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ABSTRACT 

 

The behavior of a supersonic fluid flow field over an axisymmetric cylindrical body has been 

simulated using ANSYS Fluent computational fluid dynamics software. The simulated body was 

altered for successive simulations to incorporate a protuberance interrupting the one dimensional 

flow along the surface. The effect of introducing this protuberance was investigated for Mach 

numbers ranging from 1.5 to 5.5 in increments of 0.5. To account for flow characteristics not 

associated with an infinite wall simulation, the body was modeled as a 2.5 caliber Tangent Ogive 

nose cone profile leading a cylindrical wall in free stream conditions. Once the initial shock is 

formed, the flow downstream is investigated for the behavior it exhibits in the presence of a 

surface protuberance. The surface protuberance will cause the flow to wrap around the curvature 

of the surface. This abrupt change in direction and redirection results in a separation in the flow 

structure from the wall, which creates a region known as a recirculation zone. Flow becomes 

discontinuous due to the turning angle of the surface and therefore detaches and must resume 

parallel flow farther past the protuberance. Flow reattachment downstream of such an obstacle is 

determined in this research in order to develop a relationship between flow speed, protuberance 

geometry and recirculation region length. 

Pressure distributions along the surface beyond the separation point caused by the 

protuberance angle were used to find the reattachment length. Each pressure distribution 

contained a point where the rate of change leveled off from the initial chaotic region following 

the protuberance apex. These points were considered the beginning of the reattachment region 
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and thus the end of the separation region. Correlations for such behavior as a function of the 

protuberance length scale and Mach number are developed and discussed. The dominance of the 

Mach number influence in the reattachment length of the separation region is apparent in the 

final data analysis, as well as a negative correlation of increasing protuberance height. It is 

apparent that an increased Mach number results in a longer reattachment length. However, as the 

aspect ratio of the protuberance increases, the reattachment length decreases. 
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INTRODUCTION 

Throughout the history of high speed aviation the behavior of supersonic flow around 

axisymmetric bodies has been observed and studied. The goals of more aerodynamic shapes and 

surfaces as well as optimized power cycles at supersonic conditions have been extensively 

sought after. The advanced development of these supersonic bodies correlates to an increasing 

capability and often efficiency of high speed travel through a fluid. While an ideal aerodynamic 

shape might be achieved for continuous travel, there is always a compromise to be made in the 

interest of other requirements such as lift, control or fluid intake and exhaust. High velocity 

flows through combustion chambers have experimented with recirculation zones for the 

introduction of fuel in order to achieve a more effective mixing (Ahmed, Forliti, 2009). Similar 

research was done by a recess in the flow to compare with the recirculation following a 

protuberance (Song, et al, 2011). With these constraints comes an inherent disturbance of the 

external flow field caused by such geometries.  

Flow of a fluid relative to an object becomes disturbed in front of the object’s path as its 

velocity increases due to frictional effects and mass displacement. These disturbances are 

transferred from one point in the fluid to the next by molecular interaction. The speed of sound in 

a fluid, as defined in Equation 1, is the maximum speed at which these molecular disturbances 

will propagate through the medium (Bertin, 2009).  

 � O P���� (1) 
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As the velocity of the fluid relative to the moving body reaches the speed of sound the 

fluid propagates these disturbances at the same speed as the body. This means that the 

propagations are not moving away from the object in the direction of travel but are instead 

stationary relative to the body. This line of disturbance in the fluid spreads evenly in a uniform 

fluid. Velocity equal to and exceeding the speed of sound forms a bow shock wave in the fluid 

(Anderson, 2004). Once the speed of the fluid around the body becomes greater than or equal to 

the speed of sound it will form said shock wave. A shockwave is essentially a surface which 

represents a discontinuity in fluid properties which occurs when the flow encounters an abrupt 

compression or when supersonic flow is undergoes a sudden, compressive change in direction 

(Bertin, 2009). The Mach number, or ratio of velocity to speed of sound, is a dimensionless 

indication of speed in a fluid and is defined as shown in Equation 2 (Anderson, 2004). 

 � O �� (2) 

By physical scaling of the equations governing moving fluid flow, the Mach number 

shows to be a convenient and integral dictation of flow property behavior and in some cases is 

the only contributing variable to a property ratio equation. 

In the event that the Mach number becomes high enough in a fluid moving over an object 

with a pointed leading edge, the shock wave will become attached to the body and behave as an 

oblique shock wave. Disturbance propagation through the fluid in the direction of travel will 

become slower than the moving object and will therefore not lead the object as in the case of the 

shock remaining stationary relative to the object. However, because these propagations radiate 
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out from the body in a radial path, the components of the propagation directed perpendicular to 

the direction of travel will form a new line of disturbances at an angle. This line is known as the 

Mach wave. The angle � at which this line propagates is the Mach angle and is calculated by 

Equation 3 (Anderson, 2004). 

 �� O sinU< 1� (3) 

In the case of a body which redirects flow, such as a cone, the fluid is effectively turned 

from the line of travel along the surface of the body. This redirection of the flow causes the fluid 

to experience greater disturbances and pushes the propagation line out to a larger angle. This 

angle, due in part to the deflection, is the shock angle �. This shock wave angle is a then 

function of the deflection angle of the surface � as well as of the free stream Mach number. 

These trends are calculated by the relationship shown in Equation 4 and graphed in Figure 1. 

 tan � O 2 cot � \ �<> sin> � N 1�<>]� ^ cos 2�_ ^ 2` (4) 
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Figure 1. Oblique Shock Angle Relations 

passes a through a shock wave, its properties change. These relationships 

properties upstream and downstream of the shockwave are derived from the 

continuity, momentum and energy equations and are shown in equations 5 – 8 (Bertin
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 �>�< O 1 ^ 2�� ^ 1 ]�<> N 1_ (7) 

 �>�< O a�>�<b a�>�<b (8) 

These equations are modified when considering the property changes across an oblique 

shockwave (Anderson, 2004). The fluid only undergoes changes in the flow direction normal to 

the oblique shock wave, so only the normal component is used instead of the free stream value. 

This normal Mach number is calculated  as shown in Equation 9 (Anderson, 2004). 

 �c O � sin � (9) 

Another case of flow redirection occurs when the flow is turned in a direction away from 

the main body of the fluid which causes it to expand rather than compress. This is known as a 

Prandtl-Meyer expansion wave and it requires the flow to increase velocity the same way it does 

over a lifting body (Bertin, 2009). Expansion wave theory dictates that a sonic flow can 

theoretically be turned to a maximum angle of 130.45⁰ (Anderson, 2004). At Mach numbers 

greater than 1 this maximum becomes smaller (Anderson, 2004). If an expansion angle greater 

than the maximum theoretical allowance is attempted, the flow can become separated (Bertin, 

2009). This separation accounts for the discontinuities seen in a supersonic separation region 

following a surface protuberance (Bertin, 2009). 

