The codes for fast computations of viscous
transonic flow over wing/body/nacelle/tall
configuration

O.V. Karas, V.E. Kovalev




OBJECTIVE:

Development of the code for preliminary aerodynamic design of
transonic transport configurations

REQUIREMENTS:

Negligible computational time and resources. One computation
1~5min. (mean power PC computer)

High reliability of results, capability to account properly for viscosity
effects including moderate separation zones.

Reliability, convenience for use by a designer. Possibility to be used
as a “black box”.



COMPUTATIONAL METHOD:
VISCOUS-INVISCID INTERACTION

« External inviscid flow:
solution of the conservative full potential equation;
“Chimera” technique for complex configurations.

 \iscous reqion:
finite-difference inverse method for calculation
of 3-d compressible laminar and turbulent boundary layer;

2-d integral or 3-d finite-difference method for viscous
wake calculations.

* Viscous-inviscid coupling:
qguasi-simultaneous viscous-inviscid coupling scheme.
(Rapid obtaining completely self-consistent solution: 6-8 viscous-
Inviscid iterations in case of moderate separation zones.)




EXTERNAL FLOW

Flexible algebraic 3-d grid generator.

The solution of the conservative full potential equation by Approximate
Factorization (AF) method (first or second order differentiable

dissipation).

“Chimera” algorithm for the calculation of the wing/body/nacelle/tail
configuration.



Mesh generation. Wing-body grid.

» Body of revolution angle-preserving
mapping onto an infinite strip:
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Mesh generation. Computational domain.

i=1 i=ITE1l i=ITEZ? i=MX

surface {=const



External flow. Approximation.

CONSERVATIVE FULL POTENTIAL EQUATION

[PU/II: + [PVAL, + [PWpJ], = 0.

MODIFIED FINITE-VOLUME APPROXIMATION (Too skewed grids are admissible)
NON-ISENTROPIC PROPERTIES OF THE FLOW ARE TAKEN INTO ACCOUNT

FIRST OR SECOND ORDER ENQUIST-OSHER'S TYPE MULTIPLICATIVE
DIFFERENTIABLE MONOTONIC ARTIFICIAL DISSIPATION SCHEME
(The lack of limiters promotes a high convergence speed)

—-

) i1 i i+1 I-')i+1/2= Q(qi+1/2 ’q—)/q i+1/2

First order scheme: Q= Q;_

Second order scheme: O = 2Q;_yp— Ui_3p

Traditional Osher scheme : Q(Gis12 ,9) = R(Qis1r2 )+L(q_ )- p* q*

R(Qis12) *L(T)
pq*

Multiplicative Osher scheme : Q(qi+ 2 ) =

pq ,9<q’ pd ,q<q
R("')={ 5q,q>q  HA)=]pq,qq




External flow. Iterative solution.

* The system of linear equation for the correction is constructed on the basis of the
approximate Newton's fluxes linearization. The artificial density is linearized.

(3) (2) (5) 4) (6) @)+ N =t _
[di,j,k8§ _di,j,ksé + di,j,ksn _di,j,ksn +8Cdi,j,k+1/28§ + di,j,kE§8§ _di,j,kEf,Sg] Ci,j,k - _ri,j,k

| ! c - o) _ g(n-1)

» The operator for the correction is constructed on the basis of approximate
factorisation as a product of two operators:

(6) (3) (2) (9) (4)
[O-Scdi,j,k+1/2 _di,j,k8§ + di,j,kgﬁ _di,j,ksn +di,j,k8n -

~d®ES, +dES, | [0-8,]C,, = owr,



External flow. Iterative solution.

« Direct sweep (intermidiate values Eijk definition)

Ora @0 €)ray OraY OraY
dijk Cijk - dijk Ci—1jk - dijk Ci+1jk - dijk Cij—1k - dijk Cij+1k -

- <«
(8) (7) _ = = 6) o~ i
_dijk O¢ Ci+1jk +dijk O¢ Ci—1jk = Tk M = OWr —Gdi(jk)_1/2Cijk_1 coor(él_ncagrelzssturface

In plane C=const an approximate solution for intermediate

values Cijk is carried out on the base of LU approximate decomposition +

GMRES algorithm. (L and U are four-diagonal matrixes)

* Inverse sweep (correction Cijk definition)

["‘*ﬂ Ciik =Cijk



CALCULATION OF THE 3-D COMPRESSIBLE BOUNDARY LAYER

Finite-difference method for calculation of 3-d compressible laminar
and turbulent boundary layer:
Predictor-corrector or upwind approximation scheme

Separation regions:
Raihner and Flugge-Lotz approximation + inverse mode

Viscous wake:
2-d integral method (Green) at wake sections
3-d finite-difference method

Algebraic or not equilibrium (Spalart-Almaras) eddy viscosity models.



