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The Experimental Investigation of Turbulent Boundary Layer Separation

Hideo OsakA, Yoshihiro YAMAUCHI and Yuhji KONDO

Abstract

In order to investigate the turbulent boundary layer separation, the flow field which was similar
to that of Spangenberg-flow maintained in a nearly separating condition was made. Effects due to
adverse pressure gradient were investigated by measuring the boundary layer characteristics. Especially
measurements of the spanwise velocity distribution were made to examine how the flow field varied
in the spanwise direction under the strong adverse pressure gradient accompanied with the separation.

From the results of experiments, it was found that the boundary layer characteristics were different
from those in the turbulent boundary layer with zero pressure gradient, for example, dp/dy30 and
wall law was not valid in the region near the separation point, and that the spatial variations of
turbulent boundary layer were caused by the strong adverse pressure gradient and the irregular

three-dimensional flow fields were obtained.
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Fig. 1 Working section configuration
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Fig. 2 Boundary layer probe

Fig. 3 Longitudinal pressure gradient probe
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Fig. 5 Streamwise change of velocity distribution
in boundary layer
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Fig. 7 Clauser’s shape factor
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Fig. 9 Spanwise distribution of wall shear stress
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Fig. 10 Free-stream velocity distribution
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Fig. 11 Static-pressure distribution

H, BEMEIREHE & HHEGIIE X=493mm @ EFKEE L O
HThs, EWMBER, I, | O5HTHLM LD
12, X=493mm L& IO F TiziF Cp=8% O
—ECRIeTE D, FO#%, Fiko X=1,018mm
VEZTEHCLAL TS, X5 X=1,018mm
LB LD TROFERIC R T, 1 D49HIIIT—FT
HBCE0bLT, | OHMLILIC LRRETA
HAZRL TS, $hbb, TOFBICk T
EG—E o T 50, EEILX Sl LT
5. BEAIRER, DO5MI0HMIhsLoclo
SR E FREOEAEZRL Tk Y, HEds 45
LEEARTIERRL, BIE—EHEXRLTL5,
MI2IRFTENDEL, BES NS LRI NS &
512 X=493mm (I TEEX/RL, FhtbhL2Bucy
Ll T X=1,018mm {\if& T dp/dx=85. 62N/m3 D &°



ELf s R I B R (91) 91
100 ¢ 100
® X mm
s A — 1100 1180 1217 1270
< 80 :’ 4 80 } dP/dX dP/dX dP/dX dP/idX 9l
3 P g =68. 2003 =41INm3 | =274Nm3 | 213.7Nm30
%6 :' | =~ | o
or s 60 % ﬁ °
o o
o] [e] [e]
40 1 40 ° . ° o
[) o° o o
& o N o
20 + 200 & | F o 8
Vi 44
0 . . .
%% 1000 N—f“ooo 2500 0 05 10 05 1o 05 10 05 10
Fig. 12 Pressure-gradient distribution Fig. 14 (b)
— 7 fli%x & - THOCABRCHED T 50T RE L Tk . ,
D, cwﬁﬁusmmwmago%@kﬁMLfbé. sool X ™™ 1418 1717 2066 ;
SIMEAIENL, dp/dx=41.10N/m® & € — 7 % &/ | dPIdX dP/dX aPidX O
BHICH D, FEROKBREROBN L BT HHOT wol AN =0Nm3 =20 5N’
£
»5. £
>
) 300r
3.2.2 F¥LEEST L
ERBANOEE~ 27 PAKXHIZCRT, KXZ=0 200k
mm B 35T, X=493mm~2, 066mm O D f
ESOO E 1001 ‘ 6963:9 jﬁ
>400 z 2
Lo : 005 o 05 10
% : - :
% 7 ww
20 : Fig. 14 (c)
100 7 AL 8 EANC OV TORBRE RN I~DOELE L
o === i TRLEADTHS. OO, HABHEE~Z
0 500 1000 1500 2000 X rom 2500

