517 B 5 Z F TR OK g ARBEERO Vol.17 No.5
2016 4 10 A JOURNAL OF AIR FORCE ENGINEERING UNIVERSITY(NATURAL SCIENCE EDITION) Oct.2016

EBTESEBY Z£SR
e ED IR R N B ML 2R

MEW, MFR, K ML, REF, HA

b
(1. SETHR R MR TR 162 ,710038 ;5 2.k i as B AP R, L&, 101121)

WE N THRFETRAGFIA _EABANRRNYHAE. X TEHE TR HM
MEFHEA BEBTRADEAMAATARANENRAERIER L BRI H/EKEERR A
5 Navier-Stokes 7 #, 58 TAEAH N R MR E S HE, TELER LW . AL o ET
MEARELEBTTFTRADEHER G, ZERXT R ERFRA.LELERTRA ;ALK
By KA A O AR R B S E R e, A AR FE R (L FH TR R A
AMWHHRE, ABEAHAEHmER DN, EFFEFERAGHBDE . EELXRNLT . A A
A AW m  AEAHNBEEHBER;EBEFRATHMERGER ) AN GFAEAHFHIR
ARAZW ABAHBEMEAR WA EATERR . FE-NNRESHER S A,
KBER —SAEANFETERAGHEWEZFEE KRN RN R E LM A

DOI 10.3969/j. issn. 1009-3516. 2016. 05. 001

FESES V231.1 XHEARER A XEHE  1009-3516(2016)05-0001-07

A Mechanism Study of an Effect of Plasma Aerodynamic Actuation

on 2D Film Cooling Effectiveness
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Abstract; Based on the phenomenology model of plasma aerodynamic actuation, a macroscopic effect of
plasma aerodynamic actuation on fluid is equivalent to body force vector. Mechanism analysis of the effect
rule of plasma aerodynamic actuation on 2D film cooling is studied by coupled solution of body force with
Navier-Stokes equation. The results show that after the cool flow is subject to the plasma aerodynamic ac-
tuation near the wall at the exit of film slot, the horizontal velocity component increases greatly while the
vertical velocity component gains a little. When the blow ratio increases, the momentum and flux of cool
flow and the film cooling effectiveness increase, while the influence of plasma aerodynamic actuation on

cooling flow and the increment of {ilm cooling effectiveness decrease. Under the plasma aerodynamic actua-
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tion, the film cooling effectiveness decreases when film slot inclination angle increases at each blow ratio.

Plasma aerodynamic actuation body force has large impact on film cooling effectiveness, the film cooling

effectiveness increases and then decreases with the increase of magnitude of body force, there exists an op-

timal body force magnitude.

Key words: 2D film cooling; plasma aerodynamic actuation; phenomenology model; body force; blow rati-

o; film slot inclination angle

T RO A R R R IO e A e TR AR
BACMRBEE NEEFI I A R rh b AT A0 . H AT AD
77 3 B YRGS A e B v B AR VA
S H AR J0 5 2 R T A 0 v A AR B
E G TR RIS, R K Sh Pl K
AR T B AR v A 2 i A Sh L M BE I
N RUXAFJE  FEANEE X 2R
R I 0 T T o] 82 v ¥4 0 E THT ) ¥ 202803 14 i) e T
TREMETAE, HAT EEAHE 3 A O
FL/BE R LTS5 AL/ S AR KA T/ K
vi o fLAR/EE 58 HESDIE X LADE R A s © -3
ISR G (R =87 % G U W A A 05 =
it Ui 4 5 @ AUMREAL /B8 T b S 025 B i 3 08 1 B
2L b R L AL R R SR
T IFRE N A5

S5 B 1A U B A T B AR AR RS R e R
SN RTEl I o2 e e R o R o TR T =) R AN
JEAHL IR Y 2% T3 B, 5 R UL A AR E A
Wang C-C 555 45 B 1R 8l Ul i 7 =2 <
BRI AL AL AL A5 3 TR R JIACR . Yu Jin-lu
SN AR B R S WO LT A T O
U S IR B A S U AT DA AR R Ak
R AE T AR T AR S IR e e R A RV A
RS ATTEEIRE LB 2 T N

