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ABSTRACT 
 

Numerical simulations over 2D double compression ramps with different ramp 
angles in hypersonic flow at Mach 8.1 were carried out to investigate effect of leading 
edge bluntness on the transitional heat transfer. Two different corrections for the 
transition onset in hypersonic boundary layer were assessed with hypersonic 
experiments which were conducted by RWTH Aachen University. Surface pressure 
coefficients and the Stanton number were compared with the experimental data. A 
parametric study shows that increased leading edge radius causes a thicker boundary 
layer leading to lower heat load to the surface. 
 
 
1. INTRODUCTION 
 

Shock wave/boundary layer interaction has been investigated by many 
researchers because the interaction may cause boundary layer instabilities and high 
thermal loads over a hypersonic vehicle. Such physical phenomenon is often observed 
when the flow travels around a double compression ramp that is usually considered in a 
scramjet inlet or a wing-body intersection. When the shock wave induces a separation 
bubble that is formed by an adverse pressure gradient, several different types of shock 
boundary layer interactions occur along with the shock wave ahead of the separation 
bubble. Numerical simulation of hypersonic flow over the double compression ramp is a 
challenging topic because the flow imposes physical complexity due to the hypersonic 
transition. 

Neuenhahn (2006) studied Influence of the wall temperature and the entropy 
layer effects on double compression ramp at Mach number of 8.1 through experimental 
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investigation. Especially, he showed that different wall temperature and leading edge 
bluntness effect on size of separation region and heat transfer from experimental 
results. The experimental results show that the separation bubble increases with 
increasing the surface temperature ratio. The effect of leading edge blunting shows an 
increasing bow shock curvature near the leading edge and an increased density 
gradient layer height. Until now, a lot of research works on hypersonic transition 
prediction have been carried out for double compression ramps. Due to the 

disadvantage of  model in hypersonic condition, various modifications and 

correlations are applied. Zhang and Gao (2009) carried out numerical simulation of 

shock interactions on double-wedge geometries using transition  model of 

Langtry/Menter with a modification to transition onset position and length using Mach 
number function. The numerical results are well agreed with the experimental pressure 
distribution whereas the heat transfer prediction differs from the experimental data. 

Krause (2010) developed hypersonic correlations of transition  model with  

and          modification to remedy the disadvantages of the original Langtry transition 

model for hypersonic flows. Numerical results are well agreed with experimental data 
with using his correlations and show that his correlations are useful to predict the 

hypersonic transition by modifying  with function of turbulence intensity, . 

Numerical assessment for two different correction methods, Zhang and Gao 
(2009) and Krause(2010) for the hypersonic transition is presented in this paper. 

Reynolds-averaged Navier-Stokes simulations with the  transition model 

incorporating with the correction methods were performed for three cases with 
bluntness: leading edge radii of 0, 0.5, and 1.0 mm. 
 
2. NUMERICAL METHOD 
   

Supersonic transitional flows were computed using the compressible Reynolds-
Averaged Navier-Stokes (RANS) equations based on the k-ω shear stress transport 
(SST) turbulence model and the transition model (Langtry et al, 2004; Langtry and 
Menter, 2009; Menter et al, 2004). The equations can be written in a conservation form 
as, 
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where Q is the conservative variable vector,    and     represent inviscid and viscous 

flux vectors in    direction, respectively.  is the source term of the turbulence and 

transition model. The Langtry/Menter transition model has been successfully applied to 
subsonic transitional boundary layer flows. The model consists of two transport 
equations for the intermittency and the transition onset momentum thickness Reynolds 
number. However, this model incorrectly predicts the transition onset points in 
hypersonic regimes, since the source terms of the Langtry/Menter transition model 
have been modeled with the correlations Re (Re )c tf  and  (Re )length tF f   for subsonic 

and transonic regimes. It has been found that for hypersonic flows the transition onset 
Reynolds number, Re t , is much higher than for subsonic flows.  



  

In this study, two different correction methods for accurate transition prediction 
are compared and assessed: Zhang and Gao (2009) and Krause (2010). Zhang and 
Gao (2009) introduced a new transition onset correction by correlating the local Mach 
number in the determination of the transition onset momentum thickness Reynolds 
number, Re t . The original Langtry/Menter model determines Re t  as a function of local 

turbulence intensity Tu  and pressure gradient  : 

 

                                                     Re ( , )t f Tu                                                       (3) 

 
Based on the experimental correlation of the transition onset and freestream Mach 
number, Zhang and Gao (2009) proposed the following correlation for the hypersonic 
transition in the range of Mach number to 12: 
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Krause (2010) proposed new correlations for Re c and lengthF   that depend on the 

freestream turbulence intensity I  instead of Re t : 
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                                  (5) 

 
The two models are denoted in this study by Re t -correction (Zhang and Gao, 2009) 

and I -correction (Krause, 2010), respectively. 