Fig. 13 Boundary layer velocity vector

[dPrd X dP/dx dP/dx dPrdx

40 : : ,
X
E 7™ 493 667 818 1018
>
2O Nm3 | =171Nm3 | = 30-8Nm3| =85.6 N

i [
o
20+ o1
o
o
L o o 1
o
o

;
10+
WiV,
L & 4 S

OO 05 10 05 10 05 10 05 10

000%

Fig. 14(a) Streamwise velocity distribution in
boundary layer

AU EEFREE~N 27 b Uy OThZThoif 6,0,
RREL, BRBHNEED XHAKS ULEHO X
Hiaps Uy & Dt, U/Ui=|Ulcosd/|Us|cosf, TH
bLIHES fixKI4D@~CENRT. Zhbonf
XS X 5, X=493mm L2 b #HEES X
=1, 180mm {78 ® FHIK T3 E AR O HimcERL
THEDORY, TihbbEHROBL /R, ¥
T ik e o T A, ¥z, HROMADERCTE
T0°~13° BEALHEMTAEALRALNRS, T,
X15ica$ U/ Uy —y/0 Dipfic s\ T, X=493mm
(B DO SRR\ NI TOS 0 1/6 FRICHLL
LTWADIRKL, FhEEOMFER CIXBERIEE THE
BEORAMREL, 1/6 BAUIOHHHDOTHIAREIC
i+ AR RL S HCEEL TWA I &A%
2D, IS DIREOFEIR T BRI THR AT,
SAGERAR IO L 5D, KL LICTRIAT

W RETEMA RS &




92 (92)

14 T T T T
D

> L Xmm

O 493

O 667

10 © 3818

© 1018

g | @ 1100

® 1180

1/6-th-power

6 - p

Fig. 15 Streamwise change of velocity distribution
in boundary layer

<&M ERTHEmML, X=1,717Tmm B0 kT
#130° DIEXR & > TH IV ERBA D VHEERS H 5
MLUTWBE ERRLTWA, ok, s & X
=1,717mm ZED E, FHRIZRTHHRIC A X

RHERSB LN TR D, WHRASOER CHEETH 2.

Tiebb, X=1,717mm (7E ¥ CORRIT, A
WEBEIIERD 1 BREEETH Y, Fio B A Wk
ZFEOBEE D B O BB b N AN SRR L,
X=1,71Tmm{ & T 75mm FBE L 7t » T 5. FHic
R, FIEE S L ERACEML, FOoRE 0.2 &
BEThs., chicxl, X=1,71"mm ZB L » FiEo
B, Fl2XX=2,066mm {Z[F T Y=0.5mm O
BTRAVINEE S b, Load BAMIEED A
SREREED0BIZEL T 5, F1o, SEE T
WIEREA D, X=2,066mm {7 LI CRAMER
ZARL TV, ED X5 X=1, 717Tmm (B2 L
THMR R Y, WELBEOHMEL =i Th
DO, HEBETET Y EHH A & X e
SH X CHRBEL LT 225, Yajnik & Guputa
KBV CHL RIS ELUL T B,

KIZ, BNENAROYEC X 5B FEH O kR
%, ENARDRR X=493mm (7, $)# 5556850
X=1,100mm {7[E, #Ig 5 X=1,180mm 7%, X5
CRIBER R D X=1, 717mm (B & R EWE & LT,
R16D@~AWC7Y. X=493mm (2B D dp/dz=0

Vol.28 No.1(1977)

KILFEHE - |NNFEH - T A

y mm

LOgoooooooooooooooooooooooooooooooooooooooo]5
0000000oooooooOogcoo00000000000000000000]o

0000000000000 ©000%0000 00000000000
oo coo0o0o0

L dP/dX =0 Nem3
oi . . .

-200 -100 0 100 200

Zmm

X=493mm

Fig. 16 (@) Spanwise velocity distribution in bound-
ary layer

y mm
1.0 R000000000090000000C00EECE0LEE00000000%00 50
5
ES -
0o,
0-8 r cnoooooo OOOOOOQ 20
OOOOOOOO()OOOOOOOOOOOOOO
0.6 J
oOcoooo
r o
L 0000000000000 000000000000 10
0.4} °00000 000,00
0000 o
° ooooC’OooooooooooooooooOOC‘Oc> 5
Oz—i dP/dX=58.2 N-m=3 X=1100 mm
200 100 0 100 200
mm
Fig. 16 (b)
Y mm