Experimental data has been produced by the National Advisory Committee for 

Aerodynamics (NACA) on a variety of these behaviors (Owens, 1968, Oliveira, 2013, Chester, 

1956, Kayser, 1980). These behavioral results included supersonic flow properties downstream 
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of a bow shockwave as well as an attached oblique shockwave. This was repeated for bodies of 

revolution at angles of attack for different properties (Kopal, 1947, Ferri, 1951). A special case 

for supersonic projectiles was investigated by NACA as well (Eggers, 1952). This research used 

the method of characteristics to develop a predictive flow calculation over conical bodies. A 

NACA technical investigation (Hamaker, 1951) developed a similarity law which relates the free 

stream Mach number of flow over a cone to the aspect ratio of the cone. The law produced a 

simplified relationship between drag force, object geometry and Mach number. This similarity 

law was further expanded to account for rotation of flow downstream of the incident shockwave 

(Rossow, 1951), establishing that for similarity parameters greater than one the error of such 

predictions rapidly increased beyond usable limits. The accuracy of the relationship of the 

similarity law to linearized expansion theory was investigated and found to be of higher accuracy 

at lower values of the similarity law (Ehret, 1952). It was again found that the calculation using 

the similarity parameter was only accurate at low values. Shock expansion theory was applied to 

investigate the flow downstream of a shockwave using similarity law calculations (Savin, 1955). 

This research used the hypersonic similarity law and was found to break down after the object in 

question’s angle of attack and vertex angle reached a ratio of less than 1. 

Once such pressure behaviors were demonstrated and their tendencies were established, it 

was set out by many people to find a drag prediction model. The effects of nose bluntness on 

drag was investigated and found to be a contributing factor at Mach numbers which produced an 

attached shock. Such models were then used in order to try to find an optimized shape for drag 

reduction. Approximations of shapes for low drag using the method of characteristics and 
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calculations for the drag on each one were considered in order to find the minimum (Eggers, 

1956). Eggers compared simple cones and curved profiles of the same fineness ratio and found 

the cones to have greater foredrag.  An analytical solution was developed which incorporated 

local changes in gas dynamics in order to find an optimal drag reducing nose shape (Takovistkii, 

2006). The analysis showed an optimal body as a truncated power-law shape. Furthermore, a 

genetic algorithm was used to explore the optimization of drag properties on bodies of revolution 

(Foster, 1997). While the study was mainly focused on the validity of such an analysis method, it 

did indicate that a curved revolved body was optimal over a simple cone. Several specific 

axisymmetric geometries were investigated and optimized for drag reduction using the k-epsilon 

model as well as the Navier-Stokes equations (Cummings, 1995). Cummings specifically applied 

this optimization towards axisymmetric bodies with boattail afterbodies which are bodies with 

progressively decreasing diameters. Through both wind tunnel experimentation and numerical 

calculation the drag properties of several basic shapes including an ogive nose shape were 

demonstrated (Schinetsky, 2010).  

The research was specific to a prototype nose shape but showed the drag behavior of 4 

other nose cone shapes as well. 

Boundary layer transitions in supersonic flow have increased degrees of influence from 

low speed flows due to the added factor of compressibility. Shock waves have been shown to 

have an effect on the growth rate of some disturbances downstream (Seddougui, 1997). 

Investigation into these multiple influences of instability at supersonic and hypersonic flows was 
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done to predict their effects (Masad, 1995). In Masad’s model the point at which compressibility 

itself becomes a destabilizing factor was determined to be between Mach numbers of 2 and 3.5. 

Effects of turbulent boundary layer activity on heat transfer and shear stress are of particular 

interest to the design of re-entry vehicles which operate under high temperature hypersonic 

conditions. Early numerical solutions and experimental data were compiled to confirm the 

feasibility of a hypersonic turbulent boundary layer (Adams, 1974). Relationships between nose 

bluntness and the transitions from laminar to turbulent in scramjet forebodies was developed and 

tested numerically (Schneider, 2004). Schneider found that bluntness delayed the boundary layer 

transition. Repeated numerical analysis of disturbances in hypersonic flow which lead to 

boundary layer transitions downstream of a bow shock was done to expand the speed range of 

such analysis method, as well as to investigate hypersonic flow over a parabolic surface (Zhong, 

2001). It was found that the shock interaction rather than entropy or vortices. In further research 

a suction parameter and wall heating element was introduced to a numerical investigation of 

hypersonic boundary layer transition and it was found that the two, as well as others, contribute 

to unsteadiness (Kumari, 2005). A study in geometric influences found that, like lower speed 

flow, hypersonic flow is receptive to wall perturbations causing instability (Wang, 2009). Wang 

also incorporated a blowing-suction instability which tended to be the dominant influence when 

present. Because these hypersonic near wall flows cause the fluid to undergo temperatures well 

above the magnitude required for molecular dissociation, the basic effect on chemical alterations 

resulting from such speeds has been demonstrated (Coustiex, 1994). This particular numerical 
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study was focused on behavior which could be validated by data gathered by reentry vehicles in 

future space flights. 

Once the existence of such boundary layers at supersonic conditions was confirmed, 

investigation into their stability and predictable behavior was performed. Research was done 

which focused on the vortical instability over a flat plate which is a dominant form for inviscid 

flows (Blackaby, 1990). Studies were also done on the stability of the shock over an infinite cone 

with perturbations in order to establish an ultimate result (Gang, 2008). Gang used the steady, 

isentropic and compressible Euler equations to develop this solution. Research by Xiaojun Tang 

studied a similar uniform wedge but with an acoustic disturbance in the fluid which interacted in 

multiple modes of instability (Tang, 2008). Tang found that a pulse wave perturbed flow caused 

the dominant instability mode to shift to the harmonic instead of the geometric. Effects of 

bluntness on boundary layer stability was investigated by numerical analysis finding that smaller 

blunt cases caused more immediate disturbances than did larger blunt cases (Kursat, 2011). 

These leading edge disturbances were further simulated for a blunt flat plate by introducing 

acoustic waves near the flow development start (Mahlmann, 2008). Mahlmann concluded that 

the shock influences the distribution of perturbations in downstream flow and the bluntness 

determines the shock properties, therefore having the background effect on flow instability. An 

Euler system of equations was later used to develop a three-dimensional model for oblique shock 

waves to describe the linear shock front stability (Li, 2004). This theorem development depended 

on the uniform upstream acoustic disturbances of incoming flow. These acoustic influences were 

used by Maslov when acoustic absorptive coating was introduced flow over a plane which 
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involved a porous surface (Maslov, 2011). In this experimental study, the material was found to 

interact with the acoustic perturbations and cause a non-linear damping as well as delayed 

boundary layer transition. Porous surface influence on the boundary layer at high Mach numbers 

was considered and found to be a stabilizing factor in the boundary layer (Wang, 2012). Wang 

applied this porous surface only to specific transition, at transition regions or downstream, and 

found that this caused a stabilization or destabilization depending on the position. Further surface 

interaction was considered by considering a numerical model of a swept wing with a leading 

edge roughness (Collis, 1999).  

The surface roughness influence was found to be dependent on the curvature of the wing 

cross sectional profile. Influence of leading edge roughness was previously demonstrated 

experimentally in a surface roughness research project showing small scale separation regions 

due to the inconsistencies (Dovgal, 1990). 

Major geometric disturbances can cause, as previously stated, discontinuities in the flow 

and will result in the flow detaching from the surface. Flow stability behavior influence by the 

actual shape of surfaces was investigated as well as the previous surface conditions and flow 

disturbances. Stabilization effects on high speed boundary layer over a wavy surface were 

numerically and experimentally considered (Bountin, 2013). The experiment demonstrated that a 

wavy surface dampens the magnitude of high frequency disturbances while increases them at 

low frequency. Linear and non-linear stability of boundary layers over a two-dimensional hump 

were researched as well (Park, 2012). Donghun showed that even at very small initial 
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disturbances, the geometry influences a downstream instability and breakdown of flow boundary 

layer. These two-dimensional hump geometries considered were again researched but for a 

height scale smaller than the boundary layer thickness finding that recesses rather than 

protuberances actually cased larger disturbances downstream (Park, 2013). 

