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By tangential curvature of the stacking line of the profiles guide vanes can be designed, which have on both ends an obtuse angle
between suction side and sidewall. This configuration, according to literature, is capable of reducing secondary loss. This type of
vanes develops considerable radial components of the blade force and effects a displacement of the meridional flow towards both
sidewalls. In this paper we work with a finite-volume-code for computations of the three-dimensional Reynolds averaged Navier-
Stokes equations for an axial turbine stage with radial and two types of tangentially curved guide vanes.With computational results,
mathematical formulations are developed for a new flow model of deflection of such blades that are formally compatible with the
assumption of a rotation-symmetrical flow and with the existing throughflow codes, in order to predict the deflection angle over
the blade height for the tangential leaned and curved blades.

1. Introduction

The classic design method for the blading of axial turbines,
applied for many decades, stipulates that the profiles consti-
tuting the blade body are stacked in radial direction. Such
stacked profiles can be different forms in the case of twisted
blades.When such blading profiles are arrangedwith the pro-
file centers of inertia on a radial line, the stacking line, bend-
ing stress by centrifugal force is avoided in rotor blades. The
normal of the surface elements of blades designed accord-
ingly is directed essentially to be tangential-axial, so that the
pressure forces of the blades have no or quite small radial
components; these are usually neglected in the aerodynamic
calculation. Consequently only the radial pressure gradient
and the centrifugal force resulting from the circumferential
component of the flow velocity are acting in radial direction
on the fluid particles passing through the turbine stage.Minor
additional radial forces may result from streamline curvature
and inclination. They enter as important parts into the equa-
tion of radial equilibrium, which is one of the basic equations
for the fluid-dynamic design of axial turbomachines.

The classic blade design results in difficulties, particularly
in the case of long blades as in the LP-part of condensing
steam-turbines (e.g., [1]), because the large radial pressure

gradient in the gap between stator and rotor causes a consid-
erable variation of the degree of reaction over the blade length
(e.g., 0% at the hub and 80% at the tip), which complicates
blade design and reduces efficiency.

Consequently the idea was born by Deich et al. [2], to
produce additional blade forces in radial inward direction by
circumferential inclination of the stator blades in order to
counteract the centrifugal forces and so to reduce the radial
pressure gradient. The idea proved successful and caused
extensive research on different blade forms with nonradial
surface elements (e.g., [3–6]).

It was found in addition that a blade inclination in the
sidewall area, which produces an obtuse angle between blade
suction side and sidewall, can reduce secondary loss, while
an acute angle will increase it. A pure inclination of the
stacking line in circumferential direction (lean)will therefore
create a positive effect on secondary loss at one end of the
blade and a negative effect at the other end. Such inclined
blade has been discussed by several authors; see, for example,
Deich et al. [2, 7–9]; Han et al. [10, 11]; Harrison [12]; Hour-
mouziadis and Hübner [13]; Suslov and Filippov [14]; Wang
et al. [15], an experiment research, and Deich et al. [2, 7–
9]; Hourmouziadis and Hübner [13]; Pioske and Gallus [16];
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Smith Jr. and Yeh [5]; Suslov and Filippov [14], a numerical
research, as well as the references therein.

In order to realize the loss reducing obtuse angle between
suction side and sidewall on both ends of the blade a curva-
ture (bow) of the stacking line of the profiles is necessary. For
stator blades this can be realized without mechanical trouble.
This design appears favourable especially for short blades,
as in height pressure (HP) and middle pressure (MP), part
of steam-turbines, since there secondary loss together with
clearance loss amounts to 20–40% of the total aerodynamic
loss, while a reduction of the radial pressure gradient, not
realizable with this type of blade, is not important. The
research work of the flow in axial turbine stages with curved
stator blades is therefore an important research topic for
actual turbomachinery and aeroengines. And some results
of the curvature blades can be found in Deich et al. [7–9];
Filippov and Wang [17, 18]; Wanjin et al. [11]; Harrison [12];
Hourmouziadis and Hübner [13]; Jiang et al. [19]; Vogt and
Zippel [20]; Wang and Zheng [21]; Wolf and Romanov [22],
an experiment research, and Filippov et al. [18, 23]; Hour-
mouziadis andHübner [13]; Jiang et al. [19]; Pioske andGallus
[16]; Suslov and Filippov [14];Wang and Zheng [21], a numer-
ical research, where the curvature form of such researches is
however mostly a simple curvature (circle) form.

Experimental researches and numerical computations are
available as tools to obtain a detailed knowledge of the 3D-
flow field and to understand the effect of geometric modifi-
cations. Simulation offers the opportunity of a very detailed
insight in the complete flow field which is hardly accessible by
experimental means. In addition it is ideally suitable for sys-
tematic research of geometry variations, as necessary in the
present case. However, the quality of simulation results will
be influenced by numerical iteration procedure, turbulence
model, mesh-structure, wall-flow model, and so forth in a
way that is difficult to control. It is therefore highly recom-
mendable to validate the results of simulation with the aid of
experimental data, as has been possible in the present case.

