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Abstract  

Based on the original γ-Reθ transition model framework, in this work, an improved local correlation-
based transition closure model is developed for high-speed flows. The local correlation between the 
vorticity Reynolds number and the momentum thickness Reynolds number obtained by compressible 
boundary-layer self-similar solutions, local compressibility correction including the pressure gradient 
parameter and momentum thickness Reynolds number, and local crossflow correlation are applied to 
improve the original γ-Reθ model for hypersonic transition predictions. The function Fonset1 used to 
control the transition onset as well as several relevant model parameters are also modified to make the 
improved model suitable for high-speed flow. The improved transition model is validated through 
several basic test cases under a wide range of flow conditions, including high-speed flat plates, sharp 
cones, HIFiRE-5, and complex hypersonic configuration X-33 vehicles. The numerical results show that 
the transition onset locations and the changes of heat transfer rate predicted by the present improved 
transition model are reasonably consistent with experimental results. The proposed model predicts the 
high-speed boundary layer transition behaviors induced by streamwise and crossflow instabilities with 
reasonable precision. 

Keywords: High-speed, γ-Reθ transition model, Local compressible correction, Local correlation, 
Boundary layer transition 

1. Introduction 

Boundary layer transition is the process from a laminar to a turbulent flow. For hypersonic vehicles, 
boundary layer transition directly affects factors including wall drag, aerodynamic heating, and 
propulsive efficiency. Thus, the accurate prediction of transitional flows is important in the design of 
hypersonic vehicles. However, because of strong complexity, nonlinearity, and various impact factors, 
boundary layer transitions are hard to predict precisely.  

In recent decades, a variety of approaches have been proposed for predicting transitions, including 
stability-based analyses with the eN method, transition models, large eddy simulations (LES), and direct 
numerical simulations (DNS). Reynolds-averaged Navier-Stokes (RANS)-based transition models have 
attracted much interest in the research community owing to their flexible compatibility with modern 
computational fluid dynamics (CFD) methods, reasonable prediction accuracy, and low computational 
costs compared with the LES and DNS approaches. The use of massively parallel computing and 
unstructured meshes forms the mainstream of modern engineering CFD applications, so it is sensible 
to try to avoid solving non-local variables. In order to meet these requirements and incorporate different 
transition paths, Menter et al.[1] and Langtry et al.[2] proposed the concept of local correlation-based 
transition modeling (LCTM). Their first model was the well-known γ-Reθ transition model [3]. 
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Therefore, this paper focuses on using the γ-Reθ correlation based on the LCTM framework to 
predict high-speed flow transitions, considering a greater number of relevant factors for high-speed 
flows. 

2. Transition Model Descriptions 

2.1. Local correlation between Rev and Reθ 

In Eq.(1), the function Fonset1
 is mainly used to control the transition onset and is defined as follows: 

 
onset1

2.193
v

c

Re
F

Re
  (1) 

The correlation in Eq. (1), based on the observation of a Blasius boundary layer, was first proposed 
by Wilcox [4] . The application of the correlation can allow for the avoidance of additional nonlocal 
boundary layer parameters in transition predictions. However, the original numerical relationship for 
low-speed flows is unsuitable for high-speed flows, so we need a new proportional relationship to 
replace the original equation and obtain the appropriate relationship for high-speed boundary layers. 
Inspired by the work of Liu et al. [5,6], the compressible boundary layer self-similar solution is used to 
obtain the local correlation between Rev and Reθ. To better fit the framework of the γ-Reθ transition 
model, we omit the pressure gradient part of the original paper here and modify the pressure gradient 
using another method, which will be explained later. The influence of the pressure gradient on the 
correlation was studied in Ref. 7, and it was found that the relative error is not of great concern under 
general conditions when the new correlation obtained by fitting similarity solutions with a zero pressure 
gradient is used in transition models. Therefore, the final calculation formula we use is as follows, and 
more specific content can be found in the original paper [6]. Since this function (1) mainly controls the 
streamwise transition, in order to better describe and distinguish it from the local crossflow transition 
onset function in the following, we define a new variable Fonset,s: 
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MaeL and TeL are local variables calculated using the engineering method proposed by Xu et al. [8] 

and Qiao et al.[9], and are used to determine the non-local variables Mae and Te, as this approach 
performs well in high-speed transitional flow simulations. MaeL and TeL are estimated using the following 
equations: 
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where R is the gas constant and rg is the gas-specific heat capacity ratio. Therefore, the calculation 
process is transformed strictly into local variables. 
2.2. Local compressibility correction  

In the original transition model, the calculation of Reθt contains information on the pressure gradient, 
but the calculation is based on a low-speed incompressible flow. With an increase in the Mach number, 
the characteristics of the boundary layer become different, and the original correlation is unsuitable for 
high-speed flows. Based on the theory of a compressible boundary layer, by analyzing the relationships 
between the pressure gradient parameter and the Mach number, the following correction is obtained: 
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where  is the original pressure gradient parameter and MaeL is the local variable calculated using the 
engineering method, which determines the non-local Mae Mach number at the outer edge of the 
boundary layer.  

