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3-D numerical simulation of dynamic process of twin
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Abstract: For twin nozzle short take off and vertical landing (STOVL) aircraft lift loss,
Reynolds-averaged turbulence k-¢ model was employed to simulate the aerodynamic flow field
of STOVL aircraft and its lift loss. The effects of suck down and additional lift of STOVL
aircraft on lift loss were studied, and curves of suck down during steady and dynamic proces-
ses were acquired. Results showed that suck down mainly depended on low pressure area
generated by entrained flow, and additional lift had little effects on lift loss. When dimen-
sionless height was lower than 3.5, suck down was larger than 10% of the aircraft lift. Dy-
namic and steady processes were compared, and suck down in the dynamic process was grea-
ter than that in the steady status, especially at dimensionless height 2, nearly 20. 6% differ-
ence. The movement and development delay of main vortex was the cause of this difference

of suck down during steady and dynamic processes.

Key words: short take off and vertical landing (STOVL); twin nozzle;

impinging jet; dynamic process; lift loss

S e /AR (STOVL) H AR Z18 RIT A TV B AT DL AR KA E R AT STOVL

7 B # :2014-04-23
TEHE B AT W52 (1987 —) B, iT T B L 1 2E L BF SR 480 9 R S 4R 3 )1 % . E-mail : hongliang365@tom. com



5511 Ht R WU STOVL AT 88 T+ 1 28 B ol 25 3 12 1 = 4 B (e A 401 2689

TRAT AR T I B2 AT A N, TR AT AL B
ML T 7 B U B I G R E R G T I
# T RS STOVL ®AT 5 3 F oA B4 1
S KT AT RS A PR B T R
B TRATARAS, 24 WHLIT ML, b T 25028 T W45 A
J5 ) NI SE IR T RBLHL B 19 R 3h I 1 » 77 A= B T
W BfF 5 7 (suck down) & B F 1 4t 2% (lift loss) , B
A P ok S O R AT R =2 T A A AR
FHR 5 B TE i i 32 R TE] i 2 mE A
STOVL "®AT#577 A= 1) 2 IR Wk U 76 Ml 11V 2K, i i
TR BV bl RATEHLE = AR BT ).
BT wh ok S IR A4 b T W R 855 R R X AR % )
R TR 4K o 7T LA 43 BT 5% i T 458 2% 19 O 3 e o
S HLEE (H Rk A 2200 T b P A R T
1595 B 52 . Wyatt " &1 805 45 wh oy 5 S
FE IR AT T LR AT, RS T Bk
L5 il i BE 22 1A B 22 50 A XL O HLA BRE T R T
L] 455 780 1 452 55k 154 4% =22 ) ) o B30 56 2R XLMgs A
ey ) [ 7 o W10 - A1 /I W ok W e o1
3 ) R T A W K SO Rata SN 1) 1154 A R S E 1) =2
W% Y AH ELAE T 52 e Ui 3 B2 8 M. Krothapalli 55
X RS A T R W DL R sh M s O R AT T
SR 5. Kuhn 28 3E 4T T X045 b o 59 3 i
Yy SO IF 5. Al A0 A A ook 56 O 4 LB
THHEAT T WF 580, 4 1 5 O LT Ak A5 il i)
B X Ih A TF R T STOVL AT %8 = % 7K iie %
% A% Y TR 5 10 ik D K Bl LA A I gL it
ST XTI STOVL RAT#Esh AT 1 & etk A7
THUEBAE 5T R B X BB STOVL &
o 3 A 6 3 250 AR A BIF 9T T AR D L AR SCRF
FEAUEEE STOVL AT # sh A f T 7 28 1) .
1 FHJr b E S I 48
ARSCBUE A, T STOVL KAT 2% 1 3 fif Ak At
TR AT TH 5 R A RO A 7 T o b B O . B
#HEJ3#E STOVL "RATAFIFAT e B R % ol P45 B p IR
B AT T . B HE S PR AR,
F= > [pVV.+ (p—p)]AA (D
W HE S F oy U He 7 R A O S B
SEARECR. py s po 2300 R FREE R ) (BEAE R 1O
BEES ;A IBE S OREER; V hEiE H A
R BT, AR n 8 OB Ry ). T
T 5% XU w5 558 00 0 30 » A 0 ok T A Wt A 4
JIZ R W R AL= L+ L5 X, Ly Lo 4y
590 Ay e B A5 00 B B T AR Y 1) o B B AY B A