 Research on separated flows over flat plates at subsonic speeds, which depend on the 

recirculation, or backflow, of the fluid, were surveyed and found that they generally only 

developed in steady flows (Simpson, 1991). Simpson also considered the backflow region, or 

recirculation zone, behind a backwards facing step. Experimental determination of the near wall 

behavior of the backward facing step backflow by using electrodiffusion surfaces downstream of 

the stream was conducted (Tihon, 2001). Surface friction in the recirculation region indicated a 

viscous force dominated back flow. A further study was done on the behavior of supersonic flow 

over a backward facing step using Nano-based Planar Laser Scattering (Zhi, 2012). This study 

visually demonstrated the structure of the flow at a Mach number of 3, and found that the 

boundary layer reattachment underwent a shock due to the wall compression after expanding 

over the step. Zhi also found that upstream turbulent boundary layers and laminar boundary 

layers produced the same initial fanning angles at the step. El-Askary adapted the backward 

facing step concept to involve a curved transition to the lower level wall (W.A. El-Askary, 2009) 

and a computational study using large eddy simulation (LES) method was performed to 

demonstrate the subsonic turbulent recirculation zone. Reynolds stress levels after this curved 

step caused the flow to become turbulent upon interacting with the pressure gradient caused by 

the lower wall. A study by Promode Bandyopadhyay of Cambridge applied multiple abrupt 
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geometric changes and pressure gradients in order to develop recirculation zones and turbulent 

boundary layer transitions for the overall purpose of possible drag reduction (Bandyopadhyay, 

1993). Two different sequences were considered: concave to convex, and the reverse. The former 

was shown to have lower drag than the latter due to flow recovery causing less drag than flow 

redirection. Webster examined the effects on turbulent transition of a rounded symmetric surface 

obstruction on two dimensional flows (Webster 1996). Because the flow was at a low enough 

speed, the boundary layer experienced a rapid transition back to fully developed flow over a flat 

plate. It was also noticed that the ratio of upstream boundary layer thickness to concavity of 

surface geometry was a determining factor in the boundary layer growth and instability. 

Modeling and measuring the separation and reattachment behavior of flow has been done 

in different ways and with different focuses. An early review of backward facing step flow 

experiments was collected and then furthered through the use of pitot tube sensors to find 

pressure gradients (Bradshaw, 1972). Bradshaw found that at the reattachment point, the shear 

layer split to account for the energy stored in the entrained recirculation region. Measurements 

were also made to determine shear stresses using Preston tubes in order to calculate a drag 

coefficient along the surface. Experimental measurements of velocity profiles using hot wire 

anemometry were made to determine the reforming behavior of flow over a curved backward 

facing step (Song 2000). This curved step was found to allow the boundary layer to quickly 

reform after a separation bubble but the outer flow was ultimately perturbed due to the flow 

deflection at the wall. This study was expounded upon by using high resolution Doppler 

anemometer which found that while the turbulence properties relied heavily on the Reynolds 
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number, the mean flow is not as dependent and therefore the back flow was not contradictory to 

the current models (Song 2004). Separation of flow over a curved surface was considered by an 

internal flow study where the flow did not encounter another wall and instead simply bent the 

entire channel to allow smooth reformation. By varying the curvature and investigating the 

separation tendencies the study showed indications of a limit for shear layers as curvature 

increases (J. C. Gillis, 1983). In an attempt to research the possibility of drag reduction using 

multiple recirculation zones, an experiment was conducted by which flow around an 

axisymmetric body was tripped by means of an abrupt cavity, causing multiple reversed flow 

readings along the surface (C. C. Horstman, 1981). These reversed flows were shown to have the 

desired effect but Horstman stated that the model needed expanding of the length scale before 

deriving a general correlation. Alving determined experimentally that the reformation of a 

boundary layer after undergoing a separation and reattachment works counter to other flow 

relaxations because the inner, or near wall, region is the last to respond as opposed to the outer 

region. This posed the conclusion that the outer layer turbulence properties tended to interfere 

with the reattaching Reynolds stresses after reattachment (Alving, 1996). Hancock went on to 

develop the idea that a Reynolds stress in a flow has its own velocity scale. Using data from 

previous direct numerical simulations it was postulated that the Reynolds stress velocity scaling 

near separation and reattachment was independent of other similar-flow structure variables (P. E. 

Hancock, 2005). The hot wire anemometry was done in a three dimensional flow analysis to 

measure wall stress and again determined that the Reynolds stress was generally independent of 

outer level flow variables (C. Cao, 2004). The Reynolds stress levels of the inner flow were 
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found to be larger in the recirculation zone as well as in the boundary layer region than that of 

the outer flow. 

Computational models which simulate turbulent flows are an ongoing development as 

new data becomes available. Furthermore, compressibility adds a large complication to 

established turbulence models due greatly to the simple change in local fluid density. Shyy 

performed a survey of result comparisons between computational turbulence solvers in hopes to 

point out where improvements could be made or where accuracy was notably lacking. It was 

concluded that thermodynamic behavior of flow was of the greatest variability due to the 

physical property changes of a compressible flow (W. Shyy, 1997). Amine Ben Haj Ali 

attempted to merge the standard compressible flow Navier-Stokes equations with the Spalart-

Allmaras model for better computational efficiency when applied to a coarse mesh (Amine, 

2010). The adaptation did allow for relatively coarse meshes to produce correct results; however 

the mesh alignment had to be oriented with the shockwave which caused grid construction 

problems. One research team proposed a solver which strongly coupled the Navier-Stokes 

equations with the Spalart-Allmaras equations and tested the process against experimental and 

numerical solutions proving that it was indeed a viable model for even dense and unstructured 

mesh schemes (C. Wervaecke, 2012).  

Two variations of the Streamline Upwind Petrov-Galerkin finite element method (SUPG) 

were compared for similarity of results (G. J. Le Beau, 1993). It was determined that the 

equations based on conservation were just as accurate as those based on entropy as long as a 
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shock capturing term was included. The SUPG method was further demonstrated to show that 

the shock capturing term in the conservation based form included a stability parameter and 

actually yields simpler computations than that based on entropy (Tezduyar, 2006). Soulaimani 

and Azzeddine proposed a new stabilization matrix design for the SUPG specifically for 

compressible parabolic multi-dimensional simulations and showed a decrease in computation 

time from the previous model (Soulaimani, 2001). Direct Numerical Simulation (DNS) was 

shown to agree with experimental data for flow behavior over a backward facing step by 

introducing the known time averaged flow field (DaoYang, 2012). DNS methods were used to 

investigate the turbulent transition of supersonic boundary layers due to surface roughness 

(Muppidi, 2012). This showed that the local compression due to the uneven surface geometry 

near the wall caused the shear layer to become unstable and the transition was correlated to the 

viscosity and density of the fluid. Andreas Gross used the same DNS method in tandem with a 

finite volume solver to investigate the turbulent transition of a supersonic boundary layer over an 

axisymmetric cone. The finite volume code was altered to include a radial pressure term and 

shown to agree with the axisymmetric solution (Gross, 2010). A finite difference model was used 

introducing a time-marching technique in order to prove the validity of body fitted coordinate 

systems used for rounded geometries (Ahmed, 2013); it was validated for accuracy against 

experimental data. 

