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ABSTRACT 
Blades of high pressure turbines have a relatively small 

aspect ratio that produce major secondary flow regions close to 
the hub and tip. The secondary flows caused by a system of hub 
and tip vortices induce drag forces resulting in an increase of 
secondary flow losses and thus a reduction of stage efficiency. 
Given the high level of technological maturity and the current 
state of turbine aerodynamic efficiency, major efficiency 
improvement, if any, can be achieved only by significant R&D 
effort. In contrast, moderate increase in aerodynamic efficiency 
is attainable by reducing the effect of parasitic vortices such as 
those mentioned above. Introducing an appropriate non-
axisymmetric endwall contouring reduces the secondary flow 
effect caused by the pressure difference between pressure and 
suction surfaces. Likewise, attaching leading edge fillets 
reduces the strength of horse shoe vortices. While an 
appropriate endwall contouring design requires special care, the 
design of the leading edge fillet is straight forward. In this 
paper we present a physics based method which enables 
researchers and engineers to design endwall contours for any 
arbitrary blade type regardless of the blade loading, degree of 
reaction, stage load and flow coefficients.  A thorough step-by-
step design instruction is followed by its application to the 
second rotor of the three-stage research turbine of 
Turbomchinery Performance and Flow Research Laboratory 
(TPFL) of Texas A&M University. Comprehensive numerical 
calculations of the flow field including the secondary flow 
show the positive impact of an appropriately designed endwall 
contouring on the efficiency. The results also show, how an 
inappropriately designed contour can be detrimental to turbine 
efficiency. The numerical result of the efficiency calculations is 
compared with the experimentally obtained efficiency for the 
reference non-contoured turbine. 

 

NOMENCLATURE 
Cax 
HP, IP, LP 

Axial chord length of the blade 
High, intermediate, low pressure 

hip height of the pressure side of the ith diffuser 
section 

his height of the suction side of the ith diffuser 
section 

Li Length of the ith diffuser section 
pi static pressure 
Up, Us diffuser inlet and exit velocity outside the 

boundary layer 
Rh hub radius 
γ blades stagger angle 
δ boundary layer thickness 
σ cascade solidity, σ=c/s 
λ diffuser recovery factor 
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INTRODUCTION 

The HP-turbine, in contrast to LP-turbine, has a relatively 
small aspect ratio which causes major secondary flow regions 
close to the hub and tip. As a result, the secondary flow caused 
by a system of hub and tip vortices that induce drag forces 
resulting in an increase of secondary flow losses, as extensively 
discussed in [1]. Focusing on the secondary flow loss 
mechanisms, the fluid particles within the endwall boundary 
layers are exposed to a pitchwise pressure gradient in the blade 
channel. The particles move from the pressure side to the 
suction side and generate a system of vortices. These vortices 
induce drag forces that are the cause of the secondary flow 
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losses. In addition, their interaction with the main flow causes 
angle deviation inside and outside the blade channel, resulting 
in additional losses due to angle deviation. The nature of 
different flow losses is comprehensively treated in the classical 
work of Traupel [2]. Schobeiri [1] dedicated a full chapter of 
his book to the physics of loss generation and its calculation. 
Denton [3] summarized the loss mechanisms. Further reviews 
of the subject matter were provided by Sieverding [4] and 
Langston [5].  

The secondary flow loss is almost inversely proportional to 
the aspect ratio [1]. Thus, in HP-turbines with small aspect 
ratios, the secondary flow loss of almost 40-50% is the major 
loss contributor. It can be reduced by introducing the following 
measures:   
(1) Three-Dimensional compound lean design.  
(2) Special design for turbines that are subjected to extreme 

off-design incidence change   
(3) Modification of the blade leading edge using fillets   
(4) Endwall contouring  
(5) Hub cooling mass flow injection to interact with the hub 

secondary flow  
(6) Blade tip cooling ejection to reduce the tip secondary flow 

losses  
3-D Compound Lean: One of the efficient methods of 

reducing the secondary flow zone is utilizing the compound 
lean blade design that reduces the secondary losses by varying 
the lean angle, [1]. The effectiveness of the 3-D leaned design 
in suppressing the secondary flow is demonstrated in efficiency 
and performance studies by Schobeiri and his co-workers, 
among others [6] and [7]. A subsequent comparative study [8] 
using cylindrical blades with identical blade height, hub and tip 
diameter, and inlet conditions revealed a significant efficiency 
improvement close to Δη ≈ 2% for the rotor with the 3-D 
compound lean blades compared to the one with cylindrical 
blades. This significant efficiency improvement was due to a 
major reduction in secondary flow losses.  