ST I Y ) 7 AR G RS ) b OE
. R AL/ F & SCTC i 400 B 7.

1t SR AL, T A A T A 1
() Frm, Horf dy Tt i B, b o o v
MEAE D EARSR T d. o BUBEAE I O B AR AL
B O EAR N Y SR e R
h/d. di/d=9. 24, KT FIM B AR T
XU TLART AH 7 B 1 1 (b)) 7.

Nozzle

¢ Liftplate d Q d A
- £ ! s

Ground surface

(\ _'?_

3d [ 11 mm

(b)
I R gl

Fig. 1 Calculation model

BE AU T Fluent N, R % B 320
A 1] Bet 5 7 36 SR A 9 2 A Reynolds-averaged
Navier-Stokes(RANS) J5 £ 4H. 550 F 1 b X it
i BSOS T Roe A8 Ay 2 B il K% =X, 267
i SR ] 2 B b 22 43 A% 2, W BRI TR] B HICR: H
1 BB =X Euler J7 2273 20 3, % A0SR H R =Xk
OLEST E] A . T Ry B SR 6 B2 SR ] Suther-
land 233 SR IARAE k< T AL AL, 575 E
SAECERL 1T R L TS =2 . B K
JEh 25d. WP A D45 8 e ) AN B 264 i
BT I 25 E T R WU VE L 3. 671,
A 780 KL SR I3 [ A% B 40 STOVL & AT 48
iz B R ICEM 3K 8 37 45 1 Ak A%, %t
W% A5 BE AT, T g A LA B it B D 45 DR T il
JEE DX 3Ry 0 )



2690 o oa

2 FAORERESTEENHEZEU

2.1 BOINBRRHEN

ARXERAITET R BER & E h/d=1,
1.5,2,2.5,3,3.5,3.75,4,4. 25,4. 5,5 &% [ i 5t
i (free jet) Fa 25 R (9 W B 3057, 41 %) sh 2 K
AR RS R R TE RS R S
filt b JF 46 2 24 o B 09 1H 53 AR 8 W TR s B %)
il B b/ d =1, VT8 AR Lk i 20 bl s B
h/d=5. A& F BRI R 0,001 s Horbr, 3l W 4%
PR v 3 T 1% & &R 1k S 3l 7E UDF (user define
function) H1 52 B 10 mm/s [ ®AT #5273 2 Kk
BB ST AR 25K AL A% R BT B TR
100 J5 8| 375 Jj zZ [d].

K2 i CA B h/d=2 073 8 B K &
BB AR RS T R, WA M T 40 7 A
53 - WA 5 X L Q5 3 1k X, O BE 5 3T IX.
@ LWL HX . © LT X . © Wi R 5 sh
X% W & I XL I8 45 8 Mo 97 42 30T b T B, 7
(W5 0 TR ) I L T ol
TR Ve S I b T AT BE L ZEAR b
& BV b E T I8, STOVL 64T #5 $2 4it
B I D7, T D0 MR RE T 9 4 T e Al U X AR TE AR
] 4B, 7 AR AR L A E B . T T A3z B 1
W B 7 Fh 3 7 8 0 2 K.