In order to use the data produced from a specific simulation, correlations must be made 

which can scale to similar situations in order to be useful. For the case of supersonic flow and 

flow over complex geometries, scaling factors have been considered (Kulfman, 2002). It was 
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shown by Kulfman that scale tests for attached supersonic flows do correlate viably to higher 

Reynolds numbers, however drag predictions require correction. Supersonic boundary layer 

interaction and transition is similarly accurate but does not predict shock strength or glancing 

shocks at full scale. For leading edge predictions, pressure zones were shown to be different at 

full scale, however the net force relationship was still a viable scaled representation. Degraaff 

experimentally investigated the scaling validity of Reynolds number by using Laser Doppler 

Anemometry for flow in a wind tunnel over a rounded protuberance at slanted incidence and 

found the scale prediction after flow disruption to be only a generalization for larger modeling 

(Degraaff, 1999). Another specific scaling investigation was done by Hancock to determine the 

structure of the Reynolds stress profile and determined that, because it is independent of many 

large scale flow properties, it is more dependent on local pressure gradients (P. E. Hancock, 

2007). 

 

 

 

 

 

 

 

 

 



 

 

COMPUTATIONAL 

The computational domain for this model was made to incorporate the surface of the rocket body 

and far field boundaries sufficiently far enough to not affect the near wall solution. The 

axisymmetric case was deemed appropriate due to the revolved geometry 

incoming flow parallel. The geometry is shown in Figure 

Figure 

Dimensions for the geometry are presented in Table 1. These were chosen based on 

studies (Dolling, 1979) as well as test simulations for the constructed computational model in 

this current research. These values were held constant while the height of the protuberance was 

altered. The length of the symmetry line for the axisymmetric revolution was chosen so that 

nose tip was far enough away from the domain limits

conditions. 
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COMPUTATIONAL DOMAIN 

 

The computational domain for this model was made to incorporate the surface of the rocket body 

and far field boundaries sufficiently far enough to not affect the near wall solution. The 

axisymmetric case was deemed appropriate due to the revolved geometry being uniform and all 

incoming flow parallel. The geometry is shown in Figure 2. 

Figure 2. Computational Domain 

Dimensions for the geometry are presented in Table 1. These were chosen based on 

well as test simulations for the constructed computational model in 

. These values were held constant while the height of the protuberance was 

symmetry line for the axisymmetric revolution was chosen so that 

from the domain limits for any interference from the boundary 

The computational domain for this model was made to incorporate the surface of the rocket body 

and far field boundaries sufficiently far enough to not affect the near wall solution. The 

being uniform and all 

 

Dimensions for the geometry are presented in Table 1. These were chosen based on previous 

well as test simulations for the constructed computational model in 

. These values were held constant while the height of the protuberance was 

symmetry line for the axisymmetric revolution was chosen so that the 

interference from the boundary 



 

 

Table 1

 

Caliber for the tangent-ogive nose profile was set to 2.5 which was deemed an acceptable 

average representation of existing experimental results (Dolling, 1979)

for the geometry of such a nose cone profile are shown in Figure 

Figure 3

These length calculations based on the caliber

(Stribling, 1999): 
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1. Computational Domain Dimensions. 

 

nose profile was set to 2.5 which was deemed an acceptable 

of existing experimental results (Dolling, 1979). The general dimensions 

for the geometry of such a nose cone profile are shown in Figure 3. 

 

3. Tangent-Ogive Nose Cone Geometry 

These length calculations based on the caliber  are found by using the following equations 

Geometry Dimension [cm]

Range 30

Axis 20

Cone Radius 26

Cone Length 10

Body Length 40

nose profile was set to 2.5 which was deemed an acceptable 

. The general dimensions 

are found by using the following equations 



 

 

 

 

 

A higher caliber profile would have resulted in a larger initial angle which might have produced 

a flow interruption beyond desired parameters such as a detached shock

body transition point of the tangent

enough so that the flow had sufficient space

shock wave which is caused by the protuberance

 

 

The protuberance, as depicted in Figure 5,

constant length  and variable height 
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A higher caliber profile would have resulted in a larger initial angle which might have produced 

desired parameters such as a detached shock. The length between the 

body transition point of the tangent-ogive profile and the start of the protuberance was made long 

sufficient space to expand and prevent interference with the second 

which is caused by the protuberance. This length  is shown in Figure 

Figure 4. Transitional Length 

, as depicted in Figure 5, was made as a simple symmetric triangle with a 

height . The simulation would be run multiple times for varying 

(10) 

(11) 

(12) 

A higher caliber profile would have resulted in a larger initial angle which might have produced 

. The length between the 

of the protuberance was made long 

with the second 

is shown in Figure 4. 

 

was made as a simple symmetric triangle with a 

. The simulation would be run multiple times for varying 



 

 

heights of the protuberance. The height to length ratio was raised by inc

from 0.05 to 0.35 as shown in Table 2.

Table 2. Protuberance Height Increments

The flat plate surface following the protuberance was made long enough to account for a fully 

developed flow after the initial detached period was 

the boundary conditions at the exit plane might have on the flow conditions

driven values due to their inputs. The height of the domain, as well, was made far enough away 

to allow the oblique shock to fully form and not be affected by the boundary.

was increased in early simulations to ensure that the solution produced was not affected by the 

chosen range. Increasing the domain further did not affect the produced data.

Figure 
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heights of the protuberance. The height to length ratio was raised by increments of 0.5 ranging 

from 0.05 to 0.35 as shown in Table 2. 

Table 2. Protuberance Height Increments 

 

The flat plate surface following the protuberance was made long enough to account for a fully 

developed flow after the initial detached period was reconciled in order to account for any effects 

the boundary conditions at the exit plane might have on the flow conditions since the limits have 

. The height of the domain, as well, was made far enough away 

ique shock to fully form and not be affected by the boundary. The domain extent 

was increased in early simulations to ensure that the solution produced was not affected by the 

chosen range. Increasing the domain further did not affect the produced data. 

 

Figure 5. Protuberance Geometry 

Height Aspect Ratio

0 0

0.15 0.05

0.3 0.1

0.45 0.15

0.6 0.2

0.75 0.25

0.9 0.3

1.05 0.35

rements of 0.5 ranging 

The flat plate surface following the protuberance was made long enough to account for a fully 

reconciled in order to account for any effects 

since the limits have 

. The height of the domain, as well, was made far enough away 

The domain extent 

was increased in early simulations to ensure that the solution produced was not affected by the 



 

 

Meshing of the computational domain was done using

the area to which it was applied. In order to create a mesh w

divisions along the sides and top were made in the same ratio as their respective dimensions with 

the exception of whole number rounding limitations. These zones are shown in Figure 

The cells in all zones, with the exception of those involving the protuberance, were 

due to the rectangular geometry in their respective domains. Because the

domain area was less dynamic than the near wall analysis, a mesh bias

the vertical structured grids. The bias factor is ratio of the size of the outermost cell to the 

innermost cell. Too high of a bias factor will cause the individual cells to elongate and change 

their intended geometry. This bias

protuberance than that of the farther free stream flow. Due to the increasing slope of the 

upstream and downstream sides of the protuberance, the mesh required an unstructured 
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tational domain was done using cell divisions based on the dimensions of 

it was applied. In order to create a mesh with uniform cell geometry

divisions along the sides and top were made in the same ratio as their respective dimensions with 

the exception of whole number rounding limitations. These zones are shown in Figure 

Figure 6. Computational Mesh 

exception of those involving the protuberance, were 

geometry in their respective domains. Because the flow in the

than the near wall analysis, a mesh bias factor of 10

The bias factor is ratio of the size of the outermost cell to the 

innermost cell. Too high of a bias factor will cause the individual cells to elongate and change 

bias gave a higher resolution near the wall and near the 

protuberance than that of the farther free stream flow. Due to the increasing slope of the 

upstream and downstream sides of the protuberance, the mesh required an unstructured 

based on the dimensions of 

ith uniform cell geometry, the 

divisions along the sides and top were made in the same ratio as their respective dimensions with 

the exception of whole number rounding limitations. These zones are shown in Figure 6.  

