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ABSTRACT 
 

Boundary layer transition along the leeward symmetry plane of axisymmetric bodies at zero and 
non-zero angles of incidence in supersonic flow was investigated numerically as part of joint 
research between the Japan Aerospace Exploration Agency (JAXA) and National Aeronautics and 
Space Administration (NASA). Mean flow over five axisymmetric bodies (namely, a Sears-Haack 
body, a semi-Sears-Haack body, two straight cones and a flared cone) was analyzed to investigate the 
effects of axial pressure gradient, freestream Mach number, and angle of incidence on boundary 
layer transition.  
 
Computations revealed the strong effects of axial pressure gradient on boundary layer profile in the 
vicinity of the leeward symmetry plane, highlighting the three-dimensional dynamics associated with 
increasing build-up of secondary flow under an adverse axial pressure gradient. Independent flow 
solutions obtained using different flow solvers and different grids at JAXA and NASA, respectively, 
were in good agreement with each other. Slight differences between the two sets of solutions are 
attributed to a combined effect of the differences between respective thermal wall boundary 
conditions, numerical grids, and flow solvers. The difference due to the thermal boundary condition 
is confirmed to be physical and was observed for all flow conditions, as expected. However, the 
other differences were rather minor, and were noticeable only for the straight cone and flared cone 
configurations. The conditions under which these minor differences are observed and the magnitudes 
of these differences remain an open question. Despite being coarser than the NASA grids, the JAXA 
grids are shown to be sufficient for providing basic state definition for the linear stability analysis. 
Specifically, the results demonstrate that appropriate grid spacing had been used to obtain accurate 
boundary layer profiles. The present report represents part 1 of a two-part document based on the 
joint computational effort.  Part 1 is devoted to the results of mean flow computations and the 
results of linear stability analyses and the corresponding experiments are described in part 2. 
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Nomenclature 
 

𝐶𝐶𝑝𝑝 = surface pressure coefficient �𝑝𝑝 𝑝 𝑝𝑝∞� �[1 2⁄ ] 𝜌𝜌∞𝑈𝑈∞
2� �    

𝐿𝐿 = model length [m] 

𝑀𝑀 = Mach number  

𝑝𝑝 = pressure [Pa] 

𝑅𝑅(𝑥𝑥) = local radius at axial location 𝑥𝑥 [m] 

𝑅𝑅𝑅𝑅unit = unit Reynolds number 

𝑇𝑇  = temperature [K] 

𝑈𝑈 = velocity [m/s] 

𝑥𝑥  = axial location with respect to cone apex [m] 

𝛼𝛼 = angle of incidence [deg] 

𝛿𝛿 = boundary layer thickness [mm] 

𝜃𝜃 = cone half-angle [deg] 

𝜑𝜑 = circumferential (i.e., azimuthal) angle with respect to the leeward plane of symmetry [deg] 

𝜌𝜌  = density [kg/m3] 

 

FC = flared cone 

max = maximum value 

SC = straight cone 

SH = Sears-Haack body 

SSH = semi-Sears-Haack body 

0 = stagnation condition 

∞ = free-stream condition 

  

 
 

1 Introduction 

The Japan Aerospace Exploration Agency (JAXA) and The National Aeronautics and Space 

Administration (NASA) have been engaged in joint research on boundary layer transition in 

supersonic flow. The objective of the initial research was to improve the knowledge base for 

transition mechanisms relevant to the nose region of the fuselage of a supersonic aircraft.  To that 

end, one of the focal areas for this collaboration was the transition phenomena along the leeward 

symmetry plane of axisymmetric bodies at a nonzero angle of incidence.  

Although selected portions of the findings from this joint research have already been published 

elsewhere [1-3], the detailed results are being documented in two separate reports. In particular, the 

present report (part1) is devoted to the computations of the laminar mean flow.  The objective 

behind these computations is, to pave the way for the investigation, in part 2, of the combined effects 

of angle of incidence and axial pressure gradient on boundary layer transition over canonical shapes 

of axisymmetric bodies, with an emphasis on transition characteristics near the leeward line of 

symmetry.  The motivation for this research is described in separate reports [1-3].  However, it is 

repeated here in the interest of making this report self-contained. 

Drag reduction is one of the most important technical problems that must be addressed to 

minimize the fuel burn of transport aircraft, and has been extensively investigated over the years 

[4-42]. Despite the potential for viscous drag reduction via increased natural laminar flow (NLF) 

over the fuselage, practical application has been rather limited in general and almost nonexistent for 

supersonic aircraft [30-41].  A major cause behind the nondeployment of NLF on the fuselage 

include the challenges in manufacturing and maintaining sufficiently smooth surfaces.  However, 

the physical complexity of the transition process over a supersonic fuselage is also a significant 

contributor.  

The simplest fuselage shape for a supersonic aircraft corresponds to an axisymmetric body. 

Transition in boundary layers on axisymmetric bodies in supersonic flow has been extensively 

studied in the literature [43-58]. Particularly noteworthy in this context are the tests on a common 

5-degree half-angle cone model at zero angle of incidence in various wind tunnel facilities as well as 

in flight [49], and the quiet tunnel measurements of a different 5-deg cone model at zero and nonzero 

angles of incidence in the Mach 3.5 Supersonic Low Disturbance Tunnel at NASA Langley [50, 51]. 

Despite the simplicity of the body shape, supersonic flow over a straight cone with circular cross 

section is known to exhibit a rich transition behavior. At zero angle of incidence (𝛼𝛼 = 0 degree), the 

boundary layer flow is axisymmetric; hence, transition at supersonic free-stream Mach numbers is 

dominated by first mode instability. At nonzero angles of incidence, the boundary layer becomes 

three dimensional and the inviscid streamlines at the surface become curved due to the azimuthal 

pressure gradient from the windward to the leeward side. Therefore, crossflow occurs and the 

boundary layer over the side region (i.e., in between the windward and leeward planes of symmetry) 

becomes increasingly susceptible to crossflow instability as the angle of incidence is increased. At 
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Mach 2, for instance, crossflow transition first occurs at approximately 60 degrees on either side of 

the leeward symmetry plane [53].  Even at a finite angle of incidence, supersonic boundary layer 

flow along the windward symmetry plane has been shown to exhibit a nearly self-similar behavior 

analogous to the case of zero incidence [54] and, furthermore, the instability amplification within 

this plane has been shown to remain dominated by first mode instability. 

It is well known from the early work on supersonic flow past straight cones [53] that, for 

intermediate angles of incidence (up to approximately 𝛼𝛼 𝛼𝛼⁄ = 2, where 𝛼𝛼 denotes the angle of 

incidence and 𝜃𝜃 is the cone half-angle), the boundary layer flow along the leeward plane of 

symmetry evolves rather differently than elsewhere on the cone surface. Specifically, the 

convergence of low-speed secondary flow from both sides of the leeward symmetry plane leads to a 

lift-up effect within the plane of symmetry, and hence to a significant thickening of the boundary 

layer along the leeward plane. The thicker boundary layer profiles exhibit a strong inflectional 

behavior, and hence are more unstable than the boundary layer flow in the adjoining region of the 

cone.   

Preliminary computations performed at the beginning of this effort showed that the boundary 

layer profiles along the leeward symmetry plane are highly sensitive to the magnitude of the axial 

pressure gradient. When the pressure gradient along the leeward symmetry plane is favorable, such 

as for the flow past the Sears-Haack body at a small angle of incidence, the lift-up effect within the 

leeward symmetry plane is substantially reduced. Essentially, the acceleration of the axial velocity 

component enables the flow to carry the low-speed fluid converging from both sides of the leeward 

plane. Consequently, the velocity profiles along the leeward symmetry plane can remain 

noninflectional over longer distances, resulting in a more stable boundary layer flow. This alters the 

relative locations of transition location along the leeward plane and the earliest location of 

crossflow-induced transition over the side of the cone. Indeed, major changes in the transition front 

characteristics can occur as the body shape is varied. An understanding of these changes is relevant 

to the aerodynamic design of an aircraft nose targeting a longer region of NLF.   

