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Fig.1 (a)Mean velocity profile of turbulent boundary layer of different Reynolds number base on experiment data

(b)Dimensionless mean velocity profile of turbulent boundary layer base on DNS data and experiment data
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Tab. 1 Friction velocity fitted though three methods base on seven groups of experiment data

Rey w e s et
3258 0.4767 0.4604 0.4791 0.4759
3432 0.4961 0.4785 0.5037 0.4953
4831 0.6618 0. 6605 0.6642 0.6575
4997 0. 6837 0. 6866 0.6953 0. 6801
5571 0.7761 0.7613 0.7970 0.7740
7382 1. 0565 1.0323 1.0766 1. 0501
7879 1.1228 1. 0848 1. 1280 1.1148

Mool o A (RS () (5) L 4 S S I B G AL T R Y B



212 DI N (2019 4F) 55 34 %

év\%'JiE%J Cstd \Cline \Cmg*ﬂ Cspnlding ,#Qﬁﬁ‘ﬁﬁﬁ}iﬂﬁﬂﬂéﬁ \Xﬂ"éﬁlﬁﬁﬂlﬁﬁéﬁ L‘/l& Spalding Eﬁﬂéfﬁﬁ—‘ Hﬁ
B AN 2 JEos , I AT LU T 5 20 4k 1Y) 1 35 2 ) T e L A i R B AR AT G R ] =R ik
LA RO AT

N 30

» Re,=3258 Cy Re,=3432
25 <G - 25 +C,, e
+C ; oC A
20 Ciag 20 log
F spaiding Cspalﬁng
315 —y"=2.44in(y"1+5.0 315 —y*=2.44In(y"}#5.0
u'sy’ /3 u'=y’
o —spalding 10 —spalding
5 5
10° 10’ 107 10° 10 10° 10’ 107 10° 10*
¥ y
(a) (b)
30 30
g Csm Re,=4831 . Csw Re,=4997
251 =C; 25t +Ci
C sC
20 c‘°9 20 C‘“ﬂ
Y spalding 2 spalding
315 —u'=24dIny +5.0 315 —u’'=2.44In(y")+5.0
u‘:y’ u&:y-i
10 —spalding 10 —spalding
5 5
0 0 : y
10° 10! mf 10° 10 10° 10 10+2 10° 10
Y Y
(c) (d)
Mt Re =5571 st e =
] [}
25 {_lelﬂ i | 25 J"Cﬁna {ﬁm
+C J 3
20 C“g 20 c'°9
spakding P . spaking
515 —y*=2.44iny"1+5.0 gl 315 —u'=2.4din(y")+5.0
u'=y" u'=y' i
10 —spalding & 10 —spalding
5 5 '
0 o 1 4
10° 10’ mf 10° 10* 10° 10 10+2 10° 10
Y Y
(e) (f)
0 ¢
e Re =7879 ]
25 '..Cl.m
o
20 c"’g
spalding
515 —y*=2.4dinfy")#50
u4=y§ y >
10 —spalding
5.
0 2 3
10 10’ 10 10 10*
¥
(g)

Bl 2 7 21 Se B s = 05 v 40l 0 ST AR i I 320 )23 TG Sk 4R T 45 3 R ) T
Fig. 2 Dimensionless mean velocity profile of turbulent boundary layer fitted though

three methods base on seven groups of experiment data
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y 0

Re 3258 3432 4831 4997 5571 7382 7879

w 5. 40 4.98 3.97 4. 10 5. 16 6.08 6. 85

A i = v%,Ha?ﬂ%ﬂ%?ﬂﬁ/l\ééﬂ)ﬁ,ﬁﬁlﬂ:‘iﬂﬂiﬁ%%ﬁﬁ%ﬁﬁﬁ S PRI o AR X

DR 2 1 I 20 100 L L JHG Al 79 Ao vk R, AT H BTE Rep=4997 &b ™ KT ud LA,
12 12

s -
0 logarithmic, - 10  logarithmic|
8 ’r"/ _":"’ 8 ,z/ &
T o E o
£6 i = =
=4 4
¥ g 7
2 ~expriment data 2 ~expriment data
log law log law
0 1 " 2 0 '
10° 10° 10 10 10" 10° 10! 10°
v/mm y/mm
(a) (b)
12 g o< 12 o
10 | logarithmic| . -~ 10 _logarithmic|
) _,_,-H'/ B /’__,4 o~
5 i "
E6 -',"'/ E— 6 il
= 4 4
- o’ E
2 +expriment data 2 ~expriment data
log law
g _ | og 0 log law
10" 10° 10' 102 10" 10° 10’ 102
y/mm y/mm
(c) (d)