0.06 g ; Velocity/(m/s)
l 720
0.04 | -~ = | W30

Lift plate 2 | ] 540

002 i OO M 450
£ o | e m36(1
o Y Ve

. 270
- D 180
~0.02 k o @8
S 90
~0.04 - 0
—4 Ground surface

Bl 2 RIS R4 3 EE (h/ d=2, CA I
Fig. 2 Flow field radial velocity during steady process
(h/d=2,CA section)

2.2 BRAECMEHEEMNER

B3 MR h/d=2,0A,0C J7ia Tt 5
M BETH J5 1) Ry iR A L B G AR &R
B M T W LA A& TRAR TR 5 OAL OC

VAR %30 &
el I
! ki O
0.10 | \
oo 005 F
ok
=005 T JetL  JetR
1 M |
4 2 0 2 4 6
Xid

K3 R I SRR DR A Ch/ d=2)
Fig. 3 Pressure distribution on life plate during steady
process (h/d=2)

] i 9 ¥ A A3 A S A AR TR) AU T A 2k (XY
d>4. 5)FETEAN 2, T SCEE X OA M3 k17
G3HT.

Bl 4 Sh RS BT T BE T OA J5 1) K )
WM. IE X/d<—1.5,h/d=1, T+ IR F
BE T e 7 Fe I, W B4 P e s 2L B 2 ol o o 2 Y
s FE AT RE T R RO T E AR AN T
W) R A AR 78 TR BOR s 7 X/d>—0. 8,
JE S A K F A 7, 7= A B Tt g, Horp
h/d=1, & J1 M AR AL P e P4y TR 1 I {E 2
VA P T T B R 7 A B X
SAEAEAR ) i B Bl 2 o o B RGN, i A s T 0
B T B8k TS, B AR T iR
R TE ) v o A FH 328 055 B - T i

K5 hEasE R h/d=1,0A Bim KB Emn
0.15
I hid=1
hid=2
i hid=3
0.10 | hd=4
hd=5
| ———— Free jet
o 0.05

-0.05}

Xid
B4 RS RIS ARE i R A COA J5 1)

Fig. 4 Pressure distribution on lift plate during steady

process (OA direction)



11 it

Za WIS STOVL $ATREF R sh Aot

TG = 4 B AR U 2691

Radial velocity/(m/s)

300
0.04
’ I240
0.03} | _. (55
0.02F | | 120
_ 001} 60
E | " 0
= ot kY m
' ' =60
Baag - 8-120
~0.02 F %f A 38 _150
-0.03 bl l_m
R ————— B 3
0 05 1.0 15 20 25 30 35 40 45
Xid
5 s B E A (h/ d=1, OA #H)D

Fig. 5 Flow field radial velocity during steady process
(h/d=1, OA section)

B BRI T X/ d=3.5 (&AL, X
IO T A T BE TR ) 8RR X/ d<<0. 8, i T+ )
M T BE TR A [ B B2 85 i o T 0 MR BE T 3Z F) DA
ES‘«ETW%H OD 8 1 w7 7 A= B m 77 X AR

FARTE AR DA #0H # FRUEE OD A i i AR K, X
W B oy S e TE A L e AR BN IR AOR.

&l 6 Al A& AN (6] oo e BE R Ui S JL AT
Wl £ BE B, FE h/d = 3, W (H o B B2
330m/s. B vt = BE 19 A0, 3T T D 0H R
W& AALEAE h/d=4, 51_#9’195*'5 wi LR
WTE B X Bl 3R &2 5 M B &L, L AR T BE T
Eiﬂi,‘(nudﬂ‘ﬁ%ﬂ%i&[‘ﬁ%@%m&i’é}ﬁﬂ,EEI
T R .

