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3D Test Cases 
 

 
 
6.1 Introduction 
 
This chapter details the results obtained with the new transition model for a variety of 3D 
aeronautical and turbomachinery flows.  The 3D aeronautical test cases include the 
transonic DLR F-5 wing (shock induced laminar separation/turbulent reattachment, 
Sobieczky, 1994) and qualitative results for a full helicopter body (natural transition on 
the fuselage, bypass transition on the tail surfaces buffeted by the fuselage wake).  The 
3D turbomachinery test cases include an annular compressor cascade (RGW, Schulz and 
Gallus, 1988), a GE low-pressure turbine blade, an NREL wind turbine (Simms et al., 
2001) and a generic transonic fan blade for a jet engine.  All simulations have been 
computed with CFX-5.   
 
The best practice grid guidelines for the transition model (see Appendix) were used to 
generate all of the grids.  As a result, the grids in the computations had a maximum y+ of 
approximately one, wall normal expansion ratios between 1.1 and 1.2 and at least 100 
nodes were present in the streamwise direction in order to properly resolve the laminar, 
transitional and turbulent boundary layers.  A summary of the inlet conditions for all the 
test cases described in this chapter is given in Table 6.1.  Where possible, the inlet 
turbulence levels were specified in order to match the experimentally measured FSTI.  If 
the freestream turbulence was not known in the experiment than an educated guess was 
made for the inlet values such that at the leading edge of the body the values were 
representative of a typical wind tunnel.    
 

 

Case 

 

Rex= ρcUo/µ 

(x106) 

 

Mach = Uo/a 
  where speed of sound (a) = (γRT)0.5 

 

Chord 

(m) 

 
 

FSTI (%) 

 
 

µt / µ 

DLR F-5 Wing 
AoA = 2° 

1.5 0.82 0.15 0.5 10 

Eurocopter  30 0.12 11 0.05 1.0 
RGW Annular 

Compressor 
0.4 0.28 0.0626 1.25 2.0 

GE  Low-Pressure 
Turbine 

 
0.1 

 
0.6 

 
- 

 
5.0 

 
31 

NREL Wind 
Turbine 

0.84 – 1.31 0.06 – 0.1 0.63 0.3 10 

Transonic Fan  0.5, 1.0, 1.6 0.75 0.096 0.5 10 

Table 6.1 Inlet conditions for the 3D test cases 
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6.2 Aeronautical Test Cases 
 
6.2.1 DLR F-5 Transonic Wing 
 
The DLR F-5 geometry is a 20° swept wing with a symmetrical airfoil section that is 
supercritical at a freestream Mach number of 0.82.  The experiment was performed by 
Sobieczky (1994) and consists of a wing mounted to the tunnel sidewall (which is 
assumed to have transitioned far upstream of the wing).  At the root the wing was 
designed to blend smoothly into the wall thus eliminating the horseshoe vortex that 
usually develops in the root area.  The experimental measurements consist of wing 
mounted static taps at various spanwise locations and flow visualization of the surface 
shear using a sublimation technique.  The grid used for the transitional computations 
consisted of 6 million nodes and is shown in Figure 6.1.  Both the wing and the tunnel 
side wall had a viscous sublayer grid with a maximum y+ of one. 
 

 
 
Figure 6.1 Close up of the grid used to compute the DLR F-5 wing.  



Chapter 6   3D Test Cases 104

The experimental flow visualization of the 2° angle of attack case is shown in Figure 6.2 
(right).  Based on the flow visualization and the pressure measurements a diagram of the 
flow field around the wing was constructed and can be seen in Figure 6.2 (middle).  The 
measurements indicate that the boundary layer is laminar until about 60% chord where a 
shock causes the laminar boundary layer to separate and reattach as a turbulent boundary 
layer.  The contours of skin friction and the surface streamlines predicted by the 
transition model are shown in Figure 6.2 (left).  From the skin friction the laminar 
separation and turbulent reattachment positions can be clearly seen and both appear to be 
in very good agreement with the experimental diagram from about 20% span out to the 
wing tip.  After the turbulent reattachment a strong increase in the pressure is observed, 
both in the experiment and in the CFD computation.  
 

 
The predictions differ from the experiment at the wing root region as shown in Figure 
6.3.  In the CFD predictions there are two distinct transition regimes.  The first regime is 
transition due to attachment line contamination where the turbulent boundary layer from 
the tunnel wall essentially convects along the leading edge of the wing and results in a 
fully turbulent boundary layer downstream of this stagnation region.  This is in fact a 
very difficult phenomenon to predict with a transition model because it is essentially a 
convection dominated process.  The transition model was able to predict this because it is 
based on locally formulated transport equations and local values for the transition  
 

 
 

 

 

Figure 6.2 Contour plot of skin friction (Cf) and surface streamlines predicted by the transition 
model (left), experimental diagram of the flow field (middle) and experimental flow 
visualization of the surface shear on the DLR-F5 wing (right).                
Experimental figures (middle, right) reproduced from Sobieczky (1994). 
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Figure 6.3 Surface streamlines at the DLR-F5 wing root colored by the local 
intermittency: blue = laminar, red = turbulent. 

 
indicators.  As a result it can naturally account for the convection of a turbulent boundary 
layer and its effect on transition.   
 
