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Abstract

Numerical simulations are performed to investig
ate the effect of fixed transition location on supe
rcritical wing aerodynamic characteristics for tr
ansonic supercritical flows. The three-dimensio
nal compressible full potential equations couple
d with boundary-layer corrections are solved. C
omputational grids around wing/body/nacelles
are built by algebraic methods. Solutions at bot
h wind tunnel Reynolds number and flight Reyn
olds number are numerical computed, and are ¢
ompared with high Reynolds number experiment
al data. The simulation results and high Reynol
ds number experimental data are quite similar, i
ndicating the mesh quality and numerical metho
ds are adequate in this study. The key point of th
Is paper is the fixed transition location effect on
pressure distribution, boundary layer thickness
and lift-to-drag characteristics. Many numerical
simulations are conducted over a range of para
meters (Reynolds number, Mach number, etc). T
he numerical results indicate that the fixed trans
ition location plays a significant role on aerody
namic characteristics of supercritical wing in wi
nd tunnel test .The current numerical studies ca
n give some useful guidance for low Reynolds n
umber wind tunnel test to provide reliable and v
alidated wind tunnel test data for the correction
of Reynolds number effect.

1 General Introduction

A scaled-down model is often adopted in wind t
unnel test. Therefore, the flow characteristics ar
e different from full-scale configuration flows.
The flows become turbulent from the leading ed
ge of most components for a full-scale aircraft.
As the wind tunnel Reynolds number is often lo
w, to a certain extent there are some laminar flo

ws in the scaled-down model if free transition is
employed in the wind tunnel test. It experiences
three different processes from low Reynolds nu
mber to high Reynolds number under the conditi
on of free transition. There are absolutely lamin
ar flows in low Reynolds number. Therefore, th
e interactions of laminar boundary layers with s
hock waves occur in transonic flow. There are la
minar flows before shock waves and turbulent fl
ow after shock waves in medium Reynolds num
ber. Therefore, the interactions of boundary laye
rs transition with shock waves occur. There are
already full turbulent flows in high Reynolds nu
mber. Therefore, the interactions of turbulent bo
undary layers with shock waves occur. It is diffi
cult to acquire the variation rule of aerodynamic
characteristics with Reynolds number because
of three different flow characteristics. Conseque
ntly, it is unable to correct the wind tunnel test d
ata for Reynolds number effect to predict aerody
namic characteristics of flight conditions. Accor
dingly, fixed transition is often adopted by utiliz
ing transition trips placed on the model to force
boundary layer transition in wind tunnel test. In
fact, the induced drag of the wind tunnel model
(without separation) is generally accepted as bei
ng representative of the full scale induced dragl,
indicating it is unnecessary to correct induce dra
g for Reynolds number effect. So the pressure di
stribution, boundary layer thickness and drag po
lar curve should be similar between wind tunnel
model and flight conditions. Therefore, it is ext
remely important to determine transition locatio
n in wind tunnel test because the transition locat
ion affects aerodynamic characteristics obviousl
y.

The supercritical airfoils were first designe
d in the 1960s, by NASA engineer Richard Whit
com2-3. A significant research effort has been e
mphasized on its improvement. The superior per
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formance enables its widely application to some
civil aircrafts, such as A320, A330, A380, B77
7, and B787 and so on. Supercritical airfoils are
characterized by their flatted upper surface(sucti
on side surface),highly cambered aft section, an
d greater leading edge radius compared with con
ventional airfoil shapes. Flows about supercritic
al airfoil are shown to be particularly sensitive t
0 viscosity.

