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Flow and Heat Transfer Charateristics in a Separated Flow over
Backward-facing Step and Cavity Controlled by Acoustic Excitation

Seung-Goo Kang, Dong Ho Rhee and Hyung Hee Cho
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Abstract

Experimental study is conducted to investigate the heat/mass transfer and flow characteristics for the
flow over backward-facing step and cavities. A naphthalene sublimation method has been employed to
measure the mass transfer coefficients on the duct wall and LDV system has been used to obtain mean
velocity profiles and turbulence intensities. Reynolds number based on the step height and free stream
velocity is 20,000 and St numbers of acoustic excitations given to separated flow are 0.2 to 0.4. The
spectra of streamwise velocity fluctuation show a sharp peak at forcing frequency for an acoustically
excited flow. The results reveal that the vortex pairing and overall turbulence level are enhanced by
the acoustic excitation and a significant decrease in the reattachment length and the increased
turbulence intensity are observed with the excitation. A certain acoustic excitation increases considerably
the heat/mass transfer coefficient at the reattachment point and in the recirculation region. For the
cavities, heat/mass transfer is enhanced by the acoustic excitation due to the elevated turbulence
intensity. For the 10H cavity, the flow pattern is significantly changed with the acoustic excitation.
However, for the 5H cavity, the acoustic excitation has little effect on the flow pattern in the cavity.
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(a) St = 0.00 (b) St = 0.20

(c) St = 0.30 (d) St = 0.35
Fig. 2 Surface flow visualizations using oil and lampblack method

1061

10E

106 ¢ T v TOE

yH=14

ey . XH=05 roe2g

1063 1R i

magnitude

VOE4 1064

10E5 105 r

\0(2[
‘ne's[
106

TS

ww[
|OE:9!-
vcm[

roes

1aE6

1968
¢ o uot

(a) x = 0.5H (b) x = 1.5H

FARFNons @28 5 Atk Figs. 2(b)~(d)
= §t=0.20, 0.30 ¥ 0355 zZ7} &8 vE &g
& wjo] 7pAE AdE Helx gy 7} A
o} AFatzol sHoA 6H Alolol] EEslil
Ak S=0352 SFr] BUE o AT A
ole] AAEFAV 7t AA bRy St W
i}oﬂ 2 A3 Age dHd £ duck 4l
E7hA13 Atz RE B Ay s 722
St=o.2~0.4 HAA A S 7)ol 93] 26713 A
Bx7ol7t gAsts AL AT £ USivh
o] AR Aol T ] FHo| 77
& AL B F sded o 2EY AEETEY 2
Aol THEE FAHE 7 Ak FEIHA
E}E’.TH Q 18 olejgt AR-adole] Ziel F
—? e ol AFAFANET} AA

32 wejfsuel Fos £4

STADT 10H-, SH-ZFANAN &£xge
g 2AH(E=0) M =140 Eol9} x=0.5H 9]
B sRwEger 1H HHeR FHF
=140 AL AdEAgdr vtass A
9] Fold gt

uetA o3t AASe] veEHe A$ 9F

10E6
cor

10ES
a0

St
(c) x = 3.5H (d) x = 6.5H
Fig. 3 Velocity spectra along the streamwise position for St = 0.0 and 0.2 for backward-facing step

7bgarE7h o) AE EatA Hol FHg 5
Aol ZatA ded Aoz Hag & Qv

St=0.200. 5 &3t 7|3 73% y=1.0HS}F 1.4HA}O)
2 008H HE o =48 A7 7t AL gld]
B B frArehd y—14H°ﬂ?\1 eaFoizle] &

#7} 7

FoeAA vede ¥ 4 A,

Fig. 3 $aHAIdhel| A St=0.2002 3o 7| &

395
A

Sel7] BA we A% sRdgon

AsaE A e Fakk B xlo]E Ko

z.ﬂw
g7 =

?‘Sﬂ%f‘clr:

