
 

 Abstract—Side force occurrence on slender bodies of revolution 
at high angle-of-attack (AOA > 30o) has long been observed by 
experimenters. Flow-field features for a slender body at high AOA 
recently have received considerable attention in the recent year’s 
.These studies demonstrate that flow separating from the body rolls 
up into a pair of asymmetric vortices between 30o 
＜AOA＜70o.Significant side force results from asymmetric vortices. 
The magnitude of this side force can equal that of the normal force 
acting on the slender body, which causes an aircraft to spin or a 
missile to tumble in situations where these effects are not thoroughly 
considered as part of the control system design. It is also found that 
side force distribution exhibited an oscillatory behavior along slender 
body. In this study, CFD simulations are performed to calculate side 
force on high angle of attack without any side angle. It is found that 
this asymmetrical pair of vortices strengths increases as we move 
backward from the tip and if slenderness ratios is increased then 
exhibited side force is also increased. The CFD algorithm directly 
cannot calculate or simulate the side force without side angle because 
it is symmetric in nature. So in this research study methods are 
suggested how to calculate the side force with zero side angle. So in 
this research study computational challenges at high angle of attack 
are studied and simulated. 

Keywords—Detached eddy simulation, dual time stepping, 
hypersonic flow, turbulence modeling 

I. INTRODUCTION 
HE  Side force occurrence on slender bodies of revolution 
at high angle-of-attack (AOA > 30o) has long been 
observed by experimenters. Flow-field features for a 

slender body at high AOA recently have received considerable 
attention.1−6.These studies demonstrate that flow separating 
from the body rolls up into a pair of asymmetric vortices 
between 30o ＜AOA＜70o.Significant side force results from 
asymmetric vortices. The magnitude of this side force can 
equal that of the normal force acting on the slender body, 
which causes an aircraft to spin or a missile to tumble in 
situations where these effects are not thoroughly considered as 
part of the control system design. Zilliac et al.2 reported even 
as small as dust particles (~ 3 μm) incidentally coating the 
nose of the model, were found to change direction and phase 
of side force distribution. The finding implies that leading-
edge vortex genesis and subsequent growth are highly 
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sensitive to small imperfections of the nose tip. Lamont et al.3 
found that side force distribution exhibited an oscillatory 
behavior along slender body. In this study, CFD simulations 
are performed to calculate side force on high angle of attack 
without any side angle and slenderness effect on side force is 
investigated.[7]  says  a variety of difficulties arise when 
performing high angle of attack computations, including 
challenges in properly modeling turbulence and transition for 
vortical and massively separated flows, the need to use 
appropriate numerical algorithms if flow asymmetry is 
possible, and the difficulties in creating grids that allow for 
accurate simulation of the flowfield. These issues are 
addressed and recommendations are made for further 
improvements in high angle of attack flow prediction. When 
angle of attack is increased then flow behavior is changed 
these all phenomena are depicted in figure (1) and (2) and 
detail of the same in given in references [8-11]. In ref [12], 
Degani D, Levy Y. studies the experimentally asymmetric 
turbulent vortical flows over slender bodies. Ref [13] 
demonstrates the forces and moments collected in the analysis 
revealed a sharp change in the side force at extremely high 
angles of attack. Although the position and shape of the spike 
varied with Reynolds number and boundary-layer state, the 
change was always apparent. The single strake case 
demonstrated that the clean and tripped side force change was 
not insignificant. The dual strake case demonstrated that the 
phenomena could be controlled by controlling the separation 
on the side of the forebody. MARCUS S. W.[14] says that 
objections have been raised regarding the justification for 
utilizing the thin-layer Navier-Stokes (TLNS) model to study 
flow asymmetries, because the viscosity effect of the 
circumferential and streamwise flow components might 
become important at the high attack angles of interest. The 
CFD algorithm directly cannot calculate or simulate the side 
force without side angle because it is symmetric in nature. So 
in this research study methods are suggested how to calculate 
the side force with zero side angle. For these calculations SA 
turbulent model and DES approach is used [15-21]. The 
current authors used the same SA model and DES (Detached 
Eddy simulation) for supersonic and hypersonic flows by 
using SA model and DES techniques. Different Authors used  
unstructured finite-volume solver Cobalt