SYSTEM OF EQUATIONS OF 3-D COMPRESSIBLE
BOUNDARY LAYER
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FINITE-DIFFERENCE STENCILS FOR BOUNDARY LAYER
CALCULATION

PLANE QF SYMMETRY

COORDINATE LINES
Z=CONST

STAGNATICN
LINE

differentation

COORDINATE LINES O - with x ¢ - calculation
X=CONST 5 :
- with =z
Predictor-corrector scheme z . Upwind scheme
predictor corrector '
x LI
n-2,m
™
n-i,m
L]
( O n-i,m
O . 3 O O
n,m-1 n,m n,m+l n,m-1 n,m n, m+l n,m-2 n,m-1 ( n,m n,m1 n,m2



BOUNDARY LAYER. CALCULATION PROCEDURE

the exturnal flow
calculati nodes

 algebraic system for the vector of the boundary layer parameters Ai ”

DA, =R+R (pgji,kﬂéc (chi,k R,Rg,lf’{c - known vectors

[D} = known matrix

p. - partial pressure derivatives

pﬁ’

» representation of the solution as a linear combination of partial solutions
(pressure derivatives are considered as parameters):

Bi,k:V+X[p§Ji’k+Z(p<Ji,k D]Y=R, [D|X=R., [D]Z=R




QUASI-SIMULTANEOUS COUPLING SCHEME:

surface: = L (P d) Coupling condition:

[Pe ds . .

1 d(p b 6*) van = vn , Avh=Ava
. _ e Lle ]
wake: Avh = Pe ds ue = 1

AB

ve = B *(d/ds) + C
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|
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| va - va= B *(du:/ds — di2/ds)
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separation =zone




ALGORITHMS OF VISCOUS-INVISCID INTERACTION:

Direct coupling: Inverse coupling:

Ue

Y

Y

Inviscid flow:

Boundary layer:

Inviscid flow: Boundary layer:
DIRECT DIRECT INVERSE INVERSE
Ue
f Vn ﬁ
Semi-inverse coupling:
Y Y
Inviscid flow: Boundary laver:
vn DIRECT INVERSE

i
Ue

Lb
Ue

1 i b
vl S g (QUe/ds-dUe/ds)

Quasi-simultaneous coupling:

'

Inviscid flow:

(V% - Qg)+B(dUé/ds—dﬁg/ds)=0

Boundaxry layex:
INVERSE + DIRECT

T b b
Ue , Vn




QUASI-SIMULTANEOUS COUPLING SCHEME:

The inviscid flow
calculation

¢

The boundary layer and
wake calculation.
(direct and inverse method)

g ovhoul w
The boundary layer
and wake calculation The external flow
(inverse method) . calculation
b i
We= We i b i b

b i2 b i2 (Vn —Vn ) +B(due /ds— due/ds) =0

{vn—-vn) + (e Ve )=min

? Voar Yg s We




Wing-body W4: computational mesh

S\




Wing/body W4: Comparison with Euler computation
(inviscid flow)

-1,5 1,5

eta=0.16

eta=0.4

M=0.78, alpha=0
beta=0, inviscid

1 1
-1,5 -1,5

Y)Y ] eta=0.89 ] eta=0.95

BLWF
= = = FEuler calculation




Wing/body W4 configuration
M=0,78 Alpha=0.84 Re =12 mill

eta=0.16 eta=0.4
< \\ >
() //
—{ =
eta=0.65 eta=0.89
—— BLWF

EXPERIMENT




Wing/body W4 configuration
M=0,78 Alpha=1.39 Re =12 mill

eta=0.16 eta=0.4

eta=0.65 eta=0.89

—— BLWF
EXPERIMENT




Wing/body W4 test: boundary layer parameters.

wing-body W4. M=.75, CL=0.48, BETA=0°, Re=3.0*10°

; WING UPPER SURFACE
i LIMITS STREALINES

FRICTION DISTRIBUTION
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DISPLACEMENT THICKNE SS AND
MOMENTUM THICKNESS DISTRIBUTION




Wing/body W4 configuration

M=0.78 Alpha=0.84
Re=12 mill

Displacement thickness

Pressure distribution

Friction coefficient
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0,5

WING/BODY B747.

Comparison with Euler computation

(inviscid flow)

M=0.8 CIift=0.383

BLWF calculation, alpha=2.5
= = FEuler calculation, alpha=2.3

-1,5 1,5
eta=0.26 -1 eta=0.6
-0,5 -
0.5 0,5
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WING/BODY B747.
M=0.8 Re=5.76 mill CIift=0.35

BLWF (alpha=2.73)
experiment ( alpha=2.53)

eta=0.38

eta=0.53 eta=0.73 eta=0.81




WING/BODY B747
M=0.8 Re=5.76 mill CIift=0.43

BLWF ( alpha=3.75)
experiment ( alpha=3.55)

eta=0.13 eta=0.26 |a eta=0.38

eta=0.53 ] eta=0.73 ] eta=0.81
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WING/BODY DLR-F4.

