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ABSTRACT 

This paper presents an optimization method to improve the efficiency of a high pressure 

turbine by constructing non-axisymmetric endwalls on the hub and the shroud of the stator of 

a high pressure turbine.  

The numerical investigation was conducted through commercial tool FineTM/Turbo. The 

optimization was quantified by using optimization algorithms based on the pseudo-objective 

function. The objective was to increase total-to-total efficiency with the constraint on the mass 

flow rate equal to the design point value. In order to ensure that global optimum had been 

achieved, the function of parameters was first approximated through the artificial neural 

network, and then optimum was achieved by implementing the genetic algorithm. It was 

adopted through the design and optimization environment of FineTM/Design3D.  The endwall 

of the hub and the endwall of the shroud of the stator were optimized together. The result of the 

investigation showed that the optimized shape of the endwalls can significantly help to reduce 

the transverse pressure gradient. The total pressure loss coefficient and spanwise mass averaged 

entropy were reduced. The design of the optimized turbine under steady simulations was 

confirmed through unsteady simulations.   
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NOMENCLATURE 

xC   Axial Chord 

F   Objective Function 

m   Mass Flow rate 
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Pressure 
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V
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Velocity
 

w   Weight Factor 
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   Turbine Pressure Ratio
0 2t tP P  

   The ratio of Specific Heats 

   
Density 

   
Penalty term

 
 

ABBREVIATIONS 

ANN Artificial Neural Network 

CFD Computational Fluid Dynamics 

DEW Datum Endwall 

GA  Genetic Algorithm 

NEW Non-Axisymmetric Endwall 

RANS Reynolds-Average Navier-Stokes 

URANS Unsteady Reynolds-Average Navier-Stokes 

 

SUBSCRIPTS 

0  Stator Inlet 

1  Stator/Rotor Interface 

2  Rotor Exit 

imp  Imposed value 

ref  Reference value 

t   Total 

INTRODUCTION 

The total losses in axial flow turbines are classified as (a) profile losses (b) secondary or endwall 

losses (c) tip leakage losses (Dunham, 1970). The secondary losses are commonly mitigated in the 

axial flow turbines in the design process in order to enhance their performances. These losses 

contribute to 30~40 percent of the total aerodynamic losses in an axial flow turbine (Denton, 1993). 

These losses are generated by dissipation in the hub and shroud boundary layers as the non-uniform 

inlet flow turns through the blade rows. Non-axisymmetric endwall profiling is the passive control 

technique to mitigate secondary flows which was first successfully introduced (Rose, 1994) to reduce 

the non-uniformity in static pressure at the trailing edge. The other methods include, boundary layer 

blowing, blade lean and bow (Harrison, 1992), variable radius fillet (Hawes, Williams, Ingram, 2015) 

and two-dimensional axisymmetric endwall contouring (Dossena, Perdichizzi, Savini, 1999). 

Dossena also tested the numerically generated radial profile through experiments, showing a 

significant performance improvement as compared to the one-dimensional casing of turbine nozzle 

guide vane. 

The aim of the scheme of non-axisymmetric endwall suggested by Rose was to reduce the coolant 

leakage, later it was transported to Durham linear cascade to reduce the secondary flow. It was shown 

that the change in endwall pressure was linked to the endwall curvature, but the profiling produced 

no significant change in secondary flow (Hartland, Gregory-Smith, Rose, 1998). The Durham cascade 

was then profiled with the new linear design tool. The CFD results made the prediction that the 

optimized endwall reduced the secondary flows, and in particular, the gas angle deviation at the exit, 

but an overall loss reduction was less than expected (Harvey et al., 2000). Based on this research at 

Durham University, significant potential for reducing the secondary losses encouraged the redesign 

of HP turbine of the Rolls-Royce Trent 500 HP engine. The perturbations at the endwall were 

achieved by using 0th and 1st order harmonics into the existing design. The total improvement in the 

stage efficiency was +0.4% (Brennan et al., 2001). IP turbine of the same engine was later redesigned 

and tested together with HP turbine. The cumulative improvement in the efficiency was enhanced up 

to 0.9% at design conditions (Harvey et al., 2002). In some other cases of controlling the secondary 

flows through the endwall contouring, it was observed that the total pressure loss might be reduced 
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but the improvement in the efficiency was not conclusive because it was not improved in the shroud 

region (Poehler et al., 2010). In another study, Poehler et.al optimized the endwall profiles of the first 

stage of a 1 1 2  stage turbine through the combination of endwall contouring and bowing. The new 

designs of the endwalls showed an increase in overall losses, but the decreased incidence angles 

reduced the blade loading which resulted in favorable advantages for the rotor (Poehler et al., 2014). 

