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Abstract 
 
This paper presents an aerodynamic study for a target unmanned air vehicle with controlled canard, at cruise Mach 

number between 0.7 and 0.85, using a solid rocket motor as power. The results of semi-empirical method (DATCOM), 
computational fluid dynamics (CFD) were compared with wind tunnel tests to evaluate perdition accuracy. Here 
DATCOM shows big discrepancy in pitching-moment coefficient; the CFD estimation of static aerodynamic force and 
moment agree well with wind tunnel data. An analysis was focused on the longitudinal data for complicated controlled 
canard-elements interactions and canard vortex behavior. The canard vortex interaction with tail wing of initial con-
figuration concept with a thick canard (NACA0012) and the final improved configuration with a thin canard 
(NACA0007) were reviewed. It is proved that the stability and control characteristics of whole TUAV are sensitive to 
the thickness of canard in transonic peed regime because of different canard vortex intensity and effect generated.  
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1. Introduction 

The target and training unmanned air vehicle 
(TUAV) is a dynamic simulator of the attacking ob-
ject for various weapon systems. By now, multi-kinds 
of TUAV have been developed, of which the most 
famous ones are the “Chukar” series and the “Fire-
bee” series etc [1]. The recent development of TUAV 
has the ability of modeling flight formation and high 
intelligence with low cost. A low-altitude high sub-
sonic TUAV is being developed by our group. The 
TUAV works over an altitude range from 50~1000 m, 
with cruising speed between 0.7~0.85 Ma. The solid 
propellant rocket motor (SRM) is chosen as the 
power of such a TUAV. The advantage of using SRM 

is that its thrust is independent of cruising speed, alti-
tude and environmental air, so it is easy to realize 
high subsonic cruise and high maneuver for the 
TUAV. 

But for an SRM-based TUAV with long end-
burning propellant placed in its chamber [2, 3], it 
probably has oversized centroid variation during work. 
This may not satisfy the request of the control system. 
There are two methods to solve the problem: using a 
long tail nozzle SRM with regular aerodynamic ar-
rangement (see Fig. 1(a)), such as the classical French 
Exocet guided missile; or using the canard configura-
tion arrangement with normal form SRM, such as the 
American Penguin anti-ship missile. By any of the 
two methods, the centroid of SRM-based TUAV can 
be conveniently adjusted to gain minimal variation 
when allocating components. But the canard ar-
rangement will have more dischargeable capacity and 
less structure mass than the regular form for this type 
of TUAV, as shown in Fig. 1. The extra volume and  
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Fig. 1. The general arrangement of two design methods: (a) 
regular configuration, (b) canard configuration. 
 
pay load enable it to impose an umbrella cabin addi-
tionally. This will make the SRM-based TUAV be 
reclaimed after work, which allows one to reduce cost. 

Although controlled canard configuration has been 
considered to have quite excellent aerodynamic char-
acteristics in longitudinal control, few cruise missiles 
or UAV apply such configuration in high subsonic 
speed regime. One of the probable reasons is that at 
nearly critical Mach number, the canard has complex 
interactions, as a function of angle of attack, with 
nose, body and tail wing, which may result in unde-
sirable nonlinear control characteristics in this speed 
regime and make control system complicated. The 
interactions between canard and other elements are 
also hard to predict well in initial design. Although 
some corrected theoretical and semi-empirical meth-
ods developed by previous studies [4-7] can success-
fully predict canard-wing and canard-body interaction 
effect on static aerodynamic force and moment in-
crement for some axisymmetric canard configurations, 
it has difficulty in expanding to predict some non-
axisymmetric configurations and has to depend on 
specific experiment data at some speeds. Those 
methods also fail to predict the stability and control 
characteristics variation well when canard reflects, 
which is very important to the control system design.  

Therefore, a controlled canard configuration con-
cept for the TUAV was designed and studied in this 

paper. In the following, the wind tunnel experiment, 
semi-empirical method (DATCOM code) and the 
computational fluid dynamics (CFD) in the study will 
be viewed. Thereafter, the results will be discussed. 