Comparison with Euler computation
(inviscid flow)

M=0,75 alpha=-1 Clift=0.6

eta=0.238

-1.5

-1 4

-0.5 -

—— BLWEF calculation
Euler calculation
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eta=0.512
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eta=0.636

eta=0.844
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1,5

-0,5 -

0,5

Wing/Body DLR-F4

M=0.75

eta=0.238

Re=3.0 mill

Clift=0.6

BLWEF calculation
experiment

eta=0.331

eta=0.409

eta=0.512

eta=0.636

eta=0.844




Wing/body configuration: comparison with BAE Euler multiblock code.
inviscid

span=0.12

span=0.23

Wing/body
M =.80, ALPHA=2.885°, <
BETA=0°, inviscid

—— BLWEF -inviscid

“ > —— Euler, multiblock. (BAE code.)
()L

span=0.95




Buffet onset prediction. Wing-body Re=50 mill.
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Clift buffet onset

—e— Curve Clift analize

—e— Limits streamlines topology
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Clift

Wing-body Re=50 mill M=0.85

alpha=2.6
eta=0.22 eta=0.32

RN
S

eta=0.47 eta=0.61
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Nacelle grid: “Chimera” approach




Deck tail grids: “Chimera” approach.
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T-type tail grid : “Chimera” approach.




Grids interaction

Deck tail:

WING-BODY
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T-type tail: Grids interaction

WING-BODY

grids grid

VERTICAL TAIL
grid

HORISONTAL TAIL
grid




Side flow possibility incorporation.

SIDE _FLOW SYMMETRIC FLOW

Simmetry conditions

Boundary condition
interchanging




Deck tail or T-type horizontal tail

M=.78, ALPHA=2°, BETA=3°, Re=3*108




T-type horizontal tail

M=.78, ALPHA=2°, BETA=3°, Re=3*10°¢

CP. -1.5-14-13-12-11 1 -08-06-07-06-05-04-03-02-01 0 01 02 03 0.4 05 06




Deck and T-type horizontal tail: Loads

M=.78, ALPHA=2°, BETA=3°, Re=3*106

VERTICAL TAIL SIDE
FORCE

s 1
SPAN

“1,2 1,0 ~0,8 0,6 -0,4 0,2 0,0 .2 0,4 0,6 08, 1,0 1,2 1,4
=]

HORIZONTAL TAIL LIFT

;| CL
- o ™ deck tail é‘f

W [ 0.5
z + z T-type tail T

0.2 0.60,4




New finite-difference scheme : High Mach number calculation

M=.99 ALPHA=2 Re=310

Mach number distribution

|15 Y
M. 06 065 0.7 075 00 005 00 085 1 105 1.0 195 1

2123513 135 1.4 145 1.5 155 16 165 1.7 I.‘5|]|

1.5 2.0
N
]
=Y
o
5

AL z=.20

Z=.80

<1:Q -
1,0




New finite-difference scheme : High Mach number calculation

ONERA test f‘; 2& S o0 u: 44\& PN =0.75

M= .99, ALPHA=3°, BETA=3°

Inviscid

MACH NUMBER DISTRIBUTION

cP

5, 00 305
S

s i
;J‘

O;.
0
[ ST [ | — ] 83 %?(\/——’j
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VARIOUS CONFIGURATIONS. TRANSONIC FLIGHT REGIMES.

IBE izl

BIWFS1 compuiation

ESNRES 52

Mach=0.78 CF#.525
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CP: -1.20 -1.00 -0.80 -0.60 -040 -020 000 020 040 060 060 1.00 1.20




"%
<
e e

e
SRR
e A, i
e L

i




Winglets : Computational grid
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Some examples of possible winglets
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Winglets : Winglet pressure distribution

Clean wing tip Winglet ; 3 z=0 3 3
OKX E A
-
2:,,,/ PN } 0 2 2{0,/,/

M= .78, ALPHA=1°
BETA=0°

Inviscid

o WING SECTION LIFT

w

ot

w

ot

CL

T

L

o — winglets off
winglets on

o

D.0 0.5







Winglets : Section Cp distribution.

M=.6, Alpha=4.

2 2 -2 2
Span=0.1 Span=0.25 Span =0.52 Span =08
Wing-winglets test
M=0.6, ALPHA=4° !
Re=2.1*108 e .3
0 ATt .
K X T N
1 1 1
N{experment
2 -2 -2 -2
Span=0.5 Span = 0.825 Span=09 Span = 0.95 Span = 0.975
]
KR 4 A 18
»
CP ..... 3 K’M—\ .. ] L L ]
PR, aw TPy P e R~ e B T, PYe ik b
0{‘" X v r‘ X e 0/'7 " x e ’ Tx Ty Dfl i T X trre—
1 1 1




Winglets : Section Cp distribution. M=.8, Alpha=0

-2 2
Span =0.1 Span =0.25 Span =0.62 Span=108
Wing-winglets test
M=0.8, ALPHA=0° N . N
Cp s, 1 - B o 1 +—2
Re=2.1*10° : . . s
X X e [ PR AN / X N
1
J LA experlment
-2 2 2 2
Span=05 Span = 0.825 Span=0.9 Span = 0.95 Span = 0.975
-1 -1 44
XX ' ‘ [ iy
X ey ° X veae Ty e, s ‘ Tx Tveey>
1




Winglets : Section Cp distribution. M=.8, Alpha=4.