Blade for Extreme Off-design Operation: In a recent 
paper Schobeiri and his co-workers [9] showed that by 
designing turbines with almost zero pressure difference over 
first 50% of the axial chord, the secondary flow can be 
eliminated. The combination of zero secondary flow and a 
moderate leading edge radius created a turbine blade that is 

insensitive with respect to an incidence change of ±30°. 
Fillets: Investigations by Sauer and Wolf [10], [11]  and 

the subsequent study by Sauer et al. [12] have shown that the 
secondary flow losses of a turbine cascade could be reduced by 
modifying the leading edge profile of an inlet stator vane at the 
transition from the wall into the leading edge. Zess and Thole 
[13] performed both computational design and experimental 
validation of a fillet placed at the leading edge-endwall juncture 
of a guide vane to eliminate the horseshoe vortex. The fillet 
design effectively accelerated the incoming boundary layer 
thereby eliminate the horseshoe vortex. The results of this study 
also showed significant reductions in the turbulent kinetic 
energy levels and in the streamwise vorticity levels.  Using 

leading edge bulbs, and a leading edge fillet Becz et al. [14] 
have shown that both the small bulb and fillet geometries each 
reduced area averaged total loss by 8%, while the large bulb 
exhibited a slight increase in total loss. One of the measures to 
improve the turbine efficiency is the endwall contouring. 
Focusing on the impact of endwall contouring in the turbine 
efficiency, we present a physics based method which enables 
researchers and engineers to design endwall contours for any 
arbitrary blade type regardless of the blade loading, degree of 
reaction, stage load and flow coefficients. To emphasize the 
characteristic differences between the present method and those 
available in the literature, a brief review of existing research 
work is presented in the following.       

 
ENDWALL CONTOURING 

In recent years, numerous papers have been published that 
deal with the effect of endwall contouring and leading edge 
filleting. With a few exceptions of rotating rig investigations 
that deal with the endwall contouring of LP-turbines, most of 
the published studies are either numerically or experimentally 
performed in turbine cascades with steady inlet flow conditions. 
Numerical and experimental studies by [15], [16], [17] and [18] 
show a reduction of total pressure losses by as much as 50%.  

Cascade Endwall: The papers discussed in this section 
represent a few among many that are dealing with the impact of 
endwall contouring on turbine endwall secondary flow.  

Experimental and numerical cascade flow study by Ingram 
et al. [19] showed the influence of end-wall profiling. The best 
end-wall profile tested has shown a 24% reduction in the 
secondary loss. Further investigations by Ingram et al. [20] 
designed a new ‘aggressive’ profiling of the end wall to 
produce a large reduction in loss possible. However, the 
experimental results, showed an increase of secondary flow 
loss. Saha and Acharya [21] combined two curves, one that 
varies in the streamwise direction while the other varies in the 
pitchwise direction. They created several contoured end-walls 
by varying the streamwise variation keeping the pitchwise 
curve constant. The results show that the contoured end-wall 
can reduce the secondary flow by decreasing radial pressure 
gradient.  

Praisner et al. [22] studied the application of non-
axisymmetric endwall contouring to mitigate the endwall losses 
of front- and aft loaded turbine baldes. With flat endwalls, the 
front-loaded design showed significantly higher secondary 
losses than the aft-loaded and the reference conventional blades. 
To contour the endwall they used two-dimensional cubic 
splines in both the pitch- and stream-wise directions along the 
endwall. The predicted loss reduction for the front loaded 
airfoil design was at 12% while the measured loss reduction 
was twice as high at 25%. The predicted and measured loss 
reductions for the reference blade were 4% and 10% 
respectively while a 5% row-loss reduction was predicted for 
the aft-loaded blade. The comparison between the CFD and 
experiments reveals that, while the CFD calculations predict 
the trends of flow modifications with endwall contouring, they 
lack a significant level of accuracy for individual flow features 
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such as the passage vortex. Harvey et al. [23] and Hartland, et 
al. [24] modified the end wall for the large-scale, low-speed 
rotor profile in a linear cascade. The end wall surface was 
created by the product of two curves in axial and 
circumferential directions. The axial profile was defined by a 
B-spline curve through six control points. The first three terms 
in the Fourier series were used to produce the perturbations in 
the circumferential direction. They reported a measured net 
total loss reduction by 20% and the net secondary loss by 30%. 
The CFD losses show little change. The experimental data 
show mixed-out losses, where the reductions with the profiled 
end wall were 15% in net total loss and 34% in secondary loss. 