Transition fronts with three local minima, one along the leeward symmetry plane and one each 

due to crossflow transition on either side have previously been observed and/or predicted in the 

context of straight cones [51-54] and a delta wing configuration [55]. However, the physics of 

transition along the leeward plane and the effect of axial pressure gradient on the corresponding 

transition location has not been scrutinized in detail, perhaps due to the narrow width of the 

transition lobe centered on the leeward symmetry plane and/or the reduced wall shear stress 

associated with the thicker boundary layer in that region. The latter factors aside, the ubiquitous 

nature of analogous transition patterns in the context of fully 3D high-speed flows over slender 

bodies [56, 57] makes it even more useful to examine the transition process along the leeward 

symmetry plane in greater detail. 

 

 
 

The following section introduces the five different axisymmetric bodies with varying axial 

pressure gradients, which were used during the present investigation. Computational Methodologies 

are described in Section 3. The results of JAXA are described in Section 4. More in-depth 

comparison between the results of JAXA and NASA is discussed in Section 5. A summary of the 

present work and concluding remarks are presented in Section 6. 
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2 Model Geometry and Flow Conditions 

The five different axisymmetric bodies targeted in the present investigation are the Sears-Haack 

body, a semi-Sears-Haack body, two straight cones, and a flared cone.  The shapes of all five bodies 

are plotted in Fig. 1, wherein  𝑥𝑥 denotes the axial coordinate relative to the cone apex and 𝑅𝑅 

represents the local body radius at a given station. 𝜑𝜑 denotes the azimuthal directions. 𝜑𝜑 = 0 

degree corresponds to the leeward symmetry plane, and 𝜑𝜑 = 180 degree corresponds to the 

windward symmetry plane. 

The model length in axial direction 𝐿𝐿 is taken as 𝐿𝐿 = 0.33 m, similar to that in the experiments. 

 

 

Figure 1.  Geometry of selected axisymmetric shapes. 

 

The Sears-Haack body (abbreviated as SH in the following) produces the least wave drag for a 

given length and maximum diameter based on slender body theory (i.e., solution of the linearized 

potential equation).  Its shape is defined by the following expression for the axial distribution of 

local body radius 𝑅𝑅SH(𝑥𝑥): 

𝑅𝑅SH(𝑥𝑥) = 𝐴𝐴0[(𝑥𝑥 𝐿𝐿SH⁄ ){1 − (𝑥𝑥 𝐿𝐿SH⁄ )}]�3 4� �  , (1) 

where  𝐿𝐿SH(𝑥𝑥) = 1.194938 m and  𝐴𝐴0(𝑥𝑥) = 0.09657 m. However, the object of analysis is the 

nose part of it with a length of 𝐿𝐿 = 0.33 m. 

The semi-Sears-Haack body (abbreviated as SSH in the following) corresponds to a linearly 

weighted mean of the radius distributions for the Sears-Haack body and straight cone, as expressed 

by the radius distribution 𝑅𝑅SSH(𝑥𝑥): 

𝑅𝑅SSH(𝑥𝑥) =  0.3 × 𝑅𝑅SH(𝑥𝑥) +   0.7 × 𝑅𝑅SC(𝑥𝑥), (2) 
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where  𝑅𝑅SC(𝑥𝑥) corresponds to the local radius of the straight cone as defined below.  It was 

intended to model the effects of a weak but favorable axial pressure gradient, i.e., a pressure gradient 

that is intermediate to the modestly favorable gradient along the SH body and the near-zero gradient 

on the straight cone. The precise choice of the weighting coefficients was somewhat arbitrary, but 

was justified via linear stability calculations that established visible differences in linear 

amplification characteristics from the other two cases.  

The straight cone geometry is defined by the cone half-angle, which is equal to 5 degrees or 7 

degrees for the present study. The variation of model radius with the axial coordinate is defined as 

follows: 

𝑅𝑅SC(𝑥𝑥) =  𝑥𝑥 tan𝜃𝜃. (3) 

The straight cones are collectively denoted as SC, and the SC configurations with a half angle 𝜃𝜃 of 

5 degrees and 7 degrees are individually abbreviated as SC5 and SC7, respectively. 

Finally, the flared cone (abbreviated as FC in the following) geometry is defined by the following 

distribution of model radius: 

𝑅𝑅FC(𝑥𝑥) = 

�
−1.0478 × 10−9𝑥𝑥4 + 6.9293 × 10−7𝑥𝑥3 − 6.1497 × 10−5𝑥𝑥2 + 6.998 × 10−2𝑥𝑥 𝑥 6.2485 × 10−4

                                                                         
                              0                                          

 

 

(4) 

where the axial coordinate x is measured in meters. 

 

The semi-Sears-Haack body and the flared cone configuration were originally designed in JAXA 

for investigating the influence of pressure gradient on the flow characteristics near the leeward 

symmetry plane [58]. As mentioned in the Introduction, the effects of secondary flow convergence 

from both sides of the leeward symmetry plane and the associated lift-up of low-speed fluid away 

from the surface are expected to increase as the axial flow along this plane goes from accelerated 

(SH, SSH) to nearly constant velocity along the cone axis (SC5 and SC7) to decelerated (FC). 

 

Table 1 provides the summary of studied cases as well as introducing a composite notation that 

combines the information about the shape, angle of incidence, and stagnation pressure. For example, 

the case SC5-0deg-99 from Table 1 refers to the straight cone with 5-degree half angle SC at 

0-degree incidence and a stagnation pressure of 99 kPa.  
The quantities  𝑀𝑀∞,𝑃𝑃0,𝑇𝑇∞, and 𝑅𝑅𝑅𝑅unit denote the Mach number, stagnation pressure, static 

temperature, and unit Reynolds number, respectively, of the oncoming freestream. The flow 

conditions from Table 1 correspond to the nominal values during a series of experiments.  With the 

exception of the flow conditions for the SC7 configuration, which are modeled after the Supersonic 
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Low Disturbance Tunnel at NASA Langley Research Center, the flow conditions for all other bodies 

correspond to the experiments conducted by JAXA.  

 

Table 1: Summary of flow conditions and case notation. 

Geometric Configuration Flow Condition 

Mach number 𝑀𝑀∞ 2.0 3.5 

stagnation pressure 𝑃𝑃0 99.0kPa 175.8kPa 344.8kPa 

stagnation temperature 𝑇𝑇0 297.0K 300K 300K 

free-stream pressure 𝑃𝑃∞ 12.65kPa 2.305 kPa 4.521 kPa 

free-stream temperature 𝑇𝑇∞ 165.0K 86.96K 86.96K 

free-stream density 𝜌𝜌∞ 0.26714kg/m3 0.09234kg/m3 0.1811𝑘𝑘g/m3 

unit Reynolds number 𝑅𝑅unit/m 12.23 × 106 10.08 × 106 19.75 × 106 

angle of incidence 𝛼𝛼 0deg 2deg 0deg 4.2deg 

Sears-Haack body (SH) SH-0deg-99 SH-2deg-99 

 semi-Sears-Haack body (SSH) SSH-0deg-99 SSH-2deg-99 

straight cone 

with 5-degree half angle (SC5) 
SC5-0deg-99 SC5-2deg-99 

straight cone 

with 7-degree half angle (SC7) 
 SC7-0deg-176 SC7-4.2deg-345 

flared cone (FC) FC-0deg-99 FC-2deg-99  

 

 

 

 

 

 

 

 

 

 

 

 
 

3 Computational Methodologies 

3.1 Numerical Grid  

Mean-flow computations are conducted using two different numerical grids, which were 

independently generated based on their own knowledge and experience by JAXA and NASA, 

respectively. The salient features of both grids are summarized in Table 2. 

