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The prediction of aerodynamic coefficients for projectile configurations is essential in the 
assessment of the performance of new designs.  Accurate determination of aerodynamics is 
critical to the low-cost development of new advanced guided projectiles, rockets, missiles, 
and smart munitions.  The use of Computational Fluid Dynamics (CFD) to estimate 
aerodynamic coefficients of projectiles is widespread.  Due to cost and hardware constraints 
initial research focussed on solving the Euler [1] and the Parabolized Navier-Stokes (PNS) [2]  
equations for steady-flow in order to characterize the projectile aerodynamics.  Recently the 
use of Reynolds Averaged Navier-Stokes (RANS) solvers had gained traction for the solution 
of steady ([3], [2], [4], [5]  ) and unsteady ( [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], 
[16], [17] ) flows about projectiles in order to estimate the aerodynamic coefficients.   
 
These studies considered single points in the trajectory and in all cases except [8] the response 
of the projectile dynamics and kinematics to the aerodynamic loads was neglected implying a 
requirement for an excessively high amount of simulations to fully characterize the 
aerodynamics over the flight regime of interest.  Furthermore, these simulations are typically 
constrained by the stringent stability requirements for segregated compressible flow solvers.  
The goal of this work is to develop a CFD solver with which the simulations can be 
completed faster than is presently possible and which scales well when computed in parallel.  
 
A new solver was developed at the CSIR with appropriate high resolution flux-splitting 
schemes for the spatial discretization.  To allow direct coupling with the RBD the flux 
splitting schemes were modified using the Arbitrary Eulerian-Lagrangian (ALE) [18] 
approach to allow for movement of the grid points in the Eulerian reference frame.  The 
resulting system of equations was progressed in time using a matrix-free solver for the 
Reynolds Averaged Navier-Stokes equations.  The turbulent closure was performed using a 



modified Spalart-Allmaras [19] turbulence model.  The turbulence model had to be modified 
for use with the matrix-free approach and to correct some errors in the OpenFOAM® 
implementation, to prevent negative values of modified vorticity and to increase performance 
on under-resolved grids and non-physical initial states in the value of the transported variable. 
The RBD implementation allows for full 6 degrees-of-freedom motion and is based on the 
standard OpenFOAM® with some modification to recover second-order accuracy in the time 
integration.. 
 
The aim of this presentation is to present the development and testing of the module to extract 
aerodynamic coefficients from RBD/CFD coupled data for both fin and spin stabilized 
projectiles.  Parameter estimation methods including least squares estimation (LSE) and 
maximum likelihood estimation (MLE) were evaluated and although MLE provides higher 
performance in terms of consistency, sufficiency and efficiency for general problems the 
linear nature of the model equations developed here is naturally to the use of linear least 
squares.  Since linear LSE produces matrices that are of the negative definite quadratic form 
the LSE method is globally strictly concave and will always converge to the minimum.  This 
makes LSE particularly attractive for the present application.  The test case for the LSE 
method was the finned projectile test case presented in [8].  It was found that the aerodynamic 
coefficients could be extracted accurately using the linear LSE method after the CFD data had 
been filtered appropriately.  The results are comparable to what is presented in the literature 
for the selected test case. 
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