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Numerical Investigations on Two-Dimensional Canard-Wing
Aerodynamic Interference

San-Yih Lin,* Yan-Shin Chin,T and Yuh-Ying Wang¥
Institute of Aeronautics and Astronautics, Tainan, Taiwan, Republic of China

A finite element method for solving of the Euler and Navier-Stokes equations is used to study the unsteady
aerodynamics of a two-dimensional canard-wing aerodynamic interference. The method used a discontinuous
finite element method for spatial discretization and an explicit Runge-Kutta time integration for temporal
discretization. The problems of a flow over an airfoil with/without viscosity, a flow over a pitching airfoil, and
an airfoil-vortex interaction are tested to show the accuracy of the proposed numerical method. Finally, the
results of two-dimensional canard-wing aerodynamic interference in steady and unsteady transonic flows are
shown to demonstrate the robustness of the numerical algorithm, and qualitative and quantitative aerodynamic

influence of one airfoil on the other.

I. Introduction

NUMBER of highly maneuverable fighter configura-

tions has been proposed with closely coupled canard
systems which can lead to several advantages, such as higher
trimmed-lift capability, improving pitching moment charac-
teristics, and reducing trim drag at transonic speeds. To clearly
understand the closely coupled canard-wing interference flow-
fields, a two-dimensional inviscid Euler model is studied in
the present investigation.

Many of the numerical schemes for solving such problems
are based on the transonic small-disturbance (TSD) potential
equations. Steady transonic flowfields and interference effects
of two- and three-dimensional canard-wing systems have been
studied by Shankar et al.’ using TSD and modified TSD.
Agrell and Elmeland?® compared the TSD method with a lin-
earized panel method for a low aspect ratio canard in various
Mach numbers. Unsteady transonic flow calculations for two-
and three-dimensional canard-wing interaction problems have
been performed by Batina et al.** using unsteady transonic
small-disturbance codes called XTRAN2L and XTRAN3S.
However, schemes based on the potential equations are some-
what limited in scope, because the assumptions of ignoring
entropy changes and vorticity production across the shock are
not strictly correct. The objectives of the study are 1) to
develop an unsteady transonic Euler solver with dynamic grid
system for aerodynamically interfering airfoils, 2) to quali-
tatively and quantitatively discuss the effects of Mach and
Reynolds numbers on the flow qualities, and 3) to investigate
the effects of two-dimensional canard-wing aerodynamic in-
terference in steady and unsteady transonic flows.

A finite element method for solving the Euler and Navier-
Stokes equations is used to study the above subjects. The
method used a discontinuous finite element method for spatial
discretization and an explicit Runge-Kutta time integration
for temporal discretization. A dynamic grid method is used
in the proposed method to simulate flows over airfoils in
pitching motion. The outlines of the numerical procedure are
presented in Sec. II. In Sec. III, the problems of a flow over
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an airfoil with/without viscosity, a flow over a pitching airfoil,
and an airfoil-vortex interaction are tested to show the ac-
curacy of the proposed numerical method. On the flow over
an airfoil, we discuss the effects of Mach and Reynolds num-
bers on the flowfields. Finally, in Sec. IV, we present the
results of two-dimensional canard-wing aerodynamic inter-
ference in steady and unsteady transonic flows to demonstrate
the robustness of the numerical algorithm, and qualitative and
quantitative aerodynamic influence of one airfoil on the other.

II.
A. Governing Equations

The two-dimensional, compressible, and inviscid/viscous
flows can be described in conservation form by the Euler/
Navier-Stokes equations:

Numerical Method

w, + V-(f,8) =0 (1
where
p i pu
w = | P4 f= f pu* + p — (URe)T,,
ov| A puv — (VRe)t,,
pe fa u(pe + p) — (1/Re)r,
8 pv
_|&| | puw - (URe),
g g3 pvl + p - (l/Re)T\\
gl Lv(pe + p) = (URe)s,
with
T,\'_\' = p“ (u.\' + v.\‘)
/Tr\"\' = M(_zu\ + 4V\')/3
- S B
ry = ut, + vt + Pr(y — 1) (@),
- N SR
Sa = MT.\’_\' + VT_\'y + Pr(’)’ _ l) (a ),"

here, p, p, u, v, and e are the pressure, density, x- and
y-direction velocity components, and the total energy per unit
mass, respectively. w is the dynamic viscosity determined by
Sutherland’s law. The Reynolds number and Prandtl number
are denoted as Re and Pr, respectively. a is the speed of sound.
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Fig. 1 Representation of quadrilateral (1,

The pressure p is given by the equation of state for a perfect
gas

p = (v = Dlpe - 1p(u> + v?)]
where y (=1.4 for air) is the ratio of specific heats.