 
2. Methodology  

The real object of the TUAV with a booster, two-
stage combination, is shown in Fig. 2(a). The booster 
works for 1.6s, mainly to increase initial velocity of 
the TUAV, and the cruise SRM thruster works for 
80s. When the booster finishes work, it is separated 
from the TUAV. The TUAV has a plane symmetry 
canard-body-multiple fin configuration. On the 
TUAV, canard is used as pitching control, following 
by the vertical tail and tail wings on which the yaw 
rudder and aileron is placed individually. Below the 
tail wing, there is a belly fin set. On the booster, four 
stabilizer fins are arranged as an ×- shaped pattern. 
The purpose for mounting belly fins is to increase 
yawing stability along with decreasing the rolling 
stability and forming a reflector with the tail wing to 
enhance the radar wave reflection at the tail. The nose 
outline is an oval shape. 

The point G1 in Fig. 2(a) is the reference point for 
aerodynamic moment. And the reference coordinate 
is shown in Fig. 2(b). The positive direction of aero-
dynamic force and moment is the same with the ref. 
coordinate. The directions of angle of attack α and 
angle of side slip β, shown in Fig. 2(b) individually, 
are positive. The sign definitions of angles of control 
surface are as follows: when aileron deflection angle 
δx is positive, negative rolling moment mx is generated; 
when yaw rudder deflection angle δy is positive, nega-
tive yaw moment my is generated; when the canard 
deflection angle δz is positive, positive pitching mo-
ment mz is generated. 

The semi-empirical code DATCOM [8] was used 
to predict the aerodynamic force and moment at 0.7 
and 0.8 Ma, for the initial configuration study and 
quick design. DATCOM has been widely used in 
projects for aerodynamic force and moment predic-
tions of most air vehicle configurations [9-12]. The 
reference length and reference area values correspond 
to the mean chord of the tail wing and its plane area, 
respectively. 

The numerical simulation of flow field was per-
formed on the platform of FLUENT (v6.3). The 
structural grid was applied to mesh calculation region 
modeled in the GAMBIT (v2.3). To attain accurate 
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Fig. 2. Schematics of a) general dimension and b) reference 
coordinate. 

 
CFD simulation result, the following details should be 
simulated carefully by CFD model: (1) the develop-
ment of canard wake vortex in a transonic zone; (2) 
canard wake vortex interaction with tail wing; (3) 
multi element interactions and the influence of cross-
flow on canard vortex track; and (4) transonic flow 
details on wing surfaces, such as local shocks and 
separation in boundary layer. The RANS equations 
were applied here to describe the turbulent flow. For 
practical engineering problems, different methods can 
be applied to resolve RANS equations for the mean 
flow quantities, with all the scales of the turbulence 
being modeled, such as Spalart-Allmaras [13-15], k-ε 
[16, 17], k-ω [18, 19] and their variants. 

In this paper, the Spalart-Allmaras model was ap-
plied. The Spalart-Allmaras one-equation turbulence 
model has been demonstrated by some studies to be  

 
(a) 
 

 
(b) 

 
Fig. 3. Views of (a) structural mesh of calculation model and 
(b) entire calculation domain. 

 
useful in accurately predicating flows about multi-
element airfoils, high angles of attack, and airfoils 
where boundary-layer separation occurs [14]. The 
Spalart-Allmaras model has been modified to use in 
conjunction with the wall functions, for modeling the 
near-wall region. The mesh guidelines for the wall 
functions approach suggest that the distance from the 
wall at the wall-adjacent cell must be determined by 
considering the range of validity of the log-law. Be-
cause the log-law is valid for y+>30 to 60, a value 
close to y+=30 is recommended and the boundary 
layer should contain a few cells. 

Second-order discretization schemes were em-
ployed and the convergence criterion was based on a 
four to five order-of-magnitude drop in the value of 
the residuals of mass, momentum, energy, and turbu-
lent viscosity. Typical grids were on the order of 2.0 
million cells. Grid adaptation basing on velocity gra-
dient adaptation was used to increase the simulation 
accuracy and improve overall results. The calculation 
region and gird mesh is shown in Fig. 3. 
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3. Wind tunnel and test model 

Experiments were conducted at the wind tunnel 
FD-08 of CAAA, Beijing, China [20]. FD-08 tunnel 
has a closed aerodynamic circuit with a Mach number 
range from Ma=0.3~1.3. The test section is rectangu-
lar and has dimensions of 0.76 m × 0.53 m and a 
length of 1.71 m. The upper and lower walls in the 
test section are open holes to reduce background 
noise, with ∆Cp<0.05 for the balance measurements. 
∆Cp is pressure coefficient error. 