The second transition regime is caused by a shock-induced laminar separation and there 
is an abrupt switch between the two modes in the CFD predictions.  However, based on 
the experiment the transition line appears to smoothly switch from the separation induced 
mode to the attachment line contamination mode.  It is possible that this smooth change is 
actually crossflow induced transition as the angle between the surface streamlines and the 
freestream velocity is significant in this region.  The current empirical correlations do not 
account for crossflow effects and as a result, it is not surprising that differences occur in 
this region. It should be noted that this is not a conceptual weakness of the present 
approach because in principle the effect of crossflow instability could be included in the 
empirical correlations for transition onset. 
 
6.2.2 Eurocopter Airframe 
 
The Eurocopter airframe is a 3-dimensional helicopter configuration that would typically 
be used to investigate the drag coefficient of a proposed helicopter design (minus the 
influence of the rotor blades).  At present, there is no experimental data available in the 
open literature on this geometry.  Nevertheless, it is still an interesting test case for the 
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transition model because of it’s complexity and because it represents an actual industrial 
geometry.  The primary interest is in comparing the fully turbulent solution to the 
transitional solution and in demonstrating that the transition model does not adversely 
affect the convergence and robustness of the underlying flow solver.  The grid for this 
case consisted of about 6 million nodes and the farfield was located ten helicopter lengths 
away.  Each solution was run overnight in parallel on a 16 CPU Linux cluster.   The 
predicted skin friction for a fully turbulent and transitional solution is shown in Figure 
6.4.  The main differences in the transitional solution are that the front part of the 
fuselage, the two outside vertical tail surfaces and the outer half of the horizontal tail 
surface are laminar.   

 

Figure 6.4 Contour plot of skin friction for a fully turbulent (top) and transitional 
(bottom) Eurocopter airframe. 
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The fact that the transition model predicted turbulent flow on the middle vertical 
stabilizer and the inner part of the horizontal stabilizer was unexpected.  Further 
investigation revealed that this was caused by the turbulent wake that was shed from the 
fuselage upstream of the tail.  This is best illustrated in Figure 6.5.  The top picture shows 
an iso-surface of the turbulent flow.  The turbulent wake is clearly visible and can be seen 
passing over the middle vertical stabilizer and the inner part of the horizontal stabilizer.  
Consequently, the transition model predicts bypass transition on these surfaces due to the 
high local freestream turbulence intensity from the wake.  Outside the wake, the local 
freestream turbulence intensity is low and as a result the model predicts natural transition.   
This is a case where the local formulation of the transition model is a significant 
advantage because it allows the model to automatically account for large changes in the 
freestream conditions without requiring any outside input from the user.   
 
 

 
Figure 6.5 Iso-surface of turbulent flow (top) and surface value of intermittency 

(bottom) indicating the laminar (blue) and turbulent (red) regions on the 
Eurocopter airframe. 
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The convergence of lift and drag is shown in Figure 6.6 for the fully turbulent (top) and 
transitional (bottom) solutions.  The transitional flow on the fuselage and tails resulted in 
a 5% drag reduction compared to the fully turbulent solution.  A slight oscillation of the 
separation zones behind the engine compartment prevented a full residual convergence. 
However, the force convergence demonstrates that the transition model does not have any 
adverse effects on the robustness on the underlying CFD Code.  Similar observations 
were made for the other testcases.  The extra CPU cost of the transition model is around 
17 percent compared to a fully turbulent solution on the same grid.  
 
 

 

 

Figure 6.6 Convergence of lift and drag for the fully turbulent (top) and transitional 
(bottom) Eurocopter solutions. 
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6.3 Turbomachinery Test Cases 

6.3.1 RGW Low-Aspect Ratio Annular Compressor Cascade 
 
The first 3D turbomachinery test case is the RGW annular compressor cascade which 
was experimentally investigated by Schulz and Gallus (1988).  It is a fully three-
dimensional flow including sidewall boundary layers originating upstream of the blade. 
This flow topology poses a major challenge to standard correlation-based transition 
models, as complex logic would be required to distinguish between the different 
boundary layers (Thermann et al., 2001).  The operating point was for a mean inlet flow 
angle of 44.2°.  The geometry in the experiment is representative of a typical a 
compressor stator and consequently there are no gaps in between the tip and the casing.  
As well, the hub, blade and casing are stationary and thus system rotation does not need 
to be used.  The grid used in the computation is shown in Figure 6.7 where the surface 
grid on the hub and blade are shown along with lines indicating the extent of the 
computational domain.  There were 200 nodes around the blade, 60 normal to the blade 
surface and 60 in the span wise direction and the total grid size was about 900 000 nodes.  
The maximum RMS residual was 10-4 for the momentum equations.  This is on the high 
side of what is generally considered acceptable and is probably due to the large regions of 
separated flow present on the suction side of the blade.  The forces on the blade appeared 
to be steady and so the case was judged to be converged. 
 

