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The basic objective of this work is to validate CFD simulations performed on a transonic cruiser
configuration called the TCR. The low speed aerodynamic characteristics of the TCR have previously been
investigated at the Russian TsAGI T-103 wind tunnel as part of the European Framework 6 SimSAC project.
The experimental results showed that static and dynamic pitch moment curves are very nonlinear. These
experimental data are used in this work to validate CFD predictions using the Cobalt flow solver with
an overset grid approach. Two types of wind tunnel tests were conducted: static tests for angle-of-
attack sweeps at zero degrees sideslip and angle-of-sideslip sweeps at different angles of attack. The
Transonic passenger aircraft dynamic tests include forced sinusoidal oscillations in one of three modes of pitch, yaw, and roll. Both
Overset mesh static and dynamic tests were conducted with/without a vertical tail and at different canard deflections.
CFD Dynamic tests are small- and large-amplitude motions with frequencies of 0.5, 1.0, and 1.5 Hz. CFD
Canard-wing interaction results were obtained with different turbulence models and using a single mesh or an overset grid
approach, and then compared with the experimental data. The effects of the canard downwash flow
on the wing aerodynamic performance are also investigated. The comparison between the experimental
and CFD simulations show that the results match well. The overset mesh that includes a gap between
the canard and fuselage leads to the same predictions as the single mesh that has no gaps. The CFD
solutions show that vortices are formed over the canard, fuselage, leading-edge extension (LEX), wing,
and the vertical tail (at sideslip angles). Each vortex appears to have a primary vortex accompanied by
a smaller counter-rotating secondary vortex. These vortices are influenced by the canard presence and
deflection. At high angles of attack, the canard vortex has two favorable effects in terms of increasing
the maximum lift and delaying the wing vortex breakdown. In the range of angles of attack between 18°
and 24°, the canard vortex core moves upward off the canard surface and the LEX and wing vortices
interact and then merge; both effects lead to a sudden change in the slopes of the force and moment
curves. Finally, the CFD data show that increasing the canard deflection produces a stronger vortex over
the canard, but leads to smaller fuselage and LEX vortices.
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1. Introduction

Computational fluid dynamics (CFD) simulations are anticipated
to become the primary tool in the design of modern commer-
cial and military aircraft. The traditional handbook methods and
low-fidelity aerodynamic tools fail to predict accurately the aero-
dynamic behavior over an extended flight envelope and/or of a
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novel configuration [1]. Flight tests are expensive, sometimes re-
quire risky maneuvers, and become available late in the design cy-
cle. As a result, CFD predictions and wind tunnel experiments play
a crucial role in the development of modern aircraft prior to fabri-
cation. Specifically, CFD has become reliable enough to detect the
source of undesirable flight characteristics experienced in the flight
testing [2]. This ensures the early availability of high quality aero-
dynamic models for design of the control system and minimizes
risk and uncertainty in a new airplane product. However, CFD tech-
niques are subject to uncertainties due to the choice of numerical
and geometrical models, and therefore CFD simulations must be
validated and evaluated on the basis of experimental data. The sta-
bility & control analysis of the airplane depends upon the accuracy
of determining aerodynamic coefficients, especially at the bound-
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Nomenclature

Ao motion amplitude ..., rad
a speed of sound.............cooiiiiiiiiiiiiii, m/s
b WINE SPAN. .ottt tee et ie e ie e ie e eeaennnns m
Cp drag coefficient, D/qo0S

Cn normal-force coefficient, N/qxS

Cmix roll moment coefficient, My/qooSb

Cmy pitch moment coefficient, My /g0 Sc

Cmz yaw moment coefficient, M;/qo.Sh

Cp pressure coefficient, (p — Poo)/Goo

Cy side-force coefficient, Y /qo0S

c mean aerodynamic chord...................... ... m
D drag forCe . .ovvvie it i N
f freqUeNCY. ... vvie e Hz
N normal force ........ooviiiiiiiii i N
My roll moment .......oovvuiiiiii i Nm
My pitch moment........................o Nm
M, VAW MOMENT. ..ttt eneeenenenannnns Nm
M Mach number ...........cooviiiiiiiin i V/a
D SEALIC PIESSUIE ...ttt eeeerieeeeineennineennnaaans Pa
Poo freestream Pressure ...........c.coeeevvieeevnnnennnnn. Pa

Goo dynamic pressure, pV2/2......c..ccciiiiiiiiiininn.. Pa
Re Reynolds number, pVc/u

S Planform area..........o.oooveueinrineineineeneennn. m>
t* non-dimensional time step, Vt/c

t EIME . et e S
Vv freestream veloCity.........covvviiiiiiiinneinnnnns m/s
X,y,z  aircraft position coordinates

Greek

o angle of attack...........c.oiiiiiiiii i rad
o time-rate of change of angle of attack........... rad/s
B side-slipangle...........ccoveiiiiiiniiiiiiiennnnns. rad
) control surface deflection.......................... rad
0 AT deNSItY . ...t kg/m?3
I AT VISCOSITY .t veeee et iie e eieennns kg/(ms)
Subscripts

c canard

w wing

(a) TCR design concept [1]

(b) TCR wind tunnel model [8]

Fig. 1. TCR design and wind tunnel model.

aries of the flight envelope. This work considers the application of
CFD modeling to predict static and forced motion aerodynamic re-
sponses of a canard configured TransCRuiser named the TCR.