Wing-winglets test
M=0.8, ALPHA=4°

Span=0.1

Span=0.286

Span=0.62

Span=0.8

Re=2.1*10°
1 1 1 1
wxper )
l calculation
.2 -2
Span=0.5 Span = 0.825 Span=0.9 Span = 0.95 Span = 0.975
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MAIN POSSIBILITES (BLWF28 - BLWF58 versions)

» Subsonic free stream Mach number (up to M« =1.)
« Side flow.
 Viscous (viscous wakes) on wing, winglets and tail surfaces
(moderate separation zones). Prescribed transition.
» Configuration:
wing/body
+ nacelles (near the wing or near the body)
+ tail (vertical or/and horizontal, deck tail or T-type tail)
+ winglets on a wing (upper or/and lower winglets);
isolated body (isolated body +tail) configurations.

Additional possibilities:

» Control surfaces simulation (without gaps) for wing and tail.
 Calculations in view of steady maneuver.
« Calculation in view of elastic deformation of wing, body and tail
(simple beam theory is used).
« 3-d boundary layer calculation on a body.
* Propellers slipstream simulation ( actuator disk + rigid slipstream model).



T-type horizontal tail:

Onera test

M=.84, ALPHA=3°, BETA=3°

Inviscid

o

Elastic effect, Cp distribution

!' SN =0.75

P S P B

o
Q. %5
y

——— rigid configuration

elastic




Winglets : Elastic effect, Cp distribution

Upper winglet

Onera test
M=.84, ALPHA=3°, BETA=0°

Inviscid

———— rigid configuration

elastic

Lower winglet

Wing surface



Steady Manoeuvre

a =const. P =const.




Steady Manoeuvre: horizontal turn

M=.78 ALPHA=2 Re=310 o éﬁ% z=.15
Q) =10 degilsec  Roll = 20’ f
V = 230 m/sec R=1320 m R /_\
0 (;;5 “

e

=20

z1,0

+0.5

)

Z=.40

“‘%

Q. oS

0,5

Z=.75

Left-hand wing
- Right-hand wing \

z1.0

P
] UL

0,5




Steady Manoeuvre: vertical turn

=2.0

M=.78 ALPHA=2 Re=310 Wing’s section lift

1.5
]
n
s
(5]

1,0

Q) =10 deg/sec

P
-0.%5

V=230misec R=1320m ol N\

']

q
0.5

——— Straight flight il

Vertical turn

—s T —u

n.0
=

Horizontal tail section lift
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Steady Manoeuvre: rotation on aroll

M=.78 ALPHA=2 Re=310




Control surfaces:

MAIN WING

A7 A4

Control surfaces OFF

Control surfaces ON

Pressure distribution

M=.78, ALPHA=2°, BETA=0°, Re=3*10°

delta=-5 deg

——

N C::"*ﬁ/

delta=+5 deg

S

/

delta=+5 deg

HORISONTAL TAIL (left part)  ——

LS :2

21,0

&ua o 00

L5, ght 0%

(]

VERTICAL TAIL

delta=+5 deg




1,0

Control surfaces: Ailerons effect

M=.78, ALPHA=2°, BETA=0°, Re=3*10°

SURFACE STREAMLINES

Wing upper surface

delta=-5deg delta=+5deg

.
_ T, delta=0.

MAIN WING, LIFT DISTRIBUTION

o
0,6 08

0,4

0,2

[ m—

delta=+5deg

..K [y O

. delta=+5deg

~

. delta=-5deg

d0



Propeller slipstreams: Pressure distribution.

M =.84, ALPHA=3°,
BETA=0°, Re=3*10°

slipstreams off n
slipstreams on

r r
i 1.y
s AH 3° A6
Propeller parameters




Propeller slipstreams: Loads.

WING LIFT
M=.84, ALPHA=3° left part right part
BETA=0°, Re=3*10° ST
slipstreams off Cf
slipstreams on gl
Mach number distribution | ‘. 10 0.5 0.0 0.5
(upper surface)
P )
—
A

\n

\‘ Y, -\"‘/ﬁ
HORISONTAL TAIL LIFT

2 left part ) right part
2 il
1

09 &

08

07 CL

0.4
;

0,2

span span



Boundary layer on a body: Streamlines

External streamlines

Onera test ——

S —— : — ————

_ 1o —
Re=3*106 o Body+wing




Cp distribution
BLWF computation Side view

cP 06 -04 02 0.2 04 06

NS computation

Pressure Coefficient 06  -04 02 0 09 04 06




Surface streamlines and Cf distribution

BLWF computation Side view

Cf ad EIEIEIEIB 00016 0.0024 0.0052 0.004 0.0045

NS computation

Cf: 0 0.0008 0.0016 0.0024 0.0032 0.004 0.0043




BLWF100, BLWF110
- the versions based on Euler equations







Fast implicit scheme for solving steady Euler equations.

Pq P

pug+pi pu

otW+V-F(W)=0 FIW)=| pvg+pJ W=|pv
pwG+pk pow

phg pe

Approximation:

« finite volume, cell centered approach;

. Osher scheme for numerical fluxes definition
(the main advantage — differentiability);

* energy equation is not solved — the total enthalpy is fixed




Fast implicit scheme for solving steady Euler equations.