 

Table 2: Summary of numerical grid 

 JAXA-grid NASA-grid 

Grid feature 
3D multiblock 

structured-grid 

3D multiblock 

structured-grid 

Number  

of grid points 

Axial 

direction 
120 610 

Radial 

direction 
150 353 

Azimuthal 

direction 
193 257 

Method of grid generation 
In-house codebased on Poisson's 

equation 

In-house code starting with 

analytic 1D grid distributions 

 

The grid generated by use of a JAXA in-house code (abbreviated as JAXA-grid in the following) 

was a 3-dimensional multi-structured grid. And it is used for the mean flow computation at JAXA. It 

has a typical grid size of 120 points in the axial direction, 150 points in the surface normal direction, 

and more than 193 points in the azimuthal (i.e., circumferential) direction, with a total of 3,586,800 

grid points.  

A typical JAXA grid is shown in Figures 2(a) and 2(b). As shown in the figures, the grid spacing 

is gradually stretched in the axial direction using the tangent and hyperbolic tangent function 

suggested by Vinokur [59].  The nose is assumed to be sharp with zero radius. The axial spacing 

near the tip is about 1000 μm at the axial location where the cone diameter becomes 180 μm (Fig. 

2(b)). The axial spacing at the downstream end of the cone is approximately 8.8 mm 

The azimuthal grid is equispaced at every 1 deg, except for narrow regions near the leeward and 

windward symmetrical planes where the azimuthal spacing decreases to 0.11 deg in order to capture 

the flow details near the attachment line (windward plane) and those associated with the 

convergence of the secondary flow (near the leeward ray). The radial, i.e., wall-normal grid is 

generated via the solution of an elliptic partial differential equation (Poisson’s equation) suggested 

by Thompson [60] and Steger-Sorenson’s method [61].  The outer edge of the grid within the 

symmetry plane is C-shaped (Fig. 2(a)). 

This document is provided by JAXA.



Pressure Gradient Effects on Mean Flow over Axisymmetric Bodies at Incidence in Supersonic Flow  
- Progress Report of JAXA-NASA Joint Research Project on Supersonic Boundary Layer Transition (Part 1) -

11

 
 

3 Computational Methodologies 

3.1 Numerical Grid  

Mean-flow computations are conducted using two different numerical grids, which were 

independently generated based on their own knowledge and experience by JAXA and NASA, 

respectively. The salient features of both grids are summarized in Table 2. 

 

Table 2: Summary of numerical grid 
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3D multiblock 

structured-grid 
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Axial 

direction 
120 610 

Radial 

direction 
150 353 

Azimuthal 

direction 
193 257 

Method of grid generation 
In-house codebased on Poisson's 

equation 

In-house code starting with 

analytic 1D grid distributions 

 

The grid generated by use of a JAXA in-house code (abbreviated as JAXA-grid in the following) 

was a 3-dimensional multi-structured grid. And it is used for the mean flow computation at JAXA. It 

has a typical grid size of 120 points in the axial direction, 150 points in the surface normal direction, 

and more than 193 points in the azimuthal (i.e., circumferential) direction, with a total of 3,586,800 

grid points.  

A typical JAXA grid is shown in Figures 2(a) and 2(b). As shown in the figures, the grid spacing 

is gradually stretched in the axial direction using the tangent and hyperbolic tangent function 

suggested by Vinokur [59].  The nose is assumed to be sharp with zero radius. The axial spacing 

near the tip is about 1000 μm at the axial location where the cone diameter becomes 180 μm (Fig. 

2(b)). The axial spacing at the downstream end of the cone is approximately 8.8 mm 

The azimuthal grid is equispaced at every 1 deg, except for narrow regions near the leeward and 

windward symmetrical planes where the azimuthal spacing decreases to 0.11 deg in order to capture 

the flow details near the attachment line (windward plane) and those associated with the 

convergence of the secondary flow (near the leeward ray). The radial, i.e., wall-normal grid is 

generated via the solution of an elliptic partial differential equation (Poisson’s equation) suggested 

by Thompson [60] and Steger-Sorenson’s method [61].  The outer edge of the grid within the 

symmetry plane is C-shaped (Fig. 2(a)). 
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A typical NASA grid is shown in Fig. 3.  It has 610 points in the axial direction, 353 points in the 

surface normal direction, and more than 257 points in the azimuthal direction, with a total of 

52,765,734 points.  

As shown in Fig. 3, the grid spacing is gradually stretched in the axial direction, analogous to the 

JAXA grid described previously. However, the NASA grid is distributed much more densely at the 

tip region in comparison with the JAXA grid. The nose radius was assumed to be nonzero but tiny. 

The radius of approximately 3.5μm was resolved with approximately 65 axial points and the shock 

layer in front of it was captured within the computational domain.  The number of grid points 

between the tip and the downstream end of the cone is 545, which is also larger than the 

corresponding number of grid points in the JAXA grid. The azimuthal grid has similar characteristics 

as the JAXA grid, i.e., it is equally spaced except in a narrow region near the leeward and windward 

symmetry planes. The azimuthal grid near the leeward symmetry plane is nearly five times denser 

than that in the remaining region. The wall-normal grid distribution was different from that in the 

 
(a) Overview 

 
(b) Tip region 

Figure 2.  Typical JAXA-grid of the SC5 configuration. 

 
 

JAXA grid. The NASA grid is distributed equally across the boundary layer, and the grid begins to 

stretch only after the radial location is well outside of the edge of the boundary layer. The outer edge 

of the grid within the symmetry plane is again C-shaped, similar to the JAXA grid. 

 

 
(a) Overview 

 
(b) Tip region 

Figure 3.  Typical NASA-grid of the SC5 configuration. 

 

3.2 Flow Solvers  

Two different flow solvers were used for this purpose and extensive comparisons were made 

between the respective solutions to ensure that the computed mean flow solutions were independent 

of the code. The relevant features of both codes are summarized in Table 3. 

Computations with adiabatic thermal wall boundary conditions were performed using the 3D, 

multiblock, structured-grid flow solver UPACS (Unified Platform for Aerospace Computational 

Simulation) [62] that was developed at JAXA.   

Independent computations for the same test conditions were performed at NASA using an 

analogous 3D, multiblock, structured-grid flow solver, VULCAN [63], which was developed at the 

NASA Langley Research Center. Additional computations were done with the VULCAN code to 
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multiblock, structured-grid flow solver UPACS (Unified Platform for Aerospace Computational 

Simulation) [62] that was developed at JAXA.   
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NASA Langley Research Center. Additional computations were done with the VULCAN code to 
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compute the basic state solutions corresponding to the isothermal wall boundary condition (𝑇𝑇w = 

300 K).   

The laminar basic state at each condition was obtained using numerical solutions to the 

compressible Navier-Stokes equations.  An isothermal boundary condition is more appropriate for 

the short duration tests corresponding to a higher stagnation pressure (𝑃𝑃0 = 99 kPa) in FWT, the 

0.6m×0.6m High Speed Wind Tunnel at Fuji Heavy Industries in Japan. In this case, the surface 

temperature of the model was set to 𝑇𝑇w = 300 K.  For the FWT test conditions, the estimated 

recovery temperature (based on a recovery factor of 0.85) is 277 K.  Thus, the isothermal model 

temperature of 𝑇𝑇w = 300 K corresponds to 𝑇𝑇w 𝑇𝑇ad ≈⁄ 1.08.   