 

Figure 6.7 Grid for the RGW compressor cascade 

 

Outlet 

Inlet 

Hub 

Casing 

Blade 



Chapter 6   3D Test Cases 110

 
Figure 6.8 shows a comparison of the simulations on the suction side of the blade with an 
experimental oil-flow picture. For comparison, a fully turbulent flow simulation is also 
included.  The transition model captures the complex flow topology of the experiments in 
good qualitative agreement with the data.  A comparison between the transition model 
and the fully turbulent simulation shows the strong influence of the laminar flow  
separation on the sidewall boundary layer separation.  The flow separation on the shroud 
is significantly reduced by the displacement effect of the separation bubble in the 
transitional simulation.  As a result, the loss coefficient (Yp) in the fully turbulent 
simulation of 0.19 is much higher than the experimental value of 0.097.  The simulation 
with the transition model gives a value of 0.11 in much closer agreement with the 
experiment.  
 
 
The main difference between the simulations using the transition model and the 
experimental oil-flow lies in the reduced laminar separation zone observed in the 
simulations.  It results from a downstream shift of the laminar separation line.  Similar 
discrepancies have been observed by Thermann et al. (2001) using an extended Mayle 
(1991) criterion for transition.  The main reason for the delayed laminar separation does 
not necessarily come from the transition model, as it is not activated until after the 
separation occurs.  The flow exhibits a complex interaction between the turbulent 
separation on the sidewalls and the location of the laminar separation line.  It appears that 
the turbulent separation zones on the hub and especially on the shroud are overestimated 
in the simulation.  This results in an acceleration of the core flow, which in turn could be 
the cause of the delay in the laminar separation, as it reduced the strength of the adverse 
pressure gradient at the center of the blade.   However, from the pressure distribution 
(Figure 6.9) the suction side matches the experiment while there is clearly a difference 
between the experiment and the computation on the pressure side.  As a result, there 
appear to be discrepancies either in the blade geometry or inlet flow conditions between 
the experiment and the computational setup and these discrepancies should be 
investigated further to determine their source.  
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Figure 6.8 Fully turbulent (top) and transitional (bottom) skin friction on the suction 

side of the 3D RGW compressor cascade compared to experimental oil 
flow visualization (middle, from Schulz and Gallus (1988), Institute of Jet 
Propulsion and Turbomachinery, RWTH Aachen University). 
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Figure 6.9 Cp distribution at mid-span for the 3D RGW compressor cascade. 
 
 
 
6.3.2 NREL Phase VI Wind Turbine 
 
 
The NREL Phase VI experiment consisted of a two-bladed twisted and tapered 10-meter 
diameter wind turbine that used the S809 airfoil section, which is shown in Figure 6.10.  
The NREL Phase VI wind turbine was tested in the NASA Ames Research Center 80-by-
120 Foot Wind Tunnel and a large matrix of performance and load data was collected 
(Simms et al., 2001).  In this study the main focus was only to compare the predicted 
torque output to the measured value and to investigate the differences between fully 
turbulent and transitional CFD solutions.   The CFD grid for this case consisted of an O-
type mesh of approximately 10 million nodes with a maximum y+ of one.  The grid used 
to compute the NREL wind turbine is illustrated in Figure 6.11.  The second blade was 
modeled using a periodic boundary condition at the hub and farfield boundary conditions 
were located at approximately twice the rotor diameter.  The inlet turbulence intensity 
specified for the CFD computations was 0.2%.  Fully turbulent and transitional CFD runs 
were made for a wind speeds between 7 m/s and 25 m/s at a constant blade speed of 72 
RPM (i.e. increasing angle of attack) and each run was computed overnight on a 16 CPU 
Linux cluster.  
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Figure 6.10  S809 Airfoil Profile 

 

Figure 6.11  Grid used to compute the NREL Wind Turbine. Surface grid on the 
rotor (left) and close up of the volume grid near the tip (right). 
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The suction side streamlines and intermittency predicted by the transitional CFD 
computations for wind speeds of 7m/s, 10m/s and 20m/s are shown in Figures 6.12 and 
6.13.  As the wind speed is increased the effective angle of attack of the wind turbine 
increases because the blade rotation rate is held constant at 72 RPM.  For the 7 m/s wind 
speed the flow is largely attached on the suction side.  As well, a significant amount of 
laminar flow is predicted near the tip as well as in the hub region. In the tip region 
transition occurs at the 0.5 chord position whereas in the middle of the blade span 
transition occurs near the leading edge.  This is most likely caused by the fact that the 
smaller radius results in an increased effective angle of attack.   For the 10 m/s case the 
inner hub region stalls while the tip region remains attached up until the 0.5 chord 
position.  As well, due to the increased angle of attack the transition location near the tip 
moves to the leading edge.  Finally, at 20 m/s the suction side of the blade is completely 
separated and the intermittency contours indicate that the flow is almost completely 
turbulent.  
 

 
 
 

 

Figure 6.12 NREL wind turbine, suction surface streamlines computed with the transition 
model for wind speeds of 7m/s (top), 10m/s (middle) and 20 m/s (bottom).  
Arrows indicate flow direction. 
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Figure 6.14 shows the predicted shaft torque in comparison with the experimental 
measurements.  In general the agreement between the transitional CFD and experiment is 
quiet good considering how complex the flow field is on the suction side of the wind 
turbine.  At a wind speed of 20 m/s there is a large difference between the transitional and 
fully turbulent shaft torque.  Figure 6.15 is a contour plot of the local torque on the 
suction side computed for the fully turbulent and transitional solutions at this wind speed.  
The fully turbulent solution predicts much higher torque levels near the leading edge and 
also in the hub region.  
 