The governing equations were discretized using a cell-centered finite volume 
method. The Roe scheme with the Harten-Hymann entropy correction function 
(Kermani and Plett, 2001) with a shock sensor was applied to suppress the normal 
shock instability around the blunt nose. The fifth-order accurate MUSCL were used to 
obtain higher-order inviscid flux functions at each cell interface. Viscous fluxes were 
discretized by the second order central differencing. The diagonalized alternating 
direction implicit (DADI) method was employed to find the steady-state solution. (Park 
and Kwon, 2004) 

 
 
3. RESULTS AND DISCUSSION 
 

In order to investigate the heat transfer due to boundary layer transition 
hypersonic flows over double compression ramps at Mach number of 8.1 were 

computed. The flow conditions are as follows: Re/m=3.8106 m/ , T0=1635 K, T∞=106 

K, P∞=520 Pa. (Neuenhann, 2006) The wall temperature is set to 300 K. The 
freestream turbulence intensity ( I ) and the freestream ratio of turbulent/laminar 

viscosity are 0.9 % and 0.001. Fig. 1 illustrates the present double wedge ramp 
configuration and the corresponding grid system. Computational grids were made with 
a distance of 1.0×10-6 m from the first cell to the wall which corresponds to a non-
dimensional wall distance of y+<1. The grid used consists of 401(streamwise) × 



  

201(normal to the wall). An isothermal boundary condition was applied at the body 
surface. Freestream values were set at the inflow boundaries. All flow variables at the 
outflow boundaries were extrapolated from the interior cells.  
 

 
Fig. 1 double wedge ramp configuration and 401201 mesh with bluntness 

 

 

 
Fig. 2 pressure coefficient and Stanton number distributions for laminar, turbulent and 

transition computations with experimental data 

 
Fig. 2 display the pressure coefficient and the Stanton number distributions for 

sharp nose case (R=0.0 mm). The laminar separation and the reattachment can be 
identified by the Stanton number distribution, which is defined as 
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where wq  is the heat transfer on the wall and awT  the adiabatic wall temperature. 

Transitional flow computation with the Langtry/Menter transition model was compared 
with fully laminar and fully turbulent computations. Experimental data (Neuenhann, 
2006) show that the laminar separation is occurred on the first ramp and the pressure 
and heat transfer is steeply increased just after the reattachment due to the turbulent 
transition. As expected, fully turbulent computation could not predict the laminar 
separation since the turbulent boundary layer is generated too early. Fully laminar 
computation predicted well the laminar separation, but not the turbulent transition.  The 
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present transition model predicts well the pressure distribution, whereas the heat 
transfer over the second ramp is under predicted. It should be noted that for the blunt 
nose cases the extent of the laminar separation from the Langtry/Menter model was not 
agreed with the experimental data, though not shown here.  

Pressure coefficient distributions with leading edge radius were compared with 
the experimental data in Fig. 3. Left figure shows the variation from the Re t -correction 

model and right one from the I -correction. There is no evident difference between the 

models in the prediction of the laminar separation and the reattachment process. The 

I -correction model provides better agreement with the experimental data. As the nose 

radius increases from 0 mm to 0.5 mm, the length of separation bubble increases. 
Further increase of the nose radius produces a decreased length of the separation. 
After the reattachment is occurred, the sharp nose case produces a steep increase of 
the pressure coefficient. 

Fig. 4 displays the Stanton number distributions with leading edge radius for 
different transition onset corrections. The heat transfer variations surprisingly differ from 
the pressure variations, as shown. The Re t -correction predicted nearly laminar heat 

transfer for the radii of 0 mm and 0.5 mm, whereas the I -correction reasonably agreed 

with the experimental data. The peak point of the transitional heat transfer moves 
downstream and the corresponding value is decreased, as the nose radius increases. 
The Stanton number as well as the pressure coefficient steeply increases at the 
reattachment point for the sharp nose case. To understand the effect of the nose 
radius, numerical Schlieren images obtained from the I -correction were compared in 

Fig. 5. Numerical Schlieren show that increasing the nose radius makes the upstream 
boundary layer thicker and the heat transfer weaker at the reattachment. 
 

 

 
 

Fig. 3 Pressure coefficient distributions with leading edge radius  
from Re t - and I - corrections. 
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Fig. 4 Stanton number distributions with leading edge radius  
from Re t - and I - corrections. 

 

 

 
 

Fig. 5 Numerical Schlieren from I -correction model with leading edge radius. 

 
 
4. CONCLUSIONS 
 

The transitional heat transfer over double compression ramps with the leading 
edge radius was investigated by using the transition transport equations. Recent 
correction methods for the hypersonic transition onset provide better agreement with 
the experimental data on the variation of the pressure coefficient. However, only the 
turbulence intensity-based correction reasonably predicts the Stanton number. 
Experimental and numerical results show that increased leading edge radius attenuates 
the peak magnitude of the Stanton number and moves downward the peak points of 
both coefficients. Numerical results also indicate that further refinement of the transition 
onset correction is definitely needed in the prediction of the transitional heat transfer. 
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