B. Space Discretization-—The Discontinuous Finite
Element Method

The method used is based on a two-step modified Runge-
Kutta time integration coupling with a discontinuous finite
element method. Only an outline of the numerical method is
presented in Secs. I1.B., I1.C., and I1.D. A detailed devel-
opment can be found in Ref. 6.

Q is the computed domain, {Q},} is a quadrilateral partition
of (1, and 8{);; is the boundary of €),.. In this article we ap-
proximate any function w as

wix, y; 1) = wi(t) + w(Od(x, y) + w(O)(x, y)
for (x,y) € Q,; 2

where ), is an arbitrary quadrilateral. In Fig. 1, A4, B, C,
and D are the vertices of ,;, and 1, 2, 3, and 4 arg the
midpoints of the edges of (},;, respectively. ¢ and ¢ are
defined as the following. First, we transform the quadrilateral
(), into a square {};; in £7 plane by a bilinear transform func-
tion T(&, m), where Q] = [(£§, ), —1=¢é=1, -1 =19
= 1]. Then, ¢ and ¢ are defined as

(x,y) = d[x(&, n). y(& )] = d'(&,m) = &

- < - 3
d(x. y) = ¢[x(& ), y(& ]l = ¢ (6 m) =7 ®

Note that ¢ and q§ are close to linear functions such that

] 1, (x,y) € BC

P(x,y) =10, (x, ) €24, (x. )€Y,
-1, (x,y) € AD

. L, (x,y)€CD

d)(x, y) = 0’ (X, y) € 13_7___ (x’ y) € Qij
-1, (x,y) € AB

And, they are allowed to have jumps at the interface be-
tween two quadrilaterals to capture the discontinuities of the
solutions. Now, multiplying Eq. (1) by ¢ and integrating over
an arbitrarily moving subdomain (, (), we have

aw
J'Lljm‘(;@dxdy +fLUmV'(f,g)<dedy =0 (4

Assuming ¢ = 1, ¢ = ¢, and ¢ =
following equations:

d:>, we can obtain the

dooay - f
5 (w'A,)) = s (Fn, + Gn,) d! (5a)
d (WA, J )
S22 - - _ dl
3 (2) = -] o+ Gud
v || b+ chyaxay (5b)
Q) ’
d (WA, f .
— | =) = = o+ )b di
9 () = -, o+ Gnd
s #b+ Ghyaray (50
Q0 ’

where A;; is the area of Q;(t), (n,, n,) is an outward normal

vector of the quadrilateral ;,, and
fl - PX,
F = fl - pux,
f3 - pvx,

Lf, = pex, + px,

g1 — Py,
G-| &-mw
g3 - PVy,

L84 — pey, + 124

where x, and y, are the grid speeds in the x and y directions
(for a fixed grid system, x, = y, = 0). The line integrals in
the equations are estimated by the midpoint integral rule with
some kinds of upwind techniques, and the surface integrals
are estimated by the quadrature numerical integrations. De-
tails of the derivations are given in Ref. 6.

’ C. Time Integration—The Two-Step Runge-Kutta Method

Rewrite the ordinary differential Eq. (5) as

dw
Fr H(w)

W()
w = w
w

The following two-step Runge-Kutta time integration® is
used. For a given w” at time ¢,, we compute w”*! at time 1, ,
as

w® = ypn
i = A LB g
(6)
w® = A"L:H o) _ Aéil H[W“)]
wrrl =

where A” and A"*! are the area of {);; at time ¢, and ¢,, ,,
respectively. This time integration is second-order accurate
and includes the necessary terms to account for changes in
cell areas due to moving grids. We note that a local projection
limiting the slopes, w and W, is necessarily introduced in the
numerical procedure to avoid the numerical wiggles at some
critical regions, such as shock and higher gradient regions.®
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D. Boundary Conditions