K7 MRS OA Jr e BETH ) AR R BE T 1

e S—
=
3202 A hd=2
< hd=3
280 3 hd=4
5! - h/d=5
_ 240 Free jet
g
E 200
=4 Main jet direction
B 160
g . —

120 Fountain direction
80
40

hid
axb e M SR A 0 2R R BE 43 A

Fig. 6 Centerline velocity of the fountain flow

Ke

during steady process

mm v B AL L fE X/d<<—1.5(DA # i) .
/N 80 m/s, Sk Wt A S U A5 W e A B B IR
Wshs7E X/d>—0. 8COD B , 7 L # 55 . Jy mi
SR Bl DX W TR R 4O 120 m/s; B b
JERGIN . X/ d<<—1.5, F J1 i T BE T8 I 7 Ui ik B
VN S W BVE R B AHAE b/ d =4, 5, Iy i ol B
W R T W2 B ) i R 4 K AE X/ d > — 0.8, B

o o v R RGN W L T R /)N L TSR A DX 3
/N o BRI 5
150
IOO—
Z sop
2
0_
Jet
1 1 , I
4 3 2 = 0
Xid
7 R AR T EET 1 mm {7 5 A A
(OA J5 1))

Fig. 7 Velocity distribution of 1 mm from downwall of

lift plate during steady process (OA direction)

2.3 RHSIERBERBERIILL
I8 e gl A& B TF Iy Al T BE T R ) i

0.10 _ hld=2 steady process
| — - - = hld=2 dynamic process
hld=4.25 steady process
[ - == hid=4.25 dynamic process
0.05
o _ /\
s ik ~
0F
-0.05 — Jet
L 1 L 1 L L
-4 -3 -2 -1 0

B8 TR Bl T AR N RE T I R A A
Fig. 8 Pressure distribution on downwall of

life plate during steady and dynamic processes



2692 o oa

FEOAE. 7 h/d=2, X/d<<—1.5, 1 &L K
IME TR B9 MRS ST B smRm
HEE. AT HE 9 KM AR X/d=3.5 i &4
TR EE N 34m/s, A EN 31m/s,
Xof o T 9 AT R T A 1] L R AR, T R
VERIEE SR B0, T X/d>—0.8, JE J1 @ TR A4
J L RIBRH T shAs AR K TR S i R L H
B H B X/ d<<—3.5 KT Sy e, i sh &
IR R TR A R

K8 h/d=4.25,X/d>—0.8, Fakit
BRI R T ah A R, Bt Iy K AR S e s
e X/ d<<—3 /AR Fah& SR B 10 BTt h
BT R 1T 200 45 A 5 5 L T IR AR 22 T 3 3 4 A7 AE
W% SR U 2l IR 42 5 vk T 3 A 7 AR BRI T I, F
BF D BT R T B B T . B 11

Radial velocity/(m/s)

300
00671 I 240
179
0.04F
119
.h o . 58
0.02F
= cyry ,{ T e W v W o -2
= e . _58
Or 1x 1l
B-10
o0k =179
_ =240
il D g -300
0 05 10 1.5 20 25 30 35 40 45
Xid
(a) B B, oA
Radial velocity/(m/s)
300
0067 I 240
179
0.04 1 {
ff 119
e j'l 58
0.02
E G QI AT e — BT =
= T -58
0r 1% -
22 o -119
4w e
7 -179
—0.02F B
=240
N, e —————— ~300
0 05 1.0 1.5 20 25 30 35 40 45

Xid
(b) ShE R, oA
B9 RAE S BEGHE B R/ d=2)
Fig. 9 Flow field radial velocity during steady and

dynamic processes (h/d=2)

AR %30 %
Radial velocity/(m/s)
0.14 ¢ 300
0.12F | / I240
0.10f 179
e -",'
008} | 149
G r I ; @ s - 58
£ o006} e R
-2 ._2
0.04 }
16 _58
0.02] 119
0 ~179
-0.02 240
e it ”  e——— 300

1.5 20 25 3.0 35 40 45
Xid

(a) FaZSid e, OA#E

0 05 1.0

Radial velocity/(m/s)

0.'4 r 300
0.12F / I 240
0.10}F 179
0.08} f 119
2 Py : - o v
3 v 58
£ 0.06F i "
—— L 12 _2
0.04 " i
-58
.02k 119
OF -179
-0.02} » -240
e e R ~300
0 05 1.0 1.5 20 25 30 35 40 45
Xid

