ERNENEN
R
P AP
R
‘*fv I R

ce .- ey
_95, .,7.217\‘\\\\\\\

- -
-~ - -

o7 o

_36FE
45 s rsSs

—-80 —60 —40 —-20 0 20 40

i

TS SSSISESsSsS<s<t

Ko (MTIZG) HFSRmE-FE%R  (a) K (b) PAM

Fig. 6. (color online) Conditional averaged coherent structure. (a) Water; (b) PAM.
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Fig. 7. (color online) Contours of turbulent kinetic energy production in hairpin vortex. (a) Water; (b) PAM.
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Fig. 8. (color online) Linear stochastic estimation of (u/(z’)|E(z)). (a) Water; (b) PAM.
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Abstract

The spatial-temporal sequence of velocity fields in wall turbulence with and without polymer additives at the same
Reynolds number are measured by time-resolved particle image velocimetry (TRPIV) from the side and top views.
Based on this experimental database of a water channel, the mechanism of drag reduction by polymers is explored from
the viewpoint of the influence of polymer solution on the transport of momentum and energy in a turbulent boundary
layer. Comparison of Reynolds stress profiles confirms that due to the existence of polymer additives, the transport of
turbulent momentum is significantly inhibited, as if caused by the decrease of Reynolds shear stress. Furthermore, it is
noted that these changes are closely related to the effect of polymer additives on the classical coherent structures, such as
vortices and low-speed streaks, which are the dominant structures in near-wall turbulence. The spatial topological mode
of hairpin vortex extracted by conditional sampling method shows that the intensity of vortices and ejection event are
greatly suppressed by the polymer solution. Not only does the decline of turbulent kinetic energy production indicate
that the energy of hairpin vortices that comes from the ensemble average movement is attenuated in the solution, but all
this implys that the polymer additives hinder the self-sustaining mechanism, the inherent character of wall turbulence.
Then, the analysis of linear stochastic estimation (LSE) suggests that the development of hairpin vortices in the packet
is impeded, which is mainly reflected in the reduction of the number of hairpin vortices and the suppression of uplift in
the wall-normal direction. To investigate the change of low-speed streaks after the addition of polymers, the spanwise
autocorrelation function of streamwise fluctuating velocities has been calculated. In the polymer solution the large-scale
vortices are enhanced while the small-scale vortices are suppressed. This observation reveals that the polymers disrupt
the energy transport from large to small scales. To summarize, it is through the action on coherent structures that the
polymer additives can damp the transport of momentum and energy between the near-wall region and outer region of
the boundary layer. In this way, the polymer solution makes turbulent flow less chaotic, leading to the reduction of

friction drag.

Keywords: wall turbulence, drag reduction, transport of momentum and energy, polymer additives
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