Newton like iterative procedure:

« On iteration the system of linear equation for the correction is
constructed on the basis of the Newton's fluxes linearization:

WR
1 1
F=5(F +F) 2jaF/aw dw A
ﬂ WL L R
oF |* (GF]_ oF V(o oF (8
OF =X | ow +| <2 | Ow W W
(MJL Lolow )y TR oF ~ ( J (a@j o1 +( J (6QJ °Q,
Q:(p’uf V7W)T

« the approximate solution of the resulting total system of matrix
equations for correction is carried out using the GMRES
algorithm preconditioned with simple LU approximate
decomposition



Log [RESmax]

Fast implicit scheme for solving Euler equation.

ONERA test
M= .84, ALPHA=3°, BETA=0°
Inviscid flow

Convergence of the iteration process

195-27-34
D Euler

~ potential
L B e s e e o s e e e s LT ey ey ey s s s s e E
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RES max

RES max

RES max

Fast implicit scheme for solving Euler equation.

body grid

fine grid

rough grid

0o 20 NIT 40 60 0

Convergence of theiteration process

20 NIT 40

canard wing grid

Qk!j

60

20 NIT 40 o] 20 NIT 40

main wing grid

&hgrd\m}j

60

20 NIT 40 20 NIT 40

9 min —>
processor 3000 mhz

M= .84, ALPHA=3°,
Inviscid flow

BETA=0°

continuity

X - momentum
y - momentum
Z - momentum

o

1 processor 3000 Mhz
Total CPUtime - 9 min
Total memory

- 350 Mb

RES max

RES max

RES max

\

nacelle grid

\‘(’

rough grid

20 NIT 40 20 NIT 40

horizontal tail grid

QQ

0 20 NIT 40 60 o0 20 NIT 40 60

vertical tail grid

\hgrd!

0 20 NIT 40 60 o 20 NIT 40 60
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Codes comparison. RRJ-type configuration. M=0.75, Alpha=2
Inviscid

Wing Cp distribution

Span=.25 - - Span=.50 Span=.85
Cp Cp A Cpo Cp
0 4 0 0 0
05 05 4 05 05
1 T T T T 1 1 T T T T 1 1 T T T T 1 1 T
0 0.2 04 0B 08 1 0 0z 04 06 08 1 0 0.2 04 06 0.8 1 0 02 04 06 08 1

BLWF 100 (Euler)
BLWF 110 (Cauchy-Riemann)

——— BLWF 56 (Full potential) Q;s——*’
C =g é

Horisontal tail Cp distribution.

Span=.95

215 4 Span=.25 215 4 Span=735 215 4 Span=155 -1.5 4




Codes comparison. DLR-F4 test: M=0.75, al=0.9, Re=3*106

span=0.331

span=0 238 span=0 409

by X X
e ® ONERA experiment —— BLWF 56 (Full potential)
e o DRA experiment ——— BLWF 100 (Euler)
e o NLR experiment ———— BLWF 110 (Cauchy-Riemann)

span=0512 span=0 636 span=0.544




Degradation of the inviscid Euler solution.
Inverse swept wing configuration M=0.70 Alpha=4.5

Span=.18 Span=.35

0 0.2 0.4 0.6 0.8 1 0 02 04 0.6 0.8 1

Span=55
2
BLWF 100 (EULER)
Cp-1
BLWF 56 (Full potential)
0 4

0 0.2 0.4 06 0.8 1




Cauchy—Riemann formulation .

total enthalpy = const

Euler
formulation o
p,+div (pG)=0
) (ou) +(ou?+p) +(ouv), +(puw), =0
unknowns: p, u, v, w
p (ov) +(pvu), + (P V2 +p), + (o VW), =0

(ow), +(owu), +(pwv), +(pw?+p), =0

> “

total enthalpy = const
entropy = const

Cauchy—Riemann

formulation
U, +[(o U?+p), +(o uv), +(o uw), ~2u div (0 q)Jjp =0
v, + [(o vu), + (o vi+p), + (o vw), —2v div (0 §)Vo =0
unknowns: u, v, w w, +[(o wu), +(o wv), +(o w?+p),~2w div (o §)l/p=0

« Cauchy-Riemann formulation is identical to potential flow gas model,
but the flow calculation is carried out without the introducing of the potential,

the velocity components are used as unknowns.



Codes comparison. Inverse swept wing configuration
M=0.70 Alpha=6 (Inviscid)

Wing Cp distribution

Span=.35 -3 . 35 Span=75

0 0.2 0.4 0.6 0.3 1 0 0.2 04 08 0sa 1 0 0.2 04 0.6 0.8 1 0 0.2 04 06 0.8 1

BLWF 56 (Full potential)

——— BLWF 110 (Cauchy-Riemann)

Horisontal tail Cp distribution.

Span=.35 -2 4 Span=.55 -145 4 Span=295




Codes comparison. RRJ-type configuration M=0.75, Alpha=2
Inviscid

Wing Cp distribution

Span=.25 - - Span=.50 Span=.85
Cp Cp A Cpo Cp
0 4 0 0 0
05 05 4 05 05
1 T T T T 1 1 T T T T 1 1 T T T T 1 1 T
0 0.2 04 0B 08 1 0 0z 04 06 08 1 0 0.2 04 06 0.8 1 0 02 04 06 08 1

BLWF 100 (Euler)
BLWF 110 (Cauchy-Riemann)

——— BLWF 56 (Full potential) Q;s——*’
C =g é

Horisontal tail Cp distribution.