The TCR (shown in Fig. 1(a)) is a conceptual design of a civil
transport aircraft operating at transonic speeds, with a cruise Mach
number of 0.97 [3]. The design was proposed by the Swedish
aerospace company SAAB; the initial concept was examined and
modified within the European Framework 6 SimSAC project [4].

The final TCR aircraft is a canard-wing-vertical tail configuration
and includes a wing leading edge extension (LEX). The canard is
an all moving surface and a close-coupled type. Both the wing and
canard are swept back 60° causing vortex formation at moderate
to high angles of attack. The transonic design speed was chosen
to highlight the shortcomings of the handbook methods and lin-
ear aerodynamic codes available in the SimSAC project. Even at
low subsonic speeds, the aircraft has very nonlinear aerodynamic
behavior due to canard/wing interference effects [1,5,6]. The pres-
ence and deflection of the canard will affect the wing performance,
specifically for a close-coupled canard configuration [7]. As a result,
the TCR aircraft provides a challenging task for CFD simulation.

In this work, computational predictions are compared with
available wind tunnel measurements of the SimSAC project to eval-
uate the accuracy of standard CFD models and methods. The wind
tunnel model was built at Politecnico di Milano in Italy and then
tested in the TsAGI T103 wind tunnel in Russia at low speeds and
up to high angles of attack. Several configurations were investi-
gated to allow consideration of the influence of single components
(vertical tail and canard) on the overall performance. The static
tests included a variation of side-slip angles, angles of attack rang-
ing from —10° to 40° with step of 2°, and the canard deflections
from —30° to 10° with step of 5° and an asymmetric deflection
with —10/+10 degrees. Dynamic tests include small- and large-
amplitude motions with frequencies of 0.5, 1.0, and 1.5 Hz and
were tested in pitch, roll, and yaw modes. For small amplitude
motions, dynamic derivatives were estimated using a linear regres-
sion method and included in the experimental data [8]. In addition,
the TCR was tested for plunged forced oscillations to measure ¢
derivatives.

In the experiments, the left and right canard panels were de-
flected to eight different positions including an asymmetric po-
sition. Regeneration of the mesh for all these cases can be a
very time-consuming and labor-intensive task. This work investi-
gates the use of an overset method for modeling the TCR canard
deflection. In an overset method, independent meshes are gener-
ated around different body elements and then the governing flow
equations are solved independently for each mesh. Information
is transferred between these meshes using an interpolation tech-
nique. Since these meshes are created for each component and
they can be moved/rotated independently large displacements of
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control surfaces are possible without the regeneration of the mesh.
The results of the overset mesh of this work are compared with ex-
perimental data and those predicted by a single mesh at a canard
angle of zero degrees. This allows investigation of the effects on
the aerodynamic predictions of the gap that required in the Cobalt
flow solver for overset meshes.

The computational results of this work will aid in the under-
standing of the flowfield over the TCR. Specifically, the TCR wind
tunnel experiments only provide total integrated forces and mo-
ments; surface pressure measurements and flowfield information
are not available. In addition, the load balance used in the wind
tunnel could not measure the drag force. The surface flow con-
ditions are easily available from the CFD simulations; forces and
moments can also be isolated for each surface or region of interest
to study the canard/wing interference in both CFD and measure-
ment, but it would increase the cost of experiments. Note that it
took about three years to plan the wing tunnel experiments of the
TCR, build the model, and complete all the tests.

There are three objectives in the present study: 1) to contribute
to the understanding of the flow physics of the TCR configuration,
2) to develop validated aerodynamic models for the TCR using an
overset grid method 3) and to investigate the effects of the canard
downwash flow on the wing aerodynamic performance. The work
is organized as follows. The first section reviews the canard-wing
interaction effects. Next, a basic introduction of the CFD flow solver
is provided. The TCR geometry and mission requirements are then
detailed. The computational grids are presented in the following
section. The results are then presented and discussed, followed by
concluding remarks.

2. Canard-wing interaction

A canard-wing configuration is an attractive design choice for
a high-speed, highly maneuverable aircraft [9]. The presence of a
vortex over the canard increases the wing maximum lift, reduces
the trim drag, delays the wing stall, and improves the maneuver-
ability [10]. While a conventional aircraft should generate some
negative lift on the tail to balance the wing pitch moment around
center of gravity, the canard will produce a possible upward lift.
The main wing of a conventional aircraft must compensate the
tail negative lift, causing the induced and trim drag to increase
as result of increased lift [11]. A canard offers two possible bene-
fits with reducing the wave drag: first, it improves the longitudi-
nal variation of the cross-sectional area, particularly for a close-
coupled canard [10], and second, it makes an aerodynamically
clean fuselage aft section compared to a tailed configuration [12].

A canard has many benefits for a transonic cruiser. A properly
designed and placed canard will stall before the main wing, and as
a result, the airplane nose drops (an uncommanded pitch) which
prevents the main wing from entering the stall regime. In addition,
the canard provides a positive pitch control which could counteract
the nose down tendency of the airplane as it enters the transonic
regime (“Mach tuck”). Finally, the canard improves the stall/spin
recovery. However, the canard is a statically destabilizing device
because of its location ahead of the center of gravity [13]. There-
fore, the canard size should be as small as possible to minimize its
destabilizing effect, but, this decreases the pitch control effective-
ness as well [11].