Thus, transition location plays a significant
role on aerodynamic characteristics of supercrit
ical airfoils. LyndellS. King numerically studied
the influence of transition location on aerodyna
mic characteristics of supercritical airfoils 4.The
numerical results indicated that transition locati
on and extent has obvious influence on lift-to-dr
ag characteris-tics, shock wave location and sub
sequent boundary layer separation in transonic f
low regime. Chen Yingchun stud-ied the influen
ce of transition location on supercritical airfoils
pressure distribution by numerical simulations a
nd wind tunnel test, analyzing the pressure fluct
uations in wind tunnel test5. DENNIS W BART
LETT claimed that a given transition location o
nly supplied appropriate simulation within limit
ed range, it caused over or inadequate transition
if deviating from applicable conditions substanti
ally6. Over transition leaded to increase turbule
nce boundary layer thickness and more extra dra
g from transition trips, and inadequate transition
leaded to rearward transition location. ELSTN
AAR A gave the influence of over or inadequate
transition on aerodynamic characteristics7.Wei
Wenjian studied the differences between free an
d fixed transition on drag of a small aspect ratio
supercritical wing in wind tunnel test and conclu
ded that it can obtain accurate test data by free tr
ansition towards this small aspect ratio supercrit
ical wing8.

The purpose of this study is to assess the ef
fect of fixed transition location on a large aspect
ratio supercritical wing by numerical simulatio
n. To validate numerical simulation, we compar
e simulation results with European Tran-sonic
Wind tunnel (ETW) test data9. The emphasis is
on the impact of the fixed transition location on
pressure distri-bution, boundary layer thickness
and lift-to-drag characteristics to give some guid
ance for the determination of fixed transition loc
ation in wind tunnel test, and then to effectively
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extrapolate wind tunnel test data to flight condi-
tions.

2 Computational methodology
2.1 Governing equation
2.1.1 Full-potential equation

The unsteady full-potential equation written in a
body fitted coordinate system is given by

(p3), +(pUJ) +(AVJ), +(ANJ), =0 (1)

where p is density, U, V, and W are the contrav
ariant velocity components in the & 7, and ¢, di
rections, r means time, and J is Jacobian. Eq. (1)
is solved by the time-accurate approximate fact
orization algorithm and internal Newton iteratio
ns; body conditions and wake conditions are im
plicit embedded.

2.1.2 Boundary layer equation

The original system of differential equations, w
hich governs the gas flow in the three-dimensio
nal boundary layer has the form:

%(puhz sing) + g(pwhlsin 0)+ %(,mhz sing)=0
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where ov=pov+ pV'.

The coordinate y is directed along the normal to
the wing surface, the variables x, z govern the sy
stem of non-orthogonal coordinates with angle
6(x,z) between them on the surface, u,v,w - are
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the components of the velocity vector along the
coordinates X,y,z, p- is the density, p - is the pre
ssure, - is the dynamic viscosity coefficient,
h =&,/k, h, =,/ are the metric coefficie
nts.

The parameters k,,k,,k;,,k,, characterize curv

ature of coordinate lines z=const, x=const. has f
orm:

klzé_[g(h2 cose)—%

hh, sin @ | ox z

k, =;_[g(hlcos¢9)—%
h,h, siné@| oz OX

klZ:_L - kl+i% +cosé k2+i%
sind | h, ox h, oz )|

k21:_i - k2+i% +cosé kl+i%
sind | h, oz h ox )|

The boundary conditions are as follows:

on the external edge of the boundary lay
er:

y=9, u=u,(X,z), w=w,(X,2z)

on the wall:

y=0, u=w=0 v,=0

2.2 Viscous-inviscid interaction

For the determination of self-consistent solution
s the quasi-simultaneous coupling scheme is use
d. It allows one to take into account the expecte
d boundary layer response to the chordwise velo
city variation while calculating the external flow
and ensures effective and rapid computation of
viscid-inviscid interaction including moderate se
paration regimes.

3 Computational validation

To validate the flowfield computation method, t
he DLR-F6 model was numerically simulated a
nd compared with the experimental data at CL=
0.57. The DLR-F6 model is a twin-engine aircra
ft model, with a variety of wind-tunnel experim
ent data and numerical solutions available over
years. The nacelle of DLR-F6 is a through flow
nacelle. Fig. 1 shows the variation of CL with th
e number of grid points for the DLR-F6 wing-b
ody/nacelle, indicating that the 600000 grid poin
ts are adequate for this simulation. The computa
tional grid for the DLR-F6 wing-body/nacelle (6
00000 grid points) is presented in Fig. 2.
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Fig. 1 The variation of CL with the number of g
rid points.

