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A Study on the Flow Characteristics of a Two — Dimensional
Oblique Plate Impinging Jet
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Abstract

Turbulent flow characteristics of a two — dimensional oblique plate impinging jet(OPIJ) were
experimentally investigated. The jet mean velocity and turbulent intensity profiles were also
measured along the plate. The jet Reynolds numbers(Re,based on the nozzle width)ranged
from 10,000 to 35,000, the nozzle - to - plate distance(H/B) from 2 to 16, and the oblique angle
(a) from 60 to 90 degree. It has been found that the stagnation point shifted toward the minor
flow region as the oblique angle decreases and the position of the stagnation point nearly coin-
cided with that of the maximum turbulent intensity.

1. A 2 FAEokAA ZWA H&E 2 Utk HFY FE

AEE FE49 &%) ¥n3 272y {5

2314 B wZZRE EalEo] AA WA 2 g AE T E R EE AEF vld 2H0
e AEE 1 ey destdME IRrHor Loldithe olH S 21 Y] R Al ®
d 922 Ay g93 20318 3= gt £3) 4 & Eoh wEA o 7] Fee] FE A Eo o

° yo )(

4y 259 9xel S 359 20D WA B UY R FAR A7} o[ RoiA Kok weA
A Eolu sl shyzt, dal wEe] W7t B BAY 2L skl o] BE A7 P

d TN B2 T ALHHQ o] &2 F =ZE ETEFH UE dF 459 38 99
51?78‘ :Lal AAG M, fEgde Az o Hadrh

Pnutm 71}41*3_74!3@}4 A7 EdTE
* ¥ —‘?—*&rﬂiﬁ et AV A A S
® ook FAIREw A1AZI D TR

(37)



38 WREMARNEEE, $2048 F 1%, 1997

99 F 2 AA °§ 9 (impingement region or
stagnation region), ZFolA ¢ & g AE=R
daso] b 9 A E o d(wall jet region)e
2 HEr). 28y o9 22 g Aol EAEte
Tl AAle =50 HAolU AE &7 &%
Y, GH4E 9 2 99 @2 Aolst #A A
Ao

2219 ZEAENN FF F o g
£ % = Schauer® Eustis(1963)", Beltaos$}
Rajaratnam(1973)?) 9)3ld A7 =AU 3, TA=
< AFAEFE YA Aol 7] 31go g FAA
2w JESHS AEEA H 5 @ =g E
TE A3 FEY IAHAAM AENZ F3
Z7HE #FFA ey, o] W= Gutmarks}
Wygnanski (1976 2349 A E 179 =9
e} Agl 8|7t 120004 FHAE, FHAAEY 3
2h4zr3 s 9 23 4RBAFTE AL T
gt Gutmark 5(1978)"& & S ToAFE EF
Zo] 10068} Ao FE A3t AEF
o] FAAGANA HE £ AT FEHA <o)
Wil Ao g d T3ttt

Amano(1983)"2} Wolfshtein(1970)%-& H 3 ¢
of F&8te Ao dHe AFE FXH A7 E
53t zAb3R T

Gardon®} Akfirat(1966)"+ 239 HH A E9}
HABPANEZ Ffe| FE2E ) AEREFHL AR 7
71¢te] 3ol oA AAAHE dHRFZE o] &
3t @AY B4 & ZABIA oY, 50T A
27t &d AE 2o 8uld o) Hoe] BA o
wAste vl el Baughn5(1989)“‘3’—} v} 2}
7HA 2 A E ZT9 HBAEe] o] HH o] F& A%,

A o] A28 EHd Sl Yebd S &

ZANE

=
=2

l

[e]

B3, o) & AAFE) Holol 9 Aoz FEH
At
laﬁ”l ZEAEAN ZFER AALZ
ZEA & Goldstein®} Franchett(1988)"7} t_*l

(38)

AR, AEETS $ERHY A, Rey-
noldsF%-¢] ¥l ©}& AL 2AMSIY 1,
o] AVt 45 HdAZ A Ho] EFE
o7 ol5eg FAFY . T3 Sparrowe}t
Lovell (1980)& 1}z &3 %1}%‘3—% o] &3l 7