The most likely explanation for this difference is the state of the boundary layer near the 
leading edge.  At the 20 m/s wind speed the stagnation point is located on the pressure 
side and the suction side boundary layer must first travel up to and around the leading 
edge, at which point after the leading edge the boundary layer separates.  For the 
transitional cases the boundary layer on the pressure side was laminar as it traveled from 
the stagnation point around the leading edge.  It is well known that a laminar boundary 
layer will separate earlier than a turbulent boundary layer in a strong adverse pressure  

 

 

 
Figure 6.13  NREL wind turbine, suction surface intermittency computed by the transition 

model for wind speeds of 7m/s (top), 10m/s (middle) and 20 m/s (bottom).  
Note: blue indicates laminar flow and red indicates turbulent flow.  
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Figure 6.14  NREL wind turbine, predicted shaft torque at different wind 
speeds. 

 

 

Figure 6.15  NREL wind turbine, local suction surface torque computed fully turbulent 
(top) and with the transition model (bottom) for a wind speed of 20 m/s.   
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gradient.  Because of this, it would appear that as the boundary layer traveled from the 
stagnation point around the leading edge, the laminar boundary layer was not able to 
sustain as high a suction peak as the turbulent boundary layer.  This would seem to be 
confirmed in Figure 6.16, which is a plot of the pressure distribution (Cp) at the 30 
percent span location near the hub.  The maximum suction peak Cp near the leading edge 
for the turbulent case was 9 while for the transitional case it was 5. After the suction peak 
the fully turbulent solution significantly over-predicts the Cp while the transitional 
solution is flat (indicating a strong separation after the leading edge) and is in relatively 
good agreement with the experimental measurements.  It would appear that this could 
explain the 80% difference in output torque between the fully turbulent and transitional 
cases.  It should be noted that other researchers have performed fully turbulent CFD 
computations of the NREL wind turbine and obtained relatively good results (e.g. Ref. 
12).  The separation near the leading edge is probably highly sensitive to the choice of 
turbulence model.  The present fully turbulent results are thought to be accurate because 
they have been obtained with the well-known SST turbulence model, which is generally 
regarded as one of the best two-equation models available for predicting turbulent 
separation.     
 

 
 
 
 

 

Figure 6.16 Pressure Distribution (Cp) for the NREL wind turbine at the 30 
percent span location for a wind speed of 20 m/s.  
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6.3.3 GE Low-Pressure Turbine Vane 
 
The next two test cases qualitatively investigates the behavior of the transition model for 
some actual industrial turbomachinery flows namely a GE Low Pressure Turbine Vane 
and a generic transonic fan blade.  Because these are industrial geometries there is no 
experimental data available for either case in the public domain.  The main purpose of 
these two studies is to show that the transition model functions correctly in a real 
industrial case and at the very least gives qualitatively reasonable results.  The first test 
case is a GE Low Pressure Turbine Vane.  In particular, the interaction of end-wall and 
vane boundary layers and the impact on the predicted transition location were of interest.   
 
The convergence history for the fully turbulent and transitional computations is shown in 
Figure 6.17.  There is some additional effort required for the transitional computation 
because the laminar boundary layers must first be resolved before the turbulent boundary 
layer starts to develop downstream of transition.  However, overall the convergence with 
the transition model is very good. 
 
Figure 6.18 shows wall-shear stress contours on the suction side of the vane and skin 
friction coefficients at various radial locations.  It should be noted that the scales for the 
wall-shear stress contour plot and skin friction have been removed due to the sensitive 
nature of this geometry.  The wall-shear contour plot (Figure  6.18b) indicates that away 
from the end-walls the suction side flow is laminar up to about 70% chord, where it 
transitions right before the laminar separation point.  On the pressure side the flow was 
completely laminar.  Figure 6.18c shows the friction coefficient at 50% span.  For 
comparison, the friction coefficient from a fully turbulent computation is plotted as well.   
  

 

 
 

Figure 6.17 Convergence history for a low-pressure stator vane for a fully turbulent 
(top) and transitional (bottom) computation. 
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Figure 6.18 Predicted wall-shear contours and skin friction (Cf) for the GE  
Low-Pressure stator guide vane. 
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Figure 6.18a shows the effect of the end-wall boundary layer on the predicted transition 
location.  Skin friction coefficients are plotted for 95%, 97% and 99% span.  With 
increasing span, the vane boundary layer interacts more strongly with the fully turbulent 
end-wall boundary layer.  As a result, the transition model sees higher levels of local 
turbulence intensity outside the vane boundary layer and transition is triggered further 
upstream.   
 