 

in conjunction with DES 
successfully on a number of complex problems, including a 
supersonic base flow[22], delta wing vortex breakdown[23], a 
square with rounded corners[24]

23

, the F-15E at high angle of 
attack[25], and the F/A-18E with unsteady shock buffet[26]

25

. 
 DES is a three-dimensional, time-dependent approach which 
properly resolves the above mentioned phenomena by using 
hybrid philosophy of RANS and LES approaches on the 
expense of little increase in cost.  The present study deals with 
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the detail implementation of time dependent DES approach 
and RANS approaches. First the RANS approach using 
Sparllart Almaras turbulent model is used and the 
aerodynamics characteristics are calculated for cone-cylinder 
and frustrum configurations. Then time dependent DES 
approached is used by using implicit solver and implicit time 
stepping (dual time steeping formulation) is used to simulate 
the subsonic flow at low Mach number. The second order 
Euler backward time stepping is used for the same. The finite 
volume and multiblock implicit solver is used for these 
calculations. Finally the simulated results are compared with 
the available experimental as well as theoretical. 

 
Fig: 1 Angle of attack flow regimes (aSV is the angle of attack where 

symmetric vortices are formed, aAV is the angle of attack where 
asymmetric vortices are formed, and aUV is the angle of attack where 

an unsteady vortex wake is formed; from [1–4]) 

 
Fig: 2 Slender body flow topology at medium and high  angles of 

attack 
In the above it is explained when angle of attack is 

increased from medium to high then the asymmetrical vortices 
are being generated. At very high angle of attack the vortex 
wake is generated. So for capturing these phenomena, CFD 
algorithm is modified. SA model and Detached eddies 
simulations techniques are used. The flow is subsonic 

(35km/hr) so preconditioning is used here to give some 
numerical stiffness to the solution [47]. 

II. GEOMETRICAL MODELS 
In the present investigation, Three different models have 

been used, namely (a) blunt cone with after body (b) blunt 
cone with after body and 5o frustum and (c) blunt cone with 
after body with 10o frustum, as shown in Fig.1 The first test 
model (blunt cone with after body) has been chosen for its 
simple design and represents AGARD configuration, HB-1 
(Hypervelocity Ballistic model). The first part of the model is 
a blunt cone which has an apex angle of 41◦ and length of 
40.6mm. The second part of the model is the cylinder of 
51mm outer diameter and a length of 186mm. The model has 
a spherical nose radius of 15mm. The second and third test 
model (Blunt cone with after body and frustum) represents a 
simple AGARD configuration, HB-2. The geometry of the 
blunt cone remains the same and the length of the cylinder is 
reduced to 111mm with the outer diameter of 51mm. The 
frustum has an axial length of 75mm with a semi-vertex angle 
of 5◦ and 10o. For these three configurations, the total length 
of the model has been kept the same in order to maintain the 
exact L/D (i.e., length to diameter) ratio of the model. The 
details and test conditions are mentioned in reference [36] 

 
Fig: 3 Geometrical Model 

III. MESH GENERATION AND WALL ROUGHNESS 
The algebraic method is used to generate three-dimensional 

boundary-fitted grids for blunt cone configurations. The height 
of the first grid next to the body is controlled, and the grids 
near to the body are normalized to achieve y+ less than 1. The 
H-H and C-type boundary- fitted grids are generated at first in 
order to simulate the aerodynamic forces accurately.  The 
mesh for Detached Eddy simulation is created very carefully. 
In shock wave region and corner expansion and compression 
regions and wake regions is meshed with very high accuracy 
so that the expansion ratio should be remained below 1.2. 
Detailed study of Mesh generations for detached eddy 
simulations is given in reference [37]. Three different types of 
study are performed to calculate the side force. 
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A. Flow condition and asymmetric disturbance 
The flow condition of Mach number, 0.12 is chosen in the 

numerical simulation owing to the availability of the 
experimental data. The angles of attack with a range of 20-70 
degrees are considered. The experiment indicates the 
asymmetric vortices structure at the angle of attack above  30 
degrees, while the computation shows the symmetric structure, 
owing to the symmetric nature of the present numerical 
algorithm. 

