
Paper ID: ETC2019-165 Proceedings of 13th European Conference on Turbomachinery Fluid dynamics & Thermodynamics 
ETC13, April 8-12, 2018; Lausanne, Switzerland 

 

OPEN ACCESS 
Downloaded from www.euroturbo.eu 

1 Copyright © by the Authors 

 

EFFECTS OF HUB ENDWALL GEOMETRY AND ROTOR 

LEADING EDGE SHAPE ON PERFORMANCE OF SUPERSONIC 

AXIAL IMPULSE TURBINE. PART II: METHOD VALIDATION 

AND FINAL RESULTS 

A.A. Sebelev 
1
, M.V. Smirnov 

2
, A.I. Borovkov 

1
, N.I. Kuklina 

1
, G.L. Rakov 

2
 

1
Engineering center “Center of computer-aided engineering”, Peter the Great Saint-Petersburg 

Polytechnic University (SPbPU), Saint-Petersburg, Russia 

e-mail: a.sebelev.turbo@mail.ru 
2
Peter the Great Saint- Petersburg Polytechnic University, Saint-Petersburg, Russia 

ABSTRACT 

The present paper continues the investigation started in Part I. The basic turbine stage 

remains the same as in Part I (an axial turbine stage with axisymmetric nozzles and mean 

diameter 103.5 mm). The numerical simulation method used in Part I was corrected by 

adding analytical correlation for disc friction losses. This approach was validated on the base 

of the experimental data for a geometrically close turbine. Variation of the radial velocity 

component at the rotor inlet was proposed as a new modification compared with Part I. The 

mathematical formulations of the rotor blade sweep and radial velocity component at the 

rotor inlet were proposed. The new modifications of the baseline were provided to establish 

the effects of the rotor blade sweep, velocity radial component at the rotor inlet and hub 

endwall contouring separately.  

The using of backward swept rotor blades together with the positive cinematic lean 

provided efficiency increasing up to 2.9% at the design conditions. It was also established that 

absence of a velocity radial component at the rotor inlet in the model with backward swept 

blades leads decreasing of the turbine performance. Axisymmetric hub contouring provided 

up to 1.9% efficiency growth at the part-load operation. 

KEYWORDS 

SMALL-SCALED TURBINES, SUPERSONIC TURBINES, ROTOR BLADE SWEEP, 

HUB ENDWALL CONTOURING 

NOMENCLATURE 

ath      nozzle throat (mm)      ΔL clearance value (mm) 

B2      blade wheel width (mm)     π pressure ratio 

Dm      mean diameter (m)      ζ loss coefficient 

d1out    nozzle channel outlet diameter (m)   ηt-s total-to-static efficiency 

L      length (m)       Z number of blades 

l2      rotor blade height (mm)     u/C0 stage specific speed 

MBW    blade wheel torque (N·m)       

p      pressure (MPa)     Subscript 

T      temperature (K)      ac axial clearance 

c      velocity in stationary frame (m/s)    oc oblique cut 

α1      nozzle outlet angle in stationary frame (deg.)  r radial 

β1      blade wheel inlet angle in relative frame (deg.)  tc tip clearance 

φ, ψ    nozzle and blade wheel velocity ratios   1 nozzle outlet 
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INTRODUCTION 

Sustainable development of such fields as marine and space systems, stand-alone power 

generation, transport systems is related directly to efficiency increasing of their power cycles. 

Typically, propulsions in these systems have comparably low power output, up to several 

Megawatts. Small-scaled turbines are usually applied for the propulsion drive in these cases. Small-

scaled turbines of interest usually have single stage supersonic impulse design (see, e.g., Kunte and 

Seume (2013), Weiß et al. (2017)) thanks to its simplicity and low cost. However, pressure shocks 

appearance, unexpected flow separation regions, high leakages due to high Mach numbers (see 

fig.1a) and high relative clearances lead to comparably low efficiency of such turbines. Usually an 

efficiency of small-scaled turbines with full admission does not exceed 75% as was shown by 

Natalevich (1979), Kurzrock (1989), Tog and Tousi (2013), Klonowicz et al. (2014). Partial 

admission for these turbines may lead to additional efficiency decrease up to 10% (see, e.g., Varma 

and Soundranayagam (2012), Grönman et al. (2013)). Overall efficiency of Brayton and Rankine 

cycles, which are widely used for power production, significantly depends on the efficiency of an 

expander. Thus, an improvement of the small-scaled turbines for propulsion drive is an important 

part of the development of the outlined fields in general. 