Canard-wing configurations can be classified into long-coupled
and close-coupled as shown in Fig. 2. Roskam [14] suggested
the ratio between the distance between canard (mean aerody-
namic center) and the wing (mean aerodynamic center) to the
mean aerodynamic chord to classify airplanes into long-coupled
and close-coupled types; a long-coupled design has a ratio greater
than five, a short-coupled typically has a ratio less than three.

Long—coupled Close—coupled

]\ 5
Fig. 2. Canard types. Adapted from Ref. [16].

If the design focus is on reducing aircraft drag at cruise con-
ditions, the canard should be placed far ahead of the wing. This
configuration minimizes the canard-wing interference effects and
requires a smaller upward load on the canard; both effects would
help to reduce the trim drag [9]. One example is the X-31, which
has canards that deflect between +20 and —70 deg for pitch con-
trol requirements [15]. The problems related to a long-coupled
configuration are mainly stability issues. Torenbeek [9] stated that
the size of a long-coupled canard should be less than 10% of the
main wing to achieve stability. This makes a long-coupled canard
the primary pitch control surface rather than a lifting surface.
Therefore a long-coupled canard typically requires large deflections
for the pitch control.

The canard/wing interaction for a short-coupled canard in-
creases the maximum lift and drag in comparison to a long-
coupled canard. Examples of the close-coupled configurations are
NASA X-29, SAAB Viggen and Grippen, and European Fighter Air-
craft. Typically, close-coupled canards are bigger than long-coupled
ones, and therefore they are lifting surfaces as well as a control
surface [16]. These highly-loaded surfaces will produce excessive
drag as well. At small angles of attack, the canard induces a down-
wash over the wing within the canard span and an upwash out-
side its span [16-18]. As a result, while the flow tends to remain
attached over the wing behind the canard, it tends to separate out-
side the canard [16]. Although, this leads to a loss of lift on the
wing compared with a wing only configuration, the overall aircraft
lift will be identical to a canard-off configuration due to the in-
creased lift by the canard. O’leary [16] stated that “at low angles
of attack (<10°) the lift-curve slope of a model with or without a
canard is identical.”

For slender delta canard/wing surfaces, the flow at moderate
to high angles of attack is characterized by two large counter-
rotating primary vortices formed over the upper surface. The sharp
leading edges of slender wings cause the boundary layer to sepa-
rate and the separated shear layers to roll up into vortices. The
shear layer may exhibit instabilities that increase the vortical sub-
structures and, therefore, the vortices increase in both size and
strength as they extend downstream. A close-coupled canard has
favorable interference between the canard and wing leading-edge
vortices [16]. In these configurations, the canard vortex helps to
delay the wing vortex breakdown to higher angles compared with
a wing only configuration. As a result, a canard-on delta wing
has a larger maximum lift coefficient than a canard-off configu-
ration [19].

3. CFD solver

The flow solver used for this study is the Cobalt code [20] that
solves the unsteady, three-dimensional and compressible Navier-
Stokes equations in an inertial reference frame. Arbitrary cell types
in two or three dimensions may be used; a single grid therefore
can be composed of different cell types [20].

The ideal gas law and Sutherland’s law close the system
of equations and the entire equation set is nondimensionalized
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by free stream density and speed of sound [20]. The Navier-
Stokes equations are discretized on arbitrary grid topologies using
a cell-centered finite volume method. Second-order accuracy in
space is achieved using the exact Riemann solver of Gottlieb and
Groth [21], and least squares gradient calculations using QR fac-
torization. To accelerate the solution of the discretized system,
a point-implicit method using analytic first-order inviscid and vis-
cous Jacobians is implemented. A Newtonian sub-iteration method
is used to improve time accuracy of the point-implicit method.
Tomaro et al. [22] converted the code from explicit to implicit,
enabling Courant-Friedrichs-Lewy numbers as high as 106. Some
available turbulence models are the Spalart-Allmaras model [23],
Wilcox’s k-w model [24], and Mentor’s SST model [25].

Cobalt includes an overset mesh method that allows the inde-
pendent translation and rotation of each grid around a fixed or
moving hinge line. In this method, overlapping grids are gener-
ated individually, without the need to force grid point alignment
with neighboring components [26]. In Cobalt, the overlapping grids
are treated as a single mesh using a grid-assembly process. This
includes a hole-cutting procedure in overlapping regions and inter-
polation between overlapping grids. The translation and rotation of
overset grids around the hinge line are input to the code using a
Grid Control File (GCF). The hinge line is defined by a reference
point and a vector combination. The rotations are based on the
right-hand rule and consist of angles in an order of pitch, yaw, and
roll angle. These angles are estimated from the deflection angle of
a control surface and the relative angles between the hinge line
and grid coordinate axes.

4. Test case

The TCR, developed by SAAB, is a conceptual design of a civil
transport aircraft operating at transonic speeds. The concept fea-
tures a low wetted area, fuel efficiency at transonic cruise, low
noise radiation, relaxed static stability boundaries, and low ma-
neuver and trim drag [8]. The design specifications are listed in
Ref. [5], with some examples given below:

Payload: Nominal design for 200 passenger in economy class

Design cruise speed: Mp = 0.97 at an altitude at or above

37,000 ft.

5500 nm, followed by 250 nm flight to an alternate air-

field and 0.5 hour loiter time at an altitude of 1500 ft.

Take-off and landing: Take-off distance of 8858 ft at an altitude
of 2000 ft, ISA+15 and maximum take-off weight. Land-
ing distance of 6561 ft at an altitude of 2000 ft, ISA and
maximum landing weight with maximum payload and
normal reserves.