Fig. 2 DLR-F6 wing-body/nacelle grid.

The wing pressure distributions from the p
resent computation and experiments are shown i



n Fig. 3, respectively, with Ma=0.75, CL=0.4 a
nd Reynolds number of 3%<106 based on the mea
n aerodynamic chord. The lift-to-drag characteri
stics between the calculations and experiments a
re shown in Fig. 4. The simulated results are in e
xcellent agreement with the experiments, showi
ng that the grid generation strategy and numeric
al method are adequate for this case. Thus, over
all, the simulation gives a satisfactory prediction
of pressure distribution, lift-to-drag characterist
ics and is therefore considered to be a satisfactor
y basis for determining simulations.
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Fig. 3 Wing surface Cp comparison at Ma=0.75.
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Fig. 4 Lift-to-drag characteristics comparison at
Ma=0.75.

4 Results and discussion

Taking a large aspect ratio supercritical wing for

instance, a numerical simulation is performed.
Comparison analysis is conducted on the wind t
unnel Reynolds number of 2x106,4>106,4><106
and flight Reynolds number of 24106 based on
mean aerodynamic chord at different transition
location. All the following comparisons of drag
polar curves are undertaken by offsetting the cur
ves of wind tunnel Reynolds number to the one
of flight Reynolds number at CL=0.2.

4.1 Effects of fixed transition location in differe
nt Reynolds number
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For the determination of self-consistent solution
s the quasi-simultaneous coupling scheme is use
d. It allows one to take into account the expecte
d boundary layer response to the chordwise velo
city variation while calculating the external flow,
and ensures effective and rapid computation of

viscid-inviscid interaction including moderate se
paration regimes.

4.1.1 Reynolds number of 2x10°

The numerical results for wind tunnel Reynolds

number of 2x10° at Ma=0.785, Xtr=0.02/0.07/0.
15/0.20 and flight Reynolds number of 24x10° a
t Ma=0.785, Xtr=0.02 are presented in Fig. 5. S
hown in Fig. 5(a) are the wing surface pressure

distributions for several transition locations at w
ing spanwise location of 75%. As can be seen, tr
ansition location makes appreciable difference i
n the shock wave location, shock wave intensity
and rear loading. Note that forward transition lo
cation results in the loss of rear loading which is
the typical characteristics of supercritical airfoil.
For a given lift coefficient the loss of rear loadi
ng has to be compensated by increasing load on

the upper surface upstream of the shock wave,

with the consequence that wave drag increases

with lift coefficient. Boundary layer thickness re
sults are presented in Fig. 5(b) showing obvious

differences between wind tunnel Reynolds num
ber of 2x10° at Xtr =0.02/0.07/0.15/0.20 and fli
ght Reynolds number of 24x10° at Xtr =0.02.Th
is is an expected result, since, at a given transiti
on location, delayed transition location would re
sult in a thinner boundary layer and thus, a more
rear loading in the vicinity of the trailing edge.

Skin friction results for several transition locatio
ns are showed in Fig. 5(c). Note that delayed tra
nsition location results in an overshoot of the tur
bulent skin friction above that resulting from ear
lier transition location, since delayed transition |
ocation would result in a thinner boundary layer
and, thus, a higher velocity gradient at the wall.
Fig. 5(d) presents the drag polar curves about th
ese lift-to-drag characteristics. In this case, there
are obvious differences on the drag polar-stretc
hing part, especially at high lift coefficient, faili
ng to acquire reliable wind tunnel test data for th
e Reynolds number effect correction. So it cann
ot predict the flight aerodynamic characteristics
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under the condition of wind tunnel Reynolds nu
mber of 2x10° at Xtr=0.02/0.07/0.15/0.20. Cons
equently, the free transition test is more suitable
at Reynolds number of 2x10°.
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Fig. 5 Aerodynamics comparison at Ma=0.785,
Re=2x10° in different transition locations.