Nowadays turbines with rectangular nozzles are commonly used for a propulsion drive (Kunte 

and Seume (2013), Fiaschi et al. (2015)). However, turbines with axisymmetric nozzles have 

several advantages, e.g., design simplicity, and, therefore, are the objectives of the present 

investigation. Analysis of the loss balance (fig.1b) performed by Natalevich (1979) for an axial 

impulse turbine with axisymmetric nozzles shows that the nozzle losses together with the rotor-

stator interaction losses are approximately 20…22% in the overall loss balance. At the same time 

the blade wheel losses together with leakages and disk friction are estimated as 18…20%. The exit 

velocity losses are negligible at the design point. 

 

 
Figure 1: Mach number level of single stage impulse turbines (a) and the loss balance for an 

axial impulse turbine with axisymmetric nozzles (Natalevich (1979)) (b) 

 

On the one hand, Barber and Schultheiss (1967) showed that simplest axisymmetric nozzles 

with cylindrical supersonic part are able to provide 0.97 velocity ratio while operating standalone 

(loss coefficient 0.059). This means that shock pattern and supersonic rotor-stator interaction for 

turbines of interest are significant loss sources, which was confirmed by Cho et al. (2004),            

Rinaldi et al. (2016). Denton and Xu (1998) suggested that sweep of the rotor blade may positively 

affect a shock system in an axial clearance of a transonic / supersonic stage. Such investigations for 

full-scale turbines show it to be prospective for an efficiency improvement. Wadia et al. (1998) 

investigated the effect of the rotor blades sweep on the efficiency of a compressor first stage of an 

aircraft gas turbine. There was obtained an efficiency increasing up to 0.44% in case of supersonic 
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flow regime with using backward blade sweep. Pullan and Harvey (2008) and Yoon et al. (2014) 

achieved the same results for axial flow turbines. Jeong et al. (2015) numerically showed that 

backward sweep provided up to 1% efficiency increasing compared with the baseline. However, 

preliminary results obtained in the previous part of the paper did not show any positive effect of a 

backward sweep for the axial impulse turbine with axisymmetric nozzles. 

On the other hand, venting issues and occurrence of the recirculation zones at rotor hub are also 

relevant to the efficiency of the stages of interest. A hub endwall contouring effect on losses in the 

hub region is widely described. Hartland et al. (2000) showed decrease of total pressure losses by 

15.3% with implementation of the hub contouring. Harvey et al. (2002) obtained an efficiency 

improvement for axial turbine about 1.8% at the design point. Akin et al. (2015) obtained an 

efficiency increasing of a low pressure stage by 6.2% while a hub separation was totally suppressed. 

Thus, it is of interest to establish the effect of hub contouring on the performance of the small-

scaled turbine with axisymmetric nozzles. 

To sum up, the scope of the present paper compared with the previous part is to provide 

validation of the used numerical method and new modifications of the baseline to establish the 

effects of the rotor blade sweep, velocity radial component at the rotor inlet and hub contouring 

separately. 

INVESTIGATION OBJECT 

The baseline turbine is a single-stage shrouded axial impulse turbine. The nozzle of the stage is 

presented by the straight axisymmetric convergent-divergent channel. The nozzle throat is circular. 

A subsonic part of the nozzle is designed according to a Vitoshinski equation. The main geometrical 

parameters of the baseline stage are presented in table 1 and figure 2. Design operating conditions 

are: 

 *
0p  = 0.51 MPa, *

0T  = 320 K; 

 2p  = 0.102 MPa. 

Interested reader can find more information on the turbine geometry and operating conditions in 

the previous part of the investigation. Nominal rotational speed is omitted since the investigation is 

applied for the whole ηt-s = f (u/C0) curve. 