Rotating Turbine: In contrast to the tremendous multitude 
of the cascade endwall papers, from which only a few have 
been discussed above, there are only a few investigations of the 
impact on endwall contouring in rotating turbines. Brennan et 
al. [25] redesigned the HP turbine of the Rolls-Royce Trent 500 
engine with the application of non-axisymmetric end walls. The 
profiled end-wall shape was determined by six control stations 
which were fixed at specified axial distances along the mean 
camber line of the airfoil. The addition of profiling to the end-
walls of the HP Turbine is predicted to reduce secondary loss 
by 0.24% of the NGV and by 0.16% for the Rotor. The total 
improvement in stage efficiency for the HP Turbine is therefore 
+0.4%. 

Harvey et al. [26] redesigned the IP-turbine stager by 
applying non-axisymmetric end walls to both the vane and 
blade passages. They reported an improvement in the stage 
efficiency of 0.9 ± 0.4% at the design point. Germain et al. [27] 
studied the improvement of efficiency of a one-and-half stage 
high work axial flow turbine by non-axisymmetric endwall 
contouring. The endwalls have been designed using automatic 
numerical optimization by means of a Sequential Quadratic 
Programming (SQP) algorithm. Both hub and tip endwalls of 
the first stator as well as the hub endwall of the rotor were 
modified. The experimental results confirm the improvement of 
turbine efficiency, showing a total-total stage efficiency benefit 
of 1%±0.4%, while the improvement is underestimated by CFD. 
Snedden et al. [28] and [29] utilized 5-hole probe 
measurements in a 1.5 stage low speed, model turbine in 
conjunction with computational fluid dynamics to gain a more 
detailed understanding of the influence of a generic endwall 
design. Results indicated a 0.4% improvement in total-total 
rotor and stage efficiency as a result of the application of the 
generic non-axisymmetric endwall contouring. However, at 
higher loading the rotor efficiency was reduced by 0.5%.  
 
NECESSITY OF TURBINE RIG INVESTIGATIONS 

The above cascade studies indicate that, based on the 
cascade loading, the endwall contouring positively influences 
the secondary flow reduction. However, these studies do not 
consider the effects of rotation, rotor- stator interaction, 
periodic unsteady wakes and their impact on the boundary layer 
transition of the following blade rows. Furthermore, the lack of 
centrifugal and Coriolis forces that are inherent to a rotating 
turbine, raises questions as to what extent the cascade results 

are transferable to a rotating turbine environment.  
Comprehensive turbine rig experimental studies at the TPFL 
show a major qualitative and quantitative difference between 
turbine rig and cascade results. In addition, as shown in [6] and 
[7], a substantial increase in secondary flow losses is observed 
when the turbine operates at off-design rotational speeds or off-
design mass flows. Because of the absence of rotating effects in 
stationary cascades, discussed above, it seems unlikely that the 
stationary cascade investigations would produce results that can 
be transferred to engine conditions. Considering this 
circumstance, extensive numerical simulations were performed 
to find an optimum method of endwall contouring to be applied 
to a three-stage turbine before an expensive hardware 
modification is performed for experimental verification.  