St=0 2091 A 9o e 7bd B
< #FF5d MR E e Ty
%2 A5l viA(fluctuation energy)

o ol A BN Al leld

Foigte
O

A5 1

sz AdSEd AE fA93 FF
238 ARIAE o9 e SHIAA
e A # 4 Ak ole@ g

9] ¥AF Yo S$=0.03 St=0209) A &3
7] Fupg olahe] WL oA HER Y
Aol uvEGa Atk ®3F Se=0.10, 0.059] 4

53]

Fgzkgol Yehtn ey o= S

ol7lel s &7 FusE THo2 WA

dEF e

SR E7Y T3 BHregularization)® A

et & F Y& Aol
Fig. 49} Fig. 55 #2 z4dM 10H-, 5H-%



106
10€:2 1 R ot

10€3 [

magnitude
magnitude

1ol

10E-5 1

1.0E-1

yH =14

ez | KH=55

toe3f 1oe3f

magnitude
magnitude

2
1y
ey

106
001

(a) x = L.5H (b) x = 3.5H

Fig. 4 Velocity spectra along the streamwise

1065 L L
0ot 010 100 001
St

(c) x = 55H (d) x = 7.5H
0.0 and 0.2 for 10H-cavity

position at St =

roes i 1oe1 o1 e
\\/‘

1oe2f O 1082 fp 1082 mezg
§1DE3F §1DEJ! 51053 %10{][
€ 13 € E

104l 1064 fp 10E4 10E4 |

(a) x = 1.5H (b) x = 2.5H (¢} x = 35H (d) x = 45H
Fig. 5 Velocity spectra along the streamwise position at St = 0.0 and 0.2 for SH-cavity

of tig Awelct el AFe &Feiv] Fut 160 ——————————T
Fo A Zdigkel veEE A A A5 ¢ St=00
s UL AR e ufa o FelE 20
ggkel AlebAa gloh  EE SFPoild o

g e Ay Z7t A FyA T 8 3]
) FstAY A zelzd §lA vheha ST
ojg]dt AaE FFo YolME St=0202 F3H
7oz gFAAel FAHE AL £3s8HA
vt 1 owastgo] shFol EAste AEAD
o8 AgEz g7 dEer E & k. ¥
I a2 Agstas AFggdde] UM FHHA
e Aeuc A wadgo veludn e
o] AA HuwA ] o) @ fEFH Fi
Exo] W33 mRoz Azdrt

3.3 28070l 2%t H/E

B gPoMe BAAg dyddse
yzegd $3He o838y
F%9 sF waHoAe d/EINE
218 EAo] S| o3 oj¥A
o chsf w3

Fig. 62 S&7E 3% ¥ Ae, FHAL
9 10H-, SH-3% 2 815 uleolA e shre] &
Xg 2oz vk FuAIGe A9 AGEA
A dEE §F52 dAAY FHE olFd ¥

AMEA 52| H3}

el
SubAG} 10H-, SH-
E41 o
| Wgsl=A

Sh g
40 : —@— Backward-facing step ‘ =
f —@— 10H-cavily !
I e SH-caviy i
, I
0 i 1 L I " L A L
0 2 4 6 8 10

x/H

Fig. 6 Streamwise distributions of Sh for backward-

facing step, 10H and 5H cavities at St = 0.0
vl A2 Aedddd AL
2 udel Bz Bk $EAE AT 9
o sher BXEYE d/EAMGATE AFHA
A o} g ARRIAN TS 23 Aed
343 AReFdel 7 WFoz Bashs FYE
e & F AR md Aedgdes
AR olF FuAGoR HIdd fFol AT
& Wy AasimA Agsty mAel 27shi
7 AEA Hed ol2 Ads) mAgee A
dAF7t F45 Frtehes EHg Roln 9l

I:}-(”)