In the tests, the Mach number of modeled free 
stream was kept constant within ±0.005 Ma. The 
temperature of the air was constant at a value of 
T=296 K within ±1%, and the atmospheric pressure 
P=1.01×105 Pa within ±2%. The test conditions for 
the current investigation covered a range of angle of 
attack from -8 deg to 12 deg within ±0.05 deg, and a 
range of Mach numbers from 0.3 to 0.8 Ma which 
gives a range of chord Reynolds numbers from 
1.54×106 to 3.31×106 based on model mean chord. 

The fully equipped wind tunnel model was de-
veloped and built to a scale of 1:4.5 at CAAA. The  

 

 
(a) 
 

 
(b) 

 
Fig. 4. Wind tunnel test models of (a) two-stage combination 
of TUAV and booster, and (b) single TUAV, mounted in 
wind tunnel FD-08. 

control surface of the model can be reflected (ca-
nard:-15 deg ~ 15 deg, aileron: -20 deg ~ 20 deg, yaw 
rudder: -20 deg ~ 20 deg). The model mounted on a 
holder in the wind tunnel is displayed in Fig. 4. In the 
tests, the basic static force and moment experiments 
and the control efficiency experiments are all in-
cluded. 

 
4. Results and discussion 

4.1 Preliminary configuration 

The aerofoil initially used and parameters of plat-
form are listed in Table 1. In this section, the longitu-
dinal aerodynamic characteristic will be focused on 
for discussion. The comparison of pitching moment 
and force coefficients between DATCOM and ex-
perimental results is given in Fig. 5(a), (b), and the 
test results of single TUAV without canard and two-
stage combination with controlled canard are shown 
in Fig. 5(c), (d) individually. 

The experiment data in Fig. 5(a) and (b) show that 
the preliminary configuration of TUAV has large 
negative pitching moment and nonzero lift force coef-
ficient at zero angle of attack (mz0 and Cy0), because 
of a non-axisymmetric configuration type. However, 
the perdition value of mz0 by DATCOM is zero. It 
illustrates that DATCOM has difficulty in predicting 
mz0 for such a non-axisymmetric canard configuration 
type. In fact, the reason for creating minus mz0 and 
nonzero Cy0 is the unbalanced pressure distribution 
between the upside and downside walls of fuselage, 
near the vertical tail and the belly fins. As shown in 
Fig. 5(a), DATCOM can only follow the trend of 
wind tunnel data, but overestimates the stability over 
the entire angle-of-attack range at Mach numbers 
0.7 and 0.8 with large error. It is noticed that, at  

 
Table 1. Key features of wings. 
 

 Airfoil Semi wing 
span (mm)

Leading-edge 
sweep angle 

(/ o) 

Root chord 
(mm) 

Canard NACA 
0012 117.5 50 187.5 

Tail wing NACA 
0012 372 40 403.5 

Vertical tail NACA 
0010 300 40 394.4 

Belly fin NACA 
0009 65 20 265 

Stabilizer NACA 
0009 400 0 290 
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angles of attack from -6 to 8 deg, DATCOM can 
produce reasonable lift force derivative compared 
with experimental data. 
In Fig. 5(c), without canard interfaces, the variation of 
pitching moment coefficients with angle of attack  
is reasonably linear over an angle-of-attack range 
from -6 to 8 deg, at Mach numbers 0.6, 0.7, and 0.8. 
The configuration is stable with almost the same sta-
bility in the test conditions. After adding canard (see 
Fig. 5(a)), the variation of pitching moment coeffi-
cients with angle of attack shows a nonlinear trend. 
With respect to the conditions of removing the canard, 
the stability of whole TUAV is varying with Mach 
numbers at the same given angle of attack. The stabil-
ity of TUAV decreases at low angles of attack be-

tween 0 and 4 deg as Mach number increases, and get 
closely to neutral stable when the canard reflects 5 
deg. The comparison of the two tests proves the inter-
faces between canard and the other elements have 
strong nonlinear effects. The nonlinear effect is unde-
sirable for the TUAV here. It will increase difficulty 
and cost for the control system. 