Power plants: Two turbofans.

Range:

The initial concept by SAAB was a conventional tailed configu-
ration. The initial design study revealed that a very large horizontal
tail deflection should be applied to trim the aircraft at the design
point [1]. The initial design was then investigated further within
the SimSAC projects to improve the aircraft stability and control
characteristics; the final design became a canard-wing-vertical tail
configuration as shown in Fig. 1(a).

The TCR canard is an all-moveable control surface and the pri-
mary pitch control device for the aircraft. The canard exposed area
is about 15 percent of the wing reference area. The apex posi-
tions of the wing and canard are at 26% and 12% of the fuselage
length [1], making the canard a close-coupled type.

A wind tunnel model was designed next and built to one-
fortieth scale by Politecnico di Milano. The wind tunnel model
layout and dimensions are shown in Fig. 3. TCR airfoil information
is not readily available, but, the canard uses a symmetric airfoil de-

772,32 201,00

92,50,
218,39
425,27
1116,49

300,00

1425,74 I
1596,85

Fig. 3. TCR wind tunnel model schematic. [8].
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Fig. 4. TCR wing airfoil section at Y =0.3 m.
Table 1
TCR wind tunnel model parameters.
Parameter Values
Model scale 1:40
Wing area, S 0.3056 m?
Canard area, S¢ 0.045 m?
Wing span, by 112 m
Canard span, b, 0.3 m
Mean aerodynamic chord, ¢ 0.2943 m
CG position form the aircraft nose, xcg 0.87475 m
Total fuselage length 1.597 m
Fuselage diameter 0.925 m

sign. The wing airfoil section at Y = 0.3 m as extracted from the
CAD is shown in Fig. 4. Other geometry parameters are given in
Table 1.

Note that the TCR main wing has a round (blunt) leading edge.
The vortical flow behavior over slender wings with a blunt leading
edge is very different from those of sharp leading edges [27,28].
The vortex separation location is constant on a sharp leading edge
wing, but for blunt wings, the vortex flow structure is very com-
plicated and depends heavily on the leading edge bluntness and
the wing sweep angle.

5. Computational grids

Half- and full-geometry meshes were used, corresponding to
the TCR wind tunnel model with and without the canard. The
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(a) without canard

(b) with canard

Fig. 5. TCR single meshes.

Fig. 6. y+ of the single mesh with ¢, =0° at zero degrees angle of attack.

RANS meshes were generated in two steps. In the first step, the
inviscid tetrahedral mesh was generated from a clean configura-
tion using the ICEMCFD code. The inviscid mesh was then used as
a background mesh by TRITET [29,30] which builds prism layers
using a frontal technique. TRITET rebuilds the viscous mesh while
respecting the size of the original inviscid mesh from ICEMCFD.
Symmetric meshes are shown in Fig. 5 for the TCR model with
and without canard. The symmetric grid without the canard has
26 million cells and the mesh with the canard contains 33 million
cells. A finer mesh having around 33 million cells was also gener-
ated for the TCR without the canard.

The average y+ for these meshes is 0.281. Fig. 6 shows the y+
values of the single mesh with non-deflected canard at zero de-
grees angle of attack. In addition, Cobalt checks the grid quality
and reports a score; this score is directly related to a particular
part of the second-order accurate spatial operator inside Cobalt.
The reported score is averaged over all the cells and ranges from

zero to hundred, such that the lower the grid score, the more nu-
merical dissipation is added to the solution [20]. Cobalt reports an
average grid score of 93 for the meshes of this work.

Wind tunnel experiments were run for the canard deflection
angles ranging from —30° to 10° with a step of 5°. An overset
grid approach is used in this work for simulating the canard de-
flections. The overlapping grids were generated individually for the
body and canard, without the need to force grid points aligned
with neighboring components. However, a grid assembly approach
in the Cobalt code requires some gaps between the canard and the
body. The grid also needs to be refined around the gaps which of-
ten make the grid size larger than a single grid. In this work, two
hybrid RANS meshes were generated from the half and full geom-
etry models of the TCR without canard surfaces. The grids for left
and right canards were generated separately and overset onto the
main grid. The background and minor overset grids were also gen-
erated using the ICEMCFD and TRITET codes. The assembled grid
of the half geometry has about 40 million cells; the overset grid at
a canard deflection of —30° is shown in Fig. 7.

6. Experimental setup

The TCR wind-tunnel model was built with a geometric scal-
ing factor of 1:40 of the actual size to fit the size requirements of
the TsAGI subsonic wind tunnel. This wind tunnel has an open jet
working section of the continuous type with an elliptical cross sec-
tion of 4.0 x 2.33 m [8]. The wind tunnel can operate at velocities
up to 80 m/s and Reynolds numbers up to 5.5 million based on
a reference length of 0.2943 m. For the dynamic tests, the model
was mounted on a platform driven by actuators. The model cen-
ter of gravity was located along the fuselage center line at 54.78%
of the total length from the foremost point. The moment reference

(a) canard mesh overset to the background mesh

(b) ¢,=-30°

Fig. 7. TCR overset mesh.
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Fig. 8. Body axis system for the TCR from Ref. [8].

point and the center of oscillatory motion coincide with this point.
Fig. 1(b) shows the TCR wind tunnel model at the TsAGI subsonic
wind tunnel; note that there is a gap region between the canard
and the fuselage.