Tang et.al used the optimization platform of IsightTM based on B-splines geometry manipulator to 

parameterize the endwall. The efficiency was increased by 0.4% based on steady calculations (Tang 

et al., 2014). The modified EGO algorithm was proposed for the optimization of a low aspect ratio 

blade. The total pressure coefficient of the optimal solution was 0.49% higher than the datum design 

(Li et al., 2017). Kim at al. (2016) used the kriging model for approximation coupled with genetic 

algorithm for the stator endwalls of a HP transonic turbine. The optimized solutions of individual 

cases of the hub, the shroud, and the combination resulted in an increase in the efficiency by 0.13%, 

0.40%, and 0.39%, respectively. The mass flow rate was set within the constrained limit of 1.0% of 

the original design. The mass flow rate was increased for the combined optimization case, therefore 

they argued that this improvement in efficiency might not be effective. In our previous study, the 

stator of a typical HP turbine was optimized in two steps. Firstly, the hub was set for NEW 

optimization and the optimum geometry was selected. Secondly, the shroud was optimized by 

selecting the optimum of the first step as a reference design. The mass flow rate was maintained 

within 0.5% of the design value (Rehman, Liu, Na, Cheng, 2018). 

This paper presents the combined optimization of the stator hub and the shroud of the high 

pressure turbine to improve the isentropic efficiency with the constraint on the mass flow rate equal 

to the datum design value. The 3D steady RANS were solved to analyze the flow field before and 

after the optimization. The influence of NEW endwalls on the pressure loss coefficients, the entropy, 

and the performance was examined. The design of steady simulations was confirmed through 

unsteady simulations.  

The meridional path and turbine view of the aerodynamic version of the single stage high pressure 

axial turbine is shown in Fig.1 and Fig.2 respectively.  

 
  Figure 1: Meridional Path   Figure 2: Turbine View 

The thermodynamic characteristics are summarized in the following Table. 

    Table 1: Characteristics of the Turbine 

RPM π Stage Loading Ω AR (mean) 

12863 0.52 1.568 0.3456 1.32 

M1/M2 Reynolds No. Blade Count (S/R) Tip Clearance (mm) Mean Dia (mm) 

0.79/0.66 5.78 x 105 31/62 0.4 320 

NUMERICAL METHODOLOGY 

The turbine flow was investigated numerically by 3D steady compressible RANS. An explicit 

multi-stage Runge-Kutta time-marching scheme was implemented by using the commercial code of 

FINE™/Turbo solver. The SST k   was selected as a turbulence model. Generally, the SST k   
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follows the behavior of k   model in the region of walls and that of k  model away from the 

walls. The aim of the study was to optimize the stator through NEW but the rotor was present in the 

computation domain. The inlet was placed upstream 84% of the axial chord of the stator. The interface 

was placed downstream 18% of the axial chord of the stator and upstream 26% of the axial chord of 

the rotor. The outlet was located downstream 66% of the axial chord of the rotor. 

At an inlet boundary condition, constant values of the total pressure of 1148.1 KPa and total 

temperature of 1520 K were applied. The direction of flow was set being axial in the meridional path. 

The average static pressure of 579.5 KPa was placed at the outlet. The convective fluxes of mass, 

momentum, and energy through the stator/rotor interface were ensured to be globally conserved 

through the mixing-plane method by exchanging circumferentially averaged flow quantities. 

Grid Structure 

The mesh used was generated by multi-grid optimization in AutoGrid5 with default 04H topology. 

The number of radial nodes was chosen to be 85 with the refinement of grids at the wall. The skin 

block around the blade was given the O-topology as distinguished by the red color in Fig. 3. The H-

topology was used for the other four blocks of the inlet, outlet, upper and lower. The tip clearance 

(without geometry portion) of the rotor was accounted for by adding butterfly topology. The butterfly 

radial number of points were 21 to enhance the grid characteristics. 