Numerical Analysis, Grid Sensitivity: As extensively 
discussed in [30], the deficiencies in turbulence and transition 
models that cause major differences in efficiency calculations 
compared with the experiment, suggest that caution should be 
exercised, when interpreting  numerical results. Therefore, the 
numerical results generated under these circumstances are of 
qualitative nature only. In performing parameter variations, 
however, the numerical simulation predicts the trends 
satisfactorily. For our turbine rig application shown in Fig.1, 
extensive verifications and possible rectifications of the 
existing methods were essential before producing hardware to 
be tested. This required extensive numerical studies to 
determine the impact of the above methods on the turbine rig 
flow field including pressure, velocity, vorticity, total pressure 
loss distributions and the turbine efficiency. We numerically 
simulated several cases. For each individual case several grids 
were generated to ensure the results were grid insensitive, Fig.2. 
By performing the grid sensitivity analysis, we refined the grid 
density until we achieved a constant efficiency for the entire 
turbine rig. This is imperative, whenever the efficiency 
verification is the most important outcome as is in this study. 
The efficiency convergence required for the rotor a mesh with 
over 2 million elements, 22 nodes at the wall region and 9 
million elements for the entire model. For each single case a 
parallel computation on A&M Super Computers took more 
than hundred hours of computation time. For numerical 
simulation the commercial code CFX with SST-turbulence 
model was used. Extensive turbulence model studies performed 
on several TPFL-turbines and the numerical calculation showed 
the suitability of SST-model for calculating the flow quantities. 
For each of the calculated cases, the entire flow field including 
total pressure loss and the turbine efficiency were obtained. 
Particular attention was paid to accurately obtaining the 
efficiency of the turbine with the second rotor endwall 
contoured. Following the conventional approach applied the 
three-stage TPFL-HP-turbine blading shown in Fig.1, an 
example is given in Fig. 3, where the peak is placed on the 
pressure side of the turbine, while varying its height and the 
axial position. Several fifth order polynomials were applied to 
define the variation of contour height and axial position in 
streamwise direction as shown in Fig.4. The figure shows 
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configurations with (a) a contouring that is raised above the hub 
and occupies only a portion of the hub surface, called positive  
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Fig. 1: Top, Details of the new Rotor; bottom: the three-stage 
rotor 
 

 

 
 

(a) 

 
(b) 

Fig. 2: (a) Row-by-row configuration; (b) CFD mesh 
 

 
 

Fig.3: Contouring using the conventional method 
 
 

 
(a) (b) (c) (d) (e) 

 
Fig. 4: Contour variation: (a) partial positive contouring; (b) 
extended partial positive contouring, (c) partial positive, 
negative contouring; (d) extended partial positive, negative 
contouring; (e) full passage contouring. The maximum positive 
height for all cases is 6 mm, the minimum negative height is -
3mm 
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contouring, (b) a contouring that is raised above the hub surface  
but is circumferentially extended towards the suction surface, 
called extended partial positive, (c) a contouring with a portion 
that is raised above the hub followed by a portion that is 
lowered into the hub surface, called  partial positive, negative 
contouring, (d) as (c) but with extended negative part and 
finally (e) a contouring with extended positive and negative 
portions that occupy the entire passage, called full passage 
contouring. Efficiency calculation results of the second rotor 
for different contouring used in this study are shown in Fig. 5. 
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Fig. 5: Efficiency chart of numerically investigated cases 

 
Using the conventional approach, several cases were 

numerically simulated, where the peak height and its axial 
location were systematically varied. After variation of the 
height, the peak height was kept constant at 13mm, while its 
axial location was varied from 15% to 30% of the axial length. 
As representative examples, Fig. 5 shows the efficiency 
calculation results labeled with (1) and (2). In addition, the 
filleting was also implemented into the catalog of simulations. 
Assuming an optimal position of the height within the range of 
10%-15%, new contour shapes were introduced to perform an 
optimization process with the efficiency as the objective 
function. For each case a new grid was generated, numerical 
simulations performed and the efficiency results presented in 
Fig. 5 labeled with (a) through (e).  As the results in Fig.5 show, 
using the trial and error approach associated with optimization 
process that was implemented into the numerical process has 
not delivered a trend toward an optimum solution. Furthermore, 
it was shown that the efficiencies were inconsistent throughout 
and the results were inconclusive to be transferred to different 
turbine blade types. Most importantly, the method used in the 
publically available literature is not suitable to provide a 
generalized design guideline for the research and design 
community. This circumstance motivated the lead author to 
introduce a new and physics based method to effectively design 
endwall contouring for any type of blading regardless its 
application to HP-, IP- or LP- turbine. 