 

Table 1: Geometrical parameters of the baseline stage 
Parameter Dimensions Value Parameter Dimensions Value 

Throat shape - Circular ΔLtc mm 0.3 

Dm mm 103.5 Z1 - 12 

Partial admission rate - 0.576 β1= β2* deg. 36 

ath mm 5.08 Z2 - 55 

α1 deg. 20.00 l2 mm 10 

ΔLac mm 1.0 B2 mm 9.5 

 

 
Figure 2: Blade-to-blade view of the baseline turbine stage 
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Modification strategy 

Rotor blade sweep 

To design the swept rotor blades the sweep angle has to be chosen. The scheme of the backward 

sweep of investigated rotor blades is presented at figure 3. The profile width is extended at the hub, 

while remaining the same at the shroud resulting in a blade sweep. The leading edge thickness 

remains constant spanwise, and the blade lateral surface consists of the radial lines only to ensure 

the structural safety. The baseline profile is not altered during the sweep procedure, the sweep is 

implemented by the leading edge spanwise variable extension, so the flow area remains constant as 

well as the stage reaction. Natalevich (1979), Grönman and Turunen-Saaresti (2011) showed that 

efficiency of an axial impulse turbine with low partial admission rate and axisymmetric nozzles 

increases with decreasing of the axial clearance. In this case sweep angle has to be minimized since 

it is defined as: 

 

,arcsin
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   (1) 

where *
acL  is a nozzle-to-blade clearance in the normal direction. 

 

 
Figure 3: The scheme of backward swept rotor blade of an axial turbine stage with 

axisymmetric nozzles 

 

Minimal obtainable value of the sweep angle is shown at figure 3 and is defined as: 
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For the investigated turbine  4.45min . However, 2B  is limited by strength restrictions. 

Approximately, 2
max
2 3.0 BB  . 

 

Diminishing of the radial velocity component at the rotor inlet 

Figure 4a presents a “solid” model of the flow in the axial clearance and rotor inlet of the 

investigated turbine. It is evident that flow at the rotor inlet has radial velocity component. Here it is 

convenient to introduce the concept of the “cinematic lean” and its angle as follows: 

 

,sincos 111  cс r   (3) 
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Figure 4: “Solid” model of the flow in the axial clearance and rotor inlet (a) and scheme of 

diminishing of a radial velocity component (nozzle oblique cut view) (b) 

 

Occurrence of the radial velocity component at the rotor inlet leads to increasing of the shroud 

leakage and additional losses due to a flow reflection from the shroud. Therefore, it is of interest to 

provide modifications of the baseline with zero and negative rс1 . The last one is in particular 

concern since there is a possibility to suppress a hub flow separation at the rotor. For the 

investigated rotor rс1  could be diminished by moving the center of the outlet nozzle ellipse in the 

UZ plane in -u direction as shown at figure 4b. The displacement quantity of 1tan/ acL  provides 

zero rс1 , higher values of the displacement provide negative rс1  (positive cinematic lean). 

 

Modifications to be studied 

Taken into account all the abovementioned, the modifications of the baseline turbine to be 

studied in the present paper are (fig.5): 

 M1.1 – modification of the baseline with zero rс1  (zero cinematic lean) and backward 

swept rotor blades; 

 M1.2 – modification of the baseline with negative rс1  (positive cinematic lean) and 

backward swept rotor blades; 

 M2.1 and M2.2 – modifications of the baseline with different axisymmetric contouring 

of the blade wheel hub. 

 

 
Figure 5: Meridional view of the baseline modifications: M1.1 / M1.2 (a), M2.1 (b), M2.2 (c) 
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VALIDATION OF THE NUMERICAL SIMULATION METHOD 

Validation Case 

Unfortunately, authors failed to provide experimental data for the proposed baseline 

modifications. Validation of the used simulation method is presented instead.  

Geometrically close turbine stage was used for the validation. The validation stage has the same 

blade wheel, the main variances of the nozzle from the baseline are: 

 higher critical section (5.86 mm versus 5.08 mm); 

 higher divergence angle at the divergent part (6° versus 5.4°); 

 smaller number of the nozzles (6 versus 12) and, thus, lower partial admission rate 

(0.288 versus 0.576). 

Experimental data for the validation stage was performed by Rakov (1982) at the SPbPU “cold-

flow” air test rig. This test rig is a single-shaft one aimed at testing turbine stages with mean 

diameter in the range 80 – 400 mm. Its scheme and detailed characteristics are presented in figure 6. 