           
Figure 3: Grid Topology 

The average value of the non-dimensional parameter y  was kept less than 2 for all computations 

throughout this study which was in accordance with the selected turbulence model. 

Grid Independence 

The effect of the discretization on the CFD predictions was investigated through the grid 

independence study.  

     
      (a)             (b)    (c) 

Figure 4: Grid Independence 

A mesh convergence study was carried out using the generalized approach (Roach, 1994). In this 

study, 8 combined meshes of the stator and rotor were generated ranging from a coarse mesh of 0.5 

M to a fine mesh of 4 M nodes as shown in Fig. 4. The isentropic efficiency and mass flow rate were 

obvious criteria for the choice of mesh density. Each CFD run of the grid independence study was 

conducted by using an almost equal number of cells of the stator and the rotor. Upon the comparison 
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of the graphs in Figure 4 (a) and (b), a grid size of 3 M was chosen. Furthermore, 4 meshes were also 

generated ranging from 1 M to 4 M nodes to study the effect of different discretization at off-design 

conditions as shown in Fig. 4 (c). For this purpose, the outlet static pressure was changed from 300 

KPa to 900 KPa. For the design boundary conditions, acceptable convergence for all the residuals 

was set at 10-6 for all the CFD calculations during grid independence, sample generation, and 

optimization. The computation cost of one steady simulation was approximately 90 minutes on 8 core 

machine of 2.6 GHz speed. 

DESIGN OPTIMIZATION SYSTEM 

The optimization of the endwalls was achieved by choosing the optimization framework of 

FINETM/Design3D. The potential of non-axisymmetric endwall was investigated for this particular 

test case and the improvement in the performance was analyzed. The optimization problems in 

turbomachinery design involve a large set of parameters and constraints. They can be solved either 

by stochastic models or gradient models. The convergence of the gradient methods is less time 

consuming but do not guarantee to produce global optimum. Therefore, GA was used to find the 

global optimum, (Goldberg, 1994). The coupling of GA with 3D RANS was done through ANN. The 

evaluation of successive design was performed using ANN rather than flow solver. This permits the 

GA to be used in an effective manner (Pierret et al, 2000). 

Optimization Flowchart 

Every step of the optimization process is depicted in Fig.5. The flowchart starts with the DEW. The 

stator was parameterized in AutoBladeTM, and active control points were assigned to the endwalls as 

shown in Fig. 7 and Fig. 8. A sufficient number of initial samples (19 times the design variables) were 

randomly generated according to the realistic bounds assigned to the active control points. 3D RANS 

were solved for each of the design examples stored in a database. The relationship between the 

objective function and the design database samples was established through the artificial neural 

network. ANN are non-linear surrogate models that lead to the best reproduction of the examples 

contained in the database. The input layer (geometrical parameters) of the neural network connects 

the output layer (performance parameters) through two hidden layers. Each layer consists of many 

nodes having a weight factor of different intensity. The nodes perform the summation of weights for 

the input layer. The result is processed through a sigmoid transfer function. The result is propagated 

through the next layer up to the output layer (Demeulenaere, 2005).  

    
 Figure 5: Optimization Flowchart        Figure 6: Design Convergence 

ANN was supposed to predict the approximate relationship between the active control points and 

performance. The optimum was found based on this relationship by using the optimization technique 

formed by GA. The result of each design iteration was determined by solving 3D steady RANS. The 
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result of each iteration was checked and expected to be in accordance with the criterion of the 

minimization of the objective function. If not, then the performance database sample was added to 

the initial database. This way the database grew until the global optimized result was obtained.  

Fig. 6 presents the history of ANN predictions throughout the optimization for the objective function. 

ANN prediction error was reduced and stabilized after 15 iterations. The selected design was achieved 

after 106 iterations. 

Endwall Parameterization Method 

The hub and the shroud endwalls were parameterized by building 5 cuts along the blade pitch. 

These cuts were equally spaced dividing the blade passage into four parts as shown in Fig. 7. The 

parametric area was kept fixed between leading and trailing edges. Every cut was subjected to the 

perturbation law of Bezier curves by 10 points. They were equally spaced between the leading and 

trailing edges of the stator along the virtual streamlines as shown in Fig. 8. In order to guaranty 

geometrical and slope continuity, the points P1 & P2, and P9 & P10 were frozen, therefore 6 points for 

every cut were free. The total number of active control points were 2x24. The variation range for 

every point was ±6 mm in the radial direction with respect to datum endwall. This range was 15% of 

the span size of the stator. 