E X

AR B eel Ao AHD 54 2A ST
2 el Al gol B85 n
2449 ZEAEAA ZAR BBl A

g A E] Hohu A
ynolds 4~ (Re ==

219 A2(H/B), 25
A A=S/B), FE32] Ha)
AES FE5FE EF AU

2=

=

U,B

o

2.1, d¥EH

Fig. 12 = &0l £&5 = AE Z ALY He
ZEH dAFEAE B3t PCE ARHE F
2] o] 7 gz o]}

%250 34 AEVI2 pEEHE A3 E A
& FFOR ANEFLE Edste HAHole oF
6mo|t}. 52 YA ¥ $ZF7)(centrifugal blow-
er) & B E] o) B(diffuser)®} &4 x=Z(contract-
ing nozzle)& H&te] AP Frro g EAlETh =
%2 Morel(1975)0] #| bt 27] 9] 3xpF 202
AlAbg gholl whe} A2 s ok

HE E ETEEE A7) Hstd AEH H
Bi(settling chamber)Z A A3ty ov, dRo

AMzrE YQEQIe = 2749 AYE 7 i
datA st gk HEr1e AdF 2o AR E
Ad Fos HBI(FAHAE, 503 & 1 SV -
037GS -2)8 At&3td F71&%2E 0~22m/s
A delM =-3At. &9 7% Be 26.5
mmo] 3, ¥o] Wi 350mmE A dAH] W/B+
ok 130t} ALz} o 60° o A] 70° 2] W9 E =
e 5 U E A &stget

Alg el A F2 02 FR|Fo AE 5 F9
25314 2@ H9e 20mm A9 ol ™S ALE

[e]
5

)



AR Hol A 231 8 A ES RF 54 AG AT 39
Impingement
Settling chamber gapeen \\ plate
< Ja/
o S S
T AT
Nozzle = H-
Blower .
Hot wire
[:JI A/D Convert ——
TSI C.T.A.
= <‘——v—~\/ 1FA_300
Fig.1 Schematic diagram of experimental apparatus
w03 19 @49 mAelE 53 24 TS o] 43919

" Confining
. walls

-

Impingement
plate

e L) e

{mm]

Fig. 2 Apparatus of nozzle exit and impingement
plate

o] ASIQAD, BAE AR 5 o] $37) @
o 3EBE FEY 2F 402 A% wH uw
Heel 2L st lom Ao £ QB
$ AR BE 42 ARGt AEY FFLS
o ¥} WYL FFHE, 59 £ WYL RS
2 goldth =227 3509 A He
B3, ANAE o, =2 %S B oD, $E4
E9 #54E 243 A%l AAESEAS A}

gatanh B8 SRl 20444 A3 9
shof Fig. 29} 2o] el o}2) o} 915 ststoy.

2. d@gynt Xy By

o

FurnessAle] tlxgnjo] a3 nlxenje] 2 &
Hol] A X € ?J'a"lﬁ’—i—'?*a A7l 8 & A8
o Hd dFAFE Adstdd. B3 §452
Zat7] gt 2ad 9} A 28 EM F LA (TSIAL
IFA-300)7 13 44 2 Xg 4 & AF&3uioh

=

=

3, X3 449 A o= look up table 71 &
faldth. 4o R E B YA sy Y3t
o 0.05 mme] FYEE Zte Ho] 23§ 3|7

o] AFZ-E| Ut MM ZRE dojl Holele

A

AAEZHAE 531 PCol A=A
3. A&

B AFoMe =22 7YAL AA ZA
Htd X3 dH o2 A £ ¥ X & Fig. 39
JERG B s HEE] & X v ﬂe.i
1.8%, wo] W¥o 2 24%cjyd Ex gl oY
FEFEE FIE Role Aoz AudUrh

Fig. 4(a)= Re=235,0000] 11, H/B=2~16A}¢]
A FEHH] ol FHEA dAE F 2
H4E A EXE HA RAolnh AA A &)
3t S/B=0 A M S5 Joighe a2
ew, A9 HastA ¢ dPH EXE o
T givh =3 G =E3ke] ARyt Hold s

du 4> of JE

Velocity

Fig. 3 Uniformity of the nozzle exit velocity



40 WA HRAEETE, B218 B, 1997

(P - POAP,-P.)

(P-P)/(P, - P.)

(b) u==60°

Fig. 4 Profiles of the wall pressure coefficients
along the inclined plate surface at Re=35,000

e g Qlate] WAt At #aly
E e ol AL HHEAEY A A
Aolgt At v, H o] =53 60° 9 7}
i e Fig. 4b)e] A 23 o g9l
AF A7t 718eAed AP o2 e K
2 xF Ho o M A= A1 Yk
3 Ao gAgE AR Hile AAH
=2 ou|EA gl &, %50 AR FE%
o 7 sl FEW ZAAM STt U
7} AAR Bl M7 E R o2 F oA
2 Qlale] Al Falfie]