Negative mz0 and insufficient stability are also un-
favorable to control for such a TUAV. Especially 
when the booster departs, there will be large distur-
bance, which probably results in losing control of 
flight. Therefore, the configuration concept was im-
proved to decrease canard nonlinear interactions and 
pitching moment at zero angle of attack, and to im-
prove stability quality when canard reflects. Since 

      
                           (a)                                                 (b) 
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Fig. 5. Wind tunnel test results: (a) pitching moment coefficients vs. α for single TUAV, (b) lift and drag coefficients vs. α for 
single TUAV, (c) pitching moment coefficients vs. α for single TUAV without canard, and (d) pitching moment coefficients vs. 
α for the two-stage combination, β=0 deg. 
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DATCOM cannot predict well mz0 and mz for such a 
canard configuration type, the CFD method is applied 
to learn nonlinear canard-element interactions in de-
tail for further study and improving design. 

In Fig. 5(d), it is interesting to note that the mz0 of 
two-stage combination in tests turns to zero. That is, 
because after adding a booster, the main lift surface of 
the whole flying vehicle turns to the axisymmetric ×-
shaped stabilizer fins. When free-stream air flows 
past them, the pressure distribution of the vehicle 
tends to be axisymmetric. Besides, the ×-shaped sta-
bilizer fins have a biased 45 deg with tail wing and 
canard of the TUAV in circumferential direction. 
Hence, the stabilizer fins are little influenced by wake 
flow of front wings. It results in a linear trend for 
variation of pitching moment coefficients with angle 
of attack, even if the canard reflects. The tests also 
show another advantage of controlled canard ar-
rangement in that the canard can be used to control 
pitching movement of the two-stage combination in 
the launch stage before the booster departs from 
TUAV. 

An external flow field simulation was conducted 
over a range of angle of attack from -4 to 8 deg (2 deg 
interval), at Mach numbers 0.6, 0.7, and 0.8. The 
pitching moment coefficients predicted by CFD show 
good agreement with the test results, as shown in Fig. 
6. Only up to 8 deg angle of attack, can an obvious 
difference between them be observed with the maxi-
mum error about 12%. Since the frequently used an-
gle of attack for the TUAV is between -6 deg and 6  

 
 

 
 
Fig. 6. Comparison of pitching moment coefficient for single 
TUAV between wind tunnel tests and CFD estimation. 

deg, the calculation can be considered to have good 
accuracy and be able to aid in improving design. 

The Mach contours and plots on the surfaces of tail 
wing and canard at 0.8 Ma are shown in Fig. 7(a). It is 
observed that as angle of attack increases the maxi-
mum Mach number on wing surfaces increases from 
0.98 to 1.55. The surface near wing tip experiences 
transonic flow when angle of attack increases from 0 
deg up to 8 deg. It can be expected that a similar 
situation is experienced on the surface of the canard 
when the canard defection angle increases. 

The streamlines from the surface of the canard and 
tail wing are shown in Fig. 7(b), at Mach number 0.8 
with angle of attack 2 deg. From front view, the ste-
reo structure of wake vortex developed from tail edge 
of wings can be observed. Canard wake vortex trajec-
tories in the flow field show that the canard vortex 
core travels through the transonic region (see Fig. 7(a)) 
on the tail wing. The parameters in transonic zone are 
unstable, and have large disturbance when the canard 
vortex goes through it.  

Fig. 7(c) shows that, at low angles of attack, the ca-
nard vortex gets quite close to the surface of tail wing, 
and the velocity component induced by the canard 
vortex changes the local transonic flow condition. 
The wake vortex intensity will increase if the canard 
reflects, and will strengthen the influence on static 
pressure distribution of the tail wing. As angle of 
attack increases, vortex trajectory tends to leave away 
local transonic flow zone of the tail wing surface, 
which makes the interaction between canard vortex 
and tail wing become weak. It can explain why the 
pitching moment coefficients vs. angle of attack curve 
shows nonlinear as a function of angle of attack and 
fight Mach numbers. Fig. 7(d) gives the velocity vec-
tors of cross flow at x=-1.9 m. It indicates that there 
exist complicated interfaces and cross flow between 
multi elements. The canard vortex trajectory is also 
affected by the cross-flow, which makes the canard-
tail wing interaction more complicated. 