 

exception of those involving the protuberance, were quadrilaterals 

flow in the exterior 

factor of 10 was given to 

The bias factor is ratio of the size of the outermost cell to the 

innermost cell. Too high of a bias factor will cause the individual cells to elongate and change 

gave a higher resolution near the wall and near the 

protuberance than that of the farther free stream flow. Due to the increasing slope of the 

upstream and downstream sides of the protuberance, the mesh required an unstructured 



 

 

distribution. This allowed the mesh cells in that zone to remain sufficiently symmetrical and 

avoid extreme angles which would result in solver divergence.

mesh generated by the Ansys™ Mesh Software is shown in Figure 

Figure 
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the mesh cells in that zone to remain sufficiently symmetrical and 

avoid extreme angles which would result in solver divergence. An example of the unstructured 

mesh generated by the Ansys™ Mesh Software is shown in Figure 7. 

Figure 7. Unstructured Mesh Region 

 

 

 

 

 

the mesh cells in that zone to remain sufficiently symmetrical and 

An example of the unstructured 
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COMPUTATIONAL MODEL 

 

Simulation of flow behavior over an axisymmetric body, both with and without a protuberance 

present, was simulated using ANSYS™ Fluent Computational Fluid Dynamics software. The 

governing equations for compressible fluid flows are the conservation of mass, conservation of 

momentum, and conservation of energy equations. These equations are expressed in their 

governing vector form as equations 13-16 (FLUENT INC. 2006): 

 
ee! f gh ij ^ k�l N m� · in O f oh ij (13) 

 g O p ��7���"q (14) 

 l O p ���r7 ^ �st�r� ^ �uv�r" ^ �rq (15) 

 m O p 0xy*xz*x*+�+ ^ {q (16) 

 

In the case of a two-dimensional axisymmetric case, these equations are directed in the axial and 

radial directions and are expressed in cylindrical coordinates. The o term in Equation 13 
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contains the source terms for each equation which includes body forces and energy sources. No 

such sources were current and the term was neglected. Equation 16 includes a heat flux term { 

which was also neglected for this model. In the energy equation, the energy term " is defined by 

Equation 17 and Equation 18 where # is the total enthalpy (FLUENT INC. 2006). 

 " O # N �� (17) 

 # O � ^ |�|>2  (18) 

Fluent calculates the enthalpy as a calorically perfect gas according to the species. This is 

calculated for an adiabatic case for single chemical species by Equation 19 (Fluent INC. 2006). 

 � O f '( i�}
}~��  (19) 

The Reynolds Stress Tensor, )*+, is a term postulated in the Boussinesq eddy viscosity 

assumption and is proportional to the mean strain rate tensor, .*+. This stress tensor is defined as 

shown in Equation 20 (Boussinesq, 1987). 

 )*+ O 2�,.*+ N 23 �0/*+ (20) 

The 0 N A turbulence model, which was used in this study, incorporates two transport equations 

as well as models the energy equation which account for energy terms considered in turbulent 

flows. This modeled equation is shown in Equation 21 (Wilcox, 1993). 
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 ee! ]�"_ ^ ee�* �7*]�" ^ �_� O ee�* �0122 e�e�+ ^ 7*3)*+4122� (21) 

 

This modeled energy equation incorporates the effective thermal conductivity in order to include 

heat transfer within the fluid as well as an effective stress tensor which includes viscous heating 

terms. This effective stress tensor is defined by Equation 22 (Wilcox, 1993). 

 3)*+4122 O �122 �e7+e�* ^ e7+e�+ � N 23 �122 e�	e�	 /*+ (22) 

Effective viscosity is calculated, by default, by the same equation as the turbulence viscosity 

(FLUENT INC. 2006). The effective thermal conductivity is calculated as shown in Equation 23 

(Wilcox, 1993). 

 0122 O 0 ^ '(�,]56_, (23) 

Specific heat '( and the Prandtl number 56 were fluid properties which were held consant as 

material default values of 1006.43 
	�· and 0.85, respectively. The stress tensor Turbulence 

viscosity �, and turbulence kinetic energy 0. Turbulence viscosity is defined in Equation 27, 

incorporates the coefficient �?. Standard 0 N A models treat this term as a constant. However, the 

Realizable 0 N A model calculates the value as shown in Equation 28, Turbulence kinetic energy 

0 is defined by Equation 24 (Wilcox, 1993). 
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 0 O 7�87�82������
 (24) 

 The two transport equations represent the observed tendencies of turbulence in flow based on 

established time averaged behavior. Experimental data was used to develop shear stress profiles 

and velocity gradient formation which these equations and their coefficients were based on. The 

coefficients can be modified to account for specific flow situations. Default values are used in 

this solver as they have been developed for a wide range of free shear flows. Their values are 

shown in Table 3. Effects of turbulent kinetic energy dissipation 0 and the rate of its dissipation 

A are calculated by the Equation 25 and Equation 26 (Wilcox, 1993): 

 ee! ]�0_ ^ ee�* 3�07+4 O ee�+ \a� ^ �,@	b e0e�+` ^ 9	 ^ 9� N �A N ;� (25) 

 ee! ]�A_ ^ ee�* ]�A7*_ O ee�+ \a� ^ �,@=b eAe�+` ^ �<= A0 ]9	 ^ ��=9�_ N �>=� A>0  (26) 

 

Kinetic energy dissipation due to gradients of velocity within the flow is included in the 9	 term 

and is defined in Equation 29. The turbulent viscosity, which is a function of density, becomes 

variable in compressible flow (Wilcox,1993). 

 �, O ��? 0>A  (27) 
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�? O 1n� ^ n� 0DEA  (28) 

 

Table 3.  � N � Model Coefficients 

 

The standard model designates the calculation by Equation 27 (Wilcox, 1993) which agrees with 

the realizable form when the inertial sub-layer is in an equilibrium boundary layer (Wilcox, 

1993). The source term for growth of the turbulent kinetic energy 9	 is defined by Equation 29 

and can be written as shown in Equation 30 to be consistent with the Boussinesq hypothesis 

(Wilcox, 1993). 

 9	 O N�7�87�8������ e7+e�*  (29) 

 9	 O �,.> (30) 

The model also calculates an effective thermal conductivity 0122 which was defined in Equation 

23. This is used in the viscous heating term. Because the speed of the flow is such that the 

computational domain length is traveled in one thousandth of a second, the gravity force 

contribution is considered negligible. Therefore this negates the buoyancy terms in both 

Coefficient Value

C1ε 1.44

C2 1.9

σk 1

σε 1.2
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equations. In the kinetic energy dissipation equation the turbulent energy generated by 

compressibility factors is accounted for through the dilation dissipation term ;�. This term is a 

function of the turbulent Mach number �, as described by Equations 31-33 (Wilcox, 1993). 