The object of the present paper is the numerical simu-
lation of the flow in an axial turbine stage equipped with
several variations of tangentially curved stator blades by using
a finite-volume-code for the 3D Reynolds averaged Navier-
Stokes equations. The research work is centered on

(i) effects of blade curvature on the flow in the stator,
(ii) effects of the stator blade curvature on the flow in the

rotor (which remained unchanged in geometry),
(iii) effects of the blade curvature on stage characteristic,
(iv) newmodeling of the radial blade force and the deflec-

tion angle over the blade height for the tangential
leaned and curved blades that are formally compatible
with the assumption of a rotation-symmetrical flow
and with the existing throughflow codes.

Definition of Curved Blade. The research is restricted to stator
blades curved of both ends as follows.The stacking line of the
profiles is curved in circumferential direction as, for example,
in Figure 1.

The curvature is defined by the angle 𝜀 between the
stacking line and the sidewall at the blade end and by the
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Figure 1: Definition of guide vanes curved on both ends by its
stacking line in 𝑆3-plane.

extension ℎ𝑘 of the nonradial part of the stacking line. These
values can be different at both ends of the blade.

(i) Positive Tangential Blade Curvature. If an acute angle
between the pressure side DS and the sidewall is realized, the
curvature is defined as positive.

(ii) Negative Tangential Blade Curvature. A blade with nega-
tive curvature shows acute angles between suction side SS and
sidewall.

2. Computational Methods

The applied numerical procedure solves the 3D-time-depend-
ent Reynolds averagedNavier-Stokes equationswith the finite
volume method and comprises different turbulence models.
Some validations showed a very good quality of the results.
For turbomachinery as well as aeroengine applications the
program contains a procedure for circumferential averaging
of flowparameters in planes between blade rows, for example,
between stators and rotor, in order to make a steady-state
calculation feasible in both blade rows. A suitable averaging
plane was provided in the grid design. The calculation used
the Baldwin-Lomax turbulence model [24] and a three-level
full multigrid method for convergence acceleration. Our
simulation results showed a difference of mass flow in the
inlet and outlet plane of less than about 0.02%. Details on
the computational methods of this code are available in some
literatures, for example, [25–30].

2.1. Governing Equations. The applied numeric procedure
regards the so-called Reynolds averaged Navier-Stokes
(RANS) equations as the physical basic model. Their hyper-
bolic system of conservation equations applied for mass,
impulse, and energy depends on velocity, pressure, and
enthalpy.They can be mostly written as a recapitulatory form

𝜕𝑈𝜕𝑡 + ∇ ⋅ 𝐹 = 𝑄. (1)

Thereby 𝑈 = (𝜌, 𝜌V, 𝜌𝐸)𝑇 denotes the conservative variables,𝐹 the matrices of the fluxes, and 𝑄 the source terms column-
vector. 𝐹 is actually combined from the matrices of the
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frictionless flux (Euler) 𝐹Eu and the dissipative flux (Navier-
Stokes) 𝐹NS. It can be rewritten as the following compact
form further into the following general conservative form
[25, 27, 29, 30]:

𝜕𝜕𝑡 [[[
𝜌
𝜌V
𝜌𝐸
]]
]
+ ∇ ⋅ [[[

[
𝜌V

𝜌V ⊗ V + 𝑝𝐼 − 𝜏
𝜌V𝐻 − 𝜏 ⋅ V − 𝑘∇𝑇

]]]
]
= [[[
[

0
𝜌𝑓

𝑒𝑊𝑓 + 𝑞𝐻

]]]
]
, (2)

where 𝜌, V, 𝐸,𝐻, 𝐼, 𝜏,𝑓
𝑒
,𝑊𝑓, 𝑞𝐻 denote the density, the veloc-

ity vector, the total energy, the total enthalpy, the 3 × 3 unit
matrix tensor, the viscous shear stress tensor, the external
force vector, the column-vector of characteristic variables,
and the source term, whereby the velocity vector has compo-
nents 𝑢, V, 𝑤. According to the character of flow we can dif-
ferentiate in each case according to the hyperbolic, parabolic,
and elliptical type of equation. The time-dependent Navier-
Stokes equation possesses a hyperbolic-parabolic charac-
ter within the temporal-spatial ranges, because the steady
Navier-Stokes equations are a mixed type in the spatial
domain. From it we obtain the elliptical-parabolic type which
describes subsonic flows and the hyperbolic-parabolic type
supersonic flows. For the flows with high Reynolds numbers
the system of the conservative equations causes convection
obtained in most flow domains.

2.2. Method of the Spatial Discretization. The spatial fluxes
of the applied basic equations of (1) and (2) are actually dis-
cretized using the finite volume scheme. The finite volumes
scheme has been usually spread using numeric technology
in particular for flow problems, because the integral form of
the conservative equations can be interpreted by direct dis-
cretization for a volume cell of the grids with the structured
as well as unstructured grids very flexibly and easily [25, 27,
29, 30].

Under the condition that the temporal derivatives are
exchangeable with the spatial integrations (i.e., the integrands
are constantly differentiable in 𝑡), the integral forms can be
normally deduced from the above differential expression (1).
For this reason the following integral formof the conservative
equations is given by

𝜕𝜕𝑡 ∫𝑉𝑈𝑑𝑉 + ∮𝜕𝑉
𝐹 ⋅ 𝑑𝑆 = ∫

𝑉
𝑄𝑑𝑉; (3)

therefore it is formulated for any volume 𝑉 with the control
surface 𝑆 = 𝜕𝑉. The discretization in the spatial is realized
with an approximation of the volume 𝑉 by elementary cells,
which contain, respectively, an element Δ𝑆 of control surface𝑆.Then the above integral equation (3) can be discretized and
rewritten as follows:

𝜕𝜕𝑡 ∫𝑉𝑈𝑑𝑉 + ∑faces𝐹Δ𝑆 = ∫𝑉𝑄𝑑𝑉, (4)

whereby 𝐹Δ𝑆 denotes the flux where they are combined,
respectively, from frictionless 𝐹EuΔ𝑆 and dissipative 𝐹NSΔ𝑆
fluxes.