FFof7lol ot 229 FUAG} FE e f% 2 ddd =4 s 1259

10H-8 5N A AdAFe 2oigto] £yAw
of Hl&] duHoz 3 o7t &FE et ®

& Bolx Ak EI FuAY s A
A ABAY Ao A= d AT} 23b94F7}
EAFezA BAZAN QGAFI} e 77
8 e B ¢ Ak SsH-3%9 A9 wg
g ofrEol viedd] ARAsA gn E ol
shuel & ebir st ¥4 o 9zl
stetel el A/EBAAGAS B2 E At A
Aoz i HWATAARE AF FwAge
B Ataste A%2 BolA "o

Fig. 7& FWAIdol A $t=0.0¢) 292} §t=0.20

203002 ST Ao FuAY &y
vt oA o] /g AEA T Exoju) kA
TE7HAE ATl A ddsE%e] AR H T}
HAY HAe] Fadk YA S o
3 dHZon olEgon 7 Fo) 1~15H AR
A AL B glh o9 A el o)A
o] AEAF7E dAH¥er FHSLS B 4 9
=d ol ¥A ST 93 FHFEAH W
stol Al =Kol waly dohEd s
& okF TR A, Wite]l &kl o8] It
A H 3 F5oH & A2AYS 2= ol8e 9}
FTE7F Frae Aeddgs) F5509 A
gdde] £x02 JYeld FAuz odfg 4 9
o ES 292 #FolR B F o= kg
#&ol wletdel EE(impingemen)dtE RS
AA & AFAANH BN F3| 2 MG
F7F JYeEhd Aoz ralgt?

Fig. 8% Fig 9% 10H- 2 SH-ZEA
$t=0.20, 0.30, 0.40%} %<} St=0.09] Z$2
°o]& Holx ayolth 0H-BEA &3ke7)
s}zl He A HuHoz da &Fol fx3)
9 Soigte]l S & M2 Frlste
BREZ OFULE B F Y. FuAdA
=igte]l AR YA BAE HHE 2 o
$t=0.0%) 10H-F % A4 AAde EA4=2 9
& AFzo] BERYEA T Sl E B AR
Fo] BstA FHEHa TADA MG Fe A
@A HADEY Fog A Yoz
2 Shds BEE HYL & F uk
SH-559 35 £Fo7|o o m 7 ao]
doiupA] gpol BE ASolAM H£d AL B
oli o} §t=0.0%) A%t HdAFo By}

B A

L e B S e S —

Backward-facing step

120 |- -1

—@— St=00

40 —@— S5t=020 b
e St=030
0 i i i 1 i 1 i 1 A
0 2 4 6 8 10

X/H
Fig. 7 Streamwise distribution of Sh for

backward-facing stepat St = 0.0, 0.2,
and 0.3

160 p——remeep———————————

10H-cavity

xH
Fig. 8 Streamwise distribution of Sh for 10H-

cavity at St = 0.0, 0.2, 0.3 and 0.4

160 T T
§H-cavity J
120

Sh 80 -
St=00
St=0.20
40 : st=030 | T
| St=040 |
o 1 1
6 8 10

x/H

Fig. 9 Streamwise distribution of Sh for
SH-cavity at St = 0.0, 0.2, 0.3 and
0.4



1260 A

713 @A Yehda ot dfd e FuAd,
10A- ¥ SH-3F, 28 Aol Qe ddd W
ol A= §t=0.209) A97F derdE e £xo] 7}
% sl Ve e & 4 stk
3.4 80{7(0| 2F RS HsE}
WA el A kel vl ofst A Ak
FAE AA] gopr 7] 93] St=0200F 3