     
 Figure 7: Control Points                       Figure 8: Perturbation Law 

The Objective Function 

The objective of the design optimization was to maximize the total to total efficiency but keeping the 

mass flow rate being the same to ensure the throat area to be constant pre and post optimization. 

Minimization of the objective function was the target of the optimization algorithm. This was 

achieved by the introduction of penalty terms for converting constrained minimization problem into 

an unconstrained problem. The penalty terms were supposed to be increasing when violating the 

constraints. The pseudo-objective function (Demeulenaere, 2005) was defined by summing up all the 

penalty terms as: 

m mF w w     （1）

The penalty term was specified by: 
2

imp

ref

V V

V
 

 
 
 
 


 （2）

      Where w was a weight factor associated with each penalty to define its influence. Vimp and V 

referred to the values of the imposed and computed quantities respectively. The difference between 

Vimp and V  is divided by Vref so that all the terms have a similar order of magnitude. Vref makes the 

penalty term dimensionless and is equal to Vimp. Different weight factors lead to different optimum 

configurations. The best of all the optimums was found with the combination of imposed values of 

efficiency, mass flow and weighting factors as shown in Tab. 2. i iw F is the percentage of weight 

factor w. 

 

Cx

z

θ

P1

P2

Pm

. . .

Cut1 CutnCut2 . . .

Inlet

Outlet

z

h

P1 P2 Pm

Inlet Outlet
0

z1 z2 z3 zm

P3

…

LE TE



7 

 

    Table 2: Setting of Objective Function 

 
NEW (Combined) 

   ( / )m kg s  

impV  1 21.288 

w  108 209 

i iw F  89.99 % 10.01% 

RESULTS 

This section will cover the overview of the results of the NEW. The improvement in efficiency as 

compared to the DEW will be elucidated in the following sections. 

Optimum Endwall Profiles 

Fig. 9 presents the configuration of the optimal solution. For the hub, positive value meant that 

the endwall was modified to increase the radius (+ convex) and negative value meant to decrease the 

radius (- concave). Near the pressure surface of the hub endwall, the deformation helped to accelerate 

the flow while near the suction surface the deformation decelerated the flow from the leading edge to 

the approximate throat line. After the throat near the suction surface, the flow was accelerated slightly 

as shown in Fig. 9 (a).   

   
(a) Height Distribution at Hub   (b) Height Distribution at Shroud 

Figure 9: NEW Modifications 

For the shroud, positive value meant that the endwall was modified to increase the radius (+ concave) 

and negative value meant to decrease the radius (- convex). The positive deformation decelerated the 

flow and negative deformation accelerated the flow as shown in Fig. 9 (b). The combinations of +ve 

and –ve deformation helped to preserve the throat area. 

Optimization Results (Steady State) 

All the obtained results are summarized in Tab. 3. The comparison of the DEW and parametric model 

depicted that the parametric model was a very good replica of the original geometry. The overall 

improvement in efficiency was 0.14% as compared to the original DEW. The decrease in mass flow 

rate pre and post-optimization was negligible.  

    Table 3: Summary of Calculated Results 

 DEW Parametric NEW (Combined) 

 (%)  91.426 91.441 91.551 [+0.14%] 

 ( / )m kg s  21.289 21.289 21.27 [-0.09%] 

  1.919 1.919 1.921 [+0.1%] 

  0.3456 0.3456 0.345 - 

Fig. 10 shows the distribution of static pressure of the stator blade surface at 2%, mid and 98% 

span of the datum and non-axisymmetric endwalls. The blade loading had been dominantly decreased 

by the NEW due to the modification of static pressure on the suction surface. Fig 10 (a) and (c) shows 
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that the pressure on the suction surface of the NEW had been increased from 20% to 60% Cx. This 

is because of the deformation of the endwalls as explained by Fig. 9 close to 2% and 98% of span. 

This pointed out that the suction leg of the vortex moved and stayed adjacent to the suction surface. 

