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Review of the calibration methods and devices for wall shear stress
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Abstract; Wall shear stress measurement with micro sensors is an effective means to study
the flow friction. It is fundamental and important work to calibrate the sensors accurately. Three
static and two dynamic calibration methods are introduced in this paper. The calibration devices,
working principles, and behavioral models of wall shear stress measurement are analyzed. The
features of calibration methods are summarized, and advice is provided for selecting the proper
calibration method.
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Fig. 1 The boundary layer along a flat plate
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Fig.2 Laminar-turbulent transition on a flat plate
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Fig. 3 The calibration system of wall shear stress sensors
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Fig. 4 Wall shear stress calibration device
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Fig. 5 Air static wall shear stress calibration device
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Fig. 6 The boundary layer in a thin tunnel
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Fig.7 The micro calibration tunnel of wall shear stress
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Fig. 8 Rotating wheel wall shear stress calibration device
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Fig.9 (a) Cone-plate wall shear stress calibration device. (b) Disk

static calibration device. (c¢) Coaxial cylinder viscometers
measurement device. (d) Rotating cylinder-plat wall shear
stress calibration device

2 BTN ARETE

SIS TN AR AE T B0 — A JE A AR Y Y
T . 38 B AR E R A T BT A% B AR A v e
e ARV T 4 i 7 A7 O PR O Bl A 2 R
A B R R U 5
2.1 FRERERZE

S A5 SR B A I i i B R A7 e e e A R
FE I I B AR 7 A Bl AR 5 N AE 5 ) 22 v KU
PR AR 0 S IR B N ) A% IR 1 2 A
A TE R T 75 e B LA B 80 75 6 I S A 5 )

2000 4%, 3 [H 8 % B ik K4 1Y Chandrasekaran
SN T LAY IR 7S U B B0 B Bl A B N ) b A L
K10 I 7 i % 8 AT 7 AR de K0, 1Pas B3R 58 H
100Hz #) 20k Hz 1) 3l 2 57 W 1 455 A& 11 i
) JH 12 2 0 A o A s s ) ik i B A SRR AT
T MR,

Acoustic
plane waves _ Microphone
Compliant
Speakers > > boundary
Square Shear stress
tube sensor
Amplificr Frequency Spectrum
generator analyzer

F10 B2 HUIA R 2 8l A5 R 5 2 B R R
Fig. 10 Dynamic wall shear stress calibration device de-
signed by university of Florida

2001 4F, 35 B FR 4 B T 24 B¢ 19 Sheplak %5 % FH
A I 5t B 0~ B 7 B 2 o 2 I o v sl B v
1R AR B A PERE AT T b L

ST P K | R iR U Y R R R G D i T )
e Bl o T L4 A B RE 1 S A AR A R BY R S



24 8% W

ke

(2017 % 31 %

_Plexp[j(2nfi —Kz)]

C
. (11
[j2mfu [Slnh(l,«/jZth/u) ] )
o |cosh(L./j2nf/v)

Kb p" IR T S R AH

T(z,t)=

L
|
|
120 e PN !
% N : ‘ﬁ‘\%‘; K
3 s '

5 N

80 > =
40 T y .

100 1000 10000 100000

Frequency/Hz

BT B 2 IR R ) 25 b S e 7 T IR W DAl T 1 40 25
Fig. 11  Plot of the frequency response of the PWT for constant
voltage amplitude of speaker excitation

2.2 BE#FHEREE

2006 4F , 5[5 3 B BE£2 K2 B T2 R 19 Kim
S AT T 1 A 10 5 e s 0 1Y T e X e [ 4
170 Wi R T4 X 3l B 2 745 30 e e 38l A %
400Hz 2 2 22 AL 19 Y N 7 LA AN EL 12 fros . B

%EE%&H2¢ﬁﬁmﬁﬁmﬁ§%8i%gE%

— N FRIE P SR A S A B A LA A B 4R i
T om ABTYIK ek, 5 E AR B A SN 2 or/ min, fiE
e 77 H ) B Ik o BLAR i /60 HZH