AR SCR IR 18 A 5T B 44 5 s (SDBD) 45 55 1 14
Wil 7 =X T A R A S Il e S A AR i ok
A oK fi AR FR S1 Il Navier-Stokes J5 2, £5 31 T Ji
A RI VR ) L il B S L RS T WXL L R
SRR NS5 RO BT R/INAE 3 R TR 3R o AUV AL
B A CEIRE

1 PR R SR E

1.1 SEAIMITE&E
111 JUAA 2544 0 0 A%

Bl 1 oh 4 SR R Eos B, 2k &
DL IE S A 3 A . B E
SR AR S AL T S O T A VA I L 4 T A A A A R

a A RHEE ST 3 it L ¥ i B SR AR RE T L L R B R
PORETE AR . WK B 144D, & N
32D MR B 70D m R 32D, B R
T TR 2R T T A R 20D, S i G A
HRT SRR 0 o 10D, D N RMSERITERE . 3
SRS TR (1 D A A 25 K AL A L AR B2 Sy 5 < 10",
T 25 P TE T RE I I L BE IR % ik A
g ks G E T R E AT RE RS M IR
B yT oA 1,k B R 1 A0 B R R
1.1.2 AR RS EE

I T SR AR E 7 A R
i R R B A T 2 . 2 A G G R T SR H M RS BE
AT A 3L, Al R [T 35 2R FH I i A% s PRV T b 3 5K
T F AR R IR A RS S B IR Y Y
W2 R E W A DR E RN
10 m/s, i BE Ry 600 K s 3 iof 2R ¥ 2003 Hh 11 3
SRAH TR L ¥ R B R 300 K, E R MR HIR
TBIRIG M EREE B ORE . WALE XA M=
pv /v s oo Flpo 43 5 S ¥ VAU R E Y
WL oo oo S35 Ve AV AN IR B, E
MABEEEYR g=( T — T,/ T.. — T M
T, T Ay 5 3RoR E AR JA WA R E,
T TR PEE

|

| 1
Bl 4R R
Fig.1 2D film cooling computational domain
1.1.3  im A AR By ik
R R TR A A HISOR L AR SO R R

AT 2D FEE AT BB RNG £ -e i i< 5 38 58 A
R TRT PRI, 0 P 398 5iR BE T Ak B B SRR MR E v
~ 1. B A 05 F b 45 6 7 8 09 B HCR A R AR
B, 6 S - BE AR A R Simplec 53, % 5 B i




5% 5 3

i 37 B, 46 - 45 B A S8 R R 4 OBV I RICR 14 5 i AL FE 3

SR I B B 20 XA X, 2% T Ak 1) WA SHOKE 2 A X 5%
ZH/NT 1X10°°,
1.2 SDBD & =ZitEER

FIH SDBD i il #% 55 B 2h 8 il & % 8 11k
it B 45 1] U Y — W TR A . R R H R A
R 43 A A A 2 A BT AN T 5 e s A U A
T, TR H AR SR T PN T ) SR TE SR L S R T T B
A O A B N B e N R D)
TAERG IERT 5 3 v B KA kL 55 filf 48
A R A e, T 1) 1 LR A g i B 455 T U
i 2 T B3 A SRR g st

MME S22 0 B T, 45 B 1 RS0 3l Bl 19 1 K
AT LA ER AR T D A 1 J 5 1A FR T 1 S8R R B (LA
Pl Shyy™™ %5 AR HEAS AR 1) H AR 20 A L HL 45 44
S FRWMMANIF A THER S E L B = MIBK
TR o A A A SR HNZ B A A7 13, B4
Jo BEL 5 % FEL 93l g1 Xk S0 U BT A S
=S X ST I R AR G5 A R R

F g =paeavALES (D
K : 0, S HL T B B e O R fr B By Ol HIR
B, A WU IR A R B L E Sy s T 3 )
fi. O HWUHER 180,26 =10,FnmE MY IXER
WAFAERFL T 524 6 =0 B RoRE = M XA B
AIERTT,

