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Abstract— The purpose of the ground scanning object studied here is to search a target on the ground. An IR sensor attached 
to the object detects a moving target on the ground. The object discharged from a platform flies with parabolic motion and 
precession. The IR sensor scans the ground, showing a trajectory on the ground. In order to determine the dynamic behavior 
of the object during flight, aerodynamic forces and moments were obtained for various postures of the object, and included into 
the governing equation. In this study, the analysis procedure of dynamic behavior of a ground scanning object with 
aerodynamic loads is presented. 
 
Index Terms— Aerodynamic load, Dynamic behavior, Footprint, Ground scanning object.  
 
I. INTRODUCTION 
 
The purpose of a flying object studied here is to scan a 
target on the ground. The object is shown in Fig. 1, 
and scanning is done by an IR sensor attached to the 
object. Since only targets in the line can be detected 
because of the sensor characteristics of the sensor, 
precession is necessary for proper detection. The 
object discharged from a platform flies along a 
parabolic path with precession motion. Due to the 
precession, the IR sensor scans a trajectory called 
footprint. The trajectory is also shown in Fig. 1. The 
footprint representing the detecting capability 
depends on the precession. The characteristics has 
been investigated using a dynamic analysis 
program[1] and a stabilization was studied by variable 
control[2]. 
 
The object changes its posture continuously during 
flight, and different loads apply to the object 
depending on the posture. In this study, aerodynamic 
forces and moments are obtained by CFD analysis, 
and the dynamic behavior of the flying object is 
obtained. And the analysis procedure with 
aerodynamic loads is presented. 
 

 
Fig. 1 Flight object and footprint 

 
II. GOVERNING EQUATION 
 
Equation (1) represents angular momentum for a rigid 
body having 3D motion, and differentiating equation 
(1) yields equation (2).  

 
where , ,

xx yy zz
I I I are moments of inertia, and 

, ,
xy yz zx

I I I are products of inertia. Moments and 
angular momentum have the following relation.  

 

 
Fig. 2 Global and local coordinates 

Fig. 2 shows the flying object and a coordinate system. 
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The coordinate system XYZ shown in Fig. 2 (a) is a 
global coordinate system, independent of the object, 
and the xyz system is a relative coordinate system 
fixed on the object and moves with it. Without 
translational motion, the relative coordinate system 
can be expressed by Eulerian angles , ,    with 
respect to the global system.   is the precession 
angle,   is the nutation angle and   is the spin 
angle. Using Eulerian angles, angular speeds and 
accelerations can be expressed as  
 

 
 
Putting equations (1),(2),(4) and (5) into equation (3), 
moment equations can be obtained for ideal state.  
 
III. NUMERICAL ANALYSIS  

 
If the object flies without any aerodynamic loads, all 
the loads are zero. In order to solve the ordinary 
differential equations, , ,     are expressed as 
functions of , ,    and , ,    . Using MATLAB, 
numerical analysis was done. The initial condition is 
shown in Table 1, and Fig. 3 shows the nutation angle 
affecting the detecting most. 
When the object is discharged from a platform[3,4], it 
flies with translation and rotation. Since the 
translational and rotational motions are independent, 
they can be solved independently. The ideal motion of 
the object can be determined when the translation 
motion is obtained additional to the rotational motion. 
Under gravitation, the object flies following a 
parabolic motion. The parabolic motion can be 
obtained from the following equations. 

 
Table 1 Initial conditions 

 

 
Fig. 3 Numerical analysis result of   

 

 
 
where  is a discharge angle between discharge 
direction and horizontal line, 

0
V  is initial speed. The 

values of   and 
0

V  are 40°, 40m/s, respectively. Two 
sensor points as shown in Fig. 4 were used to obtain 
footprint. The line connecting the two points touches 
the ground when Z=0. The X and Y coordinates are 
determined from equations (8) and (9).  
 