2.2.1. Numerical Fluxes. The frictionless flux 𝐹EuΔ𝑆 and the
dissipative flux 𝐹NSΔ𝑆 are discretized, for example, in each
case by the upwind scheme and an application of Gauss
theorems. The treatment of the two fluxes will be not imple-
mented here; their detailed description is represented in [25,
27, 29–35]. The physical fluxes are mainly discretized in the
approximation of the central scheme as follows:

[𝐹 ⋅ Δ𝑆]𝑖+(1/2) = 12 [𝐹𝑖 + 𝐹𝑖+1] ⋅ Δ𝑆. (5)

This treatment for the numeric flux does not lead actually to a
stable scheme, because it does not give sufficient numeric dis-
sipation.Therefore one needs an artificial dissipation term, in
order to eliminate odd-even oscillations because of the cen-
tral discretization (high frequency oscillations) and in order
to capture shocks without oscillation. The usual formulation
prosecutes the type of the dissipation from Jameson et al.
[31]; it is actually formulated as sum of conservative variable
derivation, respectively, in second order with nonlinear
coefficients for shock capturing and in linear fourth order for
the background oscillations. In this way the numeric flux (5)
transferred into the form [25, 27, 29, 30]

𝐹⋆
𝑖+1/2 ⋅ Δ𝑆 = 12 [𝐹𝑖 + 𝐹𝑖+1] ⋅ Δ𝑆 − 𝑑𝑖+1/2, (6)

where 𝑑𝑖+(1/2) is the artificial dissipation. This term from
Jameson et al. is defined as follows in one-dimensional form
[31]:

𝑑𝑗

𝑖+1/2

= 𝜖(2)𝑖+1/2 (𝑢𝑖+1 − 𝑢𝑖)
− 𝜖(4)𝑖+1/2 [(𝑢𝑖+2 − 𝑢𝑖+1) − 2 (𝑢𝑖+1 − 𝑢𝑖) + (𝑢𝑖 − 𝑢𝑖+1)] .

(7)

The scalar coefficients 𝜖 are defined in the following way

𝜖(2) = 𝜅(2) 𝑎𝑐 𝜙,
𝜖(4) = max [0, (𝜅(4) 𝑎𝑐 − 𝜖(2))] (8)

and connectedwith the variables of pressure and temperature

𝜙𝑖 = max(
𝑝𝑖+1 − 2𝑝𝑖 + 𝑝𝑖−1𝑝𝑖+1 + 2𝑝𝑖 + 𝑝𝑖−1

 ,

𝑇𝑖+1 − 2𝑇𝑖 + 𝑇𝑖−1𝑇𝑖+1 + 2𝑇𝑖 + 𝑇𝑖−1

) . (9)

The pressure quantities are only used for liquids.
For the Navier-Stokes equation, the friction-affected dis-

sipation is normally not sufficient in the solution and there-
fore is the above term of the artificial dissipation necessarily
by the numeric solution of the Navier-Stokes equation. The
unexpected difficulty with this approximation hence comes
from the fact that the solution and the convergence can be
strongly dependent on the coefficients [25, 27]. This approxi-
mation will be used with either explicit or implicitly temporal
integration.
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Figure 2: Meridional plane of the experimental and computational domain for the applied axial turbine.

2.3. Turbulence Model. Since there is still no universal and
general turbulence model, the turbulence model will govern
the results simulated [24, 25, 27]. In this study, Baldwin-
Lomax turbulencemodel, which is suitable for the wider class
of interferencemodel to achieve enough accurate and reliable
results for a turbomachinery, is chosen for the fully turbu-
lence condition. The added blended wall function imple-
mented in the Baldwin-Lomax turbulence model leads to the
boundary layer at the solid walls with further refinement by𝑦+ value with 𝑦+ ≈ 1.
3. Computational Conditions

As a starting point data from an experimental research of a
single stage air turbine with different types of curved guide
vanes were made available to us by the department for power,
nuclear turbine construction, and aircraft engines of State
St. Petersburg Technical University (Russia).They comprised
stage characteristics as well as detailed flow measurements
with aerodynamic probes. Comparison of these data with
the results of numerical simulation of the same geometries,
reported in [36], showed good agreement and served as
validation of the simulation technique chosen. A number
of stator configurations with different types of bow was
derived from the geometry of the experimental turbine and
investigated numerically.

3.1. Single Stage Experimental Air Turbine. Figure 2 shows the
meridional section of the turbine, the test results of which
have been used for the validation of the numerical simulation
procedure. For themeasuring planes positions 0, 1, and 2 data
of probe measurements were available. The extension of the
meridional section in Figure 2 shows, too, the field of the
numerical calculation.