6.3.4 Transonic Fan 
 
The last test case in this chapter is a transonic fan for a gas turbine jet engine.  The grid 
consisted of 6 million nodes and the geometry along with the surface grid on the fan 
blade is shown in Figure 6.19.  For most typical engines at flight Reynolds numbers 
transition on the fan is usually not considered to be a significant issue.  However, for 
small engines at high altitudes or wind tunnel tests at lower than flight Reynolds numbers 
transitional effects can become significant.  If the Reynolds numbers are low enough a 
significant amount of laminar separation can occur resulting in blade flutter or even 
stall/surge.   As well, a unique issue for the fan blades in an engine is that there are no 
upstream blade rows to generate freestream turbulence intensities at bypass transition 
levels.  As a result, it is not unreasonable to expect a certain amount of natural transition 
and hence a significant amount of laminar flow on the blade surface.  This case is an  

 
 
Figure 6.19 Pressure side view of the grid used to compute the Transonic Fan case. 
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industrial geometry and as a result there is no experimental data available for comparison  
in the public domain.  The goal of the present test case is to investigate the effect of 
Reynolds number on the fan aerodynamics and to compare the results obtained for fully 
turbulent and transitional solutions.    
 
In the present case the fan blade was run at Reynolds numbers of 1.6, 1.0 and 0.5 million 
which roughly corresponds to engine flight Reynolds numbers at altitudes of 0, 20 000 
and 40 000 ft respectively.  The wall shear and predicted surface streamlines on the 
pressure side for both fully turbulent and transitional computations are shown in Figure 
6.20.  For the fully turbulent cases there is no significant difference in the solutions as the 
Reynolds number is reduced.  For the transitional case at a Reynolds number of 1.6 
million transition occurs at about 60% chord.  As the Reynolds number is reduced the 
transition location moves downstream until at a Reynolds number of 0.5 million the 
pressure side is completely laminar.    
 
The wall shear and predicted surface streamlines on the suction side of both the fully 
turbulent and transitional computations are shown in Figure 6.21.  At the lower 50% span 
near the hub there is a leading edge separation in all cases.  Consequently, for the 
transitional cases the flow is tripped near the leading edge and thus the turbulent and 
transitional solutions are virtually identical in the lower 50 percent span of the blade.  At 
the outer 50 percent span near the casing there is a strong shock that forces the boundary 
layer to separate in both the turbulent and transitional cases.  In the transitional cases the 
shock induced separation also acts like a trip and thus the flow is laminar upstream of the 
shock and turbulent downstream of the shock.  This can be seen in the surface values of 
intermittency shown in Figure 6.22.  What is unique for this case is that the leading edge 
and shock induced separations are essentially fixed in location due to the geometry and 
are relatively insensitive to the change in Reynolds number.  As a result, the suction side 
transition locations are very similar at the different Reynolds numbers.  The increased 
amount of separation at the lower Reynolds numbers is mainly due to Reynolds number 
effects on the turbulent boundary layers rather than due to transitional effects.      
 
The predicted loss coefficients as a function of Reynolds number for the turbulent and 
transitional solutions are shown in Figure 6.23.  As expected, the loss coefficients are 
larger at the lower Reynolds numbers due to the increased viscous losses.  What was 
surprising was that at the lower Reynolds numbers the transitional loss coefficient was 
smaller than the fully turbulent one.   One potential explanation could be that the laminar 
boundary layer on the pressure side of the transitional solution reduced the viscous losses 
compared to the fully turbulent solution.  Since the turbulent and transitional cases had 
similar separation points on the suction side, the reduced pressure side losses could  
explain the differences in loss coefficients at the lower Reynolds numbers.     
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Figure 6.20 Comparison of full turbulent (left) and transitional (right) wall shear and 

surface streamlines on the pressure side of the Fan blade for Reynolds 
number of 1.6 (top), 1.0 (middle) and 0.5 (bottom) million. 
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Figure 6.21 Comparison of full turbulent (left) and transitional (right) wall shear and 

surface streamlines on the suction side of the Fan blade for Reynolds 
number of 1.6 (top), 1.0 (middle) and 0.5 (bottom) million. 
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Figure 6.22 Comparison of pressure side (left) and suction side (right) surface 

intermittency and surface streamlines for the Fan blade at Reynolds 
numbers of 1.6 (top), 1.0 (middle) and 0.5 (bottom) million. 
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Figure 6.23 Loss Coefficient as a function of Reynolds number for the fully turbulent 

and transitional fan blade solutions. 
 
 
 
This concludes the chapter on the 3-D test cases for the transition model.  Unfortunately 
there is not nearly as much experimental data available that can be used to validate the 
model for the 3-D test cases as was available for the 2-D cases.  There is clearly a need 
for more experimental data on 3-D transition that is openly accessible.  The flow 
visualization for the DLR-F5 and RGW cases was obviously very useful in this regard.  
With respect to these two cases, very good agreement with the available experimental 
data was obtained.  As well, the NREL wind turbine transitional results were also in 
relatively good agreement with the experimental measurements.  Transitional effects on 
the wind turbine appear to explain why the torque output was over predicted by the fully 
turbulent simulations.  Finally, experimental data for the Eurocopter airframe, GE low-
pressure turbine vane and the transonic fan blade was not available.  Consequently, it was 
not possible to perform a detailed validation with experimental measurements.  
Nevertheless, the transition model predictions for all three cases appeared to be 
reasonable.   
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Chapter 7  
Conclusions and Recommendations 

 

 
 

 

In this thesis a new correlation based laminar-turbulent transition model has been 
developed, which is built strictly on local variables.  As a result, the transition model is 
compatible with modern CFD techniques such as unstructured grids and massive parallel 
execution.  The model is based on two transport equations, one for intermittency  (i.e. the 
fraction of time the flow is turbulent) and one for  a transition onset criterion in terms of 
momentum thickness Reynolds number. The proposed transport equations do not attempt 
to model the physics of the transition process (unlike e.g. turbulence models), but form a 
framework for the implementation of transition correlations into general-purpose CFD 
codes.     
 