 
Fig. 4 Flight object and sensor point 
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Fig. 5 Footprint 
 
Since the object has translation and rotation, the 
sensor points are constant at the body fixed coordinate, 
but change in the global coordinate system. Therefore, 
in order to find the sensing trajectory, the sensor 
points should be transformed to those with respect to 
the global coordinate system. From the X and Y 
coordinates, the footprint can be determined, as shown 
in Fig. 5. 
 
IV. AERODYNAMIC LOADS  
 
A. Wind Tunnel Test 
Wind tunnel tests were done to investigate the 
aerodynamic effect on the body. The test equipment is 
shown in Fig. 6. A model same as the real shape was 
prepared, as shown in Fig. 7. The length of the stem 
supporting the object is determined, with 
consideration of the boundary layer.  
In order to measure the loads for each posture, the 
object was rotated by 45°, as shown in Fig. 8, and the 
loads were measured using loadcells. The tests were 
done for various speeds, and the results are shown in 
Fig. 9.  

 

 
Fig. 6 Wind tunnel test equipment 

 
Fig. 7 Flying object model for aerodynamic test 

 

 
Fig. 8 Flow direction and positions 

 

 
a. Speed of 8.0m/s 

 
b. Speed of 13.9m/s 

Fig. 9 Aerodynamic test results 
 

B. CFD Analysis 
The object is discharged at 40m/s. Thus, test results 
for 40m/s are needed. However, it is not possible to 
perform a test for that high speed. Thus, analysis was 
done for 40m/s by CFD S/W (AcuSolve of Altair), and 
the forces and moments for x,y and z directions are 
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obtained. Two types of analysis were done as shown in 
Fig. 10. One is WT(wind tunnel), and the other is far 
field type. 
In this study, far field analysis was used. In this case, 
flow inlet and outlet are not specified during 
modeling. If the inlet and outlet are set, the flow 
direction is automatically set. Thus, all the analysis 
can be done with one modeling. Any part can be 
located downstream, and thus very fine meshes are 
necessary to analyze turbulence.  

 

 
a) WT type 

 

 
b) far field type 

Fig. 10 CFD analysis modeling  
 

 
Fig. 11 Analysis results of 13.9m/s 

 
The range of   is 10-50° and for  and  angle 

0~359° is divided by 45° interval. Analyses were done 
for 243 postures, and xF , yF , zF , xM , yM , 

zM were obtained for each posture. Some of the 

results are shown in Fig. 12 and 13. 
 

 
Fig. 12 Fx for   = 50° 

 

 
Fig. 13 Mx for   = 30° 

 
C. Numerical Analysis 
Previous analysis was for ideal state without 
aerodynamic effects considered. For analysis of real 
dynamic behavior of the flying object, aerodynamic 
effect is inevitable, and analysis was done with the 
aerodynamic effects obtained previously. For each 
posture, the projection area is determined, and 

dC value is calculated. For the posture, the forces and 
moments are determined by linear interpolation.  
The numerical analysis procedure is shown in Fig. 14. 
IC means initial condition. Step 1 represents one step 
from initial discharge. The loads for initial posture are 
obtained, and put into the equations, and analysis is 
done with the aerodynamic effects. After step 1, new 
posture is determined. And again the aerodynamic 
loads are obtained for the newly found posture. The 
analysis is performed further in the same way. Finally, 
the footprint can be obtained, and is shown in Fig. 15. 

 

 
Fig. 14 Numerical analysis process with aerodynamic effect 
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Fig. 15 Footprint with aerodynamic effect 

 
CONCLUSIONS 

 
The governing equations of motion for a ground 
scanning object were obtained from angular 
momentum, speed and acceleration equations. Wind 
tunnel tests and CFD analysis were done to find the 

aerodynamic loads applying to the object during 
flight. The following conclusions were drawn from 
this study:  
 
- For ideal state, governing equations of motion were 
derived from angular momentum, speed and 
acceleration equations.  
- In order to find aerodynamic effects, wind tunnel 
tests were done, and the aerodynamic loads were 
obtained using CFD analysis for various postures of 
the object.  
- The procedure of analysis with aerodynamic loads 
was presented.  
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