A blade wheel of test turbine is positioned on the rotor of eddy-current high-speed dynamometer. 

The choice of the eddy-current type of the dynamometer is based on its competitive advantages for 

small-scaled turbines investigation, described by Szanca and Schum (1975). Design of the 

dynamometer was described in details by Katz (1962). Rotor of the dynamometer has pair of high-

speed ball bearings. Stator of the dynamometer has its own pair of ball bearings and lever to provide 

measurement of the rotor torque; a strain gauge load-cell measures the reaction. 

 

Parameter Value

Mass flow rate range (0.01..1.5) kg/s

Maximum initial pressure 0.7 MPa

Maximum pressure ratio 4.7

Maximum initial temperature 340 K

Maximum rotational speed 35 000 rev/min

Maximum absorbed power 20 kW

Measuring

instrument
Model Accuracy

Pressure gauge -
0.5% of full 

span

Temperature 

gauge

thermocouples, 

type L
-

Flow meter
standard orifice 

flow meter
0.5%

RPM gauge
optical, yellow 

range
-

Strain gauge
SCAIME AL5 

C3SH10e
0.017%

 
Figure 6: Scheme and main parameters of the test rig 

 

Validation Procedure and Results 

URANS simulations were performed with using ANSYS CFX. The computational model 

contains 1 nozzle sector and 5 shrouded rotor blades with periodic boundary conditions. Modeling 

of the hub leakage was not considered. The pair total parameters – static pressure was set as the 

boundary conditions. 2
nd

 order so-called High Resolution advection scheme was used. Since using 

of wall functions does not significantly affect the stage efficiency (see, e.g., Grönman and Turunen-
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Saaresti (2011)) k-ω SST turbulence model with wall functions was used (maximum y
+
 = 44). The 

grid sizes are: 3.23 million of nodes for 1 nozzle sector and 1.42 million of nodes for 1 blade wheel 

sector. The total grid size varies from 10.34 to 12.32 million of nodes for different stages. The time 

step was evaluated as 2.579·10
-6

 s. 

Monitoring of the RMS residuals, imbalances and turbine efficiency and power output were 

used to control the convergence of a solution process. The convergence criteria for the solutions 

were: 

 drop of the RMS residuals more than 10
2
; 

 imbalances less than 0.5%; 

 periodic perturbations of the parameters at the monitor points. 

Analysis of the Strouhal number for the rotor-stator interaction showed that it varies from 0.36 

to 0.51 for different operation conditions. This means that the unsteady rotor-stator interaction may 

significantly affect the stage efficiency. The comparison of the steady and transient simulations is 

presented at figure 7a. The obtained stage efficiency difference up to 10% suggests that URANS 

simulations have to be used for more accurate analysis. 

The total-to-static stage efficiency was calculated with using the following equation: 

 

.
30 0HG

nM BW
st







   (5) 

 

The empirical correlation for disc friction losses, provided by Simashov (1996), is implemented 

in a rotor torque calculation procedure. The ηt-s = f (u/C0) curve is obtained using the linear 

character of the MR = f (u/C0) function, as described by Kirillov (1972) and Traupel (1977). 

The obtained results are presented in figure 7b for 2 operation conditions – design conditions 

( 87.4 ) and overload operation ( 84.5 ). Maximum deviation of the turbine efficiency at the 

design conditions is -0.2% for  
opt

CuCu 00 //   and slightly increases with increasing of rotational 

speed. For the overload operation the difference becomes more significant (+4.6% for 

 
opt

CuCu 00 //  ). This allows to conclude that the method used provide acceptable accuracy only 

for design conditions. However, since the proposed modifications do not change the fundamentals 

of the flow phenomena, used method is able to provide correct predictions of relative efficiency 

changes at off-design conditions too. 

 

 
Figure 7: Comparison of the steady and transient calculations (a) and simulation method 

validation results (b) 
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DISCUSSION OF THE RESULTS 

Effect of the backward sweep and cinematic lean 

The obtained efficiency curves from the transient simulations are presented in figure 8a. The 

modification M1.2 with the backward swept rotor blades and positive cinematic lean (negative rс1  

value) provides efficiency increasing up to 2.9% for u/C0 = (u/C0)opt and more flattened efficiency 

curve compared with the baseline. At the same time the modification M1.1 with zero radial velocity 

component does not demonstrate significant efficiency improvement. 