3.2. Geometrical Data of the Researched Blades. The exper-
imental investigations were made for a radial guide vane𝐵𝑎𝑠𝑖𝑠2𝐴 and a curved guide vane 𝐵𝑜𝑤2𝐵, both combined with
the same rotor. Characteristic data of the center-line profiles
are given in Table 1. For the numerical research 8 different
stator blade rows have been calculated with a systematic
variation of curvature by tangential displacement of the
unchanged profiles of the radial stator 𝐵𝑎𝑠𝑖𝑠2𝐴. Results are

F13g1Bow F32gBow2ABasis

Figure 3: Schematic three-dimensional representation of the radial
and the curvature guide vanes.

given here for the basis blading and the two most character-
istic bow stators. Data describing the curvature are shown in
Table 2; the parameters describing the curvature are 𝜀 and the
relative extension ℎ𝑘

bez = ℎ𝑘/ℎ according to Figure 1. Figure 3
shows a 3D representation of the three guide vanes.

3.3. Computational Mesh. The calculation mesh for the
numerical simulation is identical in form as well as in cell
number for all investigated blading. Table 3 gives the cell
numbers in three coordinate directions (𝑖 circumferential, 𝑗
radial, and 𝑘 axial direction).The entire computation areawas
divided into three zones in order to realize a rather orthogo-
nal mesh. Near the blade profiles an O-mesh was used, for
the inlet channel an H-mesh, and for the outlet area of the
stator an I-mesh with H-mesh extension in order to adapt the
wake of the blade. In the outlet channel of the rotor only an
H-mesh was applied. A total of 973191 nodes resulted for the
complete calculation area.

Figure 4 shows the grid configuration for the applied
guide vanes and rotor blades. The interfaces of the two
domains for stator and rotor are the only overlapped region
and there is only one accepted virtual translating direction
along the interfaces; that is, it is unacceptable to translate
across the interfaces. Considering the complex geometry of
this system, for accuracy of the prediction, the regions near
interfaces and boundary layers of the stator and rotor, finer
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Table 1: Geometrical data of the center line profiles.

Notation Unit 𝐵𝑎𝑠𝑖𝑠2𝐴 𝐵𝑜𝑤2𝐵 Rotor
Blade height [mm] 65.6 65.6 66.87
Middle diameters [mm] 363.98 363.98 364.24
Blade chord [mm] 31.159 32.101 20.26
Max. camber [mm] 7.047 5.254 6.063
Stagger-angle [deg.] 43.00 36.00 57.20
Inlet angle [deg.] 80.00 90.00 42.00
Outlet angle [deg.] 15.37 13.95 21.33
Rel. pitch [—] 0.4898 0.4745 0.7433
Blade number [—] 74 74 76𝛿sp [mm] — — 0.5

Table 2: Geometrical data of the investigated guide vanes.

Notation Abbreviation 𝜀𝑁 𝜀𝐺 ℎ𝑘
bez,𝑁 ℎ𝑘

bez,𝐺
Unit [—] [deg.] [deg.] [—] [—]
1 𝐵𝑎𝑠𝑖𝑠2𝐴 0.0 0.0 — —
2 𝐵𝑜𝑤𝐹13𝑔1 +13.2 −12.2 0.453 0.438
3 𝐵𝑜𝑤𝐹32𝑔 +32.0 −29.0 0.409 0.374

Table 3: The mesh distributions of the turbine stage.

Notation
H-mesh O-mesh I + H/H-mesh
(Inlet) (Blade) (Outlet)

[𝑖 × 𝑗 × 𝑘] [𝑖 × 𝑗 × 𝑘] [𝑖 × 𝑗 × 𝑘]
le 33 × 57 × 33 33 × 57 × 217 33 × 57 × 49
la 41 × 57 × 17 41 × 57 × 177 41 × 57 × 25
structured mesh was employed in the present numerical
computation; on the other side, regions far from stator and
rotor are meshed with coarser structured mesh.

This mesh configuration considers the calculation and
comparison of turbulence model and combines it with the
near wall modified function with low Reynolds numbers in
order to effectively offset the interference that occurs in the
internal flow field to improve the near wall computational
grid’s deficiencies.

Therefore, the distance of the first cell layer from the
blade surface was 0.001mm; the added blended wall function
implemented in the turbulence model leads to the boundary
layer at the solid walls with further refinement by 𝑦+ value;
this gave a value of the dimensionless wall-distance 𝑦+ ≈ 1.

The computation of entire mesh used a three-level full
multigrid method for convergence acceleration. Our simula-
tion results for such amesh configuration showed a difference
of mass flow in the inlet and outlet plane of less than about
0.02%. This validation showed a very good quality of the
applied mesh configuration.

3.4. Operating Conditions of the Turbine Stage. Thenumerical
calculation of the flow in the turbine stage was realized for
its optimum operating point deduced from the experimental

data, all relevant data for inlet and outlet are summarized in
Table 4. The total-static pressure ratio Π ≡ 𝑝aus2,𝑠 /𝑝ein0,𝑡 = 0.7.

The applied 3D calculations of total stage efficiency with
axial gap 6.5mm were performed for two different ranges of
the run number ].

(i) Run Number ] in the Range 0.3 to 0.6. In this range of the
run number, the pressure ratio Π = 0.7 remained constant,
so the enthalpy change remained also constant. But the
rotational speed was changed for different operating points.
The applied data are shown in Table 5.