I
o,
2
S
2
2
1
=)
n
T
N

i)
Ry
©
o
otk
jo o
i
<
<
S
v T i
1
& ol
<
2o
o it
D
S -
AN
on, Ol
“4o 32
lo 0

LH el gk F4 ddtelth.  AHRAA

& 9 Fe FHAE0.0HE W), y=0.02H Eiol

of| A x=4SH~15H 4& sHrddez M= 3
sl =l St=0.091 A F-3= x=6.6H, St=0.20%] 4
S x=S6HN A FRE “o”%} % ﬁ¢E7} 002

ek
2} o] x| 3}
o A 52 é

oleldt At

29} o] [EP et

Bolx i vk

not excited
------ excited, St=0.2

co)FE - 243

ofsf Audddn ElfA(dividing streamline)
AL abolrh glovt AedIdels F7hd &
ol vEbgtth Fdol7ielef g A H*ﬁ A
AEAAGAT F7h= FudeR FHE
Aegg oo e %7}54 HANE
Bk x=05HAA ke sizpolo] of
g uhsLLE B o4 9l o] =RE] g}
Aol o ZbE FHel 22 SR EATE
T olen ol 74]5*0}3?—5’_/\13]0]]11 qEAH
vEel $A% 27k 9lo] HE ol
H- B 5H-3Fol A St=0.0, 0.20°) F 9] 7
o] Fig. 129 Fig. 139 AAr= Utk 10H-
ol A S$t=0.0%) 4§ Htulz] A8 3ol & 4
= A el *ZH dgbire) nietd 3
Wal Wi Ao molm oo et T
WAl Edste Aol 37}

Eow steldrt AW St=0.20
16} fé—r x=6.0H 2ol AF-Zol
HaHEA dRA=
) e dal 2 dehta
olel gk FaFefv]ell o3 A

©
ll

%

H‘“\‘

S A S L)
Yok -y

{

A

o
&

%

=

~

O

-

Az 2 2o ol g o2

]

O o
Oft
=
o)
i

|
O
o 2
N

ogo 3 2 ¢
o
o
N
Orgl
.L‘l

foose fonk 52 o

o,
2

G 30k
w2 o M

=

o

o Bt f5 SEL 8
gl el fgol AR A Rahn ezl
#

yiH

0.0

T
0.5H

yH

0.0 Ldasama 11 Al

00 02 00 02 00 02 00

T L

02 00

02 0.0

i
02 00 02 00 02 00 02 00 02

Fig. 11 Streamwise turbulence intensity over backward-facing step for St=0.0 and 0.2



F&q7)9 2

13 23k FuAlgs 5% e £ % B ddE 54 wg 1261

(a) 10H-cavity

(b) SH-cavity

Fig. 12 Streamwise velocity profiles for St=0.0 and 0.2

yH YH f
0.0 PR | il I ekl N I 0.0 e b i . " A
a0 92 00 02 oC 02 00 02 00 02 00 02 00 02 00 02 00 02 00 0.0 02 60 02 00 02 0.0 02 00 02
T T
(a) 10H-cavity (b) 5H-cavity
Fig. 13 Streamwise turbulence intensity for S$t=0.0 and 0.2
St=0.202. 2 A o7l o8] zAgtd SFTEE ST

g/ Goes FEN dRPEE
27h8 24 wolm 9%e =
A SHelslE wefER) Far SHoz
2 A9 ¥ 4% shRgdel 3% wa
of om sp-FEd AEAALATe WA
27k} AR st Aholu,

4. 2 B

2 dFoA FHADH 10A-, SH-5FANA v
g # AE3 6& 5ol AT #5F % EEZA
g dgoziy g & FEE 98 F A
Atk

244 FuATelA vte] o AR &
< St 0.2~049 B WelA —"—5&01718}
+, 9 frEe] AR ALt gadH,
ddE FHoR F¥Y dFRAEI} 7}6}
fege Ayt debdoh deld #59
I
ES

k)

oot o o ot

" o ;; r]r

E40) 9ol SFodv)ol ofs) SFA7] F3

4re FAd 2718 wger diz 29
v RzsrneE FHo @ AT
2 AgeluAel oFe] g3eir) X we 7
gol uls) WEA Lol o= I AAZF
o ez qls) WRNIA B48 shira)
°fztou171°ﬂ o8l 2AsHm o] 2RE k7 W