 
NEW ENDWALL CONTOURING  

Turbine blades designed for applications in power 
generation and aircraft gas turbines as well as in steam turbines 

have in general different specific stage load coefficients, flow 
coefficients and degree of reaction. Furthermore, they are 
twisted from hub to tip to account for a prescribed radial 
equilibrium. The stator and rotor row for each turbine type have 
different solidity, aspect ratio and Zweifel number. In addition, 
the blades with the same inlet and exit flow angles might have 
different pressure distributions on pressure and suction surfaces 
(front- or aft- loaded). In this section we develop a step-by-step 
physics based method for endwall contouring that can be 
recommended to the turbine design community as a guideline.  
Continuous Diffusion Method for Endwall Contouring 

The method utilizes a continuous prescribed deceleration 
of the secondary flow velocity from pressure to suction surface 
by a diffuser type of flow path that is thought of a number of 
narrow diffusers with the width ΔWi, a given inlet height and 
variable exit heights that produce a desired target pressure. The 
diffuser raises the pressure on the endwall suction side thus 
reducing the secondary flow velocity, the strength of the 
secondary vortices, the associated induced drag forces and the 
total pressure loss due to the latter. The method can be applied 
to HP-, IP-, and LP- turbines and compressors regardless the 
load coefficient, flow coefficient and degree of reaction. It is 
strongly physics based, very straight forward and easy to use. 
The following step-by-step instruction presents a tool for 
appropriately designing non-axisymmetric contours: 
1) For the reference non-contoured blade place a cylindrical 

control surface at a radius Rhub+δ with δ as the boundary 
layer thickness developed by the secondary flow from the 
pressure to the suction side, Fig. 6 (A). The boundary layer 
thickness can easily be estimated, [30]  

2) For the reference blade obtain the pressure distribution on 
hub, Figure 6(B).  

3) For the reference (non-contoured) blade find the actual 
distribution of the pressure difference Δpi between the 
pressure and the suction surface and define a target 
pressure difference Δptarget> Δplim with Δplim as the 
minimum pressure difference, below which, the diffuser 
flow will separate. Ideally the target pressure should be 
close to zero. This, however, will lead to a large area ratio 
for the local diffuser and thus a flow separation. The 
attached diffuser performance, Fig. 6D allows designing an 
appropriate diffusion path with an optimal performance. 

4) Obtain the topology of streamlines at the same radial 
position, sketched in Fig. 6(C1) based on Fig.7. This step 
determines the local velocity vector pertaining to each 
streamline. This combined with step 5 provides the input to 
construct the diffuser channels that follow the streamlines. 
Another alternative is decomposing the velocity vector into 
axial Vax and circumferential Vu (pitchwise) components. 
This allows using Vu for constructing diffuser channels that 
follow the pitchwise velocity component, Fig. 6(C2). Both 
alternatives are equally applicable, however the latter has 
the advantage of extending the diffuser channels slightly 
upstream of the leading edge and downstream of the 
trailing edge.  
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Fig.6: Explaining the continuous diffusion process for designing physics based endwall contouring
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5) Starting with a constant ΔWi for example ΔWi = 0.05Cax, 

choose a pressure recovery factor  on the suction surface, 
for example  = 0.6, by which the flow is still attached. 
This  is taken from [31], where a series of diffuser 
performance maps for different diffuser-length/inlet-height 
ratios corresponding to x/Δhip are presented. Figure 6D 
schematically represents one of those diagrams. With this 
, then calculate the contour height Δhis on the suction 
surface that establishes a pressure difference Δp  defined in 
nomenclature that we set equal to  Δptarget. Using this target 
pressure, the diffuser can be constructed, Fig. 6(E), with 
the constant Δhip = δ at the pressure side and variable Δhis> 
δ at the suction side from leading edge to trailing edge, Fig. 
6(D).  

6) Design the 3-D contour by removing the hub material, Fig. 
6(F). A decay function at the inlet and the exit ensures a 
smooth transition of the contour.    

7) Make sure that the throat integrity is not affected, this can 
be checked by using the mass flow balance.      

8) Generate a high density grid for the above design and run 
CFD with SST-turbulence model. 

9) Re-evaluate the results and make changes if necessary. An 
“aggressive” endwall design may require a complete re-
design of the entire stage.  

 
RESULTS AND DISCUSSIONS  
Pressure Distribution 

The new method is applied to the second rotor of the 
TPFL-HP-turbine, where steps 1 through 7 are executed.  The 
critical range which was captured by the streamlines shown in 
Fig. 7 extends from 17% to 55%. Figures 8 shows the 
construction of the new endwall contours compared to the 
reference case. It is followed by Fig. 9, which displays the 
streamlines for both cases. In addition to reducing the 
secondary flow, Fig. 9 shows a substantial weakening of the 
incoming horseshoe vortices.  
 