 ;� O 2�A�,> (31) 

 �, O � 0�> (32) 

 9� O 0 (33) 

These kinetic energy terms are coupled with the energy equation and are incorporated into the 

stress tensor term thus setting up a series of seven coupled non-linear equations to be solved. The 

full series of unknowns and the equations used to solve them are summarized below. Solution 

methods used to simultaneously solve these equations is discussed in the Numerical Method 

section. 

• 7 Momentum Equation 
• � Momentum Equation 
• � Continuity Equation 
• � Equation of State 
• � Energy Equation 
• � Calorically Perfect Gas Assumption 
• �122 Turbulence Viscosity Model 

• 0122 Turbulence Thermal Conductivity Prandtl Relationship 

• )122 Boussinesq Approximation 
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NUMERICAL METHOD 

 

Solving the established series of equations and boundary conditions is done by a finite-volume 

based block Gauss-Seidel coupled solver in junction with an algebraic multigrid (AMG) method 

(FLUENT INC. 2006). The solver divides the computational domain into finite volume elements 

in the computational grid and sets the governing equations to each one as a connected value. This 

discretization allows for a mesh to have as many data points are there are cells in the domain. An 

iterative implicit solver integrates the governing equations to algebraic equations which are to 

then be solved numerically. This produces a solution first to the integral continuity, momentum 

and energy equations, followed by a solution to the scalar turbulence equations (FLUENT INC. 

2006). A minimum residual value of 0.001 was input for the iterative solver as well as a 

maximum iteration count of 1000. The iterations continue until either the minimum convergence 

criteria are reached or the maximum allowed iterations count is reached. This produces a solution 

first to the integral continuity, momentum and energy equations, followed by a solution to the 

scalar turbulence equations. Once a solution is reached, the solver updates the governing 

equations with the calculated properties and continues to the next time step solution. 

An implicit linearization for the coupled solver is chosen so that the individual cell solutions 

include input from neighboring node values and allows the variables to appear in multiple 

equations for a simultaneous solution to each cell value. This is accomplished through utilization 

of afore mentioned block Gauss-Seidel and the algebraic multi-grid method. Second-Order 

Upwind Scheme discretization was chosen for second order accuracy. This directs the solver to 
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achieve a cell centered solution using a Taylor series expansion about the cell centroid which 

results in a multi-dimensional linear reconstruction of the quantities at cell faces (FLUENT INC 

2006). 

Default settings in the solver establish an under-relaxation factor. This factor restricts the rate at 

which a solution alters iterative input values. This is required because highly non-linear 

equations in a discretized solution method with large differences in iterative values can arrive at 

incorrect solutions. This factor C controls the iterative value B as shown in Equation 34 

(FLUENT INC. 2006). 

 B O BL�� ^ CΔB (34) 

 

FLUENT also recognizes that a transient solution requires discretization in time as well as space. 

Therefore a second order implicit temporal discretization scheme is also set in the solver. This 

controls the solution trends of transient terms. Implicit time discretization was chosen due to its 

stability in any time step size (FLUENT INC. 2006).  
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BOUNDARY CONDITIONS 

 

Boundary conditions for the model were applied in three zones. These zones are shown in Figure 

8. The axis boundary condition was applied to the symmetry line. This indicated to the software 

that the domain is symmetrically revolved around that axis and any activity above that line is 

mirrored full rotation. The boundary condition also specified that this was a non-rotational flow, 

indicating that the velocity normal to the 2-D plane was zero as shown in Equation 35. 

 e7e� O 0 (35) 

 

 The axis is the zero radius location on which the cylindrical equations are based. Fluent 

designates the cell values at the axis boundary as the same value as the adjacent cells, thereby not 

having an undefined equation when the radius would have a value of zero. This undefinition 

would be a result of the finite difference method not having a point to difference from. Instead, 

the cell value is simply assigned. Because it is axisymmetric, the radial velocity at the axis is 

zero, shown in Equation 36 and Equation 37, (FLUENT INC. 2006). There are no user input 

values for this boundary condition. 

 e7e6 O 0 (36) 



 

 

 

 

The wall boundary condition was set to be an adiabatic, no slip solid entity to account for shear 

stress and boundary layer formation. This designates the velocity at the wall to be zero as shown 

in Equation 38. 

 

 

Figure 

 

Shear stress at the wall is a function of viscosity and the velocity gradient tangent to the surface. 

The standard turbulent momentum effects of 

the viscous layer are determined 

39-41 (Bredberg, 2000).  
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The wall boundary condition was set to be an adiabatic, no slip solid entity to account for shear 

stress and boundary layer formation. This designates the velocity at the wall to be zero as shown 

 

Figure 8. Boundary Condition Assignments 

Shear stress at the wall is a function of viscosity and the velocity gradient tangent to the surface. 

standard turbulent momentum effects of a no-slip wall for wall adjacent cells at a point P in 

determined by the Law of the Wall for mean velocity as shown in Equations 

(37) 

The wall boundary condition was set to be an adiabatic, no slip solid entity to account for shear 

stress and boundary layer formation. This designates the velocity at the wall to be zero as shown 

(38) 

 

Shear stress at the wall is a function of viscosity and the velocity gradient tangent to the surface. 

for wall adjacent cells at a point P in 

ocity as shown in Equations 
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 DE O 1H ln ]"FGE_ (39) 

 DE O DI �?<� 0I<>)J�  (40) 

 GE O ��?<� 0I<> GI�  (41) 

 

Turbulence within the flow is influenced by the presence of the wall and therefore the boundary 

conditions produce equations for turbulent kinetic energy, kinetic energy production and energy 

dissipation rate. These equations are functions of the viscous layer calculations previously stated 

and are shown below in Equations 42-44 (Bredberg, 2000) 

 e0e� O 0 (42) 

 9	 O )J )JH��?<� 0I<>GI
 

(43) 

 AI O �?�� 0I�>HGI  (44) 

 

The default material surface characteristics were for that of aluminum and were left unchanged. 

The external domain limits were set up as a Pressure Far-Field boundary condition. Pressure Far-
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Field allows for input of a free stream Mach number. User inputs terms for this boundary 

condition were gauge pressure, Mach number, temperature, flow direction and turbulence 

parameters. The turbulence parameter options were Intensity and Viscosity Ratio. Turbulent 

Intensity is defined as the ratio of the root mean square of the velocity fluctuations to the mean 

flow velocity. The default setting of 5% was selected which is a mid-range value for high speed 

flows (FLUENT INC. 2006). The Turbulent Viscosity Ratio is defined as the ratio of turbulent 

viscosity to fluid viscosity. The default value of 10 was selected which is typical of free stream 

external flow. Zero gauge pressure was set in order to designate an external ambient sea level 

atmosphere condition. Temperature default was 300 Kelvin and was kept to again represent 

atmospheric conditions. The Mach number was to be varied and was therefore given a user 

defined function (UDF). The code designated the Mach number as an incremental step function 

as graphed in Figure 9. The code for the UDF is included in the Appendix. 

The Pressure Far-Field also calculates the density at the boundary at each time step by use of the 

modified Ideal Gas Equation shown in Equation 45 (FLUENT INC. 2006).  

 � O �L( ^ ���% �  (45) 

 



 

 

Figure 

 

Times between steps was set after

allow the flow to fully transition from one Mach number to 

development where the flow structure was no longer changing as a result of the stepped value. 