Fig. 7(e) gives the pressure distribution on the up-
side and downside walls of the fuselage along two 
lines, which are symmetric with the central plane 
(y=±0.05 m, see Fig. 7(c)). It is observed that since 
from x=-1 m, there exists an obvious difference for 
pressure distribution on the fuselage. That is the rea-
son for generating large negative pitching moment at 
zero angle of attack for the initial TUAV configura-
tion concept. 
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at
mach-number

0.980
0.899
0.817
0.736
0.654
0.573
0.491
0.410
0.328
0.247
0.165
0.084

        

at
mach-number

1.104
1.012
0.921
0.829
0.738
0.646
0.554
0.463
0.371
0.280
0.188
0.097

        

atamach-number
1.307
1.197
1.087
0.977
0.867
0.757
0.647
0.537
0.427
0.317
0.207
0.097

        

at mach-number
1.555
1.422
1.290
1.157
1.025
0.892
0.759
0.627
0.494
0.362
0.229
0.097

 
      α=0 deg, Ma∞=0.8          α=2 deg, Ma∞=0.8         α=4 deg, Ma∞=0.8        α=8 deg, Ma∞=0.8 

(a) 
 

           
                         Front view                                       Top view 

(b) 
 

             
                             (c)                                               (d) 

 

 
(e) 

 
Fig. 7. CFD simulation results: (a) Mach contours and plots, Ma∞=0.8, (b) stream lines on canard and tail wing, at α=2 deg, Ma
∞=0.8, (c) canard vortexes track, (d) velocity vectors, at x=-1.9m, α=2 deg, Ma∞=0.8, and (e) pressure distribution on the fuse-
lage along two lines at y=±0.05m. 
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4.2 Improved configuration 

Under the guidance of CFD simulation, the final 
improved parameters are summarized in Table 2. 
Based on CFD simulation, the airfoil of vertical tail is 
changed to NACA0008, and the belly fin is length-
ened. The aim of those changes is to slow down the 
velocity along the upside wall and accelerate the ve-
locity along the downside wall to balance pressure 
distribution of the fuselage. The airfoil of the canard 
was changed to NACA0007, but the tail wing was 
unchanged. 

The pitching moment coefficient results of wind 
tunnel tests and CFD for final improved configuration 
are presented together in Fig. 8(a). The CFD results 
still agree well with the test data. The mz0 of new con-
figuration gets close to zero. The variation of pitching 
moment coefficients with angles of attack tends to 
show a closely linear law at angles of attack from -4 
to 8 deg. And the nonlinear effect deduced by canard 
deflection is decreased considerably but with almost 
the same control pitching moment increment ∆mz (δz 
=5 deg) as the unimproved one. It is emphasized that 
the improved TUAV has a better longitudinal stability 
quality only by decreasing the thickness of canard 
without changing tail wing parameters. Fig. 8(b) re-
veals that the improved configuration has slight re-
duction in lift coefficient with friction drag coefficient 
almost unchanged. But when the canard has 5 deg of 
reflection, the total drag coefficient of the improved 
configuration is smaller than the unimproved one. It 
illustrates that NACA0007 canard causes less induced 
drag for the TUAV when it reflects. 

Fig. 9 shows the chordwise pressure coefficients by 
CFD on tail wing surface for the three configuration 
conditions of adding canard (NACA0012 and 
NACA0007 canard) and removing canard, at angles 
of attack 2, 4 deg of 0.8 Ma. The results reveal how 
the canard wake vortex influences pressure distribu-
tion on tail wing surface when it trails through the 
transonic zone. The downside chordwise pressure 
coefficients at the two spanwise places (z=0.22 m, 
and z=0.4 m) are almost the same between the three 
configuration conditions at positive angle of attack. It 
indicates that the canard wake flow only influences 
the upside pressure distribution of tail wing at positive 
angle of attack. 

