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Abstract  
       In bluff bodies such as projectile and missile due to 

separated flow over its surface creating vacuum which results 

in increasing drag. Hence it is substantial to study and reduce 

drag since it involves the performance and other characteristics 

of projectile. To focus on this, many literature studies attempted 

in suggesting different designs or modifications on afterbody of 

a projectile which eventually decreases drag. 

 

       To get a better understanding on the effect of drag and 

other parameters on the performance of projectiles, the 

optimum M549 155mm projectile is modified and analysed for 

multiple Mach numbers in the present study. The main objective 

is to study how aerodynamic constraints change for different 

geometrical modifications and suggesting an optimized shape 

which yields better results compared to its counterparts. Among 

different modifications, rear cavity with thickness 15.5mm 

showed considerable reduction in drag compared to the 

standard M549 projectile. 

 

       Regarding the tail shape, there are different concepts that 

can be used to reduce the base drag such as the use of base 

bleed, splitter plates, boat tail afterbody was selected since it 

provides superior base drag reduction. While the boat tail 

afterbody is used in combination with other shape optimizations    
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Nomenclature:  
        Cd – Coefficient of drag.  

AOA – Angle of attack.  

D – Diameter of the body.  

  
Introduction:  

       The basic aerodynamic constraints which influence any 

object in flight are lift and drag. Hence there is a need to have a 

check on it to afford efficient flight. Bluff bodies such as launch 

vehicles, missiles, projectiles cause large amount of base drag 

due to the low-pressure wake zone at the rear end of the vehicles 

therefore increasing the total drag. An effort to reduce drag has 

always been a concern to ensure better performance. Many 

other parameters such as Mach number, 

 

 
profile of the body also has considerable effect on drag. 

 

     For predicting the drag coefficients many researches have 

been undergone, W. Jiajan [1] carried out experimental and 

computational work on drag prediction and the stability of the 

projectile. 

 

       P. R. Viswanath [2] suggested some techniques such as 

after body attachments, base bleed, ventilated cavities which 

highlights locking of vortices and thus reducing drag. From the 

related researches it motivated for prediction of aerodynamic 

characteristics over the M549 155mm projectile.  

       The idea of breaking down vortices which is called vortex 

bursting is implemented by making use of various 

protuberances along the body. 

       Vortex bursting prevents shedding of vortexes thereby 

providing an acceptable amount of drag reduction. This is 

obtained by interfering the vortex-shedding process, for 

instance by avoiding the occurrence of the separation of the 

boundary layer along a straight line. Thus, surface vortex 

generators are accompanied on the upper surface of the 

projectile.  

Methodology:  
       In the field of computational fluid mechanics, the key 

elements that rule the flow physics are the Navier Stokes 

equations and the energy equations. So, in order to analyse the 

flow over a body the CFD Tool must fulfil two important 

requirements, first one being the mathematical model for the 

given flow problem and the numerical methods. For 

mathematical model, the CFD tool makes use of Navier Stokes 

equations which act as governing equations, which are used to 

solve the flow problem. The Navier stokes equations include the 

three Conservation laws including the conservation of mass, 

momentum and the energy equations. Numerical methods 

include the finite element method, finite difference and the 

finite volume method. 

       When a flow is turbulent, we make use of turbulent models 

which predicts the effects of turbulence in a given problem. 

These turbulent models act as mathematical models. In our 

present work, the turbulent model that we utilized is the K-ω 

SSTmodel. Basically, it is a two-equation model. Since our 

research mainly deals with flow separation and boundary layer 
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problems, K-ω SST model is well known for its good behaviour 

in adverse pressure gradients and separating flow problems.   

Validation:  
       To ensure correctness of the results obtained for optimized 

design,[1] is validated considering CFD simulations for four 

different Mach numbers.  

● MACH 1.3  

● MACH 1.5  

● MACH 1.8 

● MACH 2.0  

Results are found identical to the reference with less than 1.28% 

error.  

Y+ value is calculated for the corresponding Mach number.  

   

Sl no.  Mach no.  Y+  

1.  1.3  0.00000057  

2.  2 0.00000044  

3.  4  0.00000067  

 

      TABLE 1 

  

 

Mach no.  Simulated Cd  Reference Cd  

1.3  0.32355  0.319453  

1.5  0.31258  0.309807  

1.8  0.28921  0.288585  

2.0  0.28108  0.281833  

 

TABLE 2 

Modelling:  
       As far as validation is concerned, initial design is 

considered [1] for simulation to obtain simulated Cd. 

  

       The model and all other augmented geometry are designed 

using ANSYS SPACECLAIM. Initial design is shown in the 

diagram below and the total length was maintained to be 

155mm. 
 

      

 

FIGURE 2: STANDARD M549 MODEL 

  

The geometry considered was axisymmetric   

● To reduce computation time  

● And also, to reduce the node count and mesh size. 
  