 

 
Figure 8: The obtained efficiency curves for the baseline and its modifications 

 

Treatment of the Mach number plots in nozzle oblique cut and rotor inlet (fig.9) shows follows. 

Diminishing of the radial velocity component in M1.1 case compared with its positive and negative 

values for baseline and M1.2 cases accordingly demonstrates reduction of the boundary layer 

separation zone in nozzle divergent part. As can be seen from table 2 M1.1 model is characterized 

by the higher nozzle outlet velocity than baseline. However, the negative aspect of a zero rс1  is the 

flow overexpansion which causes occurrence of the negative reaction and, hence, additional 

recirculation zones at the rotor hub (fig.10). At the same time M1.2 model also provides increasing 

of the nozzle outlet velocity, nozzle velocity ratio φ at this remains the same as for the baseline. 

This leads to the decreasing of the stage reaction, increasing of the blade wheel velocity ratio ψ and 

stage efficiency. 

 

 
Figure 9: Transient averaged Mach number plots at the baseline turbine and its modifications 
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The key factor here is the slope of the rotor leading edge shape which positively affects the 

shock pattern by its splitting. If in case of the baseline normal shock wave produced by the leading 

edge affects the nozzle flow on the whole nozzle height then in M1.1 and M1.2 cases upper the 

mean diameter it expands in the other direction. Figures 9 and 10 clearly demonstrate higher 

velocity levels in nozzle oblique cuts and at the rotor inlets of the M1.1 and M1.2 stages. 

 

Table 2: The stages overall characteristics for u/C0 = (u/C0)opt 
Parameter Baseline M1.1 M1.2 Baseline M2.1 M2.2 

π 5 2.67 

u/C0 0.47 0.32 

Reaction 0.078 -0.010 0.006 -0.017 -0.016 -0.018 

c1, m/s 454.8 473.2 473.4 346.4 354.9 357.9 

φ 0.962 0.956 0.962 0.859 0.881 0.887 

ψ 0.656 0.688 0.699 0.607 0.601 0.593 

 

 
Figure 10: Transient averaged velocity plots (relative frame), π = 5 

 

Effect of the hub endwall contouring 

The obtained efficiency curves from the transient simulations are presented in figure 8b. 

Unfortunately, axisymmetric hub contouring is not able to provide significant efficiency increasing 

at the design conditions due to its simplicity. However, it provides up to 2% efficiency growth at the 

part-load operation. The data provided in table 2 shows that while the reaction and ψ values remain 

the same for the baseline and M2.1, M2.2 modifications nozzle velocity values for the 

modifications are significantly higher than for the baseline. It is also should be noted that the 

investigated hub contouring allows to minimize the flow separation at the suction side, as shown in 

figure 11. 

The investigation of the baseline modification with both M1.2 and M2.2 modifications showed 

that using of the positive cinematic lean (negative rс1  value) together with the hub endwall 

contouring results in lower stage efficiency compared with the M1.2 modification and, hence, 

should be avoided. 
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Figure 11: Transient averaged velocity plots (relative frame), π = 2.67 

 

CONCLUSIONS 

The present paper continues the investigation of the rotor blade sweep and hub endwall 

contouring effects on the performance of small-scaled supersonic axial impulse turbines started at 

the previous part of the paper. The mathematical formulation of the rotor blade sweep and radial 

velocity component at the rotor inlet was proposed. The new modifications of the baseline were 

provided to establish separately the effects of the rotor blade sweep, radial velocity component at 

the rotor inlet and hub contouring on the efficiency of the investigated stage. 

The using of backward swept rotor blades together with the positive cinematic lean provided 

efficiency increasing up to 2.9% at the design conditions. At the same time absence of the radial 

velocity component diminished the positive effect of the backward sweep. Axisymmetric hub 

contouring did not provide significant efficiency improvements at the design conditions, but 

provided up to 1.9% efficiency growth at the part-load operation. It was also established that using 

of the positive cinematic lean together with the hub contouring provides additional losses and 

should be avoided. 
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