[l 6  Re;=3258 S 4 K4 Y I b o B IX. 19 34k 491 I
Fig. 6 The four selected ranges of logarithmic region of experiment data at Rey=3258

FAXT LG AT AR (3D we=a c ATH, w® B oax Fl e 2 HH ap 2y B ERL A8 Bk i %
BAEX A HERRR, e B RITEE o ENEHI LR H BT — NN EE 8, — &R A 0. 40~
0.41 Z[a], BARAE R SL 25 T 2 B 0. 38 MUAE LY ABFE o B WE B (E TC VL B 0 A 0 T AR SC H B

HAME 0. 41 AR MR R — S0 250 T s S 8 550, R UL R o (B A 36 38 305 LA TR 25 R PTHR00 . TTZE RS ao
E@fr;%;ﬁﬂ‘,Eh?X\Téﬁz@l:é@ﬁ%%%m)\ﬁéﬁimﬂﬂéﬁ K @ BIFRFL 5] A N R R, IF H S5 5L
55 P 000 15 25 2 X R 5 DX L g N A 32 U O s B e XSS R TR T R 22 I R L K 6 ()
~ &l 6(d) Ry 5 T S Y Rep= 23258 1124 38 B 1) 17 %) XoF 501 DX 3 436 3 Bl 55 A0 02 A 4006 14k, X
O X L Y R B UK 8 19~26.19~27 . 18~26,18~27 ANEHi M 25, &I o] DL MY BT R 3% 10
A4 A B 0T B X AR RE AR A b S0 A A R T S LA R A W 4300k 0.4791,0. 4757.,0. 4861 Fi
0. 4821, %F w3 AYAHXF 15 22 ] 43 514 0. 5035 % ,—0. 2098 % . 1. 9719 % 1 1. 1328 %, Xif [a] — - 44 338 J2 351)



2 TEREAR A ¢ 159 TR ) TR 0 ki O 0 VR R TR B 4 0 LU E S 215

TET 5 A ) B4 0 2507 DX 36 0 L 0 o )R RS 158 22 19 04 3l Y TR A 3 296 AR ST TH Y 7 A ol B A
X8 22 1 dR U B /N T 300 RN BOHE DX BT A e R T A e IR ZEHY R R

H Spalding 2 40& 5k mf . FIH Spalding 2> 2405 58 A~ 1 3738 52 351 10 A9 P4 DX 9 HOG Y X 1
TR 1R A8 A AN AR b SR AR I b R S DX T R 9 R 0 T e (R — B BR R SR AR R
B 22 A RTTHEE e SRR E BB X5 w ™ iy 3H 515 22 7 28 5w L 5 [ % B L& 5
LR AR W R B IR 2 R TR RSO IR R 7 A wlm X w1 R X R 225N T
0. 8%, JF HLAR XS 15 22 1Y d5c K B A [l /N T 0. 6 %6, BRI AH L T HoA P R 84 53 ] Spalding it £ L&
SRV VIO BE T RE £ T R U i Ay YR R T A Y

3 #ie

ARSCor M Xt He T R PR 2 LG S e RO XS 3k L % Spalding il 4005 530 3 T35 BE 1 JEE 5%
R JRE A VA R AT S O X = RS Sk A B 2 AR IR IR BEAT T 0T . B R R JE AR AR XU A 3
A S BRIk IR Sy T 3l A B BE T A MR LA — NI R A Ty >0 WAL by T 2 R ) T
TE R PR J2 Bl I 1] IR AN 7™ Hs B 2 L FLUD S A 23 2 B 2k 1) B 0 %0 60 v /0 o T AR PRS2 4
FLEC YRR 2 /1N o DTS B0 5 10 BE T BE 450 B i /1N o Pl T PR SR AR LA S5 — 4 0 A B I
FAAE — 5 B BE R T LLBE S R PUL6 B B AR A HAUE 1 25 2R 5 ) 32 3 S 06 0 4 1R 22 9 B2 T, A
T3 200 T R 456 T 4 T 58 0 22 B B Y R L T A R T SRR R s L R RO XU SR A T O
I 9 e 3] 22 36 0 550, B OR 22 0 W BOAF TE — E ROV L LG YR S R i 5 o EL ol T R 0 BT TR) — S 3 4 1
IR IR I S B DR 2 TR T R DX i A S LA X R XU I N
Hb T, I LA 45 SR X 3 Rl A B 3 A A R, T LK SR DX T A N S 2 W) R o 52 T 1 5 44 SR
PR AT SR VR ) BN . AR LT B PIRRUG 58 1%  Spalding UG RIA A 22 B8 WK = #9200
It H i TS A B R B 2, 32 S 6 I 15 22 14 52 Wt R X /0N p 2 RS B R 25 R T 4
(4, IR Spalding 4005 580k 7158 45 2 0 v 8 1 R AT 5 P00 8 010 T Al 0 i 4005 B0k

S %3k

[1] LiuT, Sullivan ] P. Luminescent oil-film skin-friction meter[ J]. AIAA Journal, 1998, 36(8):1460—1465.