 

Table 3: Summary of flow solvers 

CFD Solver 
UPACS 

(version: UPACS-2.0) 
VULCAN 

Mesh Topology Multiblock structured mesh 

Governing Equations 3-D full Navier-Stokes equation (estimate fully laminar-flow) 

Discretization cell center finite volume method 

Thermal boundary 

condition 
adiabatic wall adiabatic wall and isothermal wall 

Convection 

terms 

scheme 

Roe’s flux difference splitting 

scheme 
LDFSS scheme 

2nd order MUSCL κ = 1/3 

limiter minmod limiter van Albada limiter 

Time 

Time 

integration 

MFGS 

(Matrix Free Gauss-Seidel) 

implicit method 

ILU(o) planar or 3D 

Time step local time step local time step 

CFL 100 100-300 

Viscous terms finite volume formulation 
Green Gauss to get cell face 

gradients 

Number of 

Iterations 
100,000 15,000-25,000 

 

 Solutions on multiple grids with different grid counts were compared to ensure that the computed 

laminar state was insensitive to the grid resolution. To establish the grid convergence of the basic 

state solutions in a definitive manner, the VULCAN computations used a wider range of grid sizes. 

In order to provide sufficiently accurate description of the basic state for linear stability analysis, the 

 
 

UPACS grids had at least 50 to 80 grid points in the boundary layer and more than 80 points in the 

case of the VULCAN solutions. This type of wall-normal resolution had been found to be sufficient 

for linear stability analysis in a related study conducted previously.  The azimuthal grids were 

clustered near the leeward symmetry plane in order to capture the potential influence of azimuthal 

diffusion on the boundary layer flow in the vicinity of the symmetry plane.  

 

3.3 Definition of Boundary Layer Flow Properties  

As part of post processing from the computed mean flow solutions, the boundary layer thickness 

was computed by defining the boundary layer edge as the wall-normal distance δ such that: 
[𝑑𝑑(𝜌𝜌𝑈𝑈) 𝑑𝑑𝑑𝑑⁄ ]𝛿𝛿 = 0.01 × [𝑑𝑑(𝜌𝜌𝑈𝑈) 𝑑𝑑𝑑𝑑⁄ ]wall. (5) 

 In order to find the most suitable definition of boundary layer edge, other definitions were also 

examined, namely, 

𝑈𝑈𝛿𝛿1 = 0.99 × 𝑈𝑈max, (6) 

[𝜌𝜌𝑈𝑈]𝛿𝛿2 = 0.99 × [𝜌𝜌𝑈𝑈]max, (7) 

[𝜌𝜌𝑈𝑈]𝛿𝛿3 = 0.999 × [𝜌𝜌𝑈𝑈]max. (8) 

The values of boundary layer thickness based on these definitions are compared in Figure 4.  𝛿𝛿1 

and 𝛿𝛿2 are thinner than the other predicted thickness values. Thus, the definitions based on 𝑈𝑈𝛿𝛿1 

and [𝜌𝜌𝑈𝑈]𝛿𝛿2 were not adopted. On the other hand, 𝛿𝛿3 is very close to 𝛿𝛿. Near the nose vertex, it is 

difficult to capture the boundary layer edge because of the interference of the shock wave from the 

nose vertex. However, the definition based on eq. (5) is based on the surface physical values and 

independent of the shock wave from the nose vertex. Hence, [𝑑𝑑(𝜌𝜌𝑈𝑈) 𝑑𝑑𝑑𝑑⁄ ]𝛿𝛿 was adopted in the 

definition of the boundary layer edge in this study. 

 

 

 

 

 

 

 

 

  

 

 

(a) Boundary Layer Thickness (b) Boundary Layer on the Straight Cone 

Figure 4.  Definition of Boundary Layer Edge (SC5-2deg-99). 

 

The inviscid streamlines are extracted based on the flow properties corresponding to the selected 

definition of the boundary layer edge. Linear interpolation was used to obtain flow properties in 
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between computational grid points neighboring the points on the inviscid streamlines (Figure 5). The 

extracted external streamline is illustrated in Figure 6. 

 

 

Figure 5.  Illustration of Extraction of External Streamlines. 

 

 

Figure 6.  Extracted External Streamlines (SC5-2deg-99). 

  

External stream line

Integral path for the Transition analysis

Velocity vector
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4 Results of CFD Analysis at JAXA 

The results of mean flow computation based on JAXA’s UPACS flow solver in conjunction with 

an adiabatic thermal boundary condition are described in this section. 

  4.1 Surface Flow Fields 

Figures 7(a) through 7(e) display the axial variation in surface pressure coefficient for each of the 

five body shapes at zero-degrees angle of incidence. Figures 7(f) through 7(j) display the contours of 

surface pressure coefficient for each of the five body shapes at nonzero degrees angles of incidence, 

where the flow field becomes nonaxisymmetric and the surface pressure depends on both axial and 

azimuthal coordinates.  

The results in Fig. 7 indicate that the pressure gradient in the axial direction varies with the body 

shapes. As alluded to previously, it is favorable along the SH and SSH body shapes, but almost zero 

for the SC5, SC7 and adverse for the FC. The favorable pressure gradient along the length of the 

SSH body is weaker in comparison with that along the SH body. This qualitative behavior is 

independent of the angle of incidence.  
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Regardless of the body shape, however, there is always a positive azimuthal pressure gradient at 

any fixed axial station when the bodies are placed at a nonzero angle of incidence. This azimuthal 

  

 

(a) SH-0deg-99 (f) SH-2deg-99 

  
(b) SSH-0deg-99 (g) SSH-2deg-99 

  
(c)  SC5-0deg-99 (h) SC5-2deg-99 

  
(d) FC-0deg-99 (i) FC-2deg-99 

  
 

(e)  SC7-0deg-176 (j)  SC7-4.2deg-345  

Figure 7.  Surface pressure distribution [1-4]. 
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pressure gradient drives a circumferential flow from the windward to the leeward side, and hence, 

causes the boundary layer flow to become fully three-dimensional. 

Figure 8 displays the contours of surface temperature distribution.  

 

 

  

 

(a) SH-0deg-99 (f) SH-2deg-99 

  
(b) SSH-0deg-99 (g) SSH-2deg-99 

  
(c)  SC5-0deg-99 (h) SC5-2deg-99 

  
(d) FC-0deg-99 (i) FC-2deg-99 

  

 

(e)  SC7-0deg-176 (j)  SC7-4.2deg-345  

Figure 8. Surface temperature distribution at zero and nonzero angles of incidence and 

adiabatic thermal boundary condition. 
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Figure 9 indicates that the number of grid points across the boundary layer is more than 50, but 

less than 70. As described below, although this number is smaller than that corresponding to the 

denser grids employed at NASA, it is nonetheless sufficient to provide an accurate basic state 

definition for linear stability analysis (see subsection 5.2 and 5.3).   

 

 

  

 

(a) SH-0deg-99 (f) SH-2deg-99 

  
(b) SSH-0deg-99 (g) SSH-2deg-99 

  
(c)  SC5-0deg-99 (h) SC5-2deg-99 

  
(d) FC-0deg-99 (i) FC-2deg-99 

  
(e)  SC7-0deg-176 (j)  SC7-4.2deg-345 

Figure 9. Grid Points in Boundary Layer. 
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Figure 10 displays the distribution of boundary layer thickness for the flow configurations of 

interest. Contrary to the surface pressure and surface temperature distributions, the pattern of 

boundary layer thickness distributions remains similar for all flow configurations. 