 
Fig. 4(a)  Generation of mesh  

 

 
Fig. 4(b) Asymmetrically clustered grid system and location of 
asymmetric roughness in the forward part of the slender body 

 
This finding implies that some types of artificial 

asymmetric disturbance are necessary to simulate the 
asymmetric structure arising in physical flow by the numerical 
method. In this study, three types of asymmetric disturbances 
are tested; grid, sideslip angle, and wall roughness. At first, 
the grid system for generating an asymmetry vortex shows at 
the left side in the figure 4. It means asymmetrically clustered 
grids of left and right side is assumed that there is a possibility 
to generate the different vortex pattern based on numerical 
errors due to the difference of grids. Then side slip angle is 

applied only 1 degree. It is an easy way to touch and apply for 
a numerical analysis. Finally, a special roughness area is 
applied. In the case of wall roughness, previous studies show 
that the mean velocity distribution near rough walls has a 
different intercept, in other words, an additive constant in the 
log-law [48]. 

IV. GOVERNING EQUATIONS AND TURBULENCE MODELS 

A. Governing Equations 
The system of governing equations for a single-component 

fluid, written to describe the mean flow properties, is cast in 
integral Cartesian form for an arbitrary control volume V with 
differential surface area dA as follows:                   
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Vector H contains source terms such as body forces and 
energy sources. 
Here ρ, v, E, and p are the density, velocity, total energy per 
unit mass, and pressure of the fluid, respectively. Τ is the 
viscous stress tensor, and q is the heat flux. 
Total energy E is related to the total enthalpy H by 

                /E H p ρ= −                                   (2) 
  

Where 
    

2

2
v

H h= +
 

B. Turbulence Model 
To calculate the turbulent flows the SA turbulent model 

[21] is used here. The transported variable in the Spalart-
Allmaras model, v% , is identical to the turbulent kinematic 
viscosity except in the near-wall (viscous-affected) region. 
The transport equation for v% is 
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Where vG is the production of turbulent viscosity and vY is the 
destruction of turbulent viscosity that occurs in the near-wall 
region due to wall blocking and viscous damping. vσ % and 
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Fig. 5 contours of Mach number dynamic pressure, pressure and 

other quantities for cone-cylinder at angle of attack 60o and Mach 
number for DES computations 
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Fig. 6 contours of Mach number number dynamic pressure, 

pressure and other quantities for cone-cylinder at angle of attack 70o 
for DES computations 

 

 
 

 
 

Fig. 7 contours of Mach number density, total pressure and 
temperature for cone-cylinder at angle of attack 50o and Mach 

number for DES computations 
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In figure (8) side force on cone cylinder body is compared 
with experimental results. From angle of attack 0o to 30o side 
force is observed very less. But when angle of attack is 
increased from 35o to 50o the side force is increased and then 
side force beyond 50o angle of attack is decreased. 

 
Fig. 8 Side force vs angle of attack  for DES 

 

VI. CONCLUSION 
DES simulations are performed at low Mach number and 

high angle of attacks by using SA model, DES and dual time 
stepping implicit formulations. The computed results are 
compared with experimental data.  The CFD algorithm is 
symmetrical so it is modified to accommodate the disturbance 
to calculate the side force due to unsymmetrical vortices. The 
numerical disturbance is created by using variable mesh 
density on the upper side or leeward side, little side slip angle 
or using the wall roughness parameter. The computed results 
show that by using the above mentioned techniques the 
unsymmetrical phenomena are captured. Two distinct pairs of 
vortices on the leeward side are observed which the cause the 
asymmetry is as well as side force.  Turbulent model SA and 
DES resolved the boundary layers and high pressure gradient 
flows and shows acceptable results in boundary layers and 
wake expansion compression and separated region with y+ 
value less than 1. But when the same configurations are 
simulated with DES model then the wall regions and wake 
regions are properly resolved the turbulent viscosity is 
properly resolved by DES model by using the RANS and LES 
version of the same. The mesh is little modified for the LES 
part of the DES model to properly resolve the turbulent 
viscosity where the turbulent length scales is increased. So 
from these computations we have concluded that with the little 
expense of cost the DES models gives the better results for 
highly turbulent flows by using the RANS and LES nature of 
the model. The side force results at high angle of attack are 
calculated and it has excellent agreement with available data. 
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