The critical momentum thickness Reynolds number correlation Reθc in the original transition model 
based on the low-speed experimental case is purely empirical and does not consider the effect of 
compressibility. It is observed in experiments that the Reynolds number at transition onset changes 
due to compressibility at high Mach numbers compared with that in incompressible experimental data 
10. By analyzing the boundary-layer variables calculated using the grid-reordering method for massively 
parallel execution 11 and comparing with the results of Ref. 10, we reformulate and propose a new 
compressible correction relation for high-speed flows. To better fit the indirect transition prediction in 
the γ-Reθ transition model, that is, the progression from Reθt to 

tRe  to Reθc, we add the compressibility 

correction to the calculation of Reθt. The compressibility correction is not explicitly applied to the trigger 
judgment of Eq. (1), but is realized by modifying Reθt. This has the advantage of not affecting the value 
of Reθc obtained by the convection and diffusion of 

tRe in the boundary layer. The changes required for 

the compressibility modification from the original transition model are proposed as: 
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where Reθt is the original transition onset momentum-thickness Reynolds number. For numerical 

robustness, f (MaeL) is bounded as follows: 

 ( ) max( ( ),0.1)eL eLf Ma f Ma  (9) 

2.3. Local crossflow-induced correlation  

In the present model, the crossflow correlation is based on the concept of local helicity. The 
crossflow transition correlation follows the method suggested by Ref.5. Local helicity has been widely 
used as a crossflow indicator in local correlation-based models. The local crossflow transition onset 
function is given by 
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where Ccf is a model constant. Ccf is calibrated to be 28.0 in a noisy environment and 45.0 in a quiet 
environment (the freestream turbulent intensity Tu∞ is much less than 0.1%) based on the experimental 
data from HIFiRE-5 test cases. The function Fratio(MaeL, TeL, Tw) is defined in Eq. (3). The crossflow 
strength term ΔHcf is given by 
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where Hcf is a dimensionless crossflow strength that can be defined from the local helicity 
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in which U is the local velocity magnitude, d is the distance to the nearest wall, and He is the local 
helicity, which is defined as 
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where U and Ω are the unit velocity vector and vorticity vector, respectively. The helicity, by definition, 
is the magnitude of the scalar product of the velocity and the vorticity and thus indicates the 
nonalignment of the velocity and vorticity vectors. Therefore, the helicity is maximized if the flow is 
rotating around the velocity vector. A nonzero helicity value indicates a three-dimensional flow. 

Therefore, the transition onset function is defined as follows: 
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In addition, the original Flength function is formulated following the results of low-speed experiments. 
The transition momentum thickness Reynolds number of a hypersonic flow is usually large, which leads 
to the value of the original Flength becoming too small or even close to zero. This greatly affects the 
generation source term in the intermittency factor γ equation. Hence, the model function Flength is 
recalibrated to 20.0: 

  length sublayer sublayer 20.0 1.0 40.0F F F     (15) 

Finally, considering the accuracy in the prediction of the turbulent region hypersonic flows, the 
compressibility corrections are applied to k-ω SST turbulence model. 

3. Model Validation 

To validate the improved model, high-speed transition flows over flat plates, circular cones, Double 
Ramp, HIFiRE-5 and X-33 vehicles were simulated. The flow parameters are listed in Table 1.  

Table 1. Flow conditions for the flat plate cases. 

Case Ma∞ Re∞/m T∞, K Tu∞, % 

Flat plate 6.1 4.9 × 106 800.0 0.32 

Flat plate 6.2 2.6 × 106 690.0 0.32 

straight cone 5.5 1.35 × 107 165.56 0.30 

straight cone 5.5 9.19 × 106 161.67 0.30 

straight cone 5.5 8.53 × 106 168.33 0.30 

straight cone 5.5 6.56 × 106 146.11 0.30 

straight cone 6.0 2.03 × 107 63.32 0.40 
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straight cone 6.0 1.77 × 107 63.32 0.40 

HIFIRE-1 7.16 8.53 × 107 262.17 0.50 

Double Ramp 8.1 3.8 × 106 106.0 0.50 

HIFIRE-5 5.8 10.2 × 106 56.03 0.37 

HIGIRE-5 5.8 8.1 × 106 56.03 0.37 

HIGIRE-5 6.0 11.8 × 106 56.03 0.006 

HIGIRE-5 6.0 10.2 × 106 56.03 0.006 

X33 vehicle 6.0 2.59 × 107 62.10 0.10 

X33 vehicle 6.0 1.97 × 107 62.10 0.10 

In the first test case, a hypersonic boundary layer flow over a flat plate is analyzed to evaluate the 
effectiveness of the improved γ-Reθ transition model. The plate length is 1500 mm and the flow 
conditions are consistent with the experimental study of Mee [12]. The wall temperature is Tw = 300 K. 
FIG. 1 shows comparisons of the computational Stanton numbers St with the experimental data under 
four different conditions. All the transition onset locations predicted by the improved transition model 
are consistent with the experimental data. 