1.0 T%OoomooooooooomoooowoooooOOOoOOOOOO 60

u’/Us

o 32
20
QOO
00, (e/e}
OO0, OC
040000

0.8 é’oooooo o
06969 .0

06t

04 F %o 500

00000000 00 cQe00°

L %6 0.0
0.2 0”0 00000000 oooooooooo
o o
L o] O 00 000
dP/dX=411Nm3 % °  xo1180 mm
O 1 L 1 —
-200 -100 0 100 200
Z mm

Fig. 16 (c)



ELfE R R B3 B B g

y mm

oo 300
6 6%0sC
00620099000 0°00000%,0° %0

° i
0,00
o
OOOO

co U/ ~

)

8
8
. o 200
04t

0.2 0000000 00

] 00
o 0 O 000 OOO OOOOOOOO

o_0
-0.2¢ ©© o0 © 0000
aPIAX=0 Nm3 (21717 mpm ° 2 75
-200 -100 0 100 200
Z mm
Fig. 16 (d)

N/m® DB IERBRNICE O TIRALEEIL 1.5%
LUTFTHy, FrERBIAHCRCTL0.7% BET
HEZ LI TRIEHERBFRFENE LTS, L
2L, T TEDAEIHEMT 5 oh i)
MAEB BRI, TOKE IRZMATGECHKL, F
fer U R A R T L 5> TH S, X=1,100mm
B D dp/dx=58.2N/m? DRI S CTILHEAR
MK EBbhd Y=5mm (7B L CRALEE 61
%Lits,THY, “REHILAEHBRTVS. —4,
EREARE CTIIEV AR TR 00, KX
BEMEL2.6% BELERE L TIEL, BIF—#E
Wz X5, ZhE TORERCET 55 ML Z=50
mm (LB AT EY b OOy LTk b,
2ODKEL Ay —ADRIER, TivhbRERVE
BEhTWB L5 THS. Lal, ZOHHEEEIL,

X=1,180mm {EDOMMOHEARDOKE L Y=16
mm ZEMEF THbR T 5%, SERBSMED
Y=32mm (7B O Tt = OFFNILENR, THO X
=1L717mm OB TIXERI VDXL, BB D Wg
MCEBBL T, L RALENE, ABHREE b3
WHEBRY BT ERPEEERL T 5, P EOBESuL,
MHOBEE L v &IN5 Z L XV IERBE VAR
wnL, EHEHERCRTV--0U/RY DHEN

U-0U/BX LRABEW /2 2 &, F-fBEAETI
BEUVA ARG HE, 0(ud—v?)/oz DERTE I

(93) 93

B ECIVBSLDTHD LB,
TIT, HERAELDHECUETENAR TRt 5EL
MiEREOEEEICOWTHRETS, 612, U/U=
0.99 & 7e DEEMIA D DR L FEdTz, ¥z, 0%,01%
FIME LR OFUIR T, HEKE D OEFICRELE
FHIBEMAOIERBE X TLL, HEES T D TED
IR T, EORRIHBEI A SERBEXF TL
LTrhthgkdie, KL, ERBEX, HBREX
FILIOEBREIDRNTEADEERL T3,

£ 200 -
£ 0

2160t
=

0 1000 2000 % rmm

Fig. 17 Boundary layer thickness, displacement
thickness, and momentum thickness dis-
tribution

D LL EBB M X 51, X=493mm~818mm
WEDOE N RELSTI L HRE (dp/dx=0~30.82N/
m?) OFIRICI T 0,0* B IV 0 & b ESHAED
ENBGEABRETHS. Larl, EHARIEKR
(dp/dz=85.26N/m*) & 7x % X=1,018mm {ZE X »
ABuclmL, X=2,066mm {7 & CHEABE XDH
&, EHARN R TRLN KR EIEEL TH
4fEDOEXCEFTETS. ZHIENAEOHEIMC X
DEED UL Oy, Tibh VGO X
DEB RTINS B2 THX I WA 10D T
B, ILEKAPEmIISHNS Z LR L T
5. X181, ARGRE H Oh FE~DOELE R L
T\ 5., ENAEDEREAERWEE, Thbb X=
493mm~667mm (ZEDOHFIK TIX H=1.4 THH, M@
WOt FEL CHRERB OEEYRL TV 5, Z
I b TFifio X=1, 180mm L E ¥ TOHEK T HD

4
e
3 o
2 M/‘\o,/”
1
0 A " 1 i "
0 ' 500 1000 1500 y 2000 2500

Fig. 18 Shape factor distribution

0 A2 T iR



94 (94)

fEZEBCHEML, #I#4 X=1, 180mm (& ¢ H=
BLODMEXRELTWA, COEIT—BCELh T\ 3
FIHES CTOME, H=2.4~2.8 L hbThickE . X
pIZ, X=1,180mm Z& X » THOEBIC B\ T
H=3.0 &, 3IF—ElE L 5.