[ 2] Shen]J Q. Pan C, Wang J J. Accurate measurement of wall skin friction by single-pixel ensemble correlation[ J].
Science China Physics Mechanics & Astronomy. 2014, 57(7):1352—1362.

(31 . sM, WA, 4. Spalding 2= 7E IR 2 W i BE BE 4 0 Rt P i LT ], 1272241, 2009, 41(1) 15
—20 (PAN Guang, HUANG Mingming. HU Haibao, et al. Application of spalding formula in wall friction
stress measurement on riblet surface[ J]. Chinese Journal of Theoretical and Application Mechanics, 2009, 41(1) ;
15—20 (in Chinese))

C4 ] BEE, i, FHF35 008 5 i vk U i BE 3 P B 48 BH J1 [T ). Ji2¢ 555 8%, 2005, 27(1) :28—30 (FAN Xing, JIANG

Nan. Skin friction measurement in turbulent boundary layer by mean velocity profile method[ J]. Mechanics in

Engineering, 2005, 27(1):28 —30 (in Chinese))

Spalding D B. A single formula for the “Law of the wall”’[J]. Journal of Applied Mechanics, 1961, 28(3) :455.

> Gl

Shen ] Q. Pan C, Wang J J. Accurate measurement of wall skin friction by single-pixel ensemble correlation[]].

Science China Physics Mechanics & Astronomy, 2014, 57(7):1352—1362.

[77] skJRot, #EER, FHER. mikBESSEUIM] EERER R, 2005 (ZHANG Zhaoshun, CUI Guixiang,
XU Chunxiao. Turbulence theory and simulationl M]. Tsinghua University Press, 2005 (in Chinese))

[ 8] Mckeon BJ, LiJ, Jiang W, et al. Further observations on the mean velocity distribution in fully developed pipe
flow[J]. Journal of Fluid Mechanicss 2004, 501:135—147.

[ 97 Orli R. Experimental studies in jet flows and zero pressuregradient turbulent boundary layers(Ph. D. thesis)[D].
Royal Institute of Technology, Stockholm, Sweden, 2009.

[10] Philipp Ss Orlit R. Assessment of direct numerical simulation data of turbulent boundary layers[J]. Journal of

Fluid Mechanics, 2010, 659(4):116—126.



216 D N (2019 4F) 45 34 3

[11] Kendall A, Koochesfahani M. A method for estimating wall friction in turbulent wall-bounded flows []].
Experiments in Fluids, 2008, 44(5):773—780.

[12] Nagib H M, Christophorou C, Monkewitz P A. High reynolds number turbulent boundary layers subjected to
various pressure-gradient conditions [ M ]. IUTAM Symposium on One Hundred Years of Boundary Layer
Research. Springer Netherlands, 2006:383—394.

[13] Boiko A V, Kornilov V 1. Hot-wire anemometer measurement of local skin friction coefficient[ J]. Thermophysics
&. Aeromechanics, 2010, 17(4):577 —586.

[14] Osterlund J M, Johansson A V. Nagib H M, et al. A note on the overlap region in turbulent boundary layers[J].
Physics of Fluids, 2000, 12(1):1—4.

Comparative study of turbulent boundary layer wall
friction velocity measured by average velocity profile method

WANG Kang-jun', BAI Jian-xia"*, TANG Zhan-qi'» JIANG Nan'**
(1. School of Mechanical Engineering, Tianjin University, Tianjin 300354, China; 2. Tianjin Key Laboratory of Modern Engineering
Mechanics, Tianjin 300350, China; 3. Renai College of Tianjin University, Tianjin 301636, China)

Abstract: Based on average velocity profile of plate turbulent boundary layer with different Reynolds
numbers, the wall friction velocity was calculated by using the viscous bottom layer fitting algorithm,
the logarithmic law region fitting algorithm and Spalding formula fitting algorithm, respectively, and
the average velocity profile was non-dimensionalized. By comparing the dimensionless average velocity
profile with the theoretical curve, the validity of above three fitting methods was verified. Then the
wall friction velocity error obtained by above three fitting algorithms was compared with that
measured directly by oil film interference method, and the internal mechanism of the error formation
of different fitting algorithms was analyzed. The accuracy and reliability of above three fitting
algorithms were verified. Results show that the accuracy and reliability of Spalding fitting algorithm
are better than the other two fitting algorithms.

Keywords: turbulent boundary layer; average velocity profile; viscous bottom layer; logarithmic law

region; Spalding formula; wall friction velocity



