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Abstract: In this study, the classical MacCormack explicit unsteady scheme are modified and smartly programmed 
to serve as the basis for a Navier-Stokes Solver. A two dimensional code capable of solving the perfect gas dynamic 
equations are developed. Geometry of particular interest used to solve the fluid flow problem is the rearward-facing 
step. The governing equations are programmed using FORTRAN to solve the 2D planar Navier-Stokes equations. 
The solution results are visualized using TECPLOT. Supersonic flow over the rearward facing step is strategically 
solved using a flat plate solution paradigm. Parametric studies performed indicate that the Mach number and the step 
height affect flow characteristics such as corner expansion, recirculation zone, and the base pressure which are of 
great importance in the design of SCRAMJET engine. As the Mach number increases, both the base pressure and 
the recirculation region decrease significantly. Also an increase in step height causes the base pressure and the size 
of the recirculation region to decrease. Since the size and flow properties of the recirculation zone could strongly 
affect the ignition and combustion processes of the overall combustor of a SCRAMJET engine, the volume of this 
recirculation region must therefore be well predicted for SCRAMJET engines.  
 
 
 

Nomenclature: 
 
ρ   Density 
u            Velocity in the x-direction 
v               Velocity in the y-direction 
e            Internal energy 
T           Temperature 
V           Magnitude of velocity vector 

xq          Heat flux in the x-direction 

yq       Heat transfer in the y-direction 
 p       Pressure 
µ        Dynamic (absolute) viscosity 

xxτ     Normal stress in the x direction  

yyτ      Normal stress in the y direction 

xyτ        Shear stress in the y direction exerted in a plane perpendicular to x direction 
 k       Thermal conductivity 
 
U       Solution vector of Navier-Stokes equation 
Ei  Inviscid flux vector in the x-direction 
Ev  Viscous flux vector in the x-direction 
E  Ei-Ev 
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Fi  Inviscid flux vector in the y-direction 
Fv  Viscous flux vector in the y-direction 

y∆   Incremental change in distance along y-direction 
x∆   Incremental change in distance along x-direction 

 
 

1.  Introduction: 
 

While computational fluid dynamics (CFD) hold a lot of promise and has led to significant improvements 
in the art of aircraft design, many of its anticipated gains are yet to be realized. In particular, the aerodynamic design 
of an aircraft requires a critical understanding of the flow around candidate shapes, since the complexity of the 
problem itself precludes analytic solutions. However, CFD has not yet fullfilled its promise of readily providing a 
workable solution. Nonetheless, the careful use of CFD tools can be very useful in two phases of aerodesign 
analysis, namely, the conceptual and the preliminary phases. Traditionally, designers rely on wind tunnels to 
determine aerodynamic properties, but the expense of running different configurations quickly becomes prohibitive, 
both in terms of direct financial cost and time. Notwithstanding these CFD related advantages, the time and 
expertise required to move from a preliminary aerodesign configuration to a desired candidate is still too long. The 
key goal, therefore, is to improve the efficiencies of CFD tools thus making aerodesigners more productive. 

Various numerical schemes have been used to study flows over different flow geometries, e.g. flat plate, 
rearward-facing step, and base flows. These studies led to the existence of a large number of experimental and 
analytical solutions [1-9]. The task of a posteriori evaluation of the quality of the solution to a CFD code problem is 
an important issue for aerospace designers, researchers, and code developers. Also, the inability of CFD tools to 
facilitate inexperienced users with limited training is a serious set back. Today, there is a growing family of 
sophisticated commercial CFD packages using diverse solution methodologies on the market 

.  
This paper focuses on the development of a new CFD tool and is designed to overcome the aforementioned 

shortcomings. Further, this tool is designed with the users in mind; it is built to be user-friendly with capabilities to 
accept any conceptual fluid flow through the smart use of boundary conditions. Also, it is designed to guide users in 
formulating their concepts by providing workable solutions in a short time. On the whole, it is geared to provide 
reliable predictions to aerospace concepts before valuable resources are committed to their realization. In this paper , 
the complete set of Navier-Stokes equations with minimum assumptions is solved numerically. The numerical 
solution process uses the MacCormack’s explicit time marching scheme. 
 
 

 

 
2.  Governing Equations: 

 
The equations describing the planar flow a Newtonian fluid are the two dimensional, unsteady Navier-

Stokes equations. These can be written in non-dimensional strong conservation form in Cartesian coordinates as: 
 

   (1) 
  

 
where the vector, U, is the solution vector and the vectors, E and F, are the inviscid fluxes in the x and y directions, 
respectively, and where the viscous fluxes are defined by the vectors, Ev and Fv.  The expressions used to defined the 
flux vectors are described below, 
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The solution vector is defined as:  
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The energy terms, Et and H, along with the viscous terms are also defined as follows: 
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The non-dimensionalization process was conducted in accordance with the following expressions: 
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3.  Solution Methodology: 
 

MacCormak’s method, first introduced in 1969, for the past 15 years has been the most popular explicit 
finite-difference method for solving fluid flow problems, Ref. 10. This method is based on Taylor’s series expansion 
of U vector with respect to time using the predictor-corrector method. The expressions describing the predictor and 
corrector stages of the MacCormack scheme are defined as follows, 

 

Predictor Step: 












∆

+−+
−












∆

+−+
−=

∂
∂ ++

y
FFFF

x
EEEE

t
U jiv1jivjivj1iv

f
,,,, )()()()(

 

Corrector Step: 
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Average Derivative: 
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In addition, the process of updating the solution vector is given as follows: 
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4.  Preliminary Results: 

 
   
The graphs below show some preliminary results obtained so far. The pressure distribution, shown in 

Figure 1 depicts that as the flow advances downstream, there is a large static pressure drop at the location of the 
step. This pressure drop is not ideal for the SCRAMJET engine as it affects the flame-holding ability of the engine. 
Increasing the Mach number decreases the base pressure significantly. From the design methodology point of view, 
the gross engine thrust from a SCRAMJET is directly proportional to the total pressure [11]. Hence the supersonic 
combustor of a hypersonic engine requires a higher combustor inlet Mach number to avoid total pressure loss and 
achieve a higher thrust. This, however, affects the successful ignition of the engine due to low base pressure and the 
small size of the recirculation zone. 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 1. Static Pressure Distribution (M=2.5, Re=1000, sh = y∆15 ) 
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   (a)     (b) 

 
Fig.2:   Pressure Distribution on the surface downstream  the step 

(a) Previous Study [9],   (b) present work 
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Figure 3: Mach number distribution Figure 4: Pressure contour downstream of step 
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Figure 6: Temperature distribution Figure 5: Pressure distribution  

Figure 7: Velocity field vector plot 
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5.  Conclusion: 

 
 The study presents an improved numerical method to solve the Navier-stokes equations for a flow over a 
rearward facing step. The validity of these results is confirmed by established experimental data. For example, as it 
can be seen in Figures 2 and 6 several characteristics of the flow field, namely, in the expansion-corner, in the free 
shear layer, the recirculation zones, and the recompression region, are well captured by the numerical scheme. 
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