This was determined by considering the 

of Mach number increments also allowed for a single simulation to be run which accounted for 

the full range of Mach numbers, thereby reducing the operational

necessary simulations. The flow direction was designated as parallel to the axis line in order to 

simulate a straight line motion. This was also necessary in order to perform the axisymmetric 

case otherwise there would be a perceived
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Figure 9. User Defined Function Input 

after simulations showed them to be sufficiently long enough to 

allow the flow to fully transition from one Mach number to the next and achieve a 

development where the flow structure was no longer changing as a result of the stepped value. 

This was determined by considering the development of the velocity contour plot

also allowed for a single simulation to be run which accounted for 

bers, thereby reducing the operational time of running

The flow direction was designated as parallel to the axis line in order to 

motion. This was also necessary in order to perform the axisymmetric 

perceived velocity influx from the rotational line

 

 

sufficiently long enough to 

and achieve a flow 

development where the flow structure was no longer changing as a result of the stepped value. 

development of the velocity contour plot. This method 

also allowed for a single simulation to be run which accounted for 

running the total 

The flow direction was designated as parallel to the axis line in order to 

motion. This was also necessary in order to perform the axisymmetric 

velocity influx from the rotational line of symmetry.  



 

 

VERIFICATION AND VALIDATION

Upon creating the model set up, the model had to b

that the solution does not require a more refined grid to produce a result. The model had to also 

be validated against an established solution to ensure a reasonably correct prediction of the 

simulated results. In order to verify grid independence, the mesh was refined from a coarse 

structure until a cell size decrease did not affect the outcome of a simulation.

collected for each run and the difference in values was calculated from one 

the next. The results of this grid independence verification are shown in Figure 

Figure 
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VERIFICATION AND VALIDATION  

Upon creating the model set up, the model had to be verified for grid independent

that the solution does not require a more refined grid to produce a result. The model had to also 

an established solution to ensure a reasonably correct prediction of the 

simulated results. In order to verify grid independence, the mesh was refined from a coarse 

structure until a cell size decrease did not affect the outcome of a simulation. Pressure 

collected for each run and the difference in values was calculated from one cell count change to 

The results of this grid independence verification are shown in Figure 10

Figure 3. Grid Independence Verification Plot 

e verified for grid independent. This shows 

that the solution does not require a more refined grid to produce a result. The model had to also 

an established solution to ensure a reasonably correct prediction of the 

simulated results. In order to verify grid independence, the mesh was refined from a coarse 

Pressure data was 

cell count change to 

10. 
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Validation of the model was done by comparing results with an experiment done at Princeton University 

Department of Mechanical and Aerospace Engineering for the U.S. Army Ballistics Research Division 

(Dolling 1979). The experiment took pressure measurements along the surface of a cylinder with a 

tangent-ogive nose cone in a wind tunnel at supersonic speeds and varying angles of attack. 

Dimensionless length parameters were determined for each pressure sensor location and the pressure at 

each point was presented as a ratio of the pressure at the wall to the static pressure of the free stream air 

flow. The experiment took place in a 20cm square profile wind tunnel at a nominal free stream Mach 

number of 3 and a stagnation pressure of 0.68 Mega-Pascal. Pressure measurements were made using 

pressure tapings on the surface at intervals down the length of the cylinder and maintained an uncertainty 

level of 2%. A simulation was run in the verified grid independent computational model with conditions 

matching the validation model. Produced results were compared for accuracy. The results of the model 

matched those of the experiment with a maximum margin of error less than 10%. This comparison of 

results is shown in Figure 11. 
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Figure 4. Validation Results 
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RESULTS 

 

In order to measure such an event as flow reattachment in this current research, pressure data 

was found along the surface starting immediately after the protuberance height change. Once the 

pressure demonstrated a change in average value consistent with a boundary layer transition, the 

corresponding distance along the surface was considered the reattachment length. The static 

pressure distribution of this computational simulation is shown in Figure 12 as pressure contours. 

This pressure contour plot shows the oblique shockwave expected of such geometry at 

supersonic speeds in a fluid. The protuberance, in turn, causes a second oblique shockwave and, 

as shown, an expansion of the flow to compensate for the redirection. An example of the 

pressure data collected from such a scenario is shown in Figure 13. The derivative of this graph 

was then calculated to find where the flow underwent a trend change. This derivative graph is 

shown in Figure 14. The point where this derivative plot reached a minimum which did not 

continue to fluctuate was considered the redevelopment region and thus the end of the 

recirculation zone. The flow is then observed to begin a new transition region whereby the 

boundary layer increased in velocity to resume parallel flow. These length determinations were 

done by considering the pressure trend, the derivative of the pressure trend and the contour plot 

of the flow structure. Graphs showing these data sets for all Mach numbers over a single 

protuberance aspect ratio are shown in Figure 15 and Figure 16. 



 

 

Figure 

Figure 13. Static Pressure Data
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Figure 12. Pressure Contour Plot 

Static Pressure Data. Aspect Ratio 0.15. Mach 4 
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Figure 14. Static Pressure Derivative Data

Figure 5. Static Pressure Data Trend. Aspect Ratio 0.15
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Static Pressure Derivative Data. Aspect Ratio 0.15. Mach 4

 

Static Pressure Data Trend. Aspect Ratio 0.15 
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Figure 6. Static Pressure Derivative Trend. Aspect Ratio 0.15

Pressure properties along the wall from the apex of the protuberance to the edge of the domain 

were compiled for each aspect ratio and each Mach number. Each data set was graphed and 

analyzed for detachment and reattachment behavior. The point at which the

began a uniform trend, the flow was conside

region. Introducing calculations for non

the reattachment length was neglected in order 

made non dimensional by treating the reattachment length as a percentage of the entire length 

considered. This calculation is shown in Equation 

shown in Table 4. 
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Static Pressure Derivative Trend. Aspect Ratio 0.15 

 

Pressure properties along the wall from the apex of the protuberance to the edge of the domain 

were compiled for each aspect ratio and each Mach number. Each data set was graphed and 

analyzed for detachment and reattachment behavior. The point at which these pressure trends 

, the flow was considered reattached and no longer in the recirculation 

Introducing calculations for non-dimensional numbers prior to analyzing the data to find 

the reattachment length was neglected in order to avoid any inaccuracy.  These values were then 

made non dimensional by treating the reattachment length as a percentage of the entire length 

culation is shown in Equation 46. The data matrix for each combination is 

 

 

Pressure properties along the wall from the apex of the protuberance to the edge of the domain 

were compiled for each aspect ratio and each Mach number. Each data set was graphed and 

se pressure trends 

recirculation 

dimensional numbers prior to analyzing the data to find 

These values were then 

made non dimensional by treating the reattachment length as a percentage of the entire length 

The data matrix for each combination is 
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 �M O ���!!�'����! ����!�40'�  (46) 

 

Table 4. Reattachment Length �� Data Matrix 

 

The aspect ratio n and Mach M number were the input parameters which affected the 

reattachment length. The results of these combinations were analyzed by a two factor ANOVA 

statistical analysis in order to produce a general correlation for predicting values. Multi-variable 

linear regression analysis showed a correlation coefficient between Mach number and 

reattachment length of 0.72. The aspect ratio correlation coefficient was -0.38, suggesting that it 

had a weaker influence than flow velocity on the separation region behavior and decreased the 

reattachment length with each increase. The correlation matrix is shown in Table 5. 