The normal and lateral forces and the moment coefficients from
static and large amplitude pitch oscillations were measured. The
mean values, in-phase and out-of-phase components of the force
and moment coefficients were also measured from the rotary and
oscillatory motions. All aerodynamic coefficients are given in the
body axis system. The coordinate system used as well as forces
and moments are shown in Fig. 8.

All experiments were run at a free-stream speed of 40 m/s,
which corresponds to a sea level Mach number of 0.117, and a
Reynolds number of 0.778 million based on the mean aerody-
namic chord of the wind tunnel model. These experimental data
can be obtained from the SimSAC project website (http://www.
ceasiom.com) and are used in this work to validate the overset
grid approach and the Cobalt CFD solver used at the U.S. Air Force
Academy (USAFA).

7. Results

In all subsequent simulations, the free-stream velocity is 40 m/s
and the Reynolds number corresponds to 0.778 million based on
the mean aerodynamic chord. All simulations were run on the De-
partment of Defense High Performance Computing Modernization
Program (HPCMP).

All aerodynamic coefficients in this work (except drag) are
given in the body axis system, as with the experimental data. Drag
coefficients are only calculated for cases with zero side-slip angles
and are defined in the wind axis. The simulation tests included

1.5
R ° Exp. (No canard)
| —— CFD (SA) (
- CFD (SARC)

1.0 ;

U 05p

0.0F

} NN IR ST PRI NPT

0.540 0 10 20 30 40

Angle of attack, o (deg)

(a) normal-force coefficient

side-slip angle sweeps from —16° to 16° with steps of 4° and
angle-of-attack sweeps ranging from 0° to 40° with steps of 2°.

7.1. Static results

The turbulence modeling and grid refinement results are briefly
described first. Fig. 9 compares CFD predictions with the ex-
perimental data of the TCR without canard using a single grid
(medium size mesh). CFD data are obtained with the Spalart-
Allmaras (SA) [23] and the SA with Rotation Correction (SARC)
turbulence model [31]. The results show that the SARC model
matches the experimental results better than the SA model, par-
ticularly at high angles of attack. Specifically, the SARC model has
been successfully used in aerodynamic prediction of aircraft with
vortical flows, at least before the appearance of vortex breakdown.
The SARC model is therefore used for all subsequent simulations.

In addition, the grid refinement results are shown in Fig. 10 for
the TCR without canard using single grids with 26 and 33 million
cells. Fig. 10 shows that the predictions using the medium grid
converged to those predicted by the fine grid. The medium-size
mesh is therefore used in all subsequent simulations.

CFD validation results are shown in Fig. 11 for the angle-of-
attack sweeps at zero degrees of sideslip. The CFD simulations
were performed on the single grids with and without the canard;
in the former, the canard is not deflected, i.e. ¢. = 0°. All solu-
tions were run up to 4000 iterations, achieving a density residual
drop of three orders of magnitude. Normal force, pitch moment,
and drag force were iteration-averaged over the last 500 iterations.
The CFD predictions were then compared with the TCR experimen-
tal data in Fig. 11. Note that the drag force was not measured in
the wind tunnel experiments.

Fig. 11 shows very good agreement between Cobalt predictions
and the experimental results for both canard on and off config-
urations. For angles of attack less than eight degrees, the canard
presence has no significant effects on the aircraft normal force
(lift) and drag. At higher angles, however, the canard-configured
TCR shows higher normal force and drag values. The pitch moment
curves have different slopes for the canard on and off geometries;
the pitch moment values only match at zero degrees of angle of
attack and are different elsewhere. The canard is a destabilizing
device and causes a less negative (or more positive) total pitch
moment as shown in Fig. 11(b).

0.2

) Exp. (No canard)
CED (SA)
CFD (SARC)

0.1

0.0

-0.1

0.2

CMy

-0.3

04

-0.5

LI LI L L L LA BB LA L

] N I B T R
0'610 0 10 20 30 40

Angle of attack, o (deg)

(b) pitch-moment coefficient

Fig. 9. Effects of turbulence modeling on CFD prediction of the single grid without canard.
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Fig. 10. Grid convergence study for the case without canard.
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Fig. 12. Effects of canard on the wing aerodynamic performance.

Two breaks can be seen in the experimental pitch moment
plots of Fig. 11(b) for the canard-on configuration. These breaks
were also reported and detailed by Eliasson et al. [5]. The breaks
occur at angles of about o = 8° and « = 20°; while in the first
break the pitch moment begins to increase, the pitch moment
suddenly drops in the second break and then continues to grow
again [5]. Fig. 11(b) shows that CFD accurately predicts the first
break but the second break is slightly off.

A detailed assessment of the plots of Fig. 11 shows that dips
can be observed in the CFD normal-force coefficients for the ca-
nard on and off configurations; the dips are located at angles of
attack between 18° and 24°; the dip becomes smaller in the pres-
ence of the canard. Small dips can also be seen in the drag force
plots at the same angles. The pitch moment slope of the canard-
off geometry is negative and then becomes nearly zero for angles
above 28°; there is a sudden change in the slope of the canard-
less TCR for angles between 18° and 24°. On the other hand, the
pitch moment slope in the presence of the canard becomes posi-
tive around 12°; it becomes negative for angles between 20° and
24° and again takes positive values, though they are small.

