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Abstract

A wing operating in close proximity to the ground exhibits a reduction in induced drag,
which increases the lift/drag ratio. The power~augmented ram (PAR) phenomenon involves

directing the efflux from forward mounted propulsion system under the wings, with the
efflux nearly stagnated under the wings. In the present paper, 3-dimensional PAR was
numerically studied by solving the Navier-Stokes equations. Pressure distribution and
velocity vectors are calculated around the wing surface and the ground. Through the
numerical simulation, Cp values and lift/drag ratio are carefully reviewed by changing the
height/chord; 0.05, 0.1, 0.3 and 0.8. The shape of model is NACA 0012 with a span/chord
ratio of 3.0. According to the numerical resuits, the relationship between lift/drag and

height/chord is fairly reasonable.

LA A

A4S B 3ErSe 1435 o AAAe) 7
HE) Qs vl HEEEE o]4-3 WIG(Wing
in Ground Effect)A12] 2late] &4 Fofeollx] 2l

gxlo) gt WIGS e A7t sl s1rte)

* EETHMIE TSR

Sehatu FHEHCH (induced drag)®] ZHae} 7
o] Z7bE Hbitel FRe S A8 E Aztele A
olcl. 3 PAR A2 1970 o] ZA1R AL
2] drfgtell ¥-3txl mRas e F{HE G
o2 Holgel drl9 flap? endplated] AF£-°.
2 TAE E9E BolF e FHE WIGA® A%



2

& A A S gt o] AL 20471& A 7
] wlgsls vt ARESE FF71Y ol AT
ole] A gHET= AR R Ql3be] oo i’ A
7} gurs] 2x1971 % Yotk #EE EE 7ol ¥
Pale WIGH S AAN AEE 60dH 258 A
gzlo] 703t i He] AgE WIGAH ] d
Aol RS Fstadct’. AEA WIGH
& Lippisch”el  2jsle]  AA A 2= 9l 32
tandem 2718 WIG A9 #LEB-S G. Gorgell
sty o)™}y 70dW  Fubr)el: PAR
(Power Augmented Ram) &4o] #zdslgls=dl,
ol AL WIG Al9] 4% 343 7= AV

o

o

ui]

A sl el ¥A8 Zedee) FHE
W e woldw WD flapel g2

371528 A A AZeEA  ASHstatic
pressure) S Z7HA7|R, AE2R fikd AF
WIG A& 2912 Fo&d F& A HIS
BaNA Fau g A g5 itk RAM
o) it Ee) AL el Fao] Uk
A el A dEhg FHES, MAC (Marker and
Cell) ol %8 HIEE5 322 Navier Stokes '
Aol S KEE Wing 49 43 S8

oz fRhrsted T8 fASE

T2

ol

2 x| ol A4

A3k FECHFERL  Navier
ol AES EK

3} zro] ek,

1
R,
1

Rn

u, +uu, +vu, +wu, = —py-t 2

v +uvy + vy + wy, = —py+ viv (1)

tw

wy +uw, + vw, + ww, = —p, + \V4

1
R,
u, +v, +w, = 0

A
-3

kil

od71A, ot HAle 1 wige] dE WA
Vel 2 (wv,w)is cartesian ZFEA (xy,2)ell
3 HE WA, pe B AT
wje) Zo)| L, ¥--HAME U, B2 U= ool 9
& EKTT(EE Aolch EA S Bl A3
Vel 1 s R4S B9E sl BA A3 #E

o=

e

AT Abgdtg, A4k AF FEA HIE oF
7 2},
& = £(x,v,2)
7 = 7(x,v,2) 2)
¢ = ¢(x,y,2)
(2= (o] KASHE b3S deth
u, +tUu;+Vu,+Wu,=
(& Pein Pyt POF ]% 7 2u
v, +Uv, +Vv, + W, =
(€))
_(EyP5+”yPn+§yP§)+ R} \721}

w, +Uw: +Vw, +Ww, =

_(EZP5+UZPW+§ZP;)+*R}_VZM)

Exu£+7lxuv+§xu§+éyvf+77yvﬂ+
(4)

EyV;+5ZW5+77ZWV+§ZWg = ()

=

W & (contravariant) §%E
XA E

o7l U, V, Wi

ojolaz ches} zo]

U = £+ &,v+ &,w
V = 732u+7,v+ 2,w (5)
W =¢u+ v+ {,w

2x A% FFAA Laplacian V> th&2]
A S A}



32t¢] PAR WIG (Power Augmented Ram Wing in Ground Effect)®] 3|3

vig = (6i+ &2+ £0a.,
+(n i+ 7%+ 70a,,
+EI+ I+ Day
+2( €7 &+ E,7,)de,
4207, 0, 7,804, 6
+2(6 6, T 6,86 Dase
+ (& ot &t & Lae
F(7 ot 7t 7 2)a,

+( g)(x+ ; yy+ g zz)Q’;