4.1.2 Reynolds number of 4x10°

Also shown in Fig. 6 are the comparison of win
d tunnel Reynolds number of 4x10° at Ma=0.78
5, Xtr=0.02/0.07/0.15/0.20 and flight Reynolds
number of 24x10° at Ma=0.785, Xtr=0.02 by nu
merical simulation. The results of the pressure d
istribution, boundary layer thickness and lift-to-
drag characteristics clearly show obvious differe
nces between wind tunnel Reynolds number of
4x10°%t Xtr=0.02/0.07and flight Reynolds numb
er of 24x10° at Xtr=0.02.The pressure distributi
on differ considerably, but their agreement incre
ase gradually with the transition location increm
ent while the rear loading is strengthened. The b
oundary layer thickness reduces closed to the on
e of flight Reynolds number as transition locatio
ns move aft. Meanwhile, the similarity of the dr
ag polar-stretching part improves gradually.

As can be seen, the results under the conditi
on of wind tunnel Reynolds number of 4x<10° at
Xtr=0.15/0.20 agree reasonably well with those
of flight Reynolds number , especially at Xtr=0.
20.So it can predict flight aerodynamic characte
ristics well at Re=4x10° Xtr=0.15/0.20 through
fixed transition test.
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Fig. 6 Aerodynamics comparison at Ma=0.785,
Re=4x10° in different transition locations.

4.1.3 Reynolds number of 6x10°
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Fig. 7 show the comparison of wind tunnel Rey

nolds number of 6x10° at Ma=0.785, Xtr=0.02/0.

07/0.15/0.20 and flight Reynolds number of 24x
10° at Ma=0.785 ,Xtr=0.02 by numerical simula
tion. The results of the pressure distribution, bou
ndary layer thickness and lift-to-drag characteris
tics clearly show obvious differences between w
ind tunnel Reynolds number of 6x10° at Xtr=0.

02 and flight Reynolds number of 24x10° at Xtr
=0.02.The similarity of the pressure distribution,
boundary layer thickness and the drag polar-str

etching part are much better under the condition

of wind tunnel Reynolds number of 6x10° at Xt
r=0.07/0.15/0.20, especially at Xtr=0.15/0.20.So
it can predict flight aerodynamic characteristics
well at Re=6x10°, Xtr=0.07/0.15/0.20 through f
ixed transition test.
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Fig. 7 Aerodynamics comparison at Ma=0.785,
Re=4x10° in different transition locations.

Above all, the results of the pressure distributio

n, boundary layer thickness and lift-to-drag char
acteristics clearly show good agreement betwee

n wind tunnel Re of 4x10° at Ma=0.785, Xtr=0.

20, Re of 6x10° at Ma=0.785, Xtr=0.15/0.20 an

d flight Re of 24x10° at Ma=0.785, Xtr=0.02 wi
thin the range of attached flows. The fixed transi
tion location can move forward to decrease aero
dynamic interaction between transition trips and
boundary layer when increasing Reynolds num

ber.

4.2 Effects of fixed transition location at the diff
erent Mach number

4.2.1 The results from numerical simulations

With the aim of evaluating the effect of fixed tra
nsition location on aerodynamic characteristics
at higher Mach number, a study has been made f
or Ma=0.82 at the fixed transition location whic
h can predict flight aerodynamic characteristics
well. Figs. 8-9 show the comparison of wind tun
nel Reynolds number of 6x10° at Ma=0.82,Xtr=
0.15/0.20 and flight Reynolds number of 24x10°
at Ma=0.82,Xtr=0.02 by numerical simulation.
There are obvious differences of shock wave loc
ation, boundary layer thickness and drag polar-s
tretching part at Ma =0.82 while these curves ag
ree reasonably well at Ma =0.785. The main rea
son for this is that the shock wave at higher Mac
h number moves aft and intensifies comparing



with lower Mach number, indicating that the Re
ynolds number effect on supercritical wing at hi
gher Mach number becomes more obvious. The
transition location which can predict flight aero
dynamic characteristics well at Re=6x10°, Ma=
0.785 is not suitable for that at Re=6>10°, Ma=0.
82. Meanwhile the agreement at the transition lo
cation of Xtr=0.20 is a litter better than the one

at Xtr=0.15.
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Fig. 8 Aerodynamics comparison at Ma=0.82,
CL=0.5, in different transition locations.