Span=.95

215 4 Span=.25 215 4 Span=735 215 4 Span=155 -1.5 4




Codes comparison. DLR-F4 test: M=0.75, al=0.18, Re=3*10°

span=0.409

span=0.238 span=0.331

BLWF 56 (Full potential)
BLWF 100 (Euler)
BLWF 110 (Cauchy-Riemann)

® ® ONERA experiment
e o DRA experiment
e o NLR experiment

span=0 636 span=0.844

span=0512




Codes comparison. DLR-F4 test: M=0.75, al=0.9, Re=3*106

span=0 238 span=0.331 span=0 409

by X X
® ® ONERA experiment ——— BLWF 56 (Full potential)
e o DRA experiment ——— BLWF 100 (Euler)
e o NLR experiment ———— BLWF 110 (Cauchy-Riemann)

span=0512 span=0 636 span=0.544




BLWF120
- unsteady time-harmonic calculation.




Unsteady time-harmonic problem. An approach based on linearized
full potential equation.

O(r,t) = Dy(r) + Re [Q(r) eia)t] = @y + Preq cos o - Qimag SN ot

M,=0: Helmholtz equation
O, -VO=0 = o?Q+Vp=0

The main difficulties

1. Computational mesh must be dense enough in the whole field for

the describing of the wave-type solution.

Pn

2. Sommerfeld condition require the high-resolved solution near the
external boundary of the computational region.

3. The usual solvers are not applicable to Helmholtz -type equation: .
- absence of a diagonal dominance in the resulting system of
finite-difference equations;

- the resulting system is not positive defined.




Unsteady time-harmonic problem. An approach based on linearized
Euler equations.

w(r,t) = wo(r) +Re[aw e'®h
AW =AWreal + i AWimag = @gj Entropy preservation: Ap -Cs AP
Space flaxes:
iwt WL | WR
F(r,t)=Fo(r) +Re[aFe ™ ]
WR 4 B
F= ;(FL+|:R) _; j oF/awdw => AF=(0F/ow)’ aw, +(0F,/ow)r awg
WL

Time derivatives:

owlot = iwaw et




Flat Plate Harmonic Motion : Influence of the Far-Field Mesh density
M=0.35, Sh=1.5

Dense mesh Pressure (real), Sh=1.5 Chordwise velocity (real)

‘)

b LU L L L LD

Ordinary mesh Chordwise velocity (real)

-




Flat Plate Harmonic Motion : Influence of the Far-Field Mesh density
M=0.35

Dense mesh Pressure (real), Sh = 6.5
Aerodynamic derivatives

dcL/dOmega dMz/dOmega

&
-

=
5]

=
@

dCL/dOmega

dMz/dOmega
o

te
i

(@)

.h
©

4
(X

dcL/dOmega’ dMz/dOmega’

—

Ordinary mesh Pressure (real), Sh =6.5

dMz/dOmega’

dCLidOmega’

ta

-e—e- Dense mesh
-e—e— Ordinary mesh




Flat Plate Harmonic Motion : Lift Derivatives M=0.35

dcL/dAlpha dcL/dOmega

dCL/dAlpha
dCL/dOmega

dcL/dAlpha’ dcL/dOmega’

- -

N
T ———

-e—e- Theory
-—e— Calculation

dCL/dAlpha
dCL/dOmega’




Flat Plate Harmonic Motion : Pitching Moment Derivatives M=0.35

dMz/dOmega

dMz/dAlpha

diMz/dAlpha
dMzidOmega

dmz/dAlpha’ dMz/dOmega’

-0—e- Theory
-—e— Calculation

szdemega'

dMz/dAlpha’




Flat Plate Harmonic Motion : Lift Derivatives M=0.80

dcL/dAlpha dcL/dOmega

dCLidAlpha
dCL/dOmega

dCL/dOmega’

-e—e- Theory
-—e— Calculation r,,r"

dCL/dAlpha’
dCL/dOmega’




Flat Plate Harmonic Motion : Pitching Moment Derivatives M=0.80

dMz/dAlpha dMz/dOmega

dMz/dAlpha
dizidOmega

dmz/dAlpha’ dMz/dOmega’

-e—e- Theory
-—e— Calculation

dMz/dAlpha’
dMz/dOmega




NLR F5 WING test: Pitching Oscillations.

Tested Wing Configuration Calculated Configuration

Cr = 0.6398

X Pitch a.\dsi (50% Cp)

v 5! ‘ s
A — A — — 1
> %‘\:':\x S
. o o
2088 ‘_5“__3, %&k S

2

%

/%

9
o’

N I B R

7
i
40
:,;’

<
s
I(’,

X

3 4 e
® s 8 N
LA A e S S S S e S N

,,
-
"4

‘Wing section

A —F——F - — 4
At -t - — 5
& S5

=+ Pressure orifice

o In Situ transducer (Kulite)
= Accelerometers  (Kulite) i 1
& Accelerometers (Endevco) N

Dimensions inm

o204.018




F5 wing test : Steady Cp distribution. (Run152, M=.9, Al=0.5)

Section 1 Section 3

F5 wing test .
® ® cxperiment
M=0.896, ALPHA=0.479° .
calculation
Re=5.79*10°

Section 5 Section 7




F5 wing test : Pitching Oscillations. (Run383, M=0.60, h=40 Hz).