The flow also speeded up from 0 to 20% Cx at 98% span. As a result, suction leg dissipated more 

rapidly. The cross pressure gradient reduction was obviously larger at the 98% span than at 2% span. 

It was further deduced that the pressure surface did not feel the presence of NEW due to low 

speed. The distribution of static pressure on the pressure surface was almost the same as that of DEW 

irrespective of the spanwise location. But the static pressure on the suction surface was increased. 

This resulted in the reduction of the cross pressure gradient in the vicinity of the endwall.  

     
  (a) 2% Span   (b) mid Span   (c) 98% Span 

Figure 10: Static Pressure on the Stator 

The pressure on the suction side was dropped after 60~65% Cx because the flow was speeded up 

due to the convex shape of endwall trying to narrow the channel. Consequently, the loading of the 

airfoils became aft-loaded, which was a typical indication of the reduction of secondary losses and 

delaying of the formation of horseshoe vortex. A marginal reduction in the blade loading was noticed 

at mid-span.  

Fig. 11 (a) compares the spanwise distribution of the pitchwise mass-averaged outlet flow angle 

of the stator for DEW and NEW. Close to the hub endwall, the outlet gas angles were decreased, 

probably due to the convex endwall trying to reduce the throat area. From 10% to 80% span, the flow 

angle remained unchanged, but a strong increment in the flow angle was noticed from 80% to onwards 

close to the shroud due to the concave endwall trying to increase of throat area. As a result, the 

combination of under-turning and over-turning of flow angles at the outlet of the stator resulted in 

favorable conditions at the rotor inlet. This could be observed by analyzing flow angles at the outlet 

of the rotor. They were decreased about 4 degrees near the hub but remained almost unchanged for 

the rest of the span as shown in Fig. 11 (b). 

    
   (a) Stator Exit    (b) Rotor Exit    

Figure 11: Mass Averaged Pitchwise Flow Angles 

The entropy contours at the exit of the stator are shown in Fig. 12 (a) and (b). It was seen that the size 

of entropy contours was reduced in the vicinity of the shroud but increased in the hub region. 
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According to Fig. 12 (c) and (d), the entropy values became smaller for NEW as compared to DEW 

at the exit of the rotor. 

   
     (a) DEW Stator Exit     (b) NEW Stator Exit       (c) DEW Rotor Exit          (d) NEW Rotor Exit  

Figure 12: Entropy Contours 

      In order to fully understand this phenomenon, the coefficient of entropy loss as defined by Denton 

(1993) was calculated along the span at the rotor exit. It is evident that the entropy loss coefficient 

was reduced away from the hub endwall regions as shown in Fig. 13. Fig. 14 also indicates the 

behavior of weakening of passage vortex. Beyond 30% blade span, the efficiency was improved and 

aerodynamic losses were reduced. The decrease in the efficiency below 30% span could be correlated 

with the increase in entropy loss coefficient at the exit of the rotor. 

          
          (a) DEW        (b) NEW    Figure 14: Total to Total 

Figure 13: Contours of Entropy Loss Coefficient      Efficiency Distribution  

     

(a) DEW     (b) NEW 

Figure 15: Depiction of Horseshoe Vortex 
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      Fig. 15 represents the limiting streamlines on the blades surface and endwalls. It could be seen 

that the suction side leg was split up and distributed at the hub endwall as shown by yellow arrows. 

The same vanished more quickly at the shroud endwall as shown by the green arrows. Similarly, the 

pressure side leg was propelled by the cross pressure gradient. 

Aerodynamic Performance (Unsteady Study) 

The turbine optimization techniques are still based on steady simulations, and rightly so because 

optimization based on unsteady simulations is computationally very expensive. It is known that the 

performance of the engine and its components is dependent on the unsteady effects. Therefore, Time-

accurate simulations were performed to confirm improved performance.  The unsteady flow field of 

the DEW and NEW were numerically investigated by solving URANS. For the rotor/stator interface 

of an unsteady simulation, the technique of domain scaling was adopted. The results were compared 

to see the effects of the NEW on the unsteady performance of the stage. As the number of rotor blades 

is twice than the number of stator blades, therefore ratio of 2:1 passage was chosen for the rotor and 

stator in the computation. This fulfilled the requirement of the same periodicity with the total grid 

cells of 4.5 M. The grid structure, inlet, and outlet boundary conditions were kept the same as the one 

in the optimization process. To account for the effect of displacement due to the rotation, a number 

of physical time steps of 60 per blade passage were selected. At each time step, the rotor was set at 

its correct position and equations were solved for that particular time step for the whole computation 

domain. Fig. 16 makes the comparison of the efficiency of DEW and NEW in different time steps. 