———————]
Disk setup used in 5
static calibration

Sensor

Disk setup used in
dynamic calibration

Lower disk

B 12 ShShnE R E A
Fig. 12 Disk dynamic calibration device

3 & it

A48T [ N A AR BE T 5T R ) A E 7 i B H
UM E .l X He oA mT LA B RL R JLAE 7R

(1) SR H P B B AR € J7 32 AT LA FE BRSO
B KB AT RUARAS B A A BRI 5N 7 (AL 0 i

2 EE WD S5 R g8 ] LS B 2 Fh S R 5 N A%
A

(2) THRYAE T I R A E e — P R B EHE ) &
AV AT WS a7 € N | =D N
KRG LI CHROKR R . &A1 5Y N 73 [l 3E #
TE 10Pa AN 5

(3) Bl 45 5% B N A B E W Jm T L FE
57 B A5 (68, B I g A AR R (AT 3R L E IR 5

(1) Jid iz Bhbm 8 T5 1k 1 2% 8 B0 5 15 L XL
e O T A5ORG JRE EOR R, R AR R B 1 g R A
ANGHR RS E A EEHUHE 3800

(5) SR E 7 2 B 5T B 0l A 2 1 2
Bk,

25 b PR Al A SIS A A BE T B N ) A R AR Y AR
BER RS 22 2 25 A O R 1 A P T 8 i T 48
JE A5 0N PR 58 B AN ) L 38 FH A [ 09 O 6 Bl
",

H I AN W FR 2 T 25 3 3 IR 2 B it ot 5% il 152 22
FANH 5 B SRS BE o Br S8 pE o 370, i i R0

S E k-

[1] XuY, Jiang F, Newbern S, et al. Flexible shear-stress sensor
skin and its application to unmanned aerial vehicles[]]. Sensors
&. Actuators A: Physical, 2003, 105(3); 321-329.

[2] Sells J, Chandrasekharan V, Meloy J, et al. Microfabricated
silicon-on-Pyrex passive wireless wall shear stress sensor[ ] ].
Sensors, 2011: 77-80.

[3] Chandrasekharan V, Sells J, Meloy J, et al. A microscale di-
fferential capacitive direct wall-shear-stress sensor[ J]. Journal
of Microelectromechanical Systems, 2011, 20(3): 622-635.

[4] MaBH, Ren]J Z, Deng J J, et al. Flexible thermal sensor ar-
ray on PI film substrate for underwater applications[ C]. Micro
Electro Mechanical Systems (MEMS) , IEEE 23rd International
Conference, 2010: 679-682.

[5] Osorio O D, Silin N. Wall shear stress hot film sensor for use
in gases[ J]. Journal of Physics: Conference Series. I0OP Pub-
lishing, 2011, 296(1): 012002.

[6] Xiang D, Yang Y. Xu Y, et al. MEMS-based shear-stress sen-
sor for skin-friction measurements[ C]. Instrumentation and
Measurement Technology Conference (I12ZMTC), IEEE, 2010.
656-661.

(7] #X, PMEIR, T, . KT MEMS B 5 b ) 1% 8% 25 b

ETT R E T SR IELT]. SRR F1%, 2016, 30(2):
79-83.
Huang H, Sun H L, Tian Y K, et al. CFD analysis and experi-
mental validation on the scheme of calibration for MEMS wall
shear stress sensors array for underwater applications[]J]. Jour-
nal of Experiments in Fluid Mechanics, 2016, 30(2): 79-83.

[8] Zhe]J, Modi V, Farmer K R. A microfabricated wall shear-
stress sensor with capacitative sensing[ J]. Journal of Micro-

electromechanical Systems, 2005, 14(1): 167-175.



5% 2

JEFAE A . BETH BY N AR E T IE PR SR IR 25

9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Chandrasekaran V, Cain A, Nishida T, et al. Dynamic calibra-
tion technique for thermal shear stress sensors with variable
mean flow[ C]. Aerospace Sciences Meeting and Exhibit, 2000
56-65.

Scott M. The need for a shear stress calibration standard[ CJ.
24th ATAA Aerodynamic Measurement Technology and Ground
Testing Conference, Portland, 2004 . 28.

Sheplak M, Padmanabhan A, Schmidt M A, et al. Dynamic
calibration of a shear-stress sensor using stokes-layer excitation
[J]. AIAA Journal, 2001, 39(5): 819-823.

Ng K Y, Shajii J, Schmidt M A. A liquid shear-stress sensor
fabricated using wafer bonding technology[ CJ. International
Conference on Solid-State Sensors and Actuators, 1991: 931-
934.

Hyman D, Pan T, Reshotko E, et al. Microfabricated shear
stress sensors, part 2; testing and calibration[J]. AIAA Jour-
nal, 1999, 37(1). 73-78.

BAEbE, HE R, MIPER AT ELM]. W RAE I AR, 2011,
Zhang Z X, Dong Z N. Viscous fluid mechanics| M]. Beijing:
Tsinghua University Press, 2011,

Ludwig P. Applied hydro- and aecromechanics[ M]]. Dover Pub-
lications, 1957.