(b) BhZE L, OAMTH

B 10 Fads A R i A i E (h/ d=4. 25)
Fig. 10 Flow field radial velocity of steady and dynamic
processes (h/d=4.25)

1HOr
100 F hld=4.25 steady process
oo hld=4.25 dynamic process
hld=2 steady process
80 hld=2 dynamic process
70 ;
E 60}
2 S0F
2
2 40
~ 30t
20F
10 F
0F Jet
1 L . I
—4 -3 -2 -1 0
Xid
B RS A BT I AR T BT 1 mm {37 AL 8 BE 43 A1

Fig. 11  Velocity distribution of 1 mm from downwall of

lift plate during steady and dynamic process



5511 Ht R WU STOVL AT 88 T+ 1 28 B ol 25 3 12 1 = 4 B (e A 401 2693

Nh/d=2,4. 25,5375 B A B BT g AT BE T
Tmm {7 AL L AE h/d=2,X/d<<—1.5,3)
AR BT AT BE T R T RS R, A
It M BfE A R

W&l 12 Sy T i 49 W B B A i e B R ARt
gD h/d=1 8, WKk —o. 72,
TWAE IR, 24 h/d>3. 5 B WR /T —o. 1.
Bt ks e B2 3G O W g it Ze R R s L T AR
JH BT S 9553+ 50 2 B A P 7 3 B R ]

0 —
———— Steady process

Dynamic process

—0.1F

ALIF
&
'S

T

1 1 1 1 1 | | I 1
05 1.0 1.5 20 25 3.0 35 40 45 5.0

hid
Bl12 s shZSad 72 R B B v ot g B2 A fh il 2k

Fig. 12 Change curve of suck down with impinging

height during steady and dynamic processes

Xif b e A R B A5 o BRI W B T R 4L 241 5
h/d<<3.75, )& WK K TR SR, 7
h/d=2 B}, sl 1 o i 4 B o —0. 301, 8
Bt N —0. 238, 122 20. 6%, sh A& 8 F WAk
HZERTRAELER. XK 9 h/d=2, OA #
()42 ) S B2 oA AT DL B sh A R £ iR
] N 34m/s  Fa S ad Bl 30m/s, sh A 2 3
AR K T RS EE A, /8 X R A9 T+ 77 B BE 1
JE SR TR 7 18 11 %50 9 3h 5 B2 TH iR
T RE T ke T AR A A AR T R A Ty B A i
W R TR A 45 A, (H W B 0y 3 B MR T 465 W e iy
it DX, Wl A TN R AOR BB W R ) K T AR A A
S S e o 3R U O b AR 2 S R IR Y
TR K S 5 T AT Al R, Y STOVL
KAT A B A2 B BB F S R A N A B AL
Ch/d=2), E IR AL T Z /i Ak o o 5 BE A7 &, il
AR )R T H AL R, EIRESHBEE b
7 e B T S A5 AN B, % T AR T T

S U 55 . HE T B A WA R R B T

TE h/d>>3. 75 i}, 3 F B 2 28 5 7 R )
i A7 AR B o 4 0% Bl AR AR A B A A AR B
HA— B 10 hRE. HELE v/d=14. 25,
OA #3542 1] 3 B2 181, ot B 0 A R B T Y
F RS ES B Ty B T BE K SR A 7R I IR U
PG, YA oh i T AT BE T 77 A B T
1. B 11 KRR h AL AR T AT RE T
FEAAR] , MO AS | Bl 25 5 T W B g B A A [+

3 & g

ARSCR 2 A BRI 4 STOVL €47 4%
R AL S STOVL Ko7 8 T 28 [ n) 1L, 3F
Xk A AR A T A58

D W4 STOVL AT 2% W B 7 eh w5 48 4
0] 35 W e 5 3 20 7 A AV R IXC R R g R A P )
W% S B 7 A 1 B 0 S T 3 A3 4 R AR DX TR
B o 3 S .