REAL PART OF UNSTEADY Cp

Section 1 1 Section 3 1 Section 5 1 Section 7

F5 wing test
M=0.597, ALPHA=0.° Re=4.57*10°
K=0.399 (40Hz)

o o :
o o experiment

calculation

IMAGINARY PART OF UNSTEADY Cp

Section 1 Section 3 Section 7

Section 5




F5 wing test : Pitching Oscillations. (Run369, M=0.90, h=20 Hz).

Section 1

REAL PART OF UNSTEADY Cp

Section 3 20 - Section 5 20 Section 7

F5 wing test
M=0.899, ALPHA=0.° Re=5.73*10°
K=0.137 (20Hz)

Section 1

o o :
o o experiment

calculation

IMAGINARY PART OF UNSTEADY Cp

Section 3

Section 5

Section 7

CP_IMAG




F5 wing test : Pitching Oscillations. (Run370, M=0.90, h=40 Hz).

REAL PART OF UNSTEADY Cp

Section1 40 - Section 3 Section 5 40 - Section 7

F5 wing test
M=0.896, ALPHA=0.° Re=5.73*10°
K=0.275 (40Hz)

o o :
o o experiment

calculation

IMAGINARY PART OF UNSTEADY Cp

Section 1

Section 3

Section 5 Section 7




F5 wing test : Pitching Oscillations. (Run370, M=0.90, h=40 Hz).

Code comparison for UTSP and Full Potential codes: UTSPV21, TCITRON, HLIFP

Real Cp Surface : Section 1 Real Cp Surface : Section 7

............ UTSPV21 (BAe)

TCITRON (Das. Av.)

adad ol d ol 1,1

— — - HELIFP (CIRA)

current calculation
Imaginary Cp Surface : Sectlion 7

T T T Y 4 ] 040 ™ T T T T T T T
: : experiment - — P raRon o e ST
— — FP_HEUFP 1 - = FP_HELIFF

® Experiment Upper
A Exparimaent Lowsq ]




F5 wing test : Pitching Oscillations. (Run370, M=0.90, h=40 Hz).

Code comparison for EULER codes: UEMB, EUL3DU, EUGENIE, PMP3D

Real Cp Surface : Section 1 Real Cp Surface : Section 7

— EU_UEMB . £ —

seees EU_ELLADU 1 r [ T U ostu

—— EU_EUBENIE | 1 i —— EU_EUGEMIE

— — EU_PMPID 1 E ¢ 7ML — — EU_PMF3I0
® Experment Upoed L H ExpecmentUpper |
A Exp Loweq 4 ' - : Lowss -

— — - UEMB (BAe)

............ EUL3DU (INTA)

EUGENIE (Dass. Av.)

— — - PMP3D (Glasgow Un.)

current calculation ‘ ' "
28, — EU_UEMB
=-=-- EU_EULIDU
—— EU_EUGENIE
— — EU_PMP3D

: : experiment




NLR F5 WING test: Trailing Edge Control Surface Oscillations.

Tested Wing Configuration

Calculated Configuration

] ]
Hinge line
’ at x/c=0.82 0.6226
Flow Jf ~~-~~—======- S
Control Surfac 0.3751Tm
0.6396 m

AR=2.98

TR=0.31

L.E. Sweep Angle = 31.9 deg.
NACA 65A004.8




F5 wing test : Trailing Edge Control Surface Oscillations (20 Hz).

Section 1

F5 wing test

M=0.899, ALPHA=0.° Re=5.73*10°

K=0.139 (20 Hz)

Section 1

e

Section 3

REAL PART OF UNSTEADY Cp

Section 7

(-

o o :
o o experiment

calculation

IMAGINARY PART OF UNSTEADY Cp

Section 7




CPU time (in hours) for oscillating wing problem.
Comparison of the different codes (from RTO-TR-26)

0.8
0.5
I B =

CAP-ASP

UTSP

Finite-
difference AF
algorithm.
Cartesian grid
180*45*90
Cray YMP
NASA

HELIPF

Full Potential
Finite volume AF
algorithm.
Structured C-H
grid 161*32*24
SGI Power
Challenge.
CIRA, DERA,
NLR, PMI, GKN,
AGUSTA

TCITRON

Full Potential
Finite difference
Implicit Multigrid
scheme
Structured C-H
grid 185*21*22
SGI (R 10000).
Dassault
Aviation

UTSP and Full Potential codes

EUL3DU

EULER

Finite volume
Explicit 5 stage
Runge-Kutta
Structured O-H
grid 160*31*32
Cray YMP-EL
INTA

EUGENIE

EULER

Finite volume
Implicit 2 order
time integration
Unstructured
grid 295000 cells
IBM SP2
Dassault
Aviation

EULER codes

9

ENS3DAE

N-S Full

Implicit central
finite difference
second order.
Single zone C-H
structured grid

CFL3DAE

N-S Thin Layer
Implicit Upwind
finite volume
second order.
Single zone C-H
structured grid

153*53*41 153*53*41
Cray C-90 Cray C-90
(8 shared (8 shared
processors) processors)
NASA NASA
N-S codes

0.05

Current



LANN Wing test : Pitching Oscillations

Calculated Configuration

|

Tested Wing Configuration

Pitching axis 62.1% Cr




LANN test : Steady Cp distribution. M=0.82 Alpha=0.6

Span=0.20

Span =0.325

LANN WING test
M=0.82, ALPHA=0.6° Re=5.4*10°

Span = 0.650

Span =0.475

® ® cxperiment
calculation

Span = 0.950




LANN test : Real part of unsteady Cp distribution.