The major new idea behind the transition model was to use van Driest and Blumer’s 
(1963) concept of the vorticity Reynolds number to control the source terms in an 
intermittency equation.  Since the vorticity Reynolds number is a local parameter it 
avoids the need to integrate boundary layer quantities such as momentum thickness 
Reynolds number in order to determine the onset location of transition and hence where 
the intermittency production terms should be active.  In addition, a new transport 
equation for the transition momentum thickness Reynolds number ( tθRe ) has been 
developed.  This transport equation eliminates the need for a search algorithm in order to 
find the local freestream conditions for the empirical correlation.  The tθRe  transport 
equation therefore allows for completely automatic predictions of transition while still 
using a correlation based approach.  All that is required of the user is the correct inlet 
values for turbulence intensity and viscosity ratio.  These two new ideas have eliminated 
the non-local operations required to apply empirical correlations for transition onset.  
Consequently, empirical correlations can now be used  to predict transition on 
unstructured and parallelized Navier-Stokes codes.  At present, the transition model has 
been developed for predicting transition under the influence of freestream turbulence 
intensity, pressure gradients and flow separation.  The model has been calibrated 
empirically for use with the Menter (1994) SST model, which is a popular and robust 
two-equation turbulence model.   
 
The transition model has been validated against a large number of diverse and 
challenging test cases.  An incremental approach was used to validate the model, first on 
flat plates, then 2D airfoils/turbine blades and finally on to progressively more 
complicated test cases such as a 3D transonic wing, a low-aspect ratio compressor and a 
full wind turbine.  In general good agreement with the available experimental data was 
observed.  For the 2D airfoils the accuracy of the present model appears to be comparable 
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with the well-known eN method (at least as it has been implemented in the X-foil panel 
method code of Drela, 1995).  This in itself is a significant achievement because it should 
now be possible to predict, with relatively good accuracy, the 2D lift/drag coefficients of 
an airfoil at moderate Reynolds numbers using a Navier-Stokes code without any manual 
specification of the transition locations.  As well, the transition model is not limited to 2D 
flows and as a result can easily be used to predict transition in 3D flows (as was 
demonstrated for the DLR-F5 wing and the NREL wind turbine).  Another significant 
advantage of the present model is that it has been shown consistently to be very good at 
predicting separation induced transition.  This is particularly important for predicting 
transition in turbomachinery flows where the Reynolds numbers tend to be lower (and 
hence laminar separation more likely) than for the aeronautical cases.  In fact, for a 
significant number of the turbomachinery test cases examined in this thesis, separation 
induced transition was the dominant transition mechanism.  For the turbomachinery cases 
where bypass transition was present, the model was usually able to predict the transition 
location within about 5 percent chord of the experimental measurements.   
   
One significant drawback of the new transition model is that it is not Galilean invariant.  
This is because the empirical correlations require the velocity in order to determine the 
turbulence intensity.  For stationary or rotating reference frames this is not a problem as 
long as the relative velocity is used to compute the freestream turbulence intensity.  
However, when moving walls (i.e. sliding walls, deforming walls or walls rotating at a 
different speed compared to the rotating reference frame, e.g. the casing compared to a 
blade tip) are present then the freestream velocity relative to the wall will be in error.  
Galilean invariance is an important criteria for general turbulence models and any future 
work should therefore focus on improving this aspect of the model.   
 
Another important area of transition that has not been addressed in great detail in this 
thesis is relaminarization.  This phenomena is generally believed to occur when the 
acceleration parameter (K) exceeds 3×10-6 (Mayle, 1991).  Such accelerations are 
common on the  pressure side of most high-pressure turbines.  Due to time constraints 
only a limited attempt has been made to test the transition model for relaminarization.  
Future attempts to validate the new transition model should therefore include an 
investigation into how accurately the model predicts this phenomenon.  At present, this is 
not thought to be a major limitation in the present model, as the initial results were 
encouraging and many different low-Reynolds number turbulence models have been 
shown to be quite capable of predicting relaminarization without any additional 
modification.     
 
A very interesting area for future development would be to extend the present model for 
predicting transition due to crossflow and roughness effects.  On swept wings the 
dominant transition mechanism is actually crossflow induced transition, not natural 
transition.  There exists a large body of work on crossflow transition and in principle, it 
should not be too difficult to extend the present empirical correlations for transition onset 
in order to account for the crossflow instability mechanism.  As well, in-service gas 
turbine engines often have a significant amount of roughness, which increases with the 
service life.   Roughness effects are thought to be quite significant in the high-pressure 
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turbine due to the impingement of the combustion products from the upstream 
combustion chamber.  In principle, it should be relatively easy to include the effect of 
roughness into the empirical correlations for transition onset.   
 