22 EFTHE X HRGH

izl e MACH el AHEsEedl BhE oK
a}7] 2)&ted Poisson WAAE E9w 5% W
M Q4w Ale &g rh Poisson WA
Ale E7] $18te] relaxation #ile] Alg-xg] e
o time stepoll A e £ 55 S WA o2
¥] updated o1 Zch FAA4E 535 AL A
o zeste] 2 3% (domain)ell AT 433
ch Wl KEY BRMESS SRl dsiMe
no-slip 27A& 2Hgstgdn gt Feie +F
gk w2l © 2 ME] Neumann 3718 A-43kdch
AR 293 sFede $x 2 d¥RAL
2 Az 2) AP (zero gradient extrapolation)&
Ao 2 A4kt

=)
.
=

=

il
=N
THIj
E: 14

3 FEHRR %

3.1 ETEMSEHS

Ee 3T SRE A2 A4S spa/
chord®] 7} 3e]a w2 NACA 0012e]e}. W3
7t (angle of attack)< 4, 6, 10°]3, height/ chord
o] Kot 0.05, 0.1, 0.3, 08 olth. AlAb de-& Frb
sko 23 chord ol 35w 2 stz Huheke s

tip vortex®] °d8-g Wz o WA A
b e A3 ALEL chord ZHeol L3t #d
e UoZ Fah43) sta, #Hx Ax A
o Fp A 00022 st T2 A& 500

7o

fl

o

step, F3H AXAIZEL R 05 742 ¢33

z/C !
PAR y/c
1 N /
h/c
Ground 1 )i/c
7 777 e
0.0 1.0

Fig. 1 Coordinate definition

Reynolds 4= 10’22 & AxbelA & Tiuksk
2] A A +EAbx] (viscous damper)E AHl X %ot
o} ot AALE 938 Poisson MPAAl A R
A4 Agstel s, AAebE(iteration)-> FHENE
fol wel 1084 503 74=) WskE Fedch A
AF#E H-H topology® Az, 49
(leading edge) *-ZollA & Al4te] Ffigste] w
£ 3 29] Aale] Yot Fig 1 #E253
N AR Aolch. Azt wixlE AEH HE 2
e EffEo] 3 8ke F7) ol Foll BE FelA v

2= 9o} leading edge, tip, BTl
Z=x) A Ak2] KERE (accuracy)E ¥ol7) #sled Aol
A o2 WA (clustering)dtgdch. Leivh, A
2 AE71 smoothinge] 3] Hx ¢4 Azt
gldte] we ubEAAle] HBRFcl Fig. 2& 7N

TSI RN
| 1
M L T
I -
i T i T
WERESENY
i N 1T
I : e
m ety t{ |
{4
]
S o
I~
et —
N - 1
L t
AN T
v 102 T i T TT
—H T LS RA KL It 7 I’:Z {
TRE LT n i B T
: T ae B 4
7
I
T i
Lt T
HT }
san T :
Rt Ui 1983
T FEr

Fig. 2 Perspective view of 3-D grid
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Table 2. Effect of PAR at h/c=0.05 and @=10°

Cu Cf co ﬁ
(total)
off PAR 1.3099 0.0143 0.083 0.097
PAR 1 15722 0.0150 0.084 0.099
PAR 2 1.5961 0.0153 0.085 0.100

Table 3. Effect of PAR at h/c=0.10 and «=10°

C ct Cp C
(total)

off PAR | 10743 | 00106 | 0081 | 0092
PAR 1 | 12018 | 00109 | 0082 | 0093
PAR 2 | 14778 | 00113 | 0082 | 0093

Table 4. Effect of PAR at h/c=0.30 and «=10°

Cp
CL Ct Cp
(total)
off PAR | 0.7875 0.0101 0.078 0.088
PAR 1 1.2262 0.0104 0.079 0.089
PAR2 1.4523 0.0106 l 0.079 0.090

Table 5. Effect of Angle-of-Attack( @) at h/c=0.8

. CD
L of Co (total)
a=10° 0.7295 0.0101 0.074 0.084
a=6° 0.6136 0.0099 0.032 0.042
a=4° 0.5616 0.0104 0.028 0.038
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(== PAR 2 Aeie|th. PAR 2 A% -45°8}3F
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fluctuation o] viephdr},
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(a) Pressure contour at midspan(j=3)

(d) Velocity vector at k=23
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(e) Velocity vector at midspan(j=3) (a) Pressure at midspan(j=3)(off PAR)

(g) Grid generation at k=23

Fig. 4 Computed results at h/c=0.8(off PAR) (c) Pressure at upper surface(0ff PAR)
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(d) Velocity at k=23(off PAR) (g) Velocity at midspan(PAR 1)
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(f) Pressure at midspan(j=3)(PAR 1) (1) Velocity at midspan(PAR 2)

Fig. 5 Computed results at h/c=0.3
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(g) Velocity at midspan(PAR 2)

(c) Grid generation at midspan

Fig. 6 Computed results at h/c=0.1
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(d) Pressure at midspan(j=3)(PAR 1)
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Fig. 7 Computed results at h/c=0.05
(a) Pressure at midspan(j=3)(off PAR)
(b) Pressure at midspan(j=3)(PAR 1)
(¢) Pressure at midspan(j=3)(PAR 2)
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Fig. 8 Effect of ground on computed pressure coefficient
(Lh:s. : on wing, r.h.s. : on ground)
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