Span = 0.20 ] Span =0.325 Span = 0.475

LANN wing test

M=0.82, ALPHA=0.6° Re=5.4*106 ® ® cxperiment
K=0.102 calculation

Span = 0.650 ] 1 Span = 0.950




LANN test: Imaginary part of unsteady Cp distribution.

Span =0.20 T Span = 0.325 T Span = 0475

LANN wing test

M=0.82, ALPHA=0.6° Re=5.4*106 ® ® cxperiment
K=0.102 calculation

Span = 0.650 | Span = 0.825 1 Span = 0.950




CLIPPED Delta Wing test :

Tested Wing Configuration

Percent Chard Circular-arc airfoil

¢ =0.08

75— L.E. sweep angle = 50.4°
25— Chord Area = 1635.88 in? (10554 cm?)
20— A Span = 45.08 in. (1145 mm)

Root chord = 63.55 in. (1614 mm)
Tip chord = 9.03 in. {229 mm)

B Panel aspect ratio = 1.242

| ¢ Taper ratio = 0.1421

= Hinge ling,
BO% chord

6.6 829
Percent span

Pitching Oscillations

Calculated Configuration




CLIPPED delta wing test : Steady Cp distribution.

Span = 0.332

CLIPPED wing test
M=0.90, ALPHA=0.°
Re=9.8*10°

Span = 0.5M1

Span = 0.679

® ® cxperiment

calculation

Span = 0.851




CLIPPED delta wing test : Unsteady Cp distribution.

REAL PART OF UNSTEADY Cp

Span =0.337 Span = 0.546 Span =0.698 Span =0.856

CLIPPED wing test
M=0.90, ALPHA=0.°
Re=9.8*10° K=0.167

® ® cxperiment
calculation

IMAGINARY PART OF UNSTEADY Cp

Span = 0.337 Span = 0.546 Span = 0.698 Span = 0.856

T XW; 08
o




RSW (Rectangular Supercritical Wing) test : Pitching Oscillations

Tested Wing Configuration Calculated Configuration

Splitter plate A
/— Flow
Wind-tunnel
-wall -\§ Section joints 50.5
11.04 /— LE section (1 283)
(280.4)? ______ ) L
Center box 24.00 —
Wing pitch axis section (609.6)
(46c) A4~ 7 T 7
TE section 98.00
¢ 48.00 > (2489)
(1219)
v 6.0 | 24.0
(152) (609.6)4 80
<219y >
Flow
Chord
Number

W

————— ---E-r--E5--

Pitching axis : s

————— B ---E-+ -3

* Matched-tubing orifice
= |n situ transducer

[El Accelerometer

A\ Potentiometer



RSW test : Steady Cp distribution.

Span = 0.309

RSW test
M=0.80, ALPHA=2.°
Re=4.0*10°

Span = 0.588

Span = 0.809

® ® cxperiment
calculation

Span = 0.951




RSW test: Unsteady Cp distribution.

REAL PART OF UNSTEADY Cp

Span = 0.309 7 Spah = 0.588 B Span = 0.809 E Span = 0.951

RSW test
M=0.80, ALPHA=2.°
Re=4.0*10% K=0.154

® ® cxperiment
calculation

\

IMAGINARY PART OF UNSTEADY Cp

Span =0.309 ) Span = 0.588 i Span = 0.809 ) Span = 0.951




BACT (Benchmark Active Controls Technology) test :
Trailing Edge Control Surface Oscillations.

Tested Wing Configuration Calculated Configuration

Ordinate Measurements
Orifice Measurements
————  Theoretical NACA 0012

61% Span

3
2
1
z inches 0
1
2
3

¥, inches



BACT wing test : Trailing Edge Control Surface Oscillations.

Span=0.4

CP_REAL

BACT test ; ; experiment
M=0.77, ALPHA=0.° Re=3.96*10°
K=0.0544 (5Hz)

calculation

Span=0.6

CP_REAL




BACT wing test : Trailing Edge Control Surface Oscillations.

&
o

CP_REAL
=]

o
o
L

BACT test ; ; experiment
M=0.77, ALPHA=4.° Re=3.96*10°
K=0.1083 (10 Hz)

calculation

-1
=L
w
4
o
Q




BLWEF calculation

BACT test
M=0.77, ALPHA=0.° Re=3.96*106
Delta=5.°

NASA codes calculation G0

ENS3DAE (full N-S) 04
CFL3DAE (thin layer N-S)

BACT wing test : Trailing Edge Control Surface Steady Deflection.

CFL3DAE
----------- ENS3DAE
o TDT Data, Lower
- TDT Data, Upper

[ I :
o O experiment

calculation
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