 

 

 

 

  

 

(a) SH-0deg-99 (f) SH-2deg-99 

  
(b) SSH-0deg-99 (g) SSH-2deg-99 

  
(c)  SC5-0deg-99 (h) SC5-2deg-99 

  
(d) FC-0deg-99 (i) FC-2deg-99 

  

 

(e)  SC7-0deg-176 (j)  SC7-4.2deg-345  

Figure 10.  Distribution of Boundary Layer Thickness. 
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4.2 Mean Velocity Profiles 

4.2.1 Zero incidence configuration 

The axial development of the mean velocity profiles along a generatrix at zero-degrees angle of 

incidence is shown in Figs. 11(a) through 11(e). For the purpose of comparison, velocity profiles for 

the axisymmetric flow over five kinds of bodies are shown in each figure. The sets of profiles are 

virtually self-similar as seen from the collapse of all three curves in each figures.   

 

 
(a) SH-0deg-99 

 
(b) SSH-0deg-99 

 
(c)  SC5-0deg-99 

 
(d) FC-0deg-99 

 
(e) SC7-0deg-176 

Figure 11.  Mean velocity profiles on the zero incidence configurations. 
  

4.2.2 Nonzero incidence configuration 

The mean velocity profiles, along the windward and the leeward symmetry planes for a nonzero 

angle of incidence are shown in Figs. 12 and 13, respectively. 

 
 

 As shown in Fig. 12, the mean velocity profiles along the windward symmetry plane are 

self-similar, analogous to the zero incidence configurations. The flow in the vicinity of the windward 

symmetry plane diverges from the symmetry plane to both sides. This character of the flow is 

independent of the axial pressure gradient, and hence, remains the same for all body shapes.   

 

 

  
(a) SH-2deg-99 (a) SH-2deg-99 

  

(b) SSH-2deg-99 (b) SSH-2deg-99 

  
(c) SC5-2deg-99 (c) SC5-2deg-99 

  
(d) FC-2deg-99 (d) FC-2deg-99 

  
(e) SC7-4.2deg-345 (e) SC7-4.2deg-345 

Figure 12.  Mean velocity profiles along the 

windward symmetry plane at incidence. 

Figure 13.  Mean velocity profiles along the 

leeward symmetry plane at incidence. 
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Figure 11.  Mean velocity profiles on the zero incidence configurations. 
  

4.2.2 Nonzero incidence configuration 

The mean velocity profiles, along the windward and the leeward symmetry planes for a nonzero 

angle of incidence are shown in Figs. 12 and 13, respectively. 
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 As shown in Fig. 12, the mean velocity profiles along the windward symmetry plane are 

self-similar, analogous to the zero incidence configurations. The flow in the vicinity of the windward 

symmetry plane diverges from the symmetry plane to both sides. This character of the flow is 

independent of the axial pressure gradient, and hence, remains the same for all body shapes.   
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(c) SC5-2deg-99 (c) SC5-2deg-99 

  
(d) FC-2deg-99 (d) FC-2deg-99 

  
(e) SC7-4.2deg-345 (e) SC7-4.2deg-345 

Figure 12.  Mean velocity profiles along the 

windward symmetry plane at incidence. 

Figure 13.  Mean velocity profiles along the 

leeward symmetry plane at incidence. 
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symmetry plane diverges from the symmetry plane to both sides. This character of the flow is 

independent of the axial pressure gradient, and hence, remains the same for all body shapes.   
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Figure 12.  Mean velocity profiles along the 

windward symmetry plane at incidence. 

Figure 13.  Mean velocity profiles along the 

leeward symmetry plane at incidence. 
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In contrast to the zero incidence configuration as well as to the flow along the windward 

symmetry plane, the boundary layer flow near the leeward plane has a strong dependence on the 

body shape as shown in Figs. 13(a) through 13(e). As shown in Fig. 13(a), in the SH-2deg-99 case, 

the flow continues to develop in the axial direction and is not self-similar. The variation in velocity 

profiles over the same range of locations becomes stronger as the magnitude of the favorable 

pressure gradient in the axial direction is reduced from the SH body shape (Fig. 13(a)) to the SSH 

body shape (Fig. 13(b)). The largest velocity profile variation on the SSH body occurs near the tip 

where the axial pressure gradient is strong. However, the velocity profile variation remains strong, 

even at the aft of the body, where the axial pressure gradient becomes weaker. These observations 

indicate that the velocity profile variation is not determined by the axial pressure gradient alone. The 

azimuthal pressure gradient also has a major influence on the secondary flow that converges along 

the leeward symmetry plane and, in turn, exerts a significant influence on the thickening of the 

boundary layer. 

The velocity profiles in the axisymmetric case (SC5-0deg-99) remain noninflectional at all 

stations (Fig. 11(a)). However, due to an increase in density away from the wall, the density 

weighted shear (or, equivalently, angular momentum) profile 𝜌𝜌𝑑𝑑𝑈𝑈 ⁄ 𝑑𝑑𝑑𝑑 achieves its maximum 

inside the boundary layer. From the comparison of 𝜌𝜌𝑑𝑑𝑈𝑈 ⁄ 𝑑𝑑𝑑𝑑  profiles, the existence of a 

generalized inflection point was found to imply that the boundary layer supports an inviscid 

instability mechanism in addition to the viscous-inviscid interactive Tollmien-Schlichting modes that 

exist even in the absence of the inflection point [3]. A comparison of 𝜌𝜌𝑑𝑑𝑈𝑈 ⁄ 𝑑𝑑𝑑𝑑 profiles for the 

SC5-0deg-99 and the SC5-2deg-99 cases revealed that the interior peak becomes stronger in the 

latter case, especially at larger 𝑥𝑥, indicating a stronger inviscid instability along the leeward plane. 

The generalized inflectional behavior of the leeward profiles becomes even more prominent in the 

adverse pressure gradient case (FC-2deg-99) and progressively weakens when the axial pressure 

gradient becomes increasingly favorable (i.e., SSH-2deg-99 and SH-2deg-99 cases). These trends in 

inflectional behavior are correlated with the increasingly stronger instability along the leeward 

symmetry plane as the body shape varies from SH to FC [3]. The trends in generalized inflection 

characteristics with respect to both 𝑥𝑥 and the axial pressure gradient are also correlated in part with 

the inflectional behavior of the velocity profiles. For instance, the existence of inflection in the 

SC5-2deg-99 case is clearly seen from the velocity profiles in Fig. 13(c) and the inflection becomes 

stronger when the axial pressure gradient becomes positive (case FC-2deg-99 in Fig. 13(d)). In fact, 

at 𝑥𝑥 = 300 mm in the FC-2deg-99 case, the region of highest velocity gradient across the boundary 

layer has lifted away from the surface, closer to the edge of the boundary-layer. Of course, such 

boundary layer lift up is unlikely to be observed in practice, because the strong inflectional 

instability of the leeward boundary layer should cause laminar-turbulent transition ahead of this 

station. 

 
 

As already mentioned above, the convergence of low-speed secondary flow from both sides of the 

leeward symmetry plane leads to a lift-up effect within the plane of symmetry, and hence, to a 

significant thickening of the boundary layer along the leeward plane. The thicker boundary layer 

profiles exhibit a strongly inflectional behavior, and hence are more unstable than the boundary layer 

flow at adjoining locations away from the region of boundary layer thickening near the leeward 

plane. This lift-up effect becomes stronger as the deceleration, due to the adverse pressure gradient 

along the leeward symmetry plane, becomes stronger.  The lift-up effect eventually results in a 

“mushroom”-like flow pattern around the leeward symmetry plane as shown in the velocity contours 

in Fig. 14.  It is obvious that the size of the “mushroom” structure is strongly dependent on the 

axial pressure gradient. 
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As already mentioned above, the convergence of low-speed secondary flow from both sides of the 

leeward symmetry plane leads to a lift-up effect within the plane of symmetry, and hence, to a 

significant thickening of the boundary layer along the leeward plane. The thicker boundary layer 

profiles exhibit a strongly inflectional behavior, and hence are more unstable than the boundary layer 

flow at adjoining locations away from the region of boundary layer thickening near the leeward 

plane. This lift-up effect becomes stronger as the deceleration, due to the adverse pressure gradient 

along the leeward symmetry plane, becomes stronger.  The lift-up effect eventually results in a 

“mushroom”-like flow pattern around the leeward symmetry plane as shown in the velocity contours 

in Fig. 14.  It is obvious that the size of the “mushroom” structure is strongly dependent on the 

axial pressure gradient. 
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(a) SH-2deg-99 

 
(b) SSH-2deg-99 

 
(c) SC5-2deg-99 

 
(d) FC-2deg-99 

 

 

(e) SC7-4.2deg-345  
Figure 14.  Mean velocity distribution near leeward plane of symmetry (x = 0.25 m). 