Table 5. Statistical Analysis Correlation Matrix 

 

Mach Number, M

0.05 0.1 0.15 0.2 0.25 0.3 0.35

1.5 0.431028916 0.216839 0.259458 0.296528 0.172214 0.206313 0.178029

2 0.43666506 0.256294 0.259458 0.251494 0.219308 0.224778 0.292058

2.5 0.442301205 0.290113 0.247995 0.288578 0.24426 0.255012 0.279477

3 0.447937349 0.284477 0.296349 0.308802 0.212545 0.231227 0.305087

3.5 0.453573494 0.329569 0.255593 0.325851 0.267325 0.255012 0.314029

4 0.470484337 0.374663 0.305087 0.352957 0.332547 0.284675 0.351949

4.5 0.487392771 0.42539 0.327836 0.397333 0.361993 0.35766 0.393566

5 0.493031325 0.447937 0.356942 0.435205 0.445255 0.387065 0.439241

5.5 0.515575904 0.47612 0.372275 0.476289 0.516239 0.424067 0.445255

Protuberance Aspect Ratio, A

Mach Number Aspect Ratio

Reattachment Length 0.724319577 -0.379127879



 

 

Figure 17. Reattachment Length Scale vs. Mach Number

Figure 18. Reattachment Length
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Reattachment Length Scale vs. Mach Number per Aspect Ratio

Reattachment Length vs. Aspect Ratio per Mach Number

 

Aspect Ratio 

 

Mach Number 

A 
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It should be noted that the connecting lines between data points shown in Figure 17 and Figure 

18 are in no way representative of simulated data but simply clear directives to the following 

value in the series. The correlation developed in the regression analysis for the two inputs is 

shown in Equation 47. 

 �MI O 0.230 ^ 0.0517 · � N 0.349 · n (47) 

 

The detailed statistical analysis results are included in the Appendix section. Values predicted 

from this correlation show an average error of 9%. This analysis indicates that the dominant 

factor in reattachment length is the magnitude of the Mach number. This suggests that the kinetic 

energy associated with a high velocity flow causes the flow to travel farther from the apex of the 

protuberance before reattaching to the wall and resuming parallel flow. The negative correlation 

of the protuberance aspect ratio might suggest a larger pressure gradient due to the increased area 

of recirculation. The expansion of the flow beyond the separation point could then be affected by 

the larger turn angle and undergo a greater influence to redirect.  
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CONCLUSIONS 

Computational analysis of reattachment length as a function of Mach number and protuberance 

aspect ratio has been discussed. A compilation of data from each combination of input 

parameters has been collected and analyzed. Simulations have been run for aspect ratios ranging 

from 0.05 to 0.35 at Mach numbers ranging from 1.5 to 5.5. The statistical analysis of this data 

suggests that the Mach number influence over the reattachment length of a separated flow has a 

correlation coefficient of 0.72, which is the dominant factor against the increasing aspect ratio. 

The aspect ratio correlation coefficient is -0.38. For all simulated protuberances, the separation 

region length grew as a function of the Mach number.  

Major Conclusions 

• Mach number increase influences an increase in reattachment length after protuberance 

• Aspect ratio increase results in a decrease of reattachment length after protuberance 

• Mach number is the dominant factor in driving the reattachment length of the 

recirculation region 

• Preliminary simulations suggest that extrapolation of correlation beyond maximum 

demonstrated aspect ratio should not be considered accurate 

Future expansion of this research could be directed to reinforce the thoroughness of the 

computational model used. Properties of specific heat, viscosity and thermal conductivity for the 

fluid were left as default constants in this model, which might have contributed to inaccuracies in 
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results. Simulations involving protuberance aspect ratios between those investigated here in 

order to confirm the trends seen in the data might also provide a more reliable correlation. 

Furthermore, an intensification of investigation into the thermo-physical effects in the 

recirculation region on heat transfer and wall heating is suggested. Incorporation of a non-

adiabatic wall might shed light on the convection characteristics associated with flow over a 

protuberance in supersonic flight.  
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APPENDIX 

 

User Defined Function C++ code 

#include "udf.h" 
#include "unsteady.h" 
 
#define M1 1.5 
#define M2 2.0 
#define M3 2.5 
#define M4 3.0 
#define M5 3.5 
#define M6 4.0 
#define M7 4.5 
#define M8 5.0 
#define M9 5.5 
#define M10 6 
#define M11 6.5 
#define M12 7 
 
#define t1 0.1 
#define t2 0.14 
#define t3 0.16 
#define t4 0.18 
#define t5 0.2 
#define t6 0.22 
#define t7 0.24 
#define t8 0.26 
#define t9 0.28 
#define t10 0.3 
#define t11 0.32 
 
 
DEFINE_PROFILE(Mach,t,i) 
{ 
 real Ma = 0; 
 real current_time; 
 
 face_t f;     
 
 begin_f_loop(f,t) 
 { 
  current_time = CURRENT_TIME; 
 
  if (current_time < t1) 
   Ma = M1; 
 
  if  (current_time >= t1 && current_time < t2) 
   Ma = M2; 
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  if  (current_time >= t2 && current_time < t3) 
   Ma = M3; 
 
  if  (current_time >= t3 && current_time < t4) 
   Ma = M4; 
 
  if  (current_time >= t4 && current_time < t5) 
   Ma = M5; 
 
  if  (current_time >= t5 && current_time < t6) 
   Ma = M6; 
 
  if  (current_time >= t6 && current_time < t7) 
   Ma = M7; 
 
  if  (current_time >= t7 && current_time < t8) 
   Ma = M8; 
 
  if  (current_time >= t8 && current_time < t9) 
   Ma = M9; 
    
  if  (current_time >= t9 && current_time < t10) 
   Ma = M10; 
 
  if  (current_time >= t10 && current_time < t11) 
   Ma = M11; 
 
  if  (current_time >= t11) 
   Ma = M12; 
   
    
    
  F_PROFILE(f,t,i) = Ma; 
 } 
 end_f_loop(f,t) 
} 
 

 

 

 

 

 

Two Variable Linear Regression Analysis ANOVA Table Results 
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Mach Number Aspect Ratio

Reattachment Length 0.724319577 -0.379127879

SUMMARY OUTPUT

Regression Statistics

Multiple R 0.817543147

R Square 0.668376798

Adjusted R Square 0.657322691

Standard Error 0.054331835

Observations 63

ANOVA

df SS MS F Significance F

Regression 2 0.356973887 0.178486944 60.46411647 4.16243E-15

Residual 60 0.177116896 0.002951948

Total 62 0.534090783

Coefficients Standard Error t Stat P-value Lower 95% Upper 95%

Intercept 0.230115295 0.024055677 9.565945709 1.11581E-13 0.181996778 0.278234

Mach Number 0.051658657 0.005302244 9.742791177 5.67872E-14 0.04105259 0.062265

Aspect Ratio -0.349078409 0.068451678 -5.099632634 3.66862E-06 -0.48600215 -0.21215



 

 

Simulation Pressure Data 

Protuberance Height 0.15 cm 
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Protuberance Height H = 0.3cm 
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Protuberance Height H = 0.45 Data
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Protuberance Height H = 0.45 Data 
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Protuberance Height H = 0.6cm Data
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Protuberance Height H = 0.6cm Data 
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Protuberance Height H = 0.75cm
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Protuberance Height H = 0.75cm 
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Protuberance Height H = 0.9cm
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Protuberance Height H = 0.9cm 
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Protuberance Height H = 1.05cm
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Protuberance Height H = 1.05cm 
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