 

 
 

Fig. 7: Streamlines from suction to pressure surface used for 
construction the diffusion channel 
 

 

 
Fig. 8: Non-contoured (top), new contouring method (bottom) 

 

 

 
 

Fig. 9:  Streamlines for reference case (top) and new contouring 
(bottom) 
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Figure 10 shows the pressure distribution directly on the 
hub. A target pressure is constructed and the corresponding 
height distribution Δhis was calculated using the diffuser 
performance map by setting λ=0.6. This allows a pressure 
recovery close to the separation point. With the Δhis-
distribution implemented into the hub of the second rotor, a 
high density grid was generated for the entire turbine. The 
subsequent numerical simulation delivered the stage flow 
quantities, among other things, the new pressure distribution on 
the hub. Figure 10 shows a major shift of the suction surface 
pressure toward the pressure surface with a maximum value of 
1600 Pa and a minimum of 800 Pa. As shown, in the target 
pressure range, the suction surface pressure covers exactly the 
prescribed target pressure. From about 6% to 17% and from 
55% to about 73% there are still substantial pressure gains on 
the suction surface reducing the suction effect. Upstream of 6% 
and downstream of 73%there are pressure decreases on the 
suction side. These can be also eliminated by extending the 
target pressure to upstream of 17% and downstream of 73%.  
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Fig. 10:  Pressure distribution directly on the hub, a target 
pressure is set the diffusion channel constructed that leads to 
endwall contouring, Black line: the reference case, redline the 
new pressure distribution. 

 
Figure 11 compares three different cases: (1) the reference 

case, (2) the conventional case using extended partial positive 
(+6 mm) and extended partial negative (-3mm) shown in Fig. 
4d and the new case. The conventional case is effective only in 
a very narrow range close to the leading edge. Its effectiveness 
diminishes, when moving from this region away toward the 
leading and the trailing edge. Its effectiveness diminishes 
completely when moving just a few millimeters from the hub 
surface as shown in Fig. 12. It should be pointed out that the 
secondary vortices in this and the reference case extend above 
2% spanwise.   
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Fig. 11: Pressure distributions on the hub 
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Fig. 12: Pressure distributions above the hub 
 

A clear picture of the impact of the endwall contouring on 
the pressure distribution is seen in Fig. 13.  In the reference 
case (a) close to the axial location of about 28%, where the 
maximum positive height is located, with the exception of a 
wake-like pattern that is caused by the incoming horseshoe 
vortices, the isobars have more or less an orderly stable pattern. 
In pitchwise direction, however, a strong pressure gradient 
fieled dominates the flow picture from the leading to the 
trailing edge. Keep in mind that the purpose of the endwall 
contouring has been to weaken this pressure gradient field. The 
extended partial positive-negative case (b) seems to only 
perturb the pressure field locally. This is quite consistent with 
the pressure distribution shown in Fig. 11. A more orderly 
pattern of isobars associated with a much weaker pressure 
gradient is seen in Fig. 13(c) of the new contouring.    
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(a) Reference 

case 
(b) Extended 

partial 
positive, negative 

(c) New contouring

 
Fig. 13: Contour plots of pressure distributions 

 
Efficiency and Secondary Loss 

The efficiency calculation for the second rotor with the 
new endwall contour is presented in Fig. 14. As seen the, the 
new method has brought an increase of Δη = 89.33-88.82 = 
0.51%. This increase is quite remarkable given the fact that we 
defined our target pressure such that it covers the critical range 
of 38% of the axial length. Moreover, it has exceeded all the 
other values delivered by the conventional trial and error 
method discussed earlier. Further efficiency improvement is 
expected by extending the target pressure upstream of 6% and 
downstream of 73%.  
 