The CFD results of Fig. 11 may raise the question as to why CFD
shows a dip in the plots but not the experiment? An answer to this
question might be found be assessing Fig. 11(d) which shows the
CFD normal force of the canard-off geometry for a sweep of an-
gle of attack with different run times. The results show that no
dip or a very small dip can be seen in the plots if the solutions
only run for 2000 iterations. The solutions at 2000 iterations have
already reached the steady-state values for most angles, but they
still change for angles between 18° and 24° with more iterations.
A dip will be formed in the plots by iterating solutions up to 4000.
More run time, however, do not make much difference from the
solutions found at 4000 iterations. This confirms that solutions at
these angles need enough time to converge and stabilize. Unfor-
tunately, the wind tunnel details (time run at each angle) are not
available to comment on the time over which the experimental
data was taken.

To better understand the canard and wing contributions to to-
tal forces and moments, Fig. 12 shows the lift, drag, and pitch
moment coefficients for individual surfaces. Fig. 12(a) shows that
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Fig. 13. TCR (without canard) flow solutions. Iso-surfaces were created and colored by vorticity. The black lines show the core of vortices.

at small angles of attack, the wing in the presence of the canard
has less slightly lift than a wing-only configuration; this is mainly
due to canard downwash effects on the wing. However, the total
lift remains the same because of the additional lift generated on
the canard. At higher angles the wing behind the canard produces
more lift than a wing-only geometry because of the canard vortex
effects on the wing. These vortices will increase wing drag as well.
Fig. 12(a) shows that the canard stalls earlier than the main wing,
though the stall is very smooth. Dips can again be seen in the
wing plots. Fig. 12(b) shows that the canard pitch moment slope
is positive for all angles, confirming that the canard is a destabi-
lizing surface. The wing pitch moments (with and without canard)

match with each other at small angles of attack and have negative
slopes for most angles.

Fig. 13 details the canardless TCR flow solutions at different an-
gles of attack and zero sideslip angle. For several x positions, slices
were created and colored by the vorticity magnitude. The bound-
ary layer thickness is related to the diffusion of vorticity generated
on the surface. The slices of Fig. 13 become thicker in the stream-
wise direction as the boundary layer grows. The solutions also
show that the boundary layer over the fuselage is much thicker
than the wing boundary layer, possibly due to a longer fuselage
section and the sharp angle between the fuselage nose cone and
fuselage cylindrical section (see Fig. 3). Apart from the boundary
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Fig. 14. TCR (¢, = 0°) flow solutions. Iso-surfaces were created and colored by vorticity. The black lines show the core of vortices.

layer growth, no other feature of interest was found for TCR solu-
tions below 6° angle of attack.

At 6° angle of attack, the canardless TCR shows a wing tip vor-
tex starting at about quarter chord of the wing tip. Note also that
small vortices are formed over the wing starting at different wing
leading edge sections (but do not originate from the wing apex) as
shown in Fig. 13(a). As the angle of attack increases, these vortices
become bigger and stronger, they move inboard and the starting
point moves towards the wing apex. At o = 12°, an outboard vor-
tex is formed over the wing, originating from the wing apex. This
vortex interacts with the wing tip vortex. Also, an inboard vortex
is formed which originates from the LEX. Both of these vortices
have a vortex structure containing a primary and a small counter-

rotating secondary vortex. These vortices can be seen in Fig. 13(b).
In addition, the boundary layer over the fuselage separates and
rolls into two counter-rotating vortices.

Further increase in the angle of attack makes all vortices
stronger. The outboard vortex still emanates from the wing apex
and travels downstream, however its core begins to move towards
the inboard (LEX) vortex with increased angle of attack. At o = 18°
the inboard and outboard vortices interact and merge downstream
as shown in Fig. 13(c). Only one wing vortex travels downstream.
As the angle of attack increases further, the outboard vortex con-
tinues to move inboard and the merging point shifts upstream. The
vortex core locations and the merge point do not change much af-
ter a = 24°. The dips seen in the normal force and drag force of
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Fig. 15. Canard on/off pressure solutions.

Fig. 11 are related to the interaction and merging of vortices at
angles between 18° and 24°. For higher angles, the merged vor-
tex becomes larger but the merging point does not change much.
For example, Figs. 13(d)-(e) show the vortices at 24° and 30° an-
gles of attack, respectively. These figures show that the vortex core
position and the merging point are still the same, however, the
vortices have different sizes. At higher angles, the fuselage vortex
interacts with the LE vortex as well as the merged vortex. This can
be seen in Fig. 13(f) for 40° angle of attack.

Likewise, Figs. 14 and 15 detail the canard-configured TCR flow
solutions at different angles of attack and zero sideslip angle. Com-
paring with canardless solutions, Fig. 14(a) shows that at o = 6°,
the wing flow solutions of the canard on and off configurations
are very similar. Fig. 14(a) also shows that a tip vortex is formed
over the canard. At o = 12°, the starting point of the canard vor-

tex is at the canard apex. Due to canard downwash and upwash
effects, the wing solutions for canard on and off are slightly differ-
ent for this and higher angles of attack. The wing in the presence
of the canard shows smaller inboard and fuselage vortices than
the canardless configuration; this is due to canard downwash ef-
fects that reduce the local angle of attack behind the canard span.
On the other hand, the wing outboard vortex is slightly bigger in
the presence of the canard.

