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ABSTRACT
Design of a new generation of the large power steam turbines leads to very long last rotor
blades with tip sections operating often in supersonic region. The flow field in such tip
sections is not fully explored and it is believed to be fairly complex and very sensitive even
on minute changes of flow parameters. This stimulated the study of the performance of
profiles suitable for rotor tip sections. Numerical simulations have been carried out using
TU Prague’s code based on the solution of the RANS equations and SST turbulence model
by implicit finite volume method with AUSMPW+ scheme in high resolution formulation.
Experimental data have been gathered in the intermittent high-speed wind tunnel of IT
CAS CR for 2D cascade measurements equipped by an adjustable supersonic inlet nozzle,
perforated inserts at side walls and adjustable perforated tailboard.

NOMENCLATURE

b chord � density
p pressure ui velocity components
t time q heat 
ux
V control (�nite) volume E total energy
H total enthalpy � viscosity
Pr Prandtl number Sij deformation tensor components
tij stress tensor components �ij turbulent stress tensor components
M Mach number Tu intensity of turbulence
ReT = �T

�
Turbulent Reynolds number i incidence angle

k turbulent energy

INTRODUCTION
The overall demand for large output and high efficiency of steam turbines is pushing main

producers to enlarge the turbine outlet area. Such design implies very long last rotor blades with
a complex shape and therefore it requires a progress in many fields including aerodynamic ex-
periments and simulations. The most attention is usually paid to blade tips since the tip sections
of long rotor blades have thin profiles with large stagger angle and they operate at transonic or
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supersonic flow regimes. Large sensitivity of flow field on minute variations of inlet flow angle
and intensity of shock reflections make experimental as well as numerical investigation chal-
lenging, for example see Parvizinia et al. (2004), Shibata et al. (2013) or Senoo et al. (2013).
Therefore even basic research both experimental and numerical on flow of ideal gas past model
blade cascades provide valuable knowledge on behavior of designed tip section profiles under
supersonic flow conditions. This being said despite the fact that the working steam at the last
stage is wet since spontaneous primary condensation takes place one stage upstream. Results of
numerical simulations for two different incidence angles are compared with optical and pneu-
matic measurements of IT CAS CR. Possible consequences of difference between turbulence
intensity level in the test section of the wind tunnel and in the real turbine cascade are discussed
at the end of this paper.

THE PROBLEM FORMULATION AND NUMERICAL METHOD
The system of governing equations consists of Favre averaged Navier-Stokes equations,

equation of state for perfect gas and two-equation turbulence model closure. The Favre averaged
Navier-Stokes equations are considered in the integral form:

Z
V

@

@t

2664
�
�u1

�u2

�E

3775 dV +

I
@V

(un

2664
�
�u1

�u2

�H

3775+

2664
0
pn1

pn2

0

3775)dS =

I
@V

2664
0

ti1 + �i1
ti2 + �i2

(tij + �ij)uj � qi � qti

3775nidS (1)

E =
1


 � 1

p

�
+

1

2
(u2

1 + u2
2) + k; H = E +

p

�
; un = ui ni

tij = �2Sij; Sij =
1

2

�
@ui
@xj

+
@uj
@xi

�
� 1

3

@uk
@xk

�ij; qi = � 



 � 1

�

Pr

@(p=�)

@xi

The symbol �ij denotes the components of Reynolds stress �ij = �(�+ �0)u00i u
00
j , k the turbulent

energy k = 1
2�
�ii and qti the turbulent heat flux. The SST k�! turbulence model has been used

for closure.
The computational domain consists of one blade passage with sufficiently long upstream

and downstream parts. The periodic boundary of upstream and downstream parts is parallel
to the cascade axis (x coordinate), see the Fig.1. Inlet as well as outlet axial Mach numbers
are considered lower than one, therefore one can define the regime by the average values of
stagnation density �0, stagnation pressure p0 and incidence angle i at the inlet boundary and by
the average value of pressure p2 at the outlet boundary. New boundary conditions keeping the
given average values and permitting the evolution of distributions of considered variables along
inlet and outlet boundaries have been developed and implemented into in-house code with the
aim to attenuate shock reflections. Zero velocity and zero heat flux is considered along the
profile surface. The periodicity of all variables is considered at the periodic boundary. The
above conditions are supplemented by proper homogeneous Neumann boundary conditions for
additional parameters.

All simulations have been performed by the in-house code based on a finite volume for-
mulation with convective flux approximated by the AUSMPW+ scheme , see Liou (1996) with
MUSCL reconstruction and min-mod limiter. The dissipative flux is approximated by central
scheme. The implicit time integration is based on the block Gauss-Seidel iteration method
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for system of linear equations, for more details see Dobeš et al. (2007). Used computational
domain corresponds to a single passage of the linear cascade. It has been discretized by the
multi-block quadrilateral grid, which is sufficiently refined in the normal direction near profile
surface. The computational grid contains 90 blocks, 64 000 cells and 600 cell edges along the
profile, see the Fig.1.

Figure 1: The multi-block grid

EXPERIMENTS
Results of optical measurements presented in the paper were carried out in the intermittent

suction type high-speed wind tunnel of the Institute of Thermomechanics AS CR (Fig.2). The
wind tunnel is equipped with adjustable supersonic inlet nozzle, so that inlet Mach number up
to M1 = 2:0 can be reached. Due to specific geometry of the tip sections, a special test section
for aerodynamic measurements on profile cascades with small flow turning and supersonic inlet
velocities was used (Fig.3), for more details see e.g. by Simurda et al. (2014). The wind tunnel
works with dry air as a medium.

Figure 2: Scheme of the wind tunnel: 1 - silica gel dryer, 2 - filters, 3 - inlet contraction, 4 -
inlet nozzle, 5 - transient insert, 6 - rotable section, 7 - settling chamber, 8 - control nozzle,
9 - sliding valve, 10 - diffuser, 11 - main duct

During experiments with supersonic inlet velocity, the profile cascade was adjusted in the
position corresponding to nominal flow conditions. The inlet flow angle at supersonic inlet
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Figure 3: Scheme of the test section

Mach numbers is set spontaneously due to unique incidence rule, see for example Luxa et al.
(2014), which defines unique relation between inlet Mach number and inlet flow angle. The
inlet flow field parameters were measured by number of static pressure taps on the side-walls
and by the Prandtl probe, which was placed upstream the cascade in a proper position to avoid
disturbances at the proximity of the leading edges of profiles. The isentropic exit Mach number
was measured using static pressure tap located in the settling chamber downstream the cas-
cade. In order to assess periodicity of the inlet flow field, 32 static pressure taps are located on
the side-walls upstream the cascade. These taps span across 2 pitches. Each run of the wind
tunnel lasted for about 30 seconds. Measured values of the pressures are average values. No
unsteady pressure measurements were performed since investigated regimes are started super-
sonic regimes. Optical measurements consisted of interferometry (method of infinite fringe) and

Figure 4: The field of vision for optical measurement.

schlieren method (Toepler configuration). Due to limited diameter of glass windows, the field
of vision covered only the important part of the cascade middle channel- see Fig.(4). Fringes
in the interferogram represent lines of constant index of refraction. The evaluation of interfer-
ogram is based on the principle of the interferometric methods and also on the assumption of
isentropic changes in the main flow and constant static pressure across the boundary layer, see
Safarik et al. (2000).

RESULTS
Comparisons of experimental and numerical results
Several variants of the tip section cascade have been measured and some flow regimes have

been computed in linear cascade configuration using single blade passage domain with peri-
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