Finally, there is always a need to continue to validate the present transition model on 
additional test cases.  The main limitation of the transition model right now is thought to 
be the accuracy of the empirical correlations.  As more and more experimental data 
becomes available which can be used to calibrate the empirical correlations, the model 
accuracy should improve further.  This is one of the main strengths of the present 
approach.  With this in mind, DNS results are becoming more and more important as 
numerical test cases for transition because they eliminate a lot of the uncertainty that is 
present in the experimental transition results.  For example, the effect of the freestream 
turbulent length scale on the transition onset location is completely ignored in the present 
empirical correlations (primarily because it is rarely measured in the experiments) and 
this effect is thought to be the largest source of error in the present results.  A DNS study 
that quantifies the effect of freestream length scale on the transition location would go a 
long way towards reducing some of the uncertainty in the present empirical correlations.    
 
To conclude, the current formulation would appear to be a significant step forward in 
engineering transition modelling, as it allows the combination of transition correlations 
with general purpose CFD codes.  The present model formulation is very likely a starting 
point for the inclusion of numerous additional effects and flow regimes such as 
roughness, freestream turbulent length scale, streamline curvature, cross-flow transition 
and Mach number effects.  There is a strong potential that the model will allow the 1st 
order effects of transition to be included in everyday industrial CFD simulations.   
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This section is intended to provide new users of the transition model with some basic 
guidelines for using the transition model successfully.  These best practice guidelines are 
based primarily on the experience gained largely over the development phase of the 
transition model. 
 

1.0 Estimating when the Transition Model Should be Used 
 
Because the transition model requires the solution of two extra transport equations there 
are additional CPU costs associated with using it.  A rough estimate is that for the same 
grid the transition model solution requires approximately 18 percent additional CPU time 
compared to a fully turbulent solution.  As well, the transition model requires somewhat 
finer grids than are typically used for routine design purposes.  This is because the max 
grid y+ must be approximately equal to one (i.e. wall-function grids cannot be used 
because they cannot properly resolve the laminar boundary layer) and sufficient grid 
points in the streamwise direction are needed to resolve the transitional region.  For this 
reason it is important to be able to estimate when the additional cost of using the 
transition model in terms of CPU and grid generation time is justified.  The relative 
percentage of laminar flow on a device can be estimated using the following formula, 
which is based on the Mayle (1991) empirical correlation for transition onset.   

 
Where Rext is the transition Reynolds number, Rex is the device Reynolds number, LDevice 
is the length of the device, V is a representative velocity, and Tu is the freestream 
turbulence intensity, which can be calculated as follows. 
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V
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where k is the turbulent kinetic energy.  The fraction of laminar flow for some 
representative devices is shown in Table A.1.  Clearly, there are many cases where the 
assumption of fully turbulent flow is not correct and a significant amount of laminar flow 
could be present.   
 
It should be noted the above estimate does not account for the effect of pressure gradient, 
which can have a significant effect on the transition location, particularly if it results in a 
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laminar separation.  In addition, the importance of the transition is not simply related to 
the length of the turbulent region. A tiny separation bubble close to the leading edge 
which reattaches can have a large effect on the performance as shown by Tain and 
Cumpsty (2000).  This is because the size of a leading edge laminar separation bubble 
can have a dramatic effect on the downstream boundary layer thickness and hence the 
likely hood of the boundary layer separating, even if it has already transitioned to fully 
turbulent flow.  This in turn can have a profound effect on the predicted losses or drag.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table A.1  Fraction of laminar flow for a variety of different devices. 
 

2.0 Grid Requirements 
 
The effect of increasing and decreasing y+ for the T3A flat plate test case is shown in 
Figures A.1 and A.2.  For y+ values between 0.001 and 1 there is almost no effect on the 
solution.  Once the maximum y+ increases above 8 the transition onset location begins to 
move upstream.  At a maximum y+ of 25 the boundary layer is almost completely 
turbulent.  For  y+ values below 0.001 the transition location appears to move 
downstream.  This is presumably caused by the large surface value of omega, which 
scales with the first grid point height.  Additional simulations on the Zierke compressor 
[23] have indicated that at very small y+ values the SST blending functions switch to k-e 
in the boundary layer.  For these reasons very small (below 0.001) y+ values should be 
avoided.   This is not a major concern because such small values would lead to grids that 
would be far too large to be practical  for engineering purposes and below a value of 1 the 
is no significant improvement in the accuracy. 
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Figure A.1 Effect of increasing y+ for the flat plate T3A test case. 
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Figure A.2  Effect of decreasing y+ for the flat plate T3A test case. 
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The effect of wall normal expansion ratio from a y+ value of 1 is shown in Figure A.3.  
For expansion factors of 1.05 and 1.1 there is no effect on the solution.  For larger 
expansion factors of 1.2 and 1.4 there is a small but noticeable upstream shift in the 
transition location.   
 

 

Figure A.3  Effect of wall normal expansion ratio for the flat plate T3A test case. 