AR SR S UACRR T 43 A DX AR AR AR AR
R S, TR AIE 90 45 B 1 4 A< 3l U e ARV A
AR RE N, TE SR AR BR D) X R SE R 3 3 1 5
Wi CEARFR S 0 A F oy = (F e » F oy ) 1E SR
TN 3] — 4 A 7] & Navier-Stokes H ', %1t
ENIECT DR

Cou) | 3Cpv) _

op , O
i 0 2
81‘,Jr ox + oy 2
d o)  Opu’+p—r1.)0(uv —7..)
o =F,.. (3
ot T ot T dy dy e (3)
Apv) | Iouv —t,,)  Houv+p —1,,)
=F,., 4
ot T ot T Ay mey (4
e a(u(efp)*r“u*r“'v*/eal'l‘)+
ot ox
olule +p) —tu —1,,0v — ko, T)
=0 (5)
CAY
R Fo =] Foy =5 P | |
N F g =| Fag |= ————5F . = Fuy |=
k
N

1.3 1=BIGHIF
ST HE SDBD ME G2 2 11 5B R R AR 8 H)

TR A SO S BOCSCHR[ 18 T/ PIV 5L 55 45
ASCHRL19~ 20 TR 52 56 0 FLAS RAF W S 2L e . <
JE Vo F0 TSRS A 1 S B5H B OSCHR (19 )52 30 B8 kA7
WHE, W1,

F 1 xE[19]M L H IR

Tab.1 Experimental data of literature [19]
a/C) T./K T./K M
45 833 294~555 0.5,0.7,1.0.,1.5
90 833 294~555 0.5

Kl 2(a) & SDBD 5 #8558 1) {5 B 45 2R 5 SCiHk
[ 18 Y 5L B0 25 3 () X Le 1, AT DL & B3+ 3345 21 1) 45
B RS S 5 00 3 RE TSRS B ) A
PIV 045 (4 <000 8 BE 43 A W) & e hy . AR HIH A
25 5 SCHR (19 152 56 45 5 A SOk 20 ] 5 H.45 R
L UL 2(b) L (o) o BAE AN (R WRRU B A 5 4 i
FAF 5 SRR L0 2 AR 25 AR /N L U I it B
RURITE R 5k AT, AR R .
3.5
3.0

2.5
2.0

Y/mm

1.5
1.0
0.5

O.OO 1 3

2
Vi(mes™)
(a) STHERI R BE ST

0 20 40 60 8 100 120
XID
(b) a=45° I HIE S i

0 20 40 60 80 100 120
XID
() 0=90°,M=0. 50} B HB R 4345
B2 SRS I 4 AT T
Fig.2 Comparison between calculation result

and experimental result



4 2R TR CHARBE O

2016 4

2 ZER 55

2.1 EBEFESFRIKIEL AR MBI
B

R T GRS B AR WU R RS HROR
LM AR [ EAEM A o« =45° WAL M =0.5,
it i Y 55 B AR KB B SRR FR) | F s =9.10 X
10° N/m” . &l 3Ca) . (b) A2 il in 45 2§ 1< 3h i il i
Ja . #E X/D = 1.0.2.0.,4.0 F1 7.0 5§ 4 4~ B Ab I
i O s 7 0+ o A o B € 2 1 B )
B IR BN A5 B B KT o E AT KA e B A
X/ D 38K, 3 RE K431 3G T 5 5 el /) s it o 4
BRSSO 1 A5 S B 1 ) A DN R
e KR T AR B A S 0 A P A BE TR HL
SEITNREE DA 55 2 1 1Al s 45 30 o BV
PlEN B2 2 N R [ 7 N = W [ R O 1 B e R | i
P BET S S0 A ] Bas s, AR AR A%
XF A FHE DA A 2 DX 3 1 3 A4 52 i 3 /0N, 3
(a) «(b) 7R i i 45 &8 F AR SR AT 5 Y/D > 0.5
F14) DX 3538 7K G i AR AN | R Ry i AR AR
AN TN A B RSB U AT X/D = 7 By K
i R E A AR AR /N