3.2.3 EhAROXE

WK, BMOHEHARIC L 0 HEEL 2T o5 T
LEMERBC B\ TUIBERIZHEL Ls\ v 2 & 23
bhTwb., 2 TAELRTIE, Z=0mm ¥HD X=
493mm~-1, 018mm ZED 4 FHFIZB\ T T L A b v
BCREL, Patel DX EZHWTHEL A Ur &,
Ludwieg-Tillmann @ T & » THES N HEE X
D U AGCBERNERC LY, [EHAROHEMN
TONTHMACICELT B 0% R L, FEICHE
DHBIZ L D ZOZEKE B TH. KINCKTE
$21% Sarnecki @ EXRE I BEERIERTHD, ®
ANTELIRS.

38[

-

30+ )

18 " " L 2 n 1 PR 3 i :
10 10 0%y~
Fig. 19 Wall law represented by means of two

methods (case | ; Ludwieg-Tillmann, case
I ; Preston tube)

U,/ U:=5.5log (U:y/v)+5.4
%7c, Ludwieg-Tillmann @ BEEEARIIKRA THEH X
nas.

Cf:(). 246 . 10“0. 678H <U10/v>"0 268

S & b, X=493mm, 667mm DFEHHBDIZ L A

EIRWHBCIIAE & S ERTBPCD 5 TEbh, L
b RRMEIRD 5 BAIIENARTED L O & FRRE T
HOEEOHEIR /v, X=818mm O FEHE
B RRBEDME TIZHL DA ML, MEHAE
DYEEL ZFIWERDGT UL T B, iz D
1% C Ludwieg-Tillmann iz £ 5 3, D (Fa 1 TRT)
3, ERBSCD > THBIE00bbT, FUAL

Vol.28 No.1(1977)

R - \UAZERE - LS

VEIRIBHO (M TR ES LY TR
NTERY, AHECEVALZLRS, XbIC, X=1,018
mm {ZE DB HE N AR T I\ TR Z D5 &
HEFR L, BEREBARTEXT BB L3
ST MR E e Y, BEERNIBLOZI L TuieE#E %
bin, THHLDOBEI DYHE IS Z &L, Preston
DORBRP T MO H=1. 8 BEF T LA LV
BT LD DREDFZUHEIRL TV BITE hdvb b
T, AERIC R TIE,, X—=818mm 7B H=1.57
TEEENRRBBILL TR 5T, ENAROHRELL
LOFHTO TV A P B X BPERIHEEOSKMY
HHIX5BPN5,. —F, Ludwieg-Tillmann ©F
ETIIH=1.857:0 FT 1o DREITZYEND 5.
LL, ThHUEDEOFIRCHL TXHVSZ L a8
TERNL5TH 5.

WIZ, MENDEOREIME & b 55 R BPIEE O
BSANRTWICH - TED L SIELEL T L hieD
WTHRAN B, 200k, yt=U.y/v=93 (U:i¥, Lud-
wieg-Tillmann DX X D RDIMETH Y, y"-931%, X

Xmm

0-8£ 4
0668808608880066800088886000088888000°88

= 667
N ke
o °Q°°°"°°eoo
oo,
0.6F oo ¢ oo""""°°go°ﬁ°0000noeovao]8
e )
® oo
LN Poe6s
eneTereenen eseteunee, 1018
09090 eeeo 0 %eq
0.4+ °°oeﬁeei o° ¢ ”000
X
S ¥'=92.66
0 " L N J
=200 -100 0 100 7mm 200

Fig. 20 Spanwise velocity distribution in boundary
layer
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Fig. 21 Momentum balance
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Fig. 22 Velocity distribution represented by both
local static pressure and wall static pressure
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