(ii) Run Number ] in the Range 0.6 to 0.9. In this range of
the run number, the rotational speed was no longer changed,
but the reduced rotational speedwasmaintained at a constant
value 4000. However, on the contrary, the pressure ratio was
changed by various static pressures on entry. This data is
shown in Table 6. Therefore, the enthalpy or the mass flow
is also changed.

4. Results and Discuss

4.1. Validation of Numerical Results. For the operating points
in both Tables 5 and 6, the turbine stage was computed with
a real axial gap 6.5mm, the results are shown in Figure 5. It
shows that the stage efficiency is a function of the run number
]. The run number ] has been divided into two ranges for the
computations of the stage efficiency. In the range of the run
number between 0.3 and 0.6, the stage efficiency of the radial
blade Basis2A agrees very well with the experimental data.
However, the computations of this radial blade in the range
between 0.6 and 0.9 also show a pretty good consistency out-
side the range between 0.65 and 0.85 since in this range only
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(a) (b)

Figure 4: Configuration of the calculating mesh in the middle section of the radial blades (mesh shown in (b) (rotor) and mesh shown in (a)
(stator)).
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Figure 5: Total stage efficiency as a function of the run number ]
for the radial blade Basis2A with real axial gap 6.5mm.

a deviation of about 0.3 occurs. The accuracy of presented
numerical results can therefore be validated by this compari-
son result clearly.

4.2. Effect on the Meridional Streamlines. The form of merid-
ional streamlines is essentially determined by the radial blade
forces acting on the flow,mainly the centrifugal force 𝑐2𝜑/𝑟 and
the radial pressure gradient 𝜕𝑝/𝜕𝑟. In the familiar stage design
according to the free vortex law (approximately it is realized
in the 𝐵𝑎𝑠𝑖𝑠2𝐴-stage), these are balanced so that no radial
displacement of streamlines occurs, as in Figure 6.

The type of bow applied in two guide vanes presented
here will create additional radial blade forces acting towards

Table 4: The aerodynamic data in the optimal operation point.

Notation Unit Value𝑝ein
0,𝑡 [Pa] 142857𝑝ein
0,𝑠 [Pa] 140812.5𝑝aus
2,𝑠 [Pa] 100000𝑇ein
0,𝑡 [K] 323.1𝑇ein
0,𝑠 [K] 321.772

Tu [%] 1 ⋅ ⋅ ⋅ 2%ℎ/𝑆Bi [—] 2.1le𝑐ein𝑧 [m/s] 51.657𝑐ein𝑟 [m/s] 0.0𝑐ein𝜑 [m/s] 0.0�̇� [kg/s] 4.93𝑛 [rpm] 7190𝑅 [J/(kgK)] 287.14𝜌 [kg/m3] 1.53

the hub and the casing in the sidewall regions. The balance
of radial forces and the radial flow displacement will vary to
extent in the circumferential direction too and then a 3D-flow
field will be formed really. A simplified presentation is shown
in Figure 6; a circumferential averaged flow over the pitch
is calculated and applied to the calculation of meridional
streamlines in this figure; a similar result would be achieved
by a 2D-calculation of the flow field.

By the comparison with both curved guide vanes of the
meridional flow in Figure 6, it shows that the radial displace-
ment of streamlines towards the guide vane ends has the same
effect of bow. The bow-effect for the vane 𝐵𝑜𝑤𝐹32𝑔, whose
inclination (bow) angles 𝜀 have more than double the value
of the vane 𝐵𝑜𝑤𝐹13𝑔1, is more distinct. The radial deflection
tapers off in the gap between stator and rotor and is con-
centrated in the outlet part of guide vanes, where the radial
blade force has its full effect. Consequently, the deflection of
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Figure 6: Circumferentially averaged meridional streamlines for radial and bow stators.

Table 5: The operating points of rotating speed as a variable in the range of run number ] between 0.3 and 0.6.

] [—] 0.314 0.366 0.455 0.484 0.539 0.550 0.563 0.578𝑛 [rpm] 4113 4790 5955 6326 7046 7190 7366 7567

Table 6: The operating points of total pressure at the inlet as a variable in the range of run number ] between 0.3 and 0.6.

] [—] 0.600 0.612 0.672 0.704 0.778 0.800𝑝ein
0,𝑡 [Pa] 134543 132957 126460 123753 118911 117797

streamlines towards the sidewall will cause a deceleration of
the axial flow velocity in the middle part of guide vanes,
which can be seen under the increased distance of streamlines
compared with the radial guide vane 𝐵𝑎𝑠𝑖𝑠2𝐴; such an
effect for the velocity distribution over the blade height is
important.

4.3. Radial Blade Forces Produced by Blade Curvature

4.3.1. Treatment andModeling of the Radial Blade Force. Blad-
ing designed according to standard principles with radial
stacking line produces blade forces acting essentially in
circumferential and axial directions, and the radial com-
ponent remains very small. In addition, the inclined and
curved guide vanes develop the radial blade force, which can
attain the same magnitude as the circumferential and axial
components and therefore enter into the radial equilibrium
as important terms, which influences the flow field.