Fig. 9(a) and (b) give chordwise pressure coeffi-
cients at spanwise place of z=0.22 m, where the ca-
nard wake vortex core trails through (see Fig. 6(b),  

Table 2. Parameters for the improved wings. 
 

 Airfoil Semi wing 
span (mm)

Leading-edge 
sweep (/o) 

Root chord 
(mm) 

Canard 
wing 

NACA 
0007 Unchanged Unchanged Unchanged

Vertical tail NACA 
0008 Unchanged Unchanged Unchanged

Belly fin Unchanged 65 20 370 

 

 
(a) 

 

 
(b) 

 
Fig. 8. Results for the improved configuration: (a) compari-
son of pitching moment coefficient between wind tunnel tests 
and CFD estimation, and (b) comparison of lift and drag 
coefficients between unimproved and improved configura-
tions. 

 
top view). At low angle of attack, the NACA 0012 
canard vortex flow mainly results in the increment of 
static pressure at the leading edge up to 10% local 
chord, compared with the same condition of 
NACA0007 (Fig. 9(a)). As angle of attack increases, 
the canard vortex influence zone on the tail wing 
tends to move downstream by comparing Fig. 9(a) 
and (b). And the difference of chordwise pressure 
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(a) z=0.22 m, α=2 deg, β=0 deg 
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(b) z=0.22 m, α=4 deg, β=0 deg 
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(c) z=0.4 m, α=2 deg, β=0 deg 

 
Fig. 9. Chordwise pressure coefficient distribution at span-
wise places of z=0.22 m and z=0.4. 

coefficients between the conditions of NACA0012 
and NACA0007 becomes small. That is because the 
canard vortex is closest to the tail wing and the influ-
ence is strongest at a small angle of attack. When the 
angle of attack increases, the canard vortex tube 
gradually leaves away from the surface of the tail 
wing (see Fig. 6(c)), and the influence of vortex in-
tensity gets weak. Therefore, a thick canard with 
stronger vortex intensity tends to show an obvious 
nonlinear characteristic in pitching moment coeffi-
cient vs. angle of attack curve, compared with the thin 
canard at low angles of attack. 

Fig. 9(c) gives the chordwise pressure coefficients 
at spanwise place of z=0.4 m, where the flow zone is 
out of canard vortex core. At this place, the two con-
figurations with NACA0012 canard and NACA0007 
canard tend to have the same chordwise pressure 
coefficient distribution. And the difference between 
the configurations of adding canard and removing 
canard is small, because it is less interfaced by canard 
vortex core than the position at z=0.22 m. 

 
5. Conclusions 

The controlled canard configuration of an SRM-
based TUAV has been designed and improved in this 
paper, with cruise Mach numbers between 0.7-0.85. 
The semi-empirical code DATACOM, CFD and 
wind tunnel test were used to study its aerodynamic 
characteristics. Compared to the test results in high 
subsonic flight conditions, DATCOM shows diffi-
culty in predicting the integrated nonlinear effect of 
canard-element interactions on stability and control 
characteristics for the researched configuration type. 
The CFD model built by this paper produces accurate 
aerodynamic force and moment coefficients at fre-
quently used angles of attack. Hence the CFD method 
is used in guiding design improvement to save ex-
perimental cost. 

Both CFD and wind tunnel tests show that, in tran-
sonic speed regime, the macroscopic stability and 
control characteristic of whole TUAV mainly de-
pending on canard vortex behavior and interactions 
with tail wing, shows sensitivity to the thickness of 
the canard. At small angle of attack, the canard vortex 
is closest to the tail wing and influences its static 
pressure distribution at the leading edge. When the 
angle of attack increases, the canard vortex leaves the 
tail wing surface, and the vortex core disturbance 
becomes weak. Therefore, when a thick canard with 
strong vortex intensity is imposed, the TUAV shows 
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strongly undesirable nonlinear stability characteristic. 
Using a thin controlled canard can decrease the unde-
sirable nonlinear canard-element interactions and 
improve the stability quality, especially when the 
canard reflects for the TUAV.  

The experimental and simulation results presented 
by this paper can also be used to expand and imple-
ment the design database or to examine the other 
semi-empirical methods of aerodynamic coefficient 
prediction for similar non-axisymmetric controlled 
canard configuration.  
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