Q
=

—1m

[e]

l

off M o 1M

0 e o O du ool owe g rir
of

lU—Yl

H 2 A o

EHFHoR A¥

._4__4

A7 PSS S5 Yt = EejgMo] Eaete
EZolA Hxo] A Ho] o] FojAH, Hf HH
e AF7 BA ZASA Hoh fE HEE
& Subgko 2 vpolzbx| gk, A of b Al A A of A
= REY Wkl xjf&sh_ Ves o F Ut
Fig. 5% o A2 3 o) H/B7} 8,104 7
ol A& RFFoZ 1 He 355 Jellz

(40)

0 4
Q e
i .
[t
%] a »
i -
. ®- HB=10 !
22 ‘ & HB=38
-3 L
40 50 60 70 80 90
a o
Fig. 5 Profiles of the maximum Cp variation with

the nozzle to plate length for various obli-
que angle

L1
.

0.9

Cpmx
oy

08

07

06

05

8
H/B

Fig. 6 Profiles of the maximum Cp position distri-
bution with the oblique angle

aok & wZE ¢ FERTH At BFEE,
BAALZEe] A& & W Bol olFHIL ASS & T
alth. E=& Fig. 62 AAL4zed ut& HogHA
ol MzlE B3 n led, H/B=60] %78
A&AES §&o] 3l A =3 HA
Hadn d5e g F Utk

Fig. 7& AHFAEel Hto] AXE A2 AE
FAAL 45 2ITE Y dA & ALEetd A8
o Bel Aolth, w&F 7 HE &% o= A
A AL FR 5= ol & Edld 3.0]% A(poten-
tial core region)o] 2}t 8}, Eeld o] Hols
TAMAATe) o] AR Ho B E=Tt =F
ZFo A el A B FEe] 959 4oﬂ TEEE =
Z Z1ENES doj7 ¥ Fx Uk ket
A B AH A Re=35,000014 & Tl 3017
ol7} X/IB=6W712] FAHAE S Boln 3, =&
BREIS] fFol FEW JMolM nUF YL



7327 B @el A 22t FE A EY /5 S R A7

41
LS ‘ i i " 06 T . . . - .
1.1 .
1.0 Rz;‘:'ﬁ.' oy N 05 . ’,\‘l | S
YN SNt
soli iUy o B I =)
D oesh oy w4 T § g 2 03 ‘ "I\ln |
05 . . 4 | b4 - Free Jet = . 3‘
0.4 i . ‘l : 4 - I “ #
03 ! . 3 Y oz - é‘. z’.‘:’
Y . AA v [ 4 0
212 O ! ol W' b
Q 2 ; 6 8 10 12 1‘4 16 18
X/B o0y 3 2 1 0 1 2 3 4
Fig. 7 Profiles of free and impinging oblique jet S/B
centerline velocity at 0.=90° and Re=235,000 Fig. 9 Turbulent intensity profiles in the impinge-
ment region for H/B=6 and Re 35,000
1.2
109 e Faid $EFH0] 28 F7HE 1 e
1.0
g, 012 42 FERFA Aest g A¢
08 . =F BT 557 250 Jte] A A&y 3
g o HB=s X"' ¥ At B4 E 22 274557 ¥ 2
T L S| ol @de AuRA Ao 24 SEe) A2 Ast
o 5 o $EE P 22ohn gk Aoz et
oo X Fig. 8& Re=35,000, H/B=60|A] = Z 2 XE]
Mo e T FUAE G2 28509 ANztEY e S22
(a) Centerline mean velocity EG dFFEE Ul Ao S 2N, FEW] F3
d W= I e HaFErt A9 04 7t
2 - = W dRAEE §43% SR %S 21, 7
2 _ HB=s i 7 A7 &S E Y A A E ¢l £xvt
e =60 3 EAsta 3, AT g A veva gl
- .= =700 '
UL o ool RF2oRy HUgAS o)F o &
,,,,,,,,,, i v
= L] gics
7 Fig. 9& Re=35,000, H/B=6% ¢ x| oA ¥®
| £ ‘ 0 2RE 2% ol 2mme] 2 A& Hdn 7}
NEPESY s il 4 2RY ¢ USF sto] 350 AN RN T
7
X8 2 HRZ4EE Y Aotk 250 FH2
(b) Turbulent intensity 2 e 0ol 7 o 3 A
Fig. 8 Profiles of the centerline mean velocity and j v @iLV% [ Aslel 90 A&
turbulent intensity with the oblique angle <= ¢ F U3, azk 90° N FERAA ) FFZ
at Re=35,000 SE Q% Byl S5, JAlgo] 4242 58
Bol Ao HUMFAEE RRE02 o Bad]
2 dote] $27F FA38 B2HE YSARAE vamzo uRgre 34 95 wae
4 BABERH ARG E THE FEDY Qg f9o] B YEAES ZHS T 5
(Impingement region)o]2t &2 ), 25 go) 21},
AAHAE Byl BREZLEE TR 30 Fig 10& 35 ¥ 373 3150149 #5549

