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Objectives: 

The objective of this research work is to develop a method for aeroelastic 
sensitivity analysis of aircraft in the transonic regime, which should be relevant to the 
preliminary design. Appropriate physical models that represent the structure and 
aerodynamics in the transonic regime are developed. Steady aeroelastic performance is 
computed using nonlinear aerodynamic load predictions for suitably accounting the high 
dynamic pressures and sonic shocks. In this research, steady aeroelastic performance 
such as the control effectiveness is computed iteratively and its sensitivity with respect to 
the structural sizes (skin, spar, and rib thickness), is determined. Analytical sensitivities 
provide the fundamental understanding of the steady aeroelastic behavior with respect to 
crucial parameters that the designer could modify to improve the vehicle performance. 
The sensitivity studies could be used to increase the range and maneuverability, and 
decrease the drag on the aircraft system. Furthermore, the flexibility of the structure 
could be used as an asset to improve the aeroelastic performance. This procedure could 
be extended to other aeroelastic performance measures such as lift effectiveness, 
divergence, and flutter. In addition, for rapid execution of computational experiments in 
the transonic regime, nonlinear approximation concepts for modeling the aerodynamic 
pressures and the aeroelastic response functions are developed. As an outcome of this 
research, a scientific approach for conducting the sensitivity analysis in the transonic 
regime is available, further reducing the frequent wind tunnel experiments and flight- 
testing. 

Status of effort: 

Efficient and accurate prediction of nonlinear airloads is necessary for designing 
the aircraft in the transonic regime. The flow in the transonic regime is a mixture of 
subsonic and supersonic flow with embedded shocks. The governing transonic 
aerodynamic equations are highly nonlinear and are computationally expensive to solve. 
The aerodynamic nonlinearities have a significant impact on the aeroelastic quantities 
and on the resulting designs, hence they have to be taken into account. Full fledged Euler 
or Navicr-Stokes solution methods cannot be used in the preliminary design due to the 
enormous cost involved. 

As a precursor to the preliminary design, many optimization algorithms need 
analytical gradients of performance measures for computing the search directions. In this 
research, two distinct approaches are developed for transonic design. The first one is the 
derivation of analytical gradient information of aeroelastic measures from the equilibrium 
equations. The second one is the non-gradient based approach using the design of 
experiments. 

Gradient method 

Nonlinear sensitivity analysis is one of the most computationally intensive 
calculations in the preliminary design of an aircraft. It is the main obstacle for the use of 



nonlinear aerodynamics in the design. However, the maturity and availability of 
aerodynamic analysis programs make it possible to create an aeroelastic design in the 
transonic regime if an efficient sensitivity analysis method is provided. 

Therefore, the research begins with the selection of the aerodynamic analysis 
tools, which should be a trade-off between accuracy and efficiency. CAP-TSD, 
Computational Aeroelasticity Program-Transonic Small Disturbance, is selected as the 
aerodynamic analysis tool. Previous researches show that CAP-TSD fulfilled efficiency 
and accuracy requirements for the preliminary design. Besides, CAP-TSD is one of the 
fastest codes that can take into account the sonic shocks. From the simulations conducted 
on fighter wing configurations, it has been shown that there are significant differences 
between the CAP-TSD linear analysis and the nonlinear analysis. The pressure 
distributions are completely different. For the linear analysis, the pressure increased at the 
hinge line and the leading edge; but for the nonlinear case, there is a sonic shock that 
appears across the wing and it developed span wise. The magnitudes of the pressure is 
also different, the nonlinear analysis has a larger pressure than the linear analysis. 
Therefore, the nonlinear analysis is necessary in the transonic regime. 

Although a potential theory was selected for the aerodynamic analysis, the 
sensitivity analysis of the static aeroelastic performance is still difficult because of the 
complexity introduced by implicitly coupled elastic and aerodynamic equations and the 
complicated and highly nonlinear aerodynamic equations. Since the nonlinear partial 
differential equation has to be solved using an iterative procedure, sensitivity analysis, 
which needs to evaluate the first derivatives with respect to the structural design 
variables, is more complex than the original nonlinear partial differential equation. 