A schematic representation of three-dimensional blade
force and an element angle of inclined or curved guide vane
are represented as a definition of balance direction in Figure 7
at the blade trailing edge. It shows that on the flow the
reaction blade forces of guide vane are exerted on the pressure
side𝑓DS

𝑠
and the suction side𝑓SS

𝑠
, respectively.They act on the

blade surface perpendicularly and have different values on
both sides.

The local blade force 𝑓
𝑠
is defined by the inclined surface

element of the blade and its axial and radial length elementsΔ𝑧𝑧 and Δℎ𝑟 can be calculated from the local static pressure𝑝𝑠 at the blade surface in the following form:

𝑓
𝑠
= 𝑝𝑠Δ𝐴𝐸 = 𝑝𝑠

Δ𝑧𝑧
cos ]

Δℎ𝑟

cos 𝜀 , (10)

where 𝜀 is the inclination angle against the radial direction
and the deflection angle ] against the axial direction of the
surface element. In addition, the element length along the
blade contour Δ𝑧𝐸 and the element height along the inclined
blade height Δℎ𝐸 can be computed by the forms Δ𝑧𝐸 =Δ𝑧𝑧/cos V and Δℎ𝐸 = Δℎ𝑟/cos 𝜀, respectively.

The local blade force 𝑓
𝑠
in Figure 7 can be divided into

two components of blade force 𝑓
𝑠,1

in the 𝑆1-plane (blade to
blade) and𝑓

𝑠,3
in the 𝑆3-plane.The blade force in the 𝑆1-plane

arises from the blade force 𝑓
𝑠
with the inclined angle 𝜀𝑠 in the

following form:

𝑓
𝑠,1
= 𝑓

𝑠
cos 𝜀𝑠; (11)

thereby the inclined angle 𝜀𝑠 is determined over the tangent
through the radial blade force 𝑓

𝑟,𝑠
and the blade force in the𝑆1 plane 𝑓𝑠,1

𝜀𝑠 = arctan(𝑓𝑟,𝑠𝑓
𝑠,1

) = arctan( 𝑓
𝜑,𝑠

tan 𝜀
𝑓

𝜑,𝑠
/ cos ])

= arctan (tan 𝜀 cos ]) .
(12)

Both blade forces in the 𝑆1 and 𝑆3-planes can be further
divided into three coordinate directions, 𝑓

𝜑,𝑠
, 𝑓

𝑟,𝑠
, and 𝑓

𝑧,𝑠

describing the blade forces in circumferential, radial, and
axial directions, respectively. By the blade force in the 𝑆1-
plane, the circumferential blade force can be also indicated
in the form

𝑓
𝜑,𝑠
= ±𝑓

𝑠,1
cos ]; (13)
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Figure 7: Schematic representation of 3D-blade forces and angles on the surface element of inclined or curved guide vane as a definition of
the force direction (DS = pressure side; SS = suction side).

with this definition the radial blade force in the 𝑆3-plane
arises

𝑓
𝑟,𝑠
= ±𝑓

𝜑,𝑠
tan 𝜀 = 𝑓(𝜀, 𝑓

𝜑,𝑠
) . (14)

The local radial blade force 𝑓
𝑟,𝑠
can be therefore obtained

by the following new general form:

𝑓
𝑟,𝑠
= [[𝑝𝑠

Δ𝑧𝑧
cos ]

Δℎ𝑟

cos 𝜀 cos [arctan (tan 𝜀 cos ])]]
⋅ cos ]] tan 𝜀.

(15)

4.3.2. Distribution of the Resultant Radial Blade Force. The
distribution of the radial blade force over the entire blade
height must be described in detail for the effect of the blade
curvature. The total radial blade force �̃�

𝑟,𝑠
of a profile section

with the elementary height 𝑑ℎ results from the integration
over all surface elements on this profile

�̃�
𝑟,𝑠
= − 𝑚∑

𝑖=1

(𝑓DS
𝑟,𝑠
)
𝑖
+ 𝑛∑

𝑗=1

(𝑓SS
𝑟,𝑠
)
𝑗
, (16)

where the indices 𝑖, 𝑗 are the 𝑖th and 𝑗th surface element
of the blade on the pressure (DS) and suction (SS) sides,
respectively.The total radial blade force is the sumof the pres-
sure side part and the suction side part; it is always directed
from the pressure side to the suction side.The distribution of
the total radial blade force per length-element of the blade
is shown in Figure 8 for the radial guide vane (assuming
no radial blade force) and both curved guide vanes. From
Figure 8 we find the following phenomena:

(i) The region for the radial blade force is about equal to
the region of blade zones for bow (ca. 40% of blade
height on both ends).

(ii) The radial blade force is increasing in the inclination
(curved) angle 𝜀 as well as on the same blade in
direction of the increasing bow as from blade to blade
with increased bow.
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Figure 8: Distributions of the resultant radial blade force for the
guide vanes over the blade height.

(iii) The radial blade force tapers off in the proximity
of sidewall, even if the inclination (curved) angle
increases there. This is probably due to reduced aero-
dynamic loading of profiles there.

The distributions and magnitude of the radial blade
force correspond directly with the deflection of meridional
streamlines in Figure 6, introducing the radial blade force in
the equation of radial equilibrium; their form can be calcu-
lated quantitatively.