D49 WH/B=2) = XB=1F T 2559
FEZ WD AAT, EdHTo] 4 9(H/B

0%

o
1o,
4

q
A} A& 2ALEY) st H/B =6, a=70"¢ A
SR FEolTh o7, U, e &

(41)



42 WEA MBS, B2148 B 1%, 1997

4.0

H/B =6

S/Bwl
SBw=2
SB=3
SB=S5
SB=9

S/B=11
Verhoff

Fig. 10 Mean velocity profiles in the wall jet
region for H/B=6 and Re =35,000

Loy, Y & AH#4kA 2l (upper jet spread)e]
o AFAE g A7 E T8 PorehF
(1967)22 ¥ f-Fo] S/B7F H/BR T} & 7 9-ol| A
= A9 fA18 FE55AE Fevn sYed, &

A7 A= SB>5L 0 A9l FAaA b

4, Z =

B 2o 23Y HHA ErF AL 3o
FES AL AALE(0) &1 FERH] A
gl ()l dsted F5 54 Bl 2ALEY T
Hke] ZAtzto] 90°91 A% AE FA A
e AAA Ao AFrE EAEA =,
Aol EAEF aﬂ— oz FHYo| ol %
A @t ol &
9w shrtel M 3
Al =1 ol {5
= coanda3d A&
AAzte] g 5
ge) Aoz Ql
shod AA A W

3
73

2 =0
= =

rﬂ.

1) Schauer, J. J. and Eustis, R. H. ,1963, “The Flow

Development and Heat Transfer Characteristics

(42)

3]

3

'S

YA

8

of Plane Turbulent Impinging Jets,” Stanford
Univ. Tech. Rep. no.3.
Beltaos, S. and Rajaratnam, N., 1974, “Imping-

ing Circular Turbulent Jets,” J. of Hydraulics
Div. ASCE, Vol. 100, pp. 1313 - 1328.

Gutmark, E. and Wyananske, J., 1976, “The Pla-
nar Turbulent Jet,” J. of Fluid Mech., Vol. 73,
pp.465  495.

Gutmark, E., Wolfshtein, M. and Wygnanski, 1.,
1978, “The Plane Turbulent Impinging Jet,” J.
of Fluid Mech.,Vol. 88, pp. 737 - 756.

Amano, R. S.,1983, “Turbulent Effect on the
Impinging Jet on a Flat Plate,” Bulletin of the
JSME, Vol. 26, No. 221, pp. 1891 - 1899.
Wolfshtein, M., 1970, “Some Solutions of the
Plane Turbulent Impinging Jet,” Trans. of
ASME, J. of Basic Eng. Vol. 92, pp. 915 - 922.
Gardon, R. and Akfirat, J. C., 1966, “Heat
Transfer Characteristics of impinging Two -
ASME, J. of Heat Trans-
fer, Vol. 88, pp. 101 - 108.

Baughn, J. W. and Shimizu, S. S., 1989, “Heat

Transfer Measurements From a Surface With

Dimensional Air Jets,”

uniform Heat Flux and a Fully Developed
ASME J. of Heat Transfer, Vol.
111, pp. 1096 - 1098.

Impinging Jet,”

9) Goldstein, R. J. and Franchett, M. E., 1988 Heat

10

11

12)

13

Transfer From a Flat Surface to an Oblique
Impinging Jet,” ASME J. of Heat Transfer, Vol.
110, pp. 84 - 90.

Sparrow, E., and Lovell, B. J., 1980, “Heat
Transfer Characteristics of an Obliquely Imping-
ing Wall Jet,” ASME J. of Heat Transfer, Vol.
102, pp. 202 - 209.

Jambunathan, K., Lai, E., Moss, M. A., and But-
ton, B. L., 1992, “A Review of Heat Transfer
Data for Single Circular Jet Impingement,” J.
Heat and Fluid Flow, Vol. 13, pp. 106 ~ 115.
Poreh, M., Tsuet, Y. G., and Cermak, J. E., 1967,
“Investigation of a Turbulent Radial Wall Jet,”
Trans. ASME, J. Appl. Mech., pp. 457 - 463.
Foss, J. F,,
Angle Oblique Jet Impingement Flow,” AIAA
Journal, Vol. 17,No. 8, pp. 801 - 802.

1979, “Measurements in a Large