 

5 Comparison between Computations Based on UPACS and VULCAN Solvers 

The laminar basic states computed with the UPACS and VULCAN flow solvers were compared 

with each other to establish that the boundary layer profiles used for stability analysis were 

independent of the flow solver and the grid topology used.  

 

 
 

5.1 Thermal Condition Dependency 

The flow characteristics obtained via the VULCAN flow solver were compared with those 

obtained by UPACS, using the SC5-0deg-99 case as an example. The results are shown in Fig. 15 

through Fig. 19. The results of UPACS, which were already shown in the previous section, are 

duplicated herein to allow a side-by-side comparison. 

This subsection is devoted to the effects of the thermal boundary condition, since only an 

adiabatic solution could be obtained via the UPACS solver, but both adiabatic and isothermal cases 

could be addressed using VULCAN as described previously.  

 

 

 

 

 

(a) UPACS (adiabatic) (Fig. 7 (h)) (a) UPACS (adiabatic) (Fig. 8 (h)) 

  
(b) VULCAN (adiabatic) (b) VULCAN (adiabatic) 

  
(c) VULCAN (isothermal) (c) VULCAN (isothermal) 

Figure 15.  Comparison of surface pressure 

distribution between UPACS and VULCAN for 

flow configuration SC5-2deg-99. 

Figure 16.  Comparison of surface temperature 

distribution between UPACS and VULCAN for 

flow configuration SC5-2deg-99. 

 

As shown in the figures, both results of VULCAN are in reasonable agreement with the 

corresponding UPACS solutions. In particular, the surface pressure distributions in Fig. 15, and the 

boundary layer thickness in Fig. 18, indicate good agreement amongst all three computation. On the 

other hand, the surface temperature distributions, which are shown in Fig. 16, and the number of grid 

points across the boundary layer, which are shown in Fig. 17, indicate expected differences. The 

surface temperature distributions for adiabatic cases are in good agreement, but those obviously 

differ from the uniform distribution in the isothermal case as expected. The number of grid points 

Cp 

 
 

 

 

 

(a) SH-2deg-99 

 
(b) SSH-2deg-99 

 
(c) SC5-2deg-99 

 
(d) FC-2deg-99 

 

 

(e) SC7-4.2deg-345  
Figure 14.  Mean velocity distribution near leeward plane of symmetry (x = 0.25 m). 

 

5 Comparison between Computations Based on UPACS and VULCAN Solvers 

The laminar basic states computed with the UPACS and VULCAN flow solvers were compared 

with each other to establish that the boundary layer profiles used for stability analysis were 

independent of the flow solver and the grid topology used.  
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5.1 Thermal Condition Dependency 

The flow characteristics obtained via the VULCAN flow solver were compared with those 

obtained by UPACS, using the SC5-0deg-99 case as an example. The results are shown in Fig. 15 

through Fig. 19. The results of UPACS, which were already shown in the previous section, are 

duplicated herein to allow a side-by-side comparison. 

This subsection is devoted to the effects of the thermal boundary condition, since only an 

adiabatic solution could be obtained via the UPACS solver, but both adiabatic and isothermal cases 

could be addressed using VULCAN as described previously.  

 

 

 

 

 

(a) UPACS (adiabatic) (Fig. 7 (h)) (a) UPACS (adiabatic) (Fig. 8 (h)) 

  
(b) VULCAN (adiabatic) (b) VULCAN (adiabatic) 
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Figure 15.  Comparison of surface pressure 

distribution between UPACS and VULCAN for 

flow configuration SC5-2deg-99. 

Figure 16.  Comparison of surface temperature 

distribution between UPACS and VULCAN for 

flow configuration SC5-2deg-99. 

 

As shown in the figures, both results of VULCAN are in reasonable agreement with the 

corresponding UPACS solutions. In particular, the surface pressure distributions in Fig. 15, and the 

boundary layer thickness in Fig. 18, indicate good agreement amongst all three computation. On the 

other hand, the surface temperature distributions, which are shown in Fig. 16, and the number of grid 

points across the boundary layer, which are shown in Fig. 17, indicate expected differences. The 

surface temperature distributions for adiabatic cases are in good agreement, but those obviously 

differ from the uniform distribution in the isothermal case as expected. The number of grid points 

Cp 
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across the boundary layer are much smaller than that in the both of the VULCAN cases, but that was 

expected because of the differences in the numerical grids. Although omitted from this paper, other 

quantities at the boundary layer edge, such as the edge pressure and edge density distribution along 

the body length are also in good agreement among the three solutions (namely, the adiabatic case 

with UPACS and VULCAN, and the isothermal case with VULCAN).  

 

 

 

 

 

(a) UPACS (adiabatic)  (Fig. 9 (h)) (a) UPACS (adiabatic) (Fig. 10 (h)) 

  
(b) VULCAN (adiabatic) (b) VULCAN (adiabatic) 

  
(c) VULCAN (isothermal) (c) VULCAN (isothermal) 

Figure 17.  Comparison of Grid Points in 

Boundary Layer between UPACS and 

VULCAN on SC5-2deg-99. 

Figure 18.  Comparison of Boundary Layer 

Thickness between UPACS and VULCAN on 

SC5-2deg-99. 

 

The wall-normal profiles of axial velocity based on all three solutions show relatively small 

differences (Fig. 19). Even smaller differences are seen between the velocity profiles based on the 

UPACS and VULCAN solutions for an adiabatic wall. Since grid convergence of the VULCAN 

solutions had been established, these very small differences between the VULCAN and UPACS 

solutions for an adiabatic wall are attributed to slight shortcomings of grid resolution in the UPACS 

solution as shown below; furthermore, these differences were noticeable only in the vicinity of the 

leeward symmetry plane and not over the rest of the cone.   

 

 
 

 
(a) UPACS (adiabatic) (Fig. 14 (c)) 

 
(b) VULCAN (adiabatic) 

 
(c) VULCAN (isothermal) 

Figure 19.  Comparison of axial velocity profiles along the leeward symmetry 

plane between UPACS and VULCAN solutions for SC5-2deg-99. 

 

5.2  Grid Dependency 

Next, we turn our attention to the differences between the results of UPACS-adiabatic and 

VULCAN-adiabatic cases (i.e., on the effects of computational process alone, with the same 

physical boundary conditions). The profiles of axial velocity and temperature based on the two sets 

of solutions are compared with each other in Figs. 20 and 21, respectively.  The isothermal 

solutions are also plotted as a reference. 

As already mentioned in the previous subsection, the differences between the two adiabatic 

solutions are relatively small and are confined to the axial velocity profile along the leeward 

symmetry plane (Fig. 20(a)).  

Similar differences are observed along the leeward symmetry plane of the flared-cone 

(FC-2deg-99) and the limited tip side area of the flared-cone (FC-2deg-99). In other words, the 

differences along the windward symmetry plane, or on the semi-Sears-Haack (SSH-2deg-99) and the 

Sears-Haack (SH-2deg-99) bodies are relatively insignificant, i.e., comparable to the expected 

numerical error in the solutions.   
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(a) UPACS (adiabatic) (Fig. 14 (c)) 

 
(b) VULCAN (adiabatic) 

 
(c) VULCAN (isothermal) 

Figure 19.  Comparison of axial velocity profiles along the leeward symmetry 

plane between UPACS and VULCAN solutions for SC5-2deg-99. 