 

a) Ma∞ = 6.1, Re∞ = 4.9 × 106 /m. 

 

b) Ma∞ = 6.2, Re∞ = 2.6 × 106 /m. 

FIG. 1 Predicted results for flat plate cases. 

The cone has a half-cone angle of 8° at Ma∞ = 5.5 [13]. Since the bluntness of the cone is not explicitly 
given in the experiment, 0.00254mm is used. The Tw =300 K. FIG. 2 presents the numerical results for the 
sharp cone at Mach 5.5. In FIG. 2, the centerline surface heat flux Q distributions are plotted vs the s which 
denotes the surface distance from the original nose tip. The vertical dashed lines are different Re∞ 

experimental transition onsets. The results show good agreement with the experimental results. The next 
cone length is 636 mm, the nose bluntness is 0.00254 mm, and the half-cone angle is 5° [14]

. The Tw =300 
K. Comparisons with the present improved model at Mach 6.0 are shown in FIG. 3. With increasing Re∞, 
the transition onset gradually moves forward. The overall variations computed from the present model are 
satisfactory. The Hypersonic International Flight Research Experimentation (HIFIRE-1) has a 7° half-cone-
angle conical section, followed by a cylinder, a 33 deg flare, and a short flat cylindrical section with a 0.01 
mm nose bluntness [15,16]. The Tw =294.78 K. FIG. 4 shows the flow features for the case. FIG. 5 presents 
the numerical results for the sharp case. The results show that the present model predicts the heat transfer 
and wall pressure distributions reasonably accurately. After the cone-cylinder juncture, both the heat flux 
and pressure sharply decrease and then noticeably increase in the flared section. 
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FIG. 2 Predicted results for the sharp cone cases at Ma∞ = 5.5. 

 

a) Ma∞ = 6.0, Re∞ = 2.03 × 107 /m. 
 

b) Ma∞ = 6.0, Re∞ = 1.77 × 107 /m. 

FIG. 3 Predicted results for sharp cone cases at Ma∞ = 6.0. 

 

a) A symmetry cut plane of the Mach number         b) A local enlarged view of the Mach number 

and surface dimensionless pressure p/p∞.               contour at the cylinder-flare juncture. 

FIG. 4 Flow features for the HIFIRE-1. 
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a) Wall heat flux distribution. b) Wall pressure distribution. 

FIG. 5 Predicted results for HIFIRE-1 at Mach 7.16. 

The test case is a double ramp configuration with a sharp leading edge (Rn=0mm), as 
experimentally investigated by Neuenhahn and Olivier [17]. The first ramp is characterized by an angle 
of 9° and a length of 180 mm, and the second ramp features an angle of 20.5° and a length of 255 
mm. FIG. 6 shows the numerical shadowgraph of the double ramp simulated by the improved γ-Reθ 
transition model at Tw=300K. It can be seen that a strong leading shock occurs at the leading-edge 
region. Around the compression corner, separation occurs at the first ramp, followed by reattachment 
at the second ramp. The separation shock, separation bubble, and reattached shock are clearly 
discernible. The simulated flow structures are in good agreement with the features captured in the 
experimental schlieren image [17] presented in FIG. 7.  

 

FIG. 6 Shadowgraph of double ramp simulated by the current model. 

 

FIG. 7 Schlieren image of double ramp obtained from experiment. 

The wall pressure coefficient Cp and Stanton number St distributions for the different Tw are shown 
in FIG. 8-FIG. 9. Both the laminar and transitional results for Cp agree well with the experimental data. 
The laminar and transitional results for the St distributions consistent with the experimental 
measurements in the laminar region on the first ramp and in the region around the separation bubble. 
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Because the transition occurs, the transitional result departs from the laminar solution and quickly 
increases to the turbulent level. 

 

a) Wall Cp distribution. 

 

b) Wall St distribution. 

FIG. 8 Predicted results for double ramp at Tw=300K. 

 

a) Wall Cp distribution. 

 

b) Wall St distribution. 

FIG. 9 Predicted results for double ramp at Tw=600K. 

The Hypersonic International Flight Research Experimentation (HIFiRE-5) is devoted to aerothermodynamic 
experiments and transitions in 3D geometries in particular. The HIFiRE-5 has a 7 deg half-angle on the minor 
axis, a 2.5-mm-radius nose tip, and a length of 0.86 m. The 38.1% scale model tested in the Boeing/Air Force 
Office of Scientific Research (AFOSR) Mach-6 Quiet Tunnel [18,19] is employed here to validate crossflow-induced 
transition. The general inflow conditions are α = 0° and Tw/T0 = 0.7.  