2) B VR B X g AR E w I L T T
FIATRE T XI5 20 A G R

3) FaR R IE h/d<<3.5 B, Bl whdi
JE WAV o W BT g i 2 AR 380 R, W B o AT AR T
F110% LA E.

4) AE 1. 5<h/d<<3. 75 B, 3 25 1 2 W fff H
BRTRELEE b/ d=2 i, B FHMER K,
K 20.6%.

5) FWRIIZ B Mk RGR AR 1 R A L Bh A
It FR A5 22 S R

CESd ¢

[1] Paul M B. Inventing the F-35 joint strike fighter [ R].
ATAA-2009-1650,2009.

2] Mk R B R 4 8 SRR ] sk
EHL,2009,23(1) :50-56.

TIAN Baolin. Evolution and development of world VTOL
power plant[ J]. Aeroengine, 2009, 23 (1) :50-56. (in Chi-
nese)

(31 #EA LI JSF &AL 3 Iy % B F 345 R i (], 84
AR IR S5 B, 2003, 16 (4) :57-60.

YANG Guocai, WU Yue. Analysis on the new features in
JSF power plant development[ ] ]. Gas Turbine Experiment
and Research,2003,16(4) :57-60. (in Chinese)

[4] Wyatt L A. Static tests of ground effects on planforms fit-
ted with a centrally-located round lifting jet [ R]. RAE
Technical Note No. Aero 2826,1962.

[ 5] Chuang S H,Nieh T J. Numerical simulation and analysis
of three-dimensional turbulent impinging square twin-jet
flow field with no cross flow[]J]. International Journal for

Numerical Methods in Fluids,2000,33(1) :475-498.



2694

i %
i

/T

930 %

[6]

[9]

[10]

Krothapalli A,Rajkuperan E. Flow field and noise charac-
teristics of a supersonic impinging jet[ J . Journal of Fluid
Mechanics,1999,392:155-181.

Kuhn R E, Eshleman J. Ground effects on V-STOL and
STOL aircraft{R]. ATAA 85-4033,1985.

fRp AR, IR A IS L AL N S-ABERLE B el B R o
i S BRI . R, 2001,22(1) 1 43-47.

HE Feng, XIE Junshi, HAO Pengfei. Computation of axi-
symmetric jet flow with Spalart-Allmaras turbulence mod-
el[J]. Journal of Propusion Technology,2001,22(1):43-
47. (in Chinese)

BEAA AR, Kb, 2 R AT SRR A BT
Perhl[R]. 79% . 58 =1 ZJm i B #5210 231, 20133,

XU, 2 JR AT L S = Tl RO A R S i R
TSR], fEiEH AR, 2015,36(5) :656-663.

LIU Shuai, WANG Zhanxue,ZHOU Li,et al. Three bear-

ing swivel nozzle vector deflection law study and fluid field

[11]

[12]

[13]

[14]

[15]

calculation[ ] ]. Journal of Propulsion Technology.2015,36
(5):656-663. (in Chinese)

ST B H K, IR I R AT S Ty R R sl S
T B B SLE SE () ], HfERE 4R, 2015.36(4) :527-531.
HONG Liang., Eriqitai, XU Jinglei. Numerical simulation
of STOVL aircraft dynamic process with lift loss[ ] ]. Jour-
nal of Propulsion Technology. 2015, 36 (4):527-531. (in
Chinese)

Hoong T.Ragab S A. Numerical simulation of supersonic
twin impinging jets[ R]. AIAA-2003-633,2003.

Lu F K, Terrier D A. Performance analysis of STOVL air-
craft nozzle in hover[ R]. ATAA-2003-184,2003.

Patankar S V. Numerical heat transfer and fluid flowp
[M]. New York:McGraw Hill,1980.

Foley W H. Methodology for production of V/STOL pro-
pulsion induced forces in ground effect[ R]. AIAA 79-1281,
1979.

(& TR A