2 9iol WA Yol ol o

F

O

o

ot

7 EA @ gl vl AERILT 45
Qege] APAAE 22AA AEBIH A
FARY SN EAREASY FE
Agtom olelg shirzsl AuHLe FR
e AL AT SHEwAe ool
Saejz)el g zpol7} YERA ghgit
10H-&F 2 A5 FFA7)d & ERFsd
ARz o] B4 dojdo=zn {5 A/
EAAGEA A 7 T2z WalEs »ylth
SH-8%° A% S¥7|d g HAF534
HeE A9 AEd ov SHAVE s A
+9 34 v BAY BF AREFo] ofRo|xA
@7 "ol et kol o8] dHA
T7t Zogte g Q/EFEAYAsE AAHo
2 F7hd A¥g 23t

= 7

e

Ly

FE RN ER FAARATH A9
Aol o g

AgolH olo] A= HYT)

ikl

b

il
K8

(1) Troutt, T. R., Scheelke, B., and Norman, T. R.,
“Organized Structure in a Reattaching Separated



1262 BeT - o5 - 299

Flow Filed,” J. Fluid Mech., Vol. 143, 1984, pp.
413 ~427.

(2) Roos, F. W, and Kegelman, J. T., “Control of
Coherent Structures in Reattaching Laminar and
Turbulent shear Layers,” AIAA Journal, Vol. 24,
No. 12, 1986, pp. 1956~ 1963.

(3) Bhattacharjee, S., Sheelke, B., and Troutt, T. R.
,“Modification  of  Vortex
Reattaching Separated Flow,” A4/44 Journal, Vol.
24, No. 4, 1986, pp. 623~629.

(4) Chun, K. B., and Sung, H. J, “Control of
Turbulent Separated Flow over a Backward-facing

Interactions in a

Step by Local Forcing,” Experiments in Fluids
2], 1996, pp. 417~426.

(5) de Brederode, V., and Bradshaw, P., 1972
"Three-Dimensional Flow in Nominally Two-
Dimensional Separation Bubbles: 1. Flow Behind
a Rearward-Facing Step," Imperial College of
Science and Technology, England, Dept. of
Aeronautics, Rept. No. 72-19.

(6) Ambrose, D., Lawrenson, 1. J., and Sparke, C.
H. S, 1975, "The Vapor
Naphthalene,” J. Chem. Thermodynam., Vol. 7,
pp. 1173~1176.

Pressure  of

(7) Goldstein, R. J. and Cho, H. H., 1995, "A
Review of Mass Transfer Measurements Using
Naphthalene Sublimation,” Experimental Thermal
and Fluid Science, Vol. 10, pp. 416 ~434.

(8) Kline, S. J. and McClintock, F. A., 1953,
"Describing Uncertainty in Single-Sample Experi-
ments," Mechanical Engineering, Vol. 75, pp. 3~8.

(9) Dantec, 1996, "Fiber Flow
User Guide".

(10) Vogel, I. C., and Eaton, J. K., "Combined
Heat Transfer and Fluid Dynamic Measurements

: Installation and

Downstream of a Backward-facing Step,” J. Heat
Transfer, Vol. 107, 1985, pp. 922~929.

(11) Yamamoto, H., Seki, ‘N., and Fukusako, S.,
1979, "Forced Convection Heat Transfer on
Heated Bottom Surface of a Cavity," J Heat
Transfer, Vol. 101, pp. 475~479.

(12) Leonetev, A. [ , Shishov, E. V., and
Vechkanov, S. Yu., "Influence of Coherent Vortex
Structures on Turbulent Heat and Momentum
Transfer in n a Separated Flow behind a
Backward Step under Acoustic Excitation,"
Phisics-Doklady, Vol. 39, No. 6, 1994, pp. 450~
451,