The patter of fluctuation of efficiency and mass flow rate for NEW was almost the same as for DEW. 

The time-averaged efficiency of the optimized stage was improved by 0.092% as compared to the 

improvement of 0.14% in the steady state. The time-averaged decrease in the mass flow rate was 

0.12% as compared to a reduction of 0.09% in the steady state as shown in Fig. 17. This implied that 

unsteady mixing resulted in a little decrease in efficiency as compared to conservative mixing in the 

steady calculation. Change in the degree of reaction is presented in Fig. 18. The reaction was 

marginally decreased and then increased with respect to datum endwall up to 50% span, both for the 

steady and unsteady simulations. The increase in flow angles at the stator exit near hub was supposed 

to increase the degree of reaction (see Fig. 11a). But this increase in the reaction was compensated by 

the decrease of flow angles at the rotor exit (see Fig. 11b) because the decrease in flow angles at the 

rotor exit would decrease the degree of reaction. Therefore the degree of reaction was not very much 

affected after optimization. The global values of reaction are presented and compared as shown in 

Tab. 3. The result of the spanwise distribution of reaction for unsteady simulation is analogous to the 

steady results. 

               
Figure 16: Efficiency Fluctuation         Figure 17: Mass Flow Fluctuation          Figure 18: Degree of Reaction 

     In order to investigate the variation of the whole rotor passage, Fig. 19 compares the entropy 

contour distribution at two physical time steps. The result showed a decrease in the entropy as 

compared to the DEW. The prominent decrease in the entropy region was highlighted with the red 

circle. 
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         (a) DEW T04    (b) NEW T04        (c) DEW T20               (d) NEW T20 

Figure 19: Entropy Contours Distribution at the Rotor Exit at different Time-Step 

     Similarly, time-averaged entropy contours are shown in Fig. 20. The decrease in the value can be 

noticed at the different locations along the span of the rotor blade. The contours of the time-averaged 

total pressure loss coefficient (TPLC) are shown in Fig. 21. This showed that the value of the 

coefficient was reduced near the hub as compared to DEW. It depicted that the strength of the passage 

vortex had been decreased. The increase in value in the upper part could be attributed to the tip leakage 

vortex. It is evident that the overall loss near the tip region has been overestimated using the total 

pressure loss coefficient.  

             

      
   (a) DEW  (b) NEW  (a) DEW      (b) NEW  

       Figure 20: Time-Averaged Entropy   Figure 21: Time-Averaged TPLC 

  Contours Distribution at the Rotor Exit   at the Rotor Exit 

CONCLUSIONS 

      The aerodynamic optimization design method for non-axisymmetric endwalls of the stator of a 

high pressure turbine was presented in this paper. The endwalls were designed and optimized to 

improve total-to-total efficiency in a steady simulation by setting the objective function during the 

optimization process. The efficiency was improved by 0.14%. The mass flow rate as a constraint was 

achieved in such a manner that it was only decreased by 0.09% by the configuration of the endwall 

profiles. 

      The loading on the blade became typically aft-loaded especially in the hub and shroud region 

close of the endwall, which was favorable for resolving the formation of passage vortex. The 

transverse pressure gradient was narrowed down. The combination of under-turning and over-turning 

of flow angles at the outlet of the stator resulted in favorable conditions at the rotor inlet. The size of 

the entropy contours at the rotor outlet plane was reduced.  

Finally, the unsteady flow behavior of the optimized and datum high pressure turbine was 

examined to verify the influence of non-axisymmetric endwall. It was found that the performance of 

the turbine was not deteriorated during time accurate computations, but the time-averaged 

improvement in the efficiency was reduced to 0.092% as compared to the value of 0.14% obtained in 

steady state computation. The entropy was reduced according to time-accurate and time average 

simulation results. The time-averaged TPLC depicted that the losses have been overestimated near 

blade tip at the exit plane of the rotor. 
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