QIAN GUANGPING1I, SI JIANGTAO

7

/
y
///

\ N\

G
—— Re=6e+6 Xtr=0.15 Ma=0.785
// ——1—— Re=24e+6 Xtr=0.02 Ma=0.785
——t— Re=6e+6 Xtr=0.15Ma=0.82
// ———— Re=24e+6 Xtr=0.02 Ma=0.82
7
/ 0.05
/’
0.02 ‘ ‘ ‘ ‘ 0.025 ‘ C[; ‘ ‘ 0.03 ‘
(2) Re=6x10° Xtr=0.15
//
y
/

—— Re=6e+6 Xtr=0.20 Ma=0.785
———— Re=24e+6 Xtr=0.02 Ma=0.785
———— Re=6e+6 Xtr=0.20 Ma=0.82
——t— Re=24e+6 Xtr=0.02 Ma=0.82 |

V4
/.

0.02 0025 G 0.03
(b) Re=6x10°Xtr=0.20
Fig. 9 Lift-to-drag characteristics comparison in
the different Mach number.

g

4.2.2 The results from ETW test

A series of wind tunnel tests were performed at
conditions equivalent to Ma=0.785 and 0.82 for
the Reynolds number 4x<106,6><106 and 24106
in ETW. For the Reynolds number of 4x<106,6x
106 cases, the fixed transition location was Xtr=
0.07,and the full scale flight case was taken to b
e at Re=24x106 with free transition. Fig. 10(a) h
ighlights the comparison of drag polar curves in
three different ratio of dynamic pressure to the e
lastic modulus. Although the aeroelastic deform
ation of the wing would be different in three diff
erent g/E, there are no obvious differences about
drag polar curves. As a result, the data actually
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represents only the influence of Reynolds numb
er. Fig. 10(b) also shows the ETW test results ab
out the lift-to-drag characteristics at Ma=0.785,
0.82. There are greater differences between low
Reynolds number and high Reynolds number at
Ma=0.82 than that at Ma=0.785 according to the
results. So it can come to the conclusion that th
e transition location at low Mach number of 0.7
85 is not suitable for the condition of high Mach
number of 0.82, which is the same as the concl
usion the numerical simulation comes to.
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Fig. 10 Lift-to-drag characteristics comparison
from ETW test data.

5 Conclusions

In this work, we presented the numerical simula
tion results of fixed transition location effects on
supercritical wing aerodynamic characteristics.
When several parameters (Re, CL, and Ma) wer
e changed over a wide range, valuable results w
ere analyzed and compared with high Reynolds
number experimental data. The following concl
usions were drawn.

1) The boundary layer thickness at Re=4x
10°, Xtr=0.20, Ma=0.785and Re=6x10° Xtr=0.1
5/0.20, Ma=0.785 are close to that of Re=24x10
® Xtr=0.02, Ma=0.785. Meanwhile, the pressure
distribution and the drag polar-stretching part ar
e similar indicating that it can properly predict t
he flight aerodynamic characteristics. The boun
dary layer thickness decreases with increased R
eynolds number at the same fixed transition loca
tion. So the fixed transition location can move f
orward to decrease aerodynamic interaction bet
ween transition trips and boundary layer when i
ncreasing Reynolds number.

2) The fixed transition location which pred
icts well at lower Mach number of 0.785 is not s
uitable for higher Mach number of 0.82 at the sa
me Reynolds number, indicating that the Reynol
ds number effect on supercritical wing at higher
Mach number becomes more obvious. The diffe
rences become less when the fixed transition loc
ation moves aft.

The size of Reynolds number is required f
or wind tunnel test utilizing fixed transition. It f
ails to predict the flight aerodynamic characteris
tics at Re=2x10° for the supercritical wing of thi
s study. Therefore, the free transition test is mor
e suitable. A given transition location only suppl
ies appropriate simulation within limited range.
So we should study the effect of fixed transition
location before fixed transition test. Therefore, t
he results of this study can be considered as the
reference for low Reynolds number wind tunnel
test.
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