 

 

FIGURE 3: AXISYMMETRIC M549 MODEL 

 
       The domain that envelops the projectile ensures to 

encapsulate the formation of shocks at the forebody and 

shedding of the vortex at the rear. Initially the domain used in 

[1] was considered but reversed flow was observed.  Hence a 

larger domain forming quarter circle maintaining 3D and 6D 

before and after the body was well considered. (D = 155mm 

base diameter of the projectile) 

 

                        

FIGURE 1:  VALIDATION   

    FIGURE      4:   DOMAIN   
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Optimized Design:  

• SHARP SERRATED VORTEX GENERATORS  

 

 

FIGURE 5: SHARP SERRATED VORTEX GENERATORS 

  

       The total length of the serrated region is 53.785mm, and the 

length of each edge is 1.55mm. the angle between the horizontal 

and the inclined line was maintained to be 135 degrees whereas 

the angle between the two inclined lines is 90 degrees. The 

detailed view of the sharp serrated vortex generators is shown 

below:  

 
  

FIGURE 6: MEASUREMENTS OF SHARP TEETH VORTEX 

GENERATORS  

• TRAPEZIUM SERRATED VORTEX 

GENERATORS  

 

 

FIGURE 7: TRAPEZIUM SERRATED VORTEX 

GENERATORS  

  
       The total length of the serrated region is 53.785mm, and the 

length of each edge is 1.55mm and the angle between the edges 

is135 degrees. The detail view of the trapezium shaped vortex 

generators is shown below:  

  

 
FIGURE 8: MEASUREMENTS OF TRAPEZIUM SHAPED 

VORTEX GENERATORS  

• SHARP SERRATED BOAT TAIL EDGE  

 
 

FIGURE 9: SHARP SERRATED BOAT TAIL EDGE        

       The total height of the serrated region was maintained to be 

77.5mm and the length of each serration was taken to be 5mm. 

The angle between each serration is 90 degrees. The detailed 

view of the serrated boat tail edge is shown below: 

 

FIGURE 10: MEASUREMENTS OF SHARP SERRATED BOAT 

TAIL EDGE 

• BLUNT SERRATED BOAT TAIL EDGE 

 

FIGURE 11: BLUNT SERRATED BOAT TAIL EDGE 

       The total height of the blunt serration is 77.5mm and the 

radius of each blunt serration was maintained to be 2.25mm. 

The detailed view is shown below: 
 

 

FIGURE 12: MEASUREMENTS OF BLUNT SERRATED BOAT 

TAIL EDGE 
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• REAR CAVITY 

 

Two different configurations were selected for the study.  

• REAR CAVITY OF THICKNESS 15.5mm  

 

 

FIGURE 13: REAR CAVITY 15.5mm THICKNESS 

 
• REAR CAVITY OF THICKNESS 23.25mm 

 

 

 

 

 

 

 

 

 

 
FIGURE 14: REAR CAVITY 23.25mm THICKNESS 

 
The total length of the projectile is 5.645D (where D is 155mm). 

  

The diameter (H) of the projectile is known i.e. 155mm. 

Three ratios (h) were chosen 0.1, 0.2, and 0.3. The thickness  

of each rear cavity is calculated as follows: 

 

TABLE 3 

Meshing:        

        Since there was a requirement for accurate result, it was 

better to proceed with structured mesh using ICEM CFD  

maintaining node count of 1M for all the configurations. 

Reason to consider 1M nodes for all the configurations is 

because the coefficient of drag from the experiment obtained 

from [1] is closer to the coefficient of drag attained using CFD. 

Thus, yielding better precision. 

 

       The quality of the mesh is 94.8%. Since ANSYS FLUENT 

supports unstructured mesh, conversion was performed 

without errors. The aspect ratio was between 25-54 and the 

growth ratio was 1.2. 

 

 

       For any wall bounded turbulent flows, the boundary layer 

region must be captured very accurately. In order to do so, we 

use a nondimensional distance from the wall of the body to its 

first node and this distance is defined as y+. For our research 

work, for respective Mach number the y+ value was calculated 

and the inflation layer was accordingly modified. 

 

Solver: 
       Analysis of the modified geometries and numerical 

simulations are carried out by using a commercial solver, 

ANSYS FLUENT 16. To reduce the computational time and to 

get good results, 2D Axisymmetric body is used. Then the 

results are compared with other modified geometry as well as 

the standard one by plotting graphs. 

       Since the analysis and simulations are carried out at 

supersonic speeds, density-based axisymmetric and steady flow 

solvers is used. 

        Implicit type of solution method and AUSM flux type is 

set and second order accuracy is achieved by using green gauss 

node-based solver.  

The body is stationary having no -slip boundary condition at its 

walls. 

 

Convergence:  
Solution convergence is monitored using residuals and ensuring 

Cd, Cl values to remain stagnant.        

       Solution steering is utilized to modify the courant number. 

Additionally, to accelerate convergence rate FMG initialization 

is applied. 

 

 

 

 

 

 

Ratio (H/h) H (in mm) h (in mm) h/2 
(thickness of 
the cavity) 

0.2 155 31 15.5 

0.3 155 46.5 23.25 

  

FIGURE 15:  MESH   
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Results: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       TABLE 4 

The optimized geometries were run for Mach 2 and 4. 

 

       Coefficient of drag for the rear cavity simulated for Mach 

2 is found to be the best optimized configuration as the value is 

0.21290. 

                     
  

FIGURE 16: GRAPH OF DRAG COEFFICIENT V/S MACH 

NUMBER 

 

Conclusion and Future Work:  

       Validation [1] of the model was done and the results were 

obtained were close to the experimental values. Amongst the 

optimised designs rear cavity with 15.5mm thickness gave 

lowest drag. 

       Simulations of standard M549 155mm projectile with a 

multi-step base configuration and rear cavity configuration 

with different shape are to be carried out. Also, activities with 

different modelled configurations at different angle of attack 

are under progress. Analysis for the swirl motion of the 

projectile will also be considered in the future. Combinations 
of different modifications and splitter plates are also on the 
track. 
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