We use a standard characteristic boundary condition® to
compute the far-field boundary conditions. The solid surface
boundary condition for inviscid flow is the tangency condition.
For viscous flow, the usual no-slip condition is applied, i.e.,
u=0,v=0(u—-x =0,v —y =0 for amoving grid
system). The density and pressure on the wall surface (see
Fig. 2 for grid structure) for inviscid and viscous flows are
determined as

p* = p' — minmod[0.5(p* ~ p'), p']
p"=p' = 05(p* - p)

@)

E. Dynamic Grid Algorithm

A dynamic grid algorithm is included to compute the flows
over airfoils in pitching motion. The idea is that we fix the
grid points on the outer boundary, correct the grid points on
the inner surface boundary according to the moving body,
and determine the rest of points by modeling each edge of
each cell by a spring. Details of the dynamic grid algorithm
are given in Refs. 6-9. By this algorithm, for given (x;, y,,)"
at time 7, and the corresponding surface boundary motion,
one can define (x;, y,;)"*' at time f,,,. And the grid speed
(x,, y,)" is determined by

n+l _ xr_ljl

X ) = A

e AT, + AT, ()
yl_lfl _— yr]f[

n(; 7y = oA i

Vil D) = AT

here, AT, is the time step between ¢, _, and t,, and AT, be-
tweent, and ¢, ,.

In the time marching process, we need to calculate the area
of each quadrilateral at every time step. To avoid errors in-
duced by the dynamic grid system, it is necessary to add a
geometric conservation law to determine the relationship among
the grid points, grid speeds, and the cell areas. Then one can
compute the area A"*!' as

At = AL+ ALY (x Ay, — yiAx,) ©)

where the summation is taken over all edges of the quadri-

lateral €),;, and Ax, Ay are determined by
Axn+1 + Axn A n+1 + A n
R Tl

III. Numerical Test Problems

The problems of a flow over a stationary airfoil with/without
viscosity, a flow over a pitching airfoil, and an airfoil-vortex
interaction are tested to show the accuracy of the proposed
numerical method.

A. Flow over a Stationary Airfoil

In this example, we will show the accuracy of the numerical
method and discuss the effects of Mach and Reynolds numbers
on the flowfields. The single NACA 0012 airfoil computations
have to be performed on the 192 X 40 C-type grids for both
Euler and Navier-Stokes equations. First we show the result

[I777 Lo 177777

Fig. 2 Dual mesh system for boundary conditions.
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Fig. 5 Pressure distribution for M, = 0.755, « = 0, and Re = 0 or
3 x 10¢,

on the flow over the airfoil at the freestream Mach number
M. of 0.5, O-deg angle of attack « = 0, and Re = 0 or
5.0 x 10%. Figure 3 shows the surface pressure distribution.
In this case, the flow is subsonic and is separated around the
tail of the airfoil as Re = 5.0 X 10°. Therefore, in Fig. 3,
one can see a difference between inviscid and viscous flows
around the tail. The comparison between ours and Swanson
and Turkel’s'” numerical results agrees very well, except at
the tail region for the viscous flow computations. Secondly,
we show the result on the flow over the airfoil with M, =
0.602, « = —0.14 deg, and Re = 0 or 3 x 10° The flow is
subsonic and becomes turbulent as Re = 3 x 10°. Figure 4
shows the surface pressure distribution which indicates that
both inviscid and viscous results are almost the same and agree
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well with the experimental data.!! Finally, we show the result
of the flow over the airfoil with M, = 0.755, a = 0, and Re
= 0 or 4.01 x 10° The flow is transonic with a weak shock
and becomes turbulent as Re = 4.01 x 10°. Since the weak
shock/boundary-layer interaction occurred, the viscous flow
has a small separation region at the shock foot. Figure 5 shows
the surface pressure distribution. The difference between the
inviscid and viscous results is still very small, except at the
weak shock/boundary-layer interaction region. Also, the flow
is turbulent and one can see the difference between the nu-
merical results and the experimental data.'? From the above
discussions, we conclude that the computational results ob-
tained by the Euler and Navier-Stokes solvers are very close
to each other for simulating the transonic flow over a sta-
tionary airfoil at higher Reynolds number. Therefore, we use
the proposed Euler solver to simulate the rest of the problems.