Fig. 14 shows that the canard vortex becomes larger with in-
creasing angle of attack. At o = 18°, the wing vortices merge,
but the inboard vortex is much smaller for the canard-configured
than for the canardless geometry. For higher angles, the TCR ca-
nard has favorable effects on the wing aerodynamic performance.
At 24° angle of attack, the wing behind the canard has a stronger
merged vortex than the wing-only configuration. This can be seen
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Fig. 16. Pressure coefficients of canard on configuration at different spanwise locations.

in Figs. 14(d) and 15(d); this is mainly due to canard upwash
outside the canard span. This leads to more negative pressure re-

gion over the wing surface, higher lift, and delayed vortex break-
down. Note that the fuselage vortex is still small for the canard-
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configured TCR because of downwash effects behind the canard
span.

More details of the flows around the canard-configured TCR can
be found in Fig. 16 which shows predicted spanwise pressure coef-
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(a) @ =6° and g = —16°

(b) o = 20° and 8 = —16°

() @ =6°and § = 16°

(d) @ =20° and B = 16°

Fig. 18. TCR (¢ = 0°) flow solutions at sideslip angles. Iso-surfaces were created and colored by vorticity. The black lines show the core of vortices.

ficients at different locations over the canard and wing for several
angles of attack. In these figures, the corresponding pressure dis-
tributions on the upper and lower surfaces of the wing are shown.
Figs. 16(b) and (c) show that at 8° angle of attack, a leading-edge
vortex is formed over the canard upper surface which causes a
large negative peak in the upper surface pressure coefficients. The
canard vortex (and therefore the pressure peak) moves slightly in-
board as it moves downstream. This canard vortex is the source of
the first break seen in the TCR pitch moment plots.

At 18° angle of attack, the canard vortex (and hence the pres-
sure peak) can still be seen in the tap-1 location (Fig. 16(b)). This
vortex is much larger in size and its core is closer to the fuselage
than the vortex seen at 8° angle of attack. The canard vortex will
move upward off the surface as it moves downstream; no sign of
any vortex can be seen at tap-2 location as shown in Fig. 16(c).
This figure shows no pressure peak due to a leading-edge vortex.
At 24° angle of attack, no leading-edge vortex can be seen at any
tap locations. The loss of a pressure peak on the canard upper
surface is the source of the second break seen in the TCR pitch
moments.

Figs. 16(d)-(f) show the pressure distribution over the wing
surface at different chord-wise locations. These figures show that
as the angle of attack increases the wing vortices become larger
(stronger) and the vortex cores move inboard. As vortices move
downstream they become larger as well; however, the pressure co-
efficients become less negative. At 8° angle of attack, two separate
vortices can bee seen over the wing. At higher angles of attack and
downstream positions, only one vortex is present because the wing
vortices merge upstream.

The sideslip sweeps were simulated using the full-aircraft mesh
with zero canard angle; the sideslip angle ranges from —16° to
16° and corresponds to two angels of attack of 6° and 20°. The
force and moment predictions are compared with experiments in
Fig. 17. The results show that CFD and experiment data match well
at 6°. They do not match everywhere at o = 20°, particularly for
the moment coefficients. Note that at 20° angle of attack, the wing
vortices interact and merge and the numerical and experimental
results largely depend on the total number of iterations completed.
Fig. 17 shows that while lateral coefficients (side-force, roll and
yaw moments) are nearly linear with side-slip changes at o = 6°,
they become very nonlinear at o = 20°. The high angle-of-attack
data even show opposite slope signs in the lateral coefficients.

Notice that while the computed longitudinal aerodynamic co-
efficients are symmetric with respect to the side-slip angle, the
experimental pitch moment data are not and differ at positive and
negative side-slip angles, as shown in Fig. 17(b). These differences
are even larger for o« = 6°. Note that no vortex breakdown occurs
at these angles; the vortices are stationary in their locations over
the wing and canard surfaces as well. The TCR geometry is sym-
metric and the authors are therefore not sure of the cause of the
non-symmetric behavior seen in the experimental pitch moments.
Additionally, while the normal force and pitch moment values cal-
culated from a side-slip angle sweep and from an angle-of-attack
sweep match with each other when g = 0°, the experimental data
from side-slip sweep at 8 =0° do not match with those measured
from an angle-of-attack sweep.

Fig. 18 shows the flow solution at extreme sideslip conditions
and o = 6 and 20°. Note that all vortex structures are asymmetric.
At B =16° and o = 6°, the fuselage vortex is shifted towards the
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Fig. 19. Comparison of single and overset mesh prediction at ¢, = 0°.

left wing side. The canard and wing show much stronger vortices
on the left side than on the right side. The vortex cores are moved
to the left as well. A vortex can also be seen over the left-side
of the vertical tail originating from the tail apex. At 8 = 16° and
o = 20°, the right wing vortices interact and merge to a single
large vortex. However, no merged vortex can be seen on the left
wing.

To investigate the effects of the gap regions in the overset mesh
on solutions, the CFD data from the single (without gap) and over-
set meshes (with a gap between canard and fuselage) are com-
pared for an angle-of-attack sweep. Fig. 19 shows that these data
are reasonably close especially at small angles of attack, though
the overset mesh was only run for 2000 iterations. Fig. 20 also
compares the surface solution of both meshes at 20 degrees angle
of attack. Solutions of both meshes look similar; the overset mesh
predicts a slightly larger canard vortex than the single mesh.