Tani I, Hama R, Mituisi S. On the permissible roughness in
the laminar boundary layer[ R]. Report of the Aeronautical Re-
search Institute Tokyo Imperial University, 1940, 15 417-428.
Schetz J A, Fuhs A E. Handbook of fluid dynamics and fluid
machinery: fundamentals of fluid dynamics, Volume 1[]].
Journal of Fluids Engineering, 1996, 118(2): 218.

Patel M P, Reshotko E, Hyman D. Microfabricated shear-
stress sensors, part 3: reducing calibration uncertainty [ J].
ATAA Journal, 2002, 40(8): 1582-1588.

Zucrow M J, Hoffman ] D. Gas dynamics (voll) [ M]. John
Wiley & Sons, 1976.

Arkillic E B, Breuer K S. Gaseous flow in small channels[ C].
ATAA, Shear Flow Conference, Orlando, FL, 1993.
Padmanabhan A, Goldberg H, Breuer K D, et al.

bonded floating-element shear stress microsensor with optical

A wafer-

position sensing by photodiodes[ J]. Journal of Microelectrome-
chanical Systems, 1997, 5(4): 307-315.

Liang ] M, Yang D G, Li ] Q. et al. Calibration of a thermal
MEMS shear stress sensor array[ ] ]. Arabian Journal of Geo-
sciences, 2015, 8(10): 8089-8105.

Xu Y, Lin Q, Lin G, et al.
stress sensor for underwater applications[ J]. Journal of Micro-
electromechanical Systems, 2005, 14(5): 1023-1030.

Liu C, Huang ] B, Zhu Z, et al. A micromachined flow shear-

Micromachined thermal shear-

stress sensor based on thermal transfer principles[ ]J]. Journal

of Microelectromechanical Systems, 1999, 8(1): 90-99.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

LiX Y, LiY B, Ma B H, et al. Modelling and calibration of
microthermal sensor for underwater wall shear stress measure-
ment[J]. Micro & Nano Letters, 2014, 9(7) . 486-489.
Zuckerwar A, Scott M. A rotary flow channel for shear stress
sensor calibration[ C]. 24th ATAA Aerodynamic Measurement
Technology and Ground Testing Conference, 2004 : 2303.
Shajii J» Ng K'Y, Schmidt M A. A microfabricated floating-el-
ement shear stress sensor using wafer-bonding technology[ ] ].
Journal of Microelectromechanical Systems, 1992, 1(2). 89-
94.

BRarg. kG R LMD, 88 R, db st b E R R A
2002 56-103

Chen H Z. Viscosity measurementf M]. 2nd ed. Beijing: China
Metrology Press, 2002: 56-103

Bindzus W, Fayard G, Van Lengerich B, et al. Application of
an in-line viscometer to determine the shear stress of plasticised
wheat starch[J]. Starch-Starke, 2002, 54(6): 243-251.
Buschmann M H, Dieterich P, Adams N A, et al. Analysis of
flow in a cone-and-plate apparatus with respect to spatial and
temporal effects on endothelial cells[]J]. Biotechnology and Bio-
engineering, 2005, 89(5): 493-502.

Kim I C, Sang J L.
shear-stress sensor with backside connections[J]. Sensors &
Actuators A: Physical, 2006, 128(2): 305-311.

Brown G L, Davey R F. The calibration of hot films for skin

Characterization of a miniature thermal

friction measurement [ J]. Review of Scientific Instruments.,
1971, 42(1). 1729-1731.

MO, SRS X, SE. TR I e ORI AR 22 Y
AT SEIET] AR, 2012, (2): 114-118.

Xiao W T, Zhang G Z, Liu K, et al. Analysis and correction
for measurement errors of coaxial cylinder viscometers[ ] ].
Modern Scientific Instruments, 2012, (2): 114-118.

WA BHEVE. B R R IR AR RS X Rk 3 i 3 me ).
TERRERE R, 1984, (1) 44-51.

Xie Y S, Xia G Q. Rotational viscometer cylinder size effect on
viscosity test [ J]. Bulletin of the Chinese Ceramic Society,
1984, (1) 44-51.

Terashima O, Sawada T, Sakai Y, et al. Measurement of wall
shear stress by using micro-fabricated sensor[ C]//Proceedings

of ISEM, Japan, Nagoya University, 2012.

FEEFB (19915, B, W] AR A B B 5T
Ao TIRFE T IR WL B T 3 B TR A Ok B R
- T 15 Mo ik - B VG 45 VG 2 T R PR XA T
= 127 SPHAL Tl R 462 {544 (710072), E-

mail: yanyuchao@mail. nwpu. edu. cn

%4 483)



	3 严宇超
	3 严宇超-1