4.4. Effect of the Blade Curvature on the Static Pressure Distri-
bution at the Profiles. Theaerodynamic blade forces and their
components result from the static pressure on the profile and
the geometric orientation of its surface elements.Thepressure
distribution itself is, also, of great importance for the flowover
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Figure 9: Pressure distributions over the blade profile of the stator at the 0.063 (thick line) 0.256, 0.5, 0.744, and 0.937 normalized blade
height.

the profile, especially the boundary layer and its development.
Boundary layer thickness, transition, and eventually separa-
tion depend to a great deal on the pressure distribution. It is
of great interest therefore how the inclination and curvature
of a blade influence the pressure distribution.

4.4.1. Aerodynamic Load of the Blade Profiles. If the static
pressure distribution over a profile is presented over the axial
chord, as in Figure 9, the area circumscribed by the pressure
side and the suction side curve is directly proportional to
the circumferential (or working) total force of the blade
profile; the difference between the two curves at an axial
station describes the local aerodynamic loading and the form,
especially of the suction side curve, is important for the
boundary layer development and hence for the profile loss.

Figure 9 shows the static pressure distributions over the
profile sections at different height positions for the three
guide vanes treated here. Two curves are near the sidewalls
(0.063 and 0.937 normalized blade height), two are in the
middle of the bow zones (0.256 and 0.744), and one is in the
middle of the blades (0.5). It is obvious that, because of the
radial pressure gradient between stator and rotor, the outlet
pressure increases with increasing blade height, as visible in
Figure 9 for all three stators. Noteworthy is the decrease in
aerodynamic loading (circumscribed area) towards the side-
wall with increasing bow, especially in the hub area. Finally
remarkable and quite unexpected is the fact that the pressure
distributions of the profiles close to the sidewalls of the
curved vanes are distinctly deformed, so that the aerody-
namic loading is not only reduced, but also displaced towards
the trailing edge and acceleration on the suction side is
delayed. This effect seems, too, to be proportional to the
degree of curvature.

4.4.2. Pressure Distribution on the Suction Side. The variation
of the pressure distribution, especially on the suction side, by
the blade curvature is shown in Figure 9 for several distinct
profile sections. It can also be demonstrated in a continuous

way by a graph of the pressure distribution on the suction side
over the blade height as shown in Figure 10 for the three vanes.
The isobaric lines of the radial basis vane extend essentially
in radial direction over the blade height; the peaks near the
trailing edge are a result of a slight overspeed on the profile.
In direct proximity of the sidewalls they bow a little down-
stream.This somewhat more distinct effect near the casing is
probably due to the conical contour.

Blade curvature now effects a clear displacement of the
isobars in downstream direction near both sidewalls, more
pronounced by stronger blade curvature, and resulting from
the downstream movement of the blade loading described
in Section 4.4.1. While the local inclination of the blade
produces for the bulk of the flow an additional force directed
towards the sidewalls, as shown before, it creates, somewhat
unexpected, near the suction surface of the blade a compo-
nent of the pressure gradient, which is directed towards the
middle of the blade. As is well-known the low energy fluid
of the secondary flow accumulates in the corner between
suction side and sidewall. This static pressure component
directed towards the center of the blade might be able to
transport part of the low energy fluid out of the suction corner
and might be assisted by the obtuse angle between sidewall
and suction side resulting from the blade inclination. Here is
a reason for the repeatedly observed reduction of secondary
loss by bowing of blades.

4.5. Effect of the Curvature on the Vane Outlet Angle. Since
the inclination of the blade changes the aerodynamic loading
as well as the circumferential component of the blade force
the turning of the flow (e.g., [37]), that is, the outlet angle of
the vane, will be influenced, too (e.g., [38]). Figure 11 shows
the distribution of the flow outlet angle, averaged over one
pitch, over the blade height. The angle of the radial blade is
equal to the value according to the sine-rule (effective angle)
over most of the blade height.The curved blades exhibit clear
underturning over 20% of the blade length at both ends,
intensified by higher blade inclination, which is certainly due
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Figure 10: Pressure distributions on the suction side of the blade surface, where the unit of the pressure isolines on the blade surface is in
Pascal. Therefore, LE and TE denote the leading edge and the trailing edge, respectively.

to the reduced blade loading in these areas. Not so obvious
is the explanation for the overturning by 2 to 4 deg. in the
middle zone. Probably it can be attributed to the deceleration
of the axial flow velocity in this area because of the deflection
of the flow towards the sidewalls.

4.6. Effect of the Blade Curvature on the Loss Coefficient of
the Vanes. As explained initially the advantage gained by use
of partly or completely inclined vanes is the reduction of
the radial pressure gradient and hence the gradient of the
degree of reaction especially for long blades. The interest in
real bow vanes in turbines accruesmainly from the possibility
of reducing the flow losses. Therefore the research of the
influence of vane curvature on aerodynamic loss is of central
importance. The vane loss coefficient was defined according
to Traupel [39] as

𝜁le = 1 − 𝑐21 /2Δℎle𝑠 + 𝑐20 /2 . (17)

The isentropic enthalpy drop Δℎle𝑠 of the stator is

Δℎle𝑠 = 𝜅𝜅 − 1𝑅𝑇0,𝑠 [1 − (𝑝1,𝑠𝑝0,𝑠

)(𝜅−1)/𝜅] . (18)

The loss coefficient at a sufficient number of stations along
the streamtubes of constant % blade height was determined
from the results of the 3D-simulation with circumferentially
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Figure 11: Circumference averaged exit flow angle of the stators over
the channel.