The overset mesh was then used to investigate and validate
CFD data at different canard angles. These angles include ¢, =
[—30°, —10°, 0°, 10°]. The normal force and pitch moment coeffi-
cients were compared with available experimental data in Fig. 21.
The results show that predictions from CFD using an overset grid
method match very well with experiments. Note that the normal

Single mesh

‘/erset mesh

Fig. 20. Effects of the canard gap on the overset flow predictions. & = 20° and
¢c =0°.

force and pitch moment increase with increasing canard angle. The
curve slopes are similar for small angles of attack, but they become
nonlinear with respect to canard angle at higher angles of attack.
The canard effects on the TCR flowfield can be seen in Fig. 22 at 20
degrees angle of attack. As the canard angle decreases, the canard
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Fig. 22. TCR flow solutions at o = 20° for different canard deflections. Iso-surfaces were created and colored by vorticity. The black lines show the core of vortices.

vortex becomes smaller and therefore the fuselage and LE vortex
become larger. Notice that at ¢. = —30°, no vortex is seen over the
canard.

7.2. Dynamic results
Final results correspond to validation of CFD data for forced-

harmonic pitching motions. These motions are large amplitude
motions defined as: o = 8° + 10° sin(wt) and o = 8° + 20° sin(wt)

with frequencies of 0.5, 1.0, and 1.5 Hz. These simulations are sec-
ond order accurate in time with a Newton sub-iteration scheme to
improve time accuracy of the point implicit method and approx-
imate Jacobians. In this work, dynamic motion runs were made
with five Newton sub-iterations. All dynamic simulations were
performed for two cycles with a non-dimensional time-step of
At* = 0.01, where t* = % For more details of time step selec-
tion, the reader is referred to the work of Cummings et al. [32].
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CFD solutions are compared with experiments in Figs. 23
and 24. The plots show that hysteresis loops are formed in the
normal force and pitch moment curves. The normal force loop is
clockwise but the pitch moment loop is traversed in a counter
clockwise direction. The plots also show that the hysteresis loops
have nonlinear shape and they become larger as the frequency

increases. Even for these unsteady motions in a nonlinear angle-
of-attack regime, reasonable agreement was found between CFD
and experiments with some exceptions at large angles of attack.
Fig. 25 shows in more detail a few TCR flow solutions during
the upstroke and the downstroke motion of o = 8° + 20° sin(wt)
with f =1.5 Hz frequency. It can be seen that the wing has larger
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vortex during the upstroke (points B and D in the plot) compared
with the downstroke (points A and C in the plot) motion at about
the same angle of attack. During the upstroke, the wing has higher
angles of attack due to pitch rate effects (local vertical velocity
component will vary with pitch rate and distance from pitching
point). And for the same reason the canard should have a smaller

vortex during the upstroke compared with the downstroke motion
at about the same angle of attack. However, this is not the case
for angles about o = 20° (points A and B in Fig. 25). At this and
higher angles, the canard vortex is away from the surface and has
no effect on the canard pressure distribution. For angles slightly
less than o = 20°, no canard vortex can still be seen during the
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Fig. 25. TCR surface pressure solutions for a pitching motion simulation defined as o = 8° 4 20° sin(37t).

downstroke. This is mainly due to time-delay effects during pitch-
ing motions.

8. Conclusions

This work presented the CFD study of a canard-configured Tran-
sonicCruiser. The low speed aerodynamic characteristics of the TCR
are available from the SimSAC project and were used in this work
to validate CFD predictions. All tests were run at a free-stream ve-
locity of 40 m/s, which corresponds to a sea level Mach number of
0.117, and a Reynolds number of 0.778 million based on the mean

aerodynamic chord of the wind tunnel model. The TCR wind tun-
nel experiments only include total integrated forces/moments; the
surface pressure measurements and flowfield information are not
available from these tests.

An overset grid method was used to simulate canard deflections
available in the experiments, however, a gap region is required
between the canard (overset mesh) and the aircraft (background
mesh) to allow the mesh assembly. The CFD results show that the
gap does not significantly affect the aerodynamic predictions. Nu-
merical data with and without the canard were compared with
static and dynamic experimental data. Overall, a good agreement
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was found between CFD and experiments for most cases. The CFD
data showed a dip in longitudinal coefficients between o« = 18°
and « = 24°, that is not present in the experimental data. This dip
becomes smaller for a canard-configured TCR. The occurrence of
these dips depends on the number of time steps or iterations com-
pleted; dips could not be seen for short run simulations. Other dis-
crepancies between CFD and experiment were seen in the sideslip
angle sweeps at o = 20°.

Flowfield solutions showed that vortices are formed over the
wing, LEX, and fuselage of the canardless TCR at moderate to high
angles of attack. The wing vortex starting point becomes fixed at
the wing apex; it moves toward the LEX vortex as the angle of
attack increases. At about o = 20°, the wing and LEX vortices in-
teract and merge. For angles between o = 18° and o = 24°, the
merging point changes and then is nearly fixed at higher angles.
The dip seen in the coefficients was related to the wing vortices
interaction and merging. At high angles of attack, the fuselage
vortex interacts with the wing vortices as well. For a canard-
configured TCR, a vortex is formed over the canard that changes
the wing/fuselage vortices and aerodynamic performance. The ca-
nard downwash causes smaller LEX and fuselage vortices. At high
angles of attack, however, the canard vortex produces stronger
merged vortices which increases the maximum lift and delays the
vortex breakdown.

The dynamic results showed that hysteresis loops were formed
in the normal force and pitch moment curves. The normal force
loop was clockwise but the pitch moment loop was traversed in
a counter clockwise direction. The plots also showed that the hys-
teresis loops had nonlinear shape due to vortex formations and
pitch rate and time-delay effects. Reasonably good agreement be-
tween CFD and experiments is obtained for the dynamic cases.
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