B. Flow over a Pitching Airfoil

The problem considered is that a NACA 0012 airfoil in a
sinusoidal pitching about a fixed point at the quarter chord.
The angle of attack varies according to the type

a = a, + o sin(2kt) 10)

where «,, is the mean pitching angle, «, is the amplitude of
the sinusoidal oscillation, and k is the reduced frequency.
Unsteady calculations are started from the converged steady-
state solution at @ = «,,. In this article, we consider «,, =
0.016 deg, «, = 2.51 deg, k = 0.0814, and M, = 0.755. We
compare the surface pressure distribution, lift and moment
coefficients with the experimental'® and numerical data.®'
Figure 6 shows the pressure distribution on the airfoil surface
which agrees well with the experimental data. They illustrate
the movement of shock waves and pressure jumps. The in-
crease of pitching angle induces the increase of flow speed
and shock strength on the upper surface. The reverse phe-
nomenon happens on the lower surface of the airfoil. Figure
7 shows the lift and moment coefficients, C, and C,. C,
agrees well with the experimental data,'? except at one point,
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Fig. 6 Instantaneous pressure distribution for a pitching NACA0012
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d)
Fig. 10 Vortex contour at several stages of the vortex passage, { =
a) 1.0, b) 2.52, c¢) 3.42, and d) 4.57.
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Fig. 12 Grid system for canard-wing with § = 1.0.

a = 1.09 deg. The results indicate that our finite element
method combining with the dynamic grid algorithm is suitable
for the unsteady transonic problems.

C. Airfoil-Vortex Interaction

The problem describes the airfoil-vortex interaction of a
concentrated potential vortex convecting past a stationary air-
foil.’s-1* A schematic of the arrangement is shown in Fig. 8.
The vortex is initially introduced at (x,, y,) = (—-2.0, —0.26)
with a small disturbance velocity, which is given as
u, = q, sin 6, v, = —q, cos 8

with
q. = ('2ar){l — exp[—(r*/a?)]} (11)

where (u,, v,) is the disturbance velocity of a concentrated
potential vortex superposed in the flow, and (r, 6) is the polar
coordinates with the origin at (x,, y,). By following Mc-
Croskey and Goorjian’s paper,'® we chose I' = 0.2 and a =
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Fig. 13 Pressure distribution for different horizontal distances, § =
a) 2.0, b) 1.5, ¢) 1.25, and d) 1.0.

0.05. The “dot line” in Fig. 8 shows the expected path of the
vortex. Figure 9 shows the pressure distribution on the airfoil
at several stages of the vortex passage. The agreement be-
tween our results and McCroskey and Goorjian’s results'®
(shown in Fig. 6 in their paper) is satisfactory, except at the
time when the vortex is beneath the tail of the airfoil. Figure
10 shows the vorticity contour at several stages of the vortex
passage. When the vortex approaches the airfoil, it induces
a downwash or negative v-velocity perturbation which reduces
the lift coefficient. Finally, after the vortex passes the airfoil,
it induces an upwash v-velocity to the airfoil which increases
the lift coefficient. The similar phenomenon will be seen in
the following problem of canard-wing interference.

IV. Canard-Wing Interference

In this section, we present the results of two-dimensional
canard-wing aerodynamic interference in steady and unsteady
transonic flows to demonstrate the robustness of the numer-
ical algorithm, and qualitative and qualitative aerodynamic
influence of one airfoil on the other.

A. Steady Canard-Wing Interference

The model consisted of two NACA 0010 airfoils which are
arranged in tandem. A schematic of the arrangement is shown
in Fig. 11. In this figure the canard chord length is selected
to be 60% of the wing chord length, S (normalized by the
wing chord length) is the horizontal distance between the
midchords of wing and canard, and the vertical distance is
fixed at 0.25. We study four different cases: § = 2.0, § =
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Fig. 14 Vorticity contour at phase angle: a) 5047/6, b) 537/6, ¢) 56%/6, and d) 59%/6.

1.5, 8 = 1.25, and § = 1.0 in order to understand the effect
of canard-wing interaction at different separate distance. The
flow conditions considered are & = 1 deg, M.. = 0.76. For
the grid system, we distribute 81 and 65 points on the canard
and wing, and use 237 x 21, 217 x 21, 217 x 21, and 207
x 21 C-type grids for the different horizontal separation
S = 2.0, 1.5, 1.25, and 1.0, respectively. Also, Ax,,;, on the
leading edge of canard is 4.24 x 1073, Ax,;, on the trailing
edge of canard is 1.27 x 1072, Ax,,;, on the leading edge of
wing is 8.0 X 10-*, and Ax,,, on the trailing edge of wing is
2.0 X 10~ In the normal direction of airfoil in the canard-
wing case, we gave Ay, = 5.0 X 1072, Figure 12 shows the
grid system for the case, S = 1.0.