3.0

Plasma off, X/D=1.
2.l

lasma off, X/D:

Y/D

2 4 8 10 12

6
V. /(mes)"
(a) BEAPor S5 Al

YID

0.0 02 04 06 0.8 1.0
V, l(mes™),
(b) B R H AT

3 il o A AR R A O3 A
Fig.3 Velocity distribution with and without plasma

aerodynamic actuation
Jit Jin 5 15 A S Sl 0N I IS U 4RI BE 43 A L
P A, Tit A5 B - A Ul IR T Ve U R AR SE

1 Ah 6 5 R T, A S 11 A O AR R X, 3 i A T
T s BN A B RSB e T XA TS KL 8
DAL= B I N Y T D S )1 B 28 O - T
Bl 4Ca) (B 4 (b)) X He AT LA & B, it Jin 45 2 1 1R < 3l
T Bl VA R R T A T ) B, RE TR Y VA B Ak
R4

&5 A 0.5.1.0 F1 1.5 W, it hin 45 85 7
RSB Rh 1T e S H AR A . B RS
AT e 0 A5 S - R B R IS O I RCRE ]
R 3 2 DR O i o 5 S AR Bl 3 il £ T R o A
S T 0 T XA 0T R v AT R KT A i 4
TINASE R ¥ TN 1) " Y98 20 5 Fh L 3 - T 6 it
SEES TR SR 5 L SR R A A G AR X T
IRV 43 i A BE I AR /N 56 Jin 45 2 A< sh B i
A LG e 08 0 I 1 I R T KO IV B R
TR U /0N |40 AR 557 . DA b T L AR AR B T 3L L 4
IR, B A RO B A 3G R L V8 T Y T R AN Bl o
o, SCHEAR JEE R KT 43 i 4 K, BE TV A Ak R 4R
re o R ARV AR B ek B XU L T 1 R T %
TR AN & TSl L N E N I = S NS s i € ]
X VA H1 IR 1 5 I 355 o T4 AL 14 R R KT 4 Sk 1 i
TN RS HRRCRIG BN

1.5

Temperature/K

550

1.0] 500
Q 450
=05 400

350

0.0 300

0 I 2 3 4 5 6 7

XID
() FENEE TP <SR i
Temperature/K
600
550
Q
=

0.0
0 1 2 3 4 5 6 17
XID

(b) J N 25 S Eh B e
[E3 I ISR N A B R 1 b 5 o

Fig.4 Streamline and temperature distribution

1.0

0.8

= 0.6

0.4

1 1 1
0'20 5 10 15 20 25 30

XID
5 NIRRT BV E0 AR 3 A ¥ 1) 43 A
Fig.5 Film cooling effectiveness distribution along flow

direction at different blow ratio



5% 5 3

i 37 B, 46 - 45 B A S8 R R 4 OBV I RICR 14 5 i AL FE 5

22 SEZHAMNSKELSHAYREZN

K6 MR M =05, I4EM A « =30°,
A5°F1 60°H} . 78 X /D =1.0 &bt i AR F e
=9.10X10° N/m?” (155 & 14 3h Ul i 5 10 3 B2
Sy A, H AT g0 45 S AR S S R T IS B
TET BE 30T ¥4 0 00 3 R K- o 5 0 R i AR
B AR 1 3G KB W S . IX R T ORI A A
PR C IR TN BT 95 & = & VA NNICI B A R 3 N
JINARE B8 U SS Ul I RE TR S R R Y B K P
3 FRRE 4 15 5 it 0 3R Rh WA H A i BG m, A [a]
it X EEATH K .

3.0

2.5

2.0

1.5

YID

1.0
0.5

0.0

0 10 12

4 6 8

V. /(mes™)
(a) BBEAR PB4 A
3.0

2.5

2.0

1.5

YID

1.0

0.5

0.0
0.0 0.2 0.4 0.6 0.8 1.0
V., /(mes™)
(b) B 5 S5y A

B6 R BEE G T o 4 A

Fig.6  Velocity distribution at different film slot inclination angle
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