 

5.2  Grid Dependency 

Next, we turn our attention to the differences between the results of UPACS-adiabatic and 

VULCAN-adiabatic cases (i.e., on the effects of computational process alone, with the same 

physical boundary conditions). The profiles of axial velocity and temperature based on the two sets 

of solutions are compared with each other in Figs. 20 and 21, respectively.  The isothermal 

solutions are also plotted as a reference. 

As already mentioned in the previous subsection, the differences between the two adiabatic 

solutions are relatively small and are confined to the axial velocity profile along the leeward 

symmetry plane (Fig. 20(a)).  

Similar differences are observed along the leeward symmetry plane of the flared-cone 

(FC-2deg-99) and the limited tip side area of the flared-cone (FC-2deg-99). In other words, the 

differences along the windward symmetry plane, or on the semi-Sears-Haack (SSH-2deg-99) and the 

Sears-Haack (SH-2deg-99) bodies are relatively insignificant, i.e., comparable to the expected 

numerical error in the solutions.   

 

This document is provided by JAXA.



JAXA Research and Development Report　JAXA-RR-17-002E30

 
 

  
(a) Along leeward symmetry plane (𝝋𝝋 = 0 º) (a) Along leeward symmetry plane (𝝋𝝋 = 0 º) 

  
(b) Along the side (𝝋𝝋 = 90 º) (b) Along the side (𝝋𝝋 = 90 º) 

  
(c) Along windward symmetry plane (𝝋𝝋 = 180 º) (c) Along windward symmetry plane (𝝋𝝋 = 180 º) 

Figure 20.  Comparison of axial velocity  

profiles from UPACS and VULCAN  

solutions for SC5-2deg-99 at 𝒙𝒙 = 300 mm. 

  Figure 21. Comparison of temperature profiles  

from UPACS and VULCAN solutions for  

SC5-2deg-99 at 𝒙𝒙 = 300 mm. 

 

The small differences between the two adiabatic computations is attributed to the difference 

between grid resolution and/or the difference between flow solvers. To help clarify the origin of this 

discrepancy, the NASA grid is used with the UPACS solver to obtain the mean flow for the 

SC5-2deg-99 case. Figs. 22 and 23 compare the results with the original solutions based on different 

grids, i.e., UPACS solution using the JAXA grid and VULCAN solution using the NASA grid. The 

boundary layer profiles along the leeward plane are compared in Fig. 24. The UPACS solutions 

using the NASA grid are in better agreement with the VULCAN solutions using the same grid. This 

comparison shows that UPACS and VULCAN are able to obtain nearly the same results when the 

same computational mesh is used. On the other hand, UPACS solutions for different grid 

distributions indicate small discrepancies along the leeward symmetry plane of the SC5-2deg-99 

configuration. Thus, the origin of the differences between the UPACS and VULCAN solutions is 

attributed to modest grid dependency of the UPACS solution. However, these differences associated 

 
 

with grid resolution do not have a noticeable impact on the predicted transition locations as 

demonstrated in Refs. 1-3.   

 

 

 

 

 

(a) UPACS on JAXA-grid 

(Fig. 17 (a)) 

(a) UPACS on JAXA-grid 

(Fig. 18(a)) 

  
(b) UPACS on NASA-grid (b) UPACS on NASA-grid 

  
(c) VULCAN on NASA-grid 

(Fig. 17 (b)) 

(c) VULCAN on NASA-grid 

(Fig. 18 (b)) 

Figure 22. Comparison of surface  

temperature distribution for SC5-2deg-99. 

Figure 23. Comparison of number of grid  

points across boundary layer for SC5-2deg-99. 

 

  
(a) axial velocity profiles (b) temperature profiles 

Figure 24.  Comparison of boundary layer profiles based on UPACS and VULCAN  

 solutions for SC5-2deg-99 (𝒙𝒙 = 300 mm along the leeward symmetry plane (𝝋𝝋 = 0 º)). 

 
 

  
(a) Along leeward symmetry plane (𝝋𝝋 = 0 º) (a) Along leeward symmetry plane (𝝋𝝋 = 0 º) 

  
(b) Along the side (𝝋𝝋 = 90 º) (b) Along the side (𝝋𝝋 = 90 º) 

  
(c) Along windward symmetry plane (𝝋𝝋 = 180 º) (c) Along windward symmetry plane (𝝋𝝋 = 180 º) 

Figure 20.  Comparison of axial velocity  

profiles from UPACS and VULCAN  

solutions for SC5-2deg-99 at 𝒙𝒙 = 300 mm. 

  Figure 21. Comparison of temperature profiles  

from UPACS and VULCAN solutions for  

SC5-2deg-99 at 𝒙𝒙 = 300 mm. 

 

The small differences between the two adiabatic computations is attributed to the difference 

between grid resolution and/or the difference between flow solvers. To help clarify the origin of this 

discrepancy, the NASA grid is used with the UPACS solver to obtain the mean flow for the 

SC5-2deg-99 case. Figs. 22 and 23 compare the results with the original solutions based on different 

grids, i.e., UPACS solution using the JAXA grid and VULCAN solution using the NASA grid. The 

boundary layer profiles along the leeward plane are compared in Fig. 24. The UPACS solutions 

using the NASA grid are in better agreement with the VULCAN solutions using the same grid. This 

comparison shows that UPACS and VULCAN are able to obtain nearly the same results when the 

same computational mesh is used. On the other hand, UPACS solutions for different grid 

distributions indicate small discrepancies along the leeward symmetry plane of the SC5-2deg-99 

configuration. Thus, the origin of the differences between the UPACS and VULCAN solutions is 

attributed to modest grid dependency of the UPACS solution. However, these differences associated 
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with grid resolution do not have a noticeable impact on the predicted transition locations as 

demonstrated in Refs. 1-3.   

 

 

 

 

 

(a) UPACS on JAXA-grid 

(Fig. 17 (a)) 

(a) UPACS on JAXA-grid 

(Fig. 18(a)) 

  
(b) UPACS on NASA-grid (b) UPACS on NASA-grid 

  
(c) VULCAN on NASA-grid 

(Fig. 17 (b)) 

(c) VULCAN on NASA-grid 

(Fig. 18 (b)) 

Figure 22. Comparison of surface  

temperature distribution for SC5-2deg-99. 

Figure 23. Comparison of number of grid  

points across boundary layer for SC5-2deg-99. 

 

  
(a) axial velocity profiles (b) temperature profiles 

Figure 24.  Comparison of boundary layer profiles based on UPACS and VULCAN  

 solutions for SC5-2deg-99 (𝒙𝒙 = 300 mm along the leeward symmetry plane (𝝋𝝋 = 0 º)). 
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A Similar comparison is conducted for the flared-cone (FC-2deg-99). In this case, the UPACS 

solutions using the NASA grid does not bring the improved agreement that was observed earlier for 

the straight cone case. As shown in Fig. 25(c), the UPACS solution using the NASA grid leads to 

improved agreement with the VULCAN solution for the axial velocity profile at 𝑥𝑥 = 50 mm along 

the side of the cone (𝜑𝜑 = 90º). Since the differences among the three profiles at 𝑥𝑥 = 300 mm along 

the side of the cone are negligible in magnitude (Fig. 25(d)), the difference at 𝑥𝑥 = 50 mm is likely 

to have been caused by grid difference and the higher sensitivity of the boundary layer profiles at 

that location to the difference in computational grid near the cone tip.      