The computational results of pressure distribution are
presented in Fig. 13. Our computational results agree with
Batinar’s,* except at the upper canard surface on which there
is a stronger effect obtained by the Euler model. This meant
that the isentropic TSD model may not be good enough.
Whitlow!” pointed out that one may use nonisentropic cor-
rections to improve the potential model. By comparing the
pressure distribution on an isolated airfoil and canard-wing

configuration, we can find some phenomena. For this config-
uration the canard produces a downwash on the wing that
weakens the shock strength. Conversely, the wing produces
an upwash on the canard, such that the shock strength is
increased on the upper surface of canard. As the horizontal
separation distance between two airfoils becomes small, the
shock on the upper surface of the canard is increased in strength,
and the shock on the upper surface of wing is decreased in
strength. To satisfy the Kutta condition, we can consider the
canard as a stationary vortex in front of the wing, that pro-
duces a downwash on the wing and decreases the effective
angle of attack for the wing. Therefore, the lift on the wing
would be lower than a single wing. Similarly, the wing pro-
duces a circulation to induce an upwash on the canard thus
increasing the lift of canard.

B. Unsteady Canard-Wing Interference

For this problem, the pitching motion of the canard is sim-
ilar to the single airfoil case: «,, = 1 deg, a, = 5 deg. k =
1, and M, = 0.76. Two cases of different horizontal sepa-
ration distance, § = 2.0 and § = 1.25, are investigated in
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CANARD-WING INTERFERENCE

this study. Our computational results indicate that the pres-
sure distribution of the 107 phase angle matches well with
the 87 phase angle, so we assume that the flowfield becomes
periodic after four cycles of pitching motion.

For § = 2.0, Fig. 14 shows the vorticity contours during
the 5th cycle. One can see that the vortices shed from the tail
of the canard, follow the flow stream, and go through the
upper surface of the wing to the downstream. From the Kel-
vin’s theorem we know when the canard is pitching up, the
circulation around the canard will increase, and when a coun-
terclockwise trailing vortex will be induced and shed. In-
versely, when the canard is pitching down, a clockwise trailing
vortex is induced and shed. In Fig. 14, at the phase angle of
567/6, there is a counterclockwise vortex ahead of the wing
and a clockwise vortex behind the wing. These two vortices
offer the wing extra lift. Inversely, at the phase angle 507/6,
there is a clockwise vortex ahead of the wing and a counter-
clockwise vortex behind the wing, they induce the downward
force and decrease the lift of wing. We can conclude that
during the 5th cycle the maximum and minimum lift coeffi-
cients on the wing occur at phase angles of 567/6 and 507/6,
respectively. Figure 15 shows the pressure distribution on the
airfoil surfaces. One can see that there are local changes on
the upper surface of wing around the shock region and the
variation of lower surface of the wing is small.

For the canard-wing configuration with S = 1.25, the sim-
ilar phenomena occur, except that the interference between
the wing and canard is stronger and the maximum and min-
imum lift coefficients on the wing occur at phase angles of
52/6 and 577/6, respectively.

V. Conclusions

In this article we apply the discontinuous finite element method
coupling with a dynamic grid algorithm to study the'steady/
unsteady, inviscid/viscous flows passing through single/canard-
wing airfoils. The accuracy of the method is investigated for
flows past a NACA 0012 airfoil with/without pitching motions
and an airfoil-vortex interaction. A fairly good agreement by
comparisons with related numerical data is obtained. The results
of steady canard-wing configuration computations show that the
canard induces a downwash on the wing and decreases its lift.
Conversely, the wing induces an upwash on the canard that
increases its lift. About the unsteady canard and wing interac-
tion, our studies show that there is an upwash acting on the
wing when the counterclockwise shedding vortex is ahead of the
wing or a clockwise shedding vortex is behind it, and the wing
will obtain extra lift. Inversely, with a clockwise vortex ahead
of the wing or a counterclockwise vortex behind it, a downwash
acts on the wing and decreases the lift. The results of two-
dimensional canard-wing aerodynamic interference on steady
and unsteady transonic flows demonstrate the robustness of the
numerical algorithm, and qualitative and quantitative aerodyn-
amic influence of one airfoil on the other.
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