FIG. 10-FIG. 11 show the experimental TPS contour results and computational heat flux distributions at 
different Reynolds numbers. As shown by the experimental results, the transition onset is further behind in the 
quiet environment than in the noisy environment. As the Reynolds number Re∞ increases, the transition onset 
moves forward. The prediction results successfully reflect the changes in the transition onset locations. 

 
 

a) Experiment, TPS image, Re∞ = 10.2 × 106 /m. b) Prediction, heat flux, Re∞ = 10.2 × 106 /m. 
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c) Experiment, TPS image, Re∞ = 8.1 × 106 /m. d) Prediction, heat flux, Re∞ = 8.1 × 106 /m. 

FIG. 10 Predicted results for the HIFIRE-5 at Noisy flow. 

 
 

a) Experiment, TPS image, Re∞ = 11.8 × 106 /m. b) Prediction, heat flux, Re∞ = 11.8 × 106 /m. 

 
 

c) Experiment, TPS image, Re∞ = 10.2 × 106 /m. d) Prediction, heat flux, Re∞ = 10.2 × 106 /m. 

FIG. 11 Predicted results for the HIFIRE-5 at Quiet flow. 

The X-33 vehicle is selected in this section to test the improved γ-Reθ transition model for the 
complex hypersonic configuration transition. The X-33 vehicle model is the same as the 0.0132-scale 
model in the NASA Langley Research Center (LaRC) 20-inch Mach 6 wind tunnel experiments of Berry 
et al. [20]. The length of the model is 25.4 cm, the maximum span across the canted fins is 30.62 cm, 
and the body-flap deflection is 20°. The wall temperature Tw is 300 K. The half-vehicle model is used 
in computations. 

The typical flow structures around the X-33 vehicle are shown in FIG. 12. The Mach number Ma 
contours with streamlines on the symmetry plane are illustrated. The wall is colored based on the 
dimensionless pressure P/P∞. The large attack angle and the large aircraft head generate a bow shock, 
which results in a low Mach number and high surface pressure. On the windward side of the aircraft, 
the bow shock is relatively close to the wall and the surface pressure increases. On the leeward side, 
the flow begins to expand and the surface pressure generally decreases. At the bottom of the aircraft, 
the flow further expands and the separation region appears. The flow structure is complex. The shock 
structure calculated in this paper is basically consistent with wind tunnel schlieren results. This shows 
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that the in-house solver used in this paper can capture such hypersonic complex flow structures highly 
accurately. 

 
A) Wind tunnel schlieren image21. 

 
b) Streamline pattern distribution and contours of 
the Mach number and surface dimensionless 
pressure p/p∞.  

FIG. 12 Flow features for the X-33 model. 

The heat transfer coefficient h/href distributions computed using the improved γ-Reθ model are compared 
with the experimental results at Re∞ = 2.59 × 107 /m in FIG. 13. On the windward side of the X-33 model, 
the transition zone predicted by the improved γ-Reθ model occurs on both sides of the centerline, resulting 
in an M-shaped transition front. The computational result for the h/href distribution from the improved γ-Reθ 
model agrees well with the experiment result. 

 
a) Experiment, h/href distribution, Re∞ = 2.59 × 107 
/m.  

 
b) Prediction, h/href distribution, Re∞ = 2.59 × 107 /m. 

FIG. 13 Predicted results for the X-33 model. 

FIG. 14 compares the centerline h/href distributions on the windward side calculated using the improved 
γ-Reθ model for different Reynolds numbers with the experimental wind tunnel results. It can be seen that 
the computational centerline h/href distributions for different Reynolds numbers almost perfectly agree with 
the experimental wind tunnel data. Therefore, it can be concluded that the improved γ-Reθ model allows 
the prediction of complex hypersonic configuration transitions. 

 
a) Re∞ = 2.59 × 107 /m. 

 
b) Re∞ = 1.97 × 107 /m. 
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FIG. 14 The X-33 model h/href distribution along the centerline. 

4. Conclusions  

The numerical results showed that both the transition onset and the length of the transition region 
predicted by the improved γ-Reθ transition model agree well with experimental data. In the HIFiRE-5 
simulations, the influence of quiet and noisy flow conditions was considered.  Meanwhile, the transition 
onset predicted by the improved γ-Reθ transition model moved forward as the freestream Reynolds 
number increased, which indicates that the Reynolds number effects on the transition were also 
correctly predicted. The application of the improved γ-Reθ transition model to an X-33 vehicle proved 
that this model allows the prediction of transitions on some complex full aircraft hypersonic 
configurations.  
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