 
The effect of streamwise grid refinement is shown in Figure A.4.  Surprisingly the model 
does not show a strong sensitivity to the number of streamwise nodes.  The solution 
differed significantly from the grid independent one only for the case of 25 streamwise 
nodes where there was only one cell in the transitional region.  Nevertheless the grid 
independent solution appears to occur when there is approximately 75 – 100 streamwise 
grid points from the leading edge to the trailing edge (i.e. one chord length).   As well, 
separation induced transition occurs over a very short length and for cases where this is 
important a fine grid is necessary.  Note that the high-resolution  second order bounded 
discritization scheme has been used for all equations including the turbulent and 
transition equations and this is the recommended default setting for transitional 
computations.  In CFX when the transition model is active and the high-resolution 
scheme is selected for the hydrodynamic equations the default advection scheme for the 
turbulence and transition equations is automatically set to high resolution.   
 
One point to note is that for sharp leading edges often transition can occur at the leading 
edge due to a small leading edge separation bubble.   If the grid is too course, the rapid 
transition caused  by the separation bubble is not captured.  A good example of this is the 
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Figure A.4  Effect of streamwise grid density for the flat plate T3A test case. 
 
Zierke compressor.  Contours of velocity (top) and turbulence intensity (Tu, bottom) for 
the Zierke compressor are shown in Figure A.5.  On the suction side transition occurs at 
the leading edge due to a small leading edge separation bubble.  On the pressure side 
transition occurs at about mid-chord.    The effect of stream-wise grid resolution on 
resolving the leading edge laminar separation and subsequent transition on the suction 
side is shown in Figure A.6.  Clearly, if there are not a large enough number of 
streamwise nodes, the model cannot resolve the rapid transition and a laminar boundary 
layer on the suction side is the result. 
 
Based on the grid sensitivity study the recommended best practice mesh guidelines are a 
max y+ of 1, a wall normal expansion ratio of 1.1 and about 75 – 100 grid nodes in the 
streamwise direction.  Note that if separation induced transition is present additional grid 
points in the streamwise direction are most likely needed.  For a typical 2-D blade 
assuming an H-O-H type grid the above guide lines result in an inlet H-grid of 15x30, an 
O-grid around the blade of 200x80 and an outlet H-grid of 100x140 for a total of 
approximately 30 000 nodes (note that CFX-5 is not a 2D code, thus this estimate jumps 
to 60 000 for a one cell, 2 node thick grid), which has been found to be grid independent 
for most turbomachinery cases.  It should also be noted that for the surfaces in the out of 
plane z-direction symmetry planes should always be used, not slip walls.  The use of slip 
walls has been found to result in an incorrect calculation of the wall distance, which is 
critical for calculating the transition onset location accurately.   Another point to note is 
that all the validation cases for the transition model have been performed on hexahedral 
meshes.  At this point the accuracy of the transition model on tetrahedral meshes has not 
been investigated.  
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Figure A.5  Contours of velocity (top) and turbulence intensity (Tu, bottom) for the   
Zierke compressor. 
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Figure A.6  Effect of stream-wise grid resolution (coarse grid, top), (fine grid, bottom), 
for resolving transition due to a leading edge separation bubble for the Zierke  
compressor. 
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3.0 Specifying Inlet Turbulence Levels 
 
It has been observed that the turbulence intensity specified at an inlet can decay quit 
rapidly depending on the inlet viscosity ratio (µt/µ ) (and hence turbulence eddy 
frequency).  As a result, the local turbulence intensity downstream of the inlet can be 
much smaller than the inlet value (see Figure A.7). Typically, the larger the inlet 
viscosity ratio the smaller the turbulent decay rate.  However, if too large a viscosity ratio 
is specified (i.e. >100) the skin friction can deviate significantly from the laminar value.  
There is experimental evidence that suggests that this effect occurs physically, however 
at this point it is not clear how accurately the transition model reproduces this behavior.  
For this reason, if possible it is desirable to have a relatively low (i.e. ≈ 1 - 10) inlet 
viscosity ratio and to estimate the inlet value of turbulence intensity such that at the 
leading edge of the blade/airfoil the turbulence intensity has decayed to the desired value.  
 
The decay of turbulent kinetic energy can be calculated with the following analytical 
solution. 

( ) β
β

βω
*

1 −⋅⋅+⋅= tkk inletinlet           A.1 
 
For the SST turbulence model in the freestream the constants are:  
 

β=0.09    β*=0.0828 
 
The time scale can be determined as follows: 
 

V
xt =  

 
where x is the streamwise distance downstream of the inlet and V is the mean convective 
velocity.  The eddy viscosity is defined as: 
 

ω
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The decay of turbulent kinetic energy equation can be rewritten in terms of inlet 
turbulence intensity (Tuinlet) and eddy viscosity ratio (µt/µ ) be substituting those relations 
into Equation A.1 as follows: 
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Figure A.7 Decay of turbulence intensity (Tu) as a function of streamwise distance (x). 

 
4.0 Summary 
 
This appendix has summarized the key issues required to successfully apply the new 
transition model.  Proper grid refinement and specification of inlet turbulence levels is 
crucial for accurate transition prediction.  In general there is some additional effort 
required during the grid generation phase because a low-Re grid with sufficient 
streamwise resolution is needed to accurately resolve the transition region.  As well, in 
regions where laminar separation occurs, additional grid refinement is necessary in order 
to properly capture the rapid transition due to the separation bubble.  Finally, the decay of 
turbulence from the inlet to the leading edge of the device should always be estimated 
before running a solution as this can have a large effect on the predicted transition 
location. 
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