First, analytical sensitivity analysis is selected to perform the sensitivity analysis 
because of its accuracy and efficiency. Two approaches are explored in this research. The 
Approach I differentiated the equilibrium equations after the factorization. Instead of 
directly finding the sensitivity of the structural design variables, the aeroelastic and 
aerodynamic equations are solved alternatively for the sensitivity of the increment of the 
velocity potential with respect to the generalized stiffness at each time step. Then the 
sensitivities with the structural design variables are calculated using the chain rule of 
differentiation. The Approach II differentiated the equilibrium equation before the 
factorization, but at the converged solution of CAP-TSD analysis, the resulting partial 
differential is linear because of the original TSD equation is a quadratic partial 
differential equation. The Approach II does not require solving the sensitivity equation at 
each time step and it only needs to be solved at the converged solution of CAP-TSD 
analysis. Approach II has considerable saving in computational effort, but all the 
available sophisticated system equation solvers could not be used since the sensitivity 
matrices do not have symmetry or bandedness. 



Non-gradient method 

The second approach for design is the use of non-gradient methods. These 
methods have gained popularity in the last few years due to the availability of powerful 
workstations at lower prices. In structural optimization, when the sensitivity information 
is not available and the function evaluation is computationally expensive, using the 
response surface method for approximating the dependent variable as a function of 
independent variables is a popular choice. Careful application of the response surface 
method by judicious selection of design points, independent variables, and ranges of 
independent variables leads to a fairly accurate approximation. In this work, control 
surface effectiveness variation with respect to the statistically significant structural 
variables (skins, spars, ribs, and posts) is approximated using the response surface 
method. The statistically significant design variables are found using the fractional 
factorial design and the design points for response surface approximation are determined 
using the D-Optimality criteria. Multidisciplinary optimization for minimum weight, with 
control effectiveness, stress, displacement, and frequency constraints, is performed. 

Accomplishments/New Findings: 

In the first approach, the analytical sensitivities are derived and compared with 
the finite difference scheme with various step sizes. The performance measures such as 
the aerodynamic pressures at selected locations of a wing, rolling moment and lift are 
compared. The sensitivity of the velocity potential with respect to the generalized 
displacement is an essential step for the calculation of the sensitivity of aerodynamic 
loads with respect to the generalized displacement. After calculating the sensitivity of the 
velocity potential with respect to the generalized displacement, the sensitivity of the 
aerodynamic pressure is calculated. The sensitivity of the total lift and total pitching 
moment with respect to the generalized displacement are calculated from the sensitivity 
of the aerodynamic pressure with respect to the generalized displacement. The results 
obtained from the finite difference and analytical methods have a difference below 0.1% 
for the box wing model at Mach 0.94. The sensitivity of total lift and pitching moment 
with the first generalized displacement is two orders of magnitude less than that of the 
second and fourth generalized displacement; hence for the box wing model, the first 
bending motion has less influence on the flow field than the twisting mode (mode 2 and 
mode 4). The analytical derivations proved accurate for this demonstration problem and 
work is in progress for an Intermediate Complexity Wing (ICW), which is a significantly 
complex problem demanding efficient equation solvers for sensitivity calculation. 

The response surface method was applied along with multidisciplinary 
requirements of a wing structure, and the design results are obtained using linear and 
nonlinear aerodynamics. Consideration of nonlinear aerodynamics is a necessary part of 
the preliminary design because the results obtained with the linear theory are extremely 
non-conservative. The linear aerodynamics predicted significantly higher performance 
than the actual value obtained from nonlinear aerodynamics. Roll performance 
improvements using the response surface methodology is a good practical choice in the 



case of less number of design variables, lack of sensitivity information, and also when the 
simulations are expensive. The limitation of using TSD theory is that it is not applicable 
for extreme flight conditions involving high nonlinearities. 
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