R
e

fe
re

n
ce

C
a

se

88.82

88.92

88.98

89.25

88.80

89.22

89.33

89.14 89.13

From Literature

TPFL-Design

(1
)

1
3

m
m

,1
5

%

(c
)

P
a

rt
ia

lp
o

si
tiv

e
-n

e
g

a
tiv

e

N
e

w
:C

o
n

ti
n

u
o

u
s

d
iff

u
si

o
n

m
e

th
o

d

(d
)

E
xt

e
n

d
e

d
p

a
rt

ia
lp

o
si

tiv
e

,n
e

g
a

ti
ve

(b
)

E
xt

e
n

d
e

d
p

a
rt

ia
lp

o
si

tiv
e

(a
)

P
a

rt
ia

lp
o

si
tiv

e

(0
)

F
ill

e
tin

g

(2
)

89.19

(e
)

F
u

ll
sp

a
n

co
n

to
u

r

 t
-s

88.70

88.80

88.90

89.00

89.10

89.20

89.30

89.40

89.50

 
 

Fig. 14: Efficiency chart of all investigated wall contours 
 

Figure 15 displays the total pressure loss coefficient for the 
reference case, the case with extended partial positive, negative 
and the new endwall contour. For the new contour, the 
integration of the loss coefficients resulted in a reduction of 
secondary flow loss relative to the reference case of ΔζR = 
27.9%. In contrast, in case of the extended partial positive-

negative has caused an increase in relative secondary flow loss 
of ΔζR = 6.3%.  Considering the calculated second rotor 
efficiency of 89.25% which is higher than the reference 
efficiency of 88.82%, Fig. 14, one may conclude that the 
increase of the secondary flow loss coefficient and the increase 
of the efficiency are contradicting each other. However, this is 
not the case for two reasons: (1) A relative loss coefficient 
increase of 6.3% has only a marginal impact on the absolute 
value of the rotor efficiency, (2) when calculating the rotor 
efficiency the entire aero-thermodynamic quantities are 
involved that includes total temperature, total pressure and the 
static pressure.    
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Fig. 15: Total pressure loss coefficients for Reference case, new 
contouring and extended partial positive, negative 

 
FLOW STRUCTURE  
Vorticity Distribution  

Very close to the hub, the dominance of the pressure 
gradient from the pressure to suction surface causes the fluid 
particles to move pitchwise and produce a system of vortices. 
Figure 16 shows the vorticity distributions at three axial 
positions. The left column with three figures pertains to the 
reference (non-contoured) case. For the 30% Cax case, the onset 
of the vortex seems to locate in between the suction and the 
pressure surface. It extends to the suction surface, where its 
strength becomes a maximum. Moving in axial direction its 
onset moves further toward the suction surface. Close to 55% 
axial location the onset gains more strength with a maximum 
that extends radially from the suction surface hub edge to the 
blade mid section and beyond. The right column shows the 
vorticity distribution for the new endwall case. As seen, the 
vorticity distributions generated by the new method has lower 
strength than the reference case. This is true for all three axial 
positions shown in Fig. 16. 
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Fig. 16: Vorticity distribution in the passage 
Reference case (left) at: New Case (right) at: 
x= 0.30Cax (top) x= 0.30Cax (top) 
x= 0.42Cax (middle) x= 0.42Cax (middle) 
x= 0.55Cax (bottom) x= 0.55Cax (bottom) 

 
CONCLUSIONS, ONGOING WORK 

A new method for designing non-axisymmetric endwall 
contours is presented. It is based on continuous diffusion 
process and utilizes a prescribed deceleration of the secondary 
flow velocity from pressure to suction surface. By defining a 
target pressure and constructing the endwall contour, it was 
shown that the pressure difference on the hub can be controlled 
reducing the secondary flow and increasing the efficiency. This 
method can equally be applied to HP-, IP-, and LP- turbines 
and compressors regardless of the load coefficient, flow 
coefficient and degree of reaction. It is strongly physics based, 
very straight forward and easy to use. The method was applied 
to the second rotor of the TPFL-turbine, where on the first 
attempt the prescribed target pressure covered only the critical 
portion of the hub with a strong secondary flow movement. The 
rotor efficiency has increased from 88.82% in reference case to 
89.33% for the new contoured case. Further improvement is 
expected by extending the target pressure from the blade inlet 
to the exit. A marginal efficiency improvement of 0.16% was 
also achieved by filleting the leading edge. This improvement, 

although marginal, if combined with the endwall contouring 
may add additional 0.1% - 0.2% to endwall efficiency.  

The ongoing and future work include: (a) extending the 
target pressure to cover the entire blade hub section, (b) 
implementation of the leading edge fillets, (c) designing 
endwall contour attachments to be inserted into the second 
rotor row for experimental validation and (d) inserting three 
sets of endwall contour attachments to the three-stage turbine 
and perform a complete performance and efficiency test.  
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