Along the leeward symmetry plane (𝜑𝜑 = 0º) at x = 300 mm, using the same grid actually results in 

a larger difference between the two profiles (Fig. 25 (b)). Similarly, near the tip at 𝑥𝑥 = 50 mm, the 

difference becomes larger as well (Fig. 25 (a)). The original difference between the UPACS solution 

using the JAXA grid and the VULCAN solution using the NASA grid was very small. But the 

difference between the UPACS and VULCAN solutions using the NASA grid is larger than that 

observed with the original grids.  

 

  
(a) 𝒙𝒙 = 50mm, along leeward symmetry 

plane (𝝋𝝋 = 0 º) 

(b) 𝒙𝒙 = 300 mm, along leeward symmetry 

plane (𝝋𝝋 = 0 º) 

  
(c) 𝒙𝒙 = 50mm, at side region (𝝋𝝋 = 90 º) (d) 𝒙𝒙 = 300mm, at side region (𝝋𝝋 = 90 º) 

Figure 25.  Comparison of axial velocity profiles between UPACS and VULCAN 

solutions for FC-2deg-99. 

 

5.3  Solver Dependency 

Since there are differences in UPACS and VULCAN solutions along the leeward symmetry plane 

of the flared-cone (FC-2deg-99) even when the same grid is used, those differences are presumably 

caused by the differences in the underlying numerical algorithms. Therefore, some of the numerical 

 
 

parameters in the UPACS solution were adjusted in order to reduce the differences between the 

respective algorithms. In particular, the role of the difference between the respective limiter 

functions (“minmod limiter” in UPACS calculation versus “van Albada limiter” in VULCAN 

computation as shown in Table 3) was assessed. 

Therefore, the UPACS solution was recomputed by using the “van Albada limiter” similar to the 

VULCAN computation. The results in Fig. 26 confirm that the profiles obtained by UPACS with the 

“van Albada limiter” (shown at the green line in Fig. 26) move closer to the profiles obtained by 

VULCAN using the same limiter (shown at the red line in Fig. 26) in comparison with the profiles 

obtained by UPACS with “minmod limiter” (shown at the blue lines in Fig. 26).  Some small 

differences still remain and the cause for these differences remains open at the present time.  

 

  
(a) 𝒙𝒙 = 50 mm, along the leeward 

symmetry plane (𝝋𝝋 = 0 º) 

(b) 𝒙𝒙 = 300 mm, along the leeward 

symmetry plane (𝝋𝝋 = 0 º) 

Figure 26.  Direct comparison of axial velocity profiles between UPACS and VULCAN 

solutions for FC-2deg-99. 

  

 
 

A Similar comparison is conducted for the flared-cone (FC-2deg-99). In this case, the UPACS 

solutions using the NASA grid does not bring the improved agreement that was observed earlier for 

the straight cone case. As shown in Fig. 25(c), the UPACS solution using the NASA grid leads to 

improved agreement with the VULCAN solution for the axial velocity profile at 𝑥𝑥 = 50 mm along 

the side of the cone (𝜑𝜑 = 90º). Since the differences among the three profiles at 𝑥𝑥 = 300 mm along 

the side of the cone are negligible in magnitude (Fig. 25(d)), the difference at 𝑥𝑥 = 50 mm is likely 

to have been caused by grid difference and the higher sensitivity of the boundary layer profiles at 

that location to the difference in computational grid near the cone tip.      

Along the leeward symmetry plane (𝜑𝜑 = 0º) at x = 300 mm, using the same grid actually results in 

a larger difference between the two profiles (Fig. 25 (b)). Similarly, near the tip at 𝑥𝑥 = 50 mm, the 

difference becomes larger as well (Fig. 25 (a)). The original difference between the UPACS solution 

using the JAXA grid and the VULCAN solution using the NASA grid was very small. But the 

difference between the UPACS and VULCAN solutions using the NASA grid is larger than that 

observed with the original grids.  

 

  
(a) 𝒙𝒙 = 50mm, along leeward symmetry 

plane (𝝋𝝋 = 0 º) 

(b) 𝒙𝒙 = 300 mm, along leeward symmetry 

plane (𝝋𝝋 = 0 º) 

  
(c) 𝒙𝒙 = 50mm, at side region (𝝋𝝋 = 90 º) (d) 𝒙𝒙 = 300mm, at side region (𝝋𝝋 = 90 º) 

Figure 25.  Comparison of axial velocity profiles between UPACS and VULCAN 

solutions for FC-2deg-99. 

 

5.3  Solver Dependency 

Since there are differences in UPACS and VULCAN solutions along the leeward symmetry plane 

of the flared-cone (FC-2deg-99) even when the same grid is used, those differences are presumably 

caused by the differences in the underlying numerical algorithms. Therefore, some of the numerical 
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parameters in the UPACS solution were adjusted in order to reduce the differences between the 

respective algorithms. In particular, the role of the difference between the respective limiter 

functions (“minmod limiter” in UPACS calculation versus “van Albada limiter” in VULCAN 

computation as shown in Table 3) was assessed. 

Therefore, the UPACS solution was recomputed by using the “van Albada limiter” similar to the 

VULCAN computation. The results in Fig. 26 confirm that the profiles obtained by UPACS with the 

“van Albada limiter” (shown at the green line in Fig. 26) move closer to the profiles obtained by 

VULCAN using the same limiter (shown at the red line in Fig. 26) in comparison with the profiles 

obtained by UPACS with “minmod limiter” (shown at the blue lines in Fig. 26).  Some small 

differences still remain and the cause for these differences remains open at the present time.  
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Figure 26.  Direct comparison of axial velocity profiles between UPACS and VULCAN 

solutions for FC-2deg-99. 
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6 Summary 

Boundary layer transition near the leeward symmetry plane of axisymmetric bodies at zero and 

nonzero angle of incidence in supersonic flow was investigated numerically as part of joint research 

between the Japan Aerospace Exploration Agency (JAXA) and the National Aeronautics and Space 

Administration (NASA).  

Mean flow over five axisymmetric bodies (namely, the Sears-Haack body, the semi-Sears-Haack 

body, two straight cones and the flared cone) was analyzed in order to investigate the effects of axial 

pressure gradients, freestream Mach number and angle of incidence on the boundary layer transition.  

Computations revealed the strong effect of axial pressure gradients on the boundary layer profile 

along the leeward symmetry plane. The most significant observation was related to the 

three-dimensional dynamics involving an increasing build-up of secondary flow under an adverse 

axial pressure gradient. This secondary flow was also shown to induce a strongly dissimilar behavior 

of boundary layer profiles along the leeward ray even though the boundary layer development over 

the rest of the cone is nearly self-similar and the instability amplification characteristics in that 

region are relatively insensitive to the axial pressure gradient. Under zero-angle-of-attack conditions, 

the same conical configurations did not display a similarly dramatic effect of body shape on 

boundary layer stability as observed along the leeward plane under a nonzero angle of incidence. 

Independent flow solutions obtained using different flow solvers and different grids at JAXA and 

NASA, respectively, were in good agreement with each other. Slight differences between the two 

sets of solutions are attributed to differences in the thermal wall boundary condition, numerical grid, 

and flow solver. The difference due to the thermal condition are physical and were observed for all 

cone shapes. However, the other differences were observed only in straight cone and flared cone 

cases. Grid dependency was observed at aft locations along the leeward ray of the straight cone and 

near the tip of the side region on the flared cone. On the other hand, a noticeable dependence on the 

flow solver, and in particular, the limiter function was observed along the leeward ray of the flared 

cone. The conditions under which such difference would be observed and at what magnitude remain 

open questions at present. Despite being coarser than the NASA grids, the JAXA grids are shown to 

be sufficient for providing basic state definition for the linear stability analysis. The results of 

transition analysis also showed that the grid distribution was suitable for obtaining boundary layer 

profiles for stability analysis. 
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