averaged values of the parameters and is presented for the
three different vane types in Figure 12, whereby 𝑝0,𝑠 is a
function of the radius in (18) and all parameters are used in
this connection along the streamlines over blade height in
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Figure 12: Circumference averaged loss distributions of the stators
over the channel height.

each case for stator and rotor. The curves are not simple to
interpret, but it is obvious that the vane with moderate bow
has lower losses near both sidewalls and a certain increase
in the middle zone, compared with the radial vane. The vane
with high bow exhibits a sharp reduction of the loss coeffi-
cient in direct proximity of the sidewalls, but then a consid-
erable increase around 0.2 and 0.8 normalized blade length,
while in the middle of the blade the loss is equal to that of the
radial blade.

The changes of the loss distribution andmagnitudewill be
due to a combination of influences, as different development
of profile boundary layer because of different pressure dis-
tribution, oblique movement of boundary layer on inclined
parts of the blade, different secondary flow, and so forth.
Finally the well-known deficiencies of Navier-Stokes-solvers
in calculating dissipation correctly must not be forgotten.

The integrated loss of the three stators is calculated by the
presented curves of the illustrations according to

𝜁int = 1ℎbez ∫
ℎbez

0
𝜁 (ℎbez) 𝑑ℎbez (19)

and their differences according to

Δ𝜁rech = 𝜁rech − 𝜁
Basis

2A

rech

𝜁Basis2Arech

. (20)

The values are presented in Table 7. Such results are identical
to Figure 6 for the effects of the radial displacement of the
meridional streamlines for radial and curved blades. It turns
out that amoderate bow effects a reduction in total loss, while
the high bow vane exhibits higher loss than the radial vane.

Table 7: Integrated loss coefficient of all investigated vanes.

Notation 𝜁rech Δ𝜁rech [%]𝐵𝑎𝑠𝑖𝑠2𝐴 0.0767 —𝐵𝑜𝑤𝐹13𝑔1 0.0744 −2.943𝐵𝑜𝑤𝐹32𝑔 0.0782 +2.005
Table 8: Integrated loss coefficient of the rotor for the calculated
blading.

Notation 𝜁rech Δ𝜁rech [%]𝐵𝑎𝑠𝑖𝑠2𝐴 0.0814 —𝐵𝑜𝑤𝐹13𝑔1 0.0771 −5.346𝐵𝑜𝑤𝐹32𝑔 0.0728 −10.531

5. Effects of the Vane Curvature on
the Rotor Flow

Any modification of the stator of a turbine stage, which
changes the flow field at its outlet, will directly influence the
flow entering the rotor and therefore its aerodynamic effec-
tivity (e.g., [40–45]). In our case the curvature of the stator
vanes changes the outlet angle and the axial flow velocity;
together they define in the velocity triangle the relative inlet
flow angle for the rotor.The difference between aerodynamic
inlet angle and the geometric inlet angle of the rotor blade, the
incidence angle, is of central importance for the aerodynamic
action of the rotor blade profiles. High positive inlet angles
cause an aerodynamic overload of the profile and high loss.
Negative incidence angle may result in adverse profile pres-
sure distribution and increased loss, too.

Figure 13, showing the rotor incidence angles for the three
cases, makes it clear that the basis stage, which had been
conceived for the experiments at the department for power,
nuclear turbine construction, and aircraft engines of State
St. Petersburg Technical University, had already not been
designed in an optimum way, since in the top half of the
rotor blade a considerable negative incidence prevails. The
loss distribution, presented in Figure 14, shows however that
this design seemed not to have a negative consequence. The
influence of the vane bow on rotor incidence in Figure 13
results directly from the variation of the vane outlet angle 𝛼1.
Therefore its valuesmove towards negative in the two sidewall
areas and towards positive on the middle of the blade.
Interesting, though not quite easy to explain, is the reaction
of the rotor loss coefficient on the bow of the stators. The
remarkable reduction of the loss coefficient in the lower half
of the blade is not directly attributable to the variation of the
incidence. Probably it results from a reduction of profile loss
as well as secondary loss and would require a detailed study
of the loss characteristics of the rotor profiles in function of
the incidence. Values of the integrated loss coefficient of the
rotor for the three cases in question are given in Table 8.

As could be expected from Figure 14 they show a distinct
reduction of loss for the cases with bow vanes. Finally the
rotor outlet angle 𝛽2 is presented in Figure 15. Since the
outlet angle of turbine blade profiles is within a certain range
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Figure 13: Circumference averaged incidence of the rotor over the
channel height.
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Figure 14: Circumference averaged loss coefficient of the rotor over
the channel height.

independent of the inflow angle, it could be expected that
the 𝛽2-distribution is little influenced by the bow of the
vanes. It shows the familiar underturn near the wall and the
overturn directly at the wall, both due to secondary flow, in
a pronounced way near the hub and less clear near the tip,
where directly at the wall the clearance flow predominates.
The influence of the vane bow is small. The absolute flow
angle 𝛼2 behind the rotor is defined not only by 𝛽2, but via the
velocity triangle by the axial velocity, too. This is, as we have
seen, influenced considerably by the curvature of the vanes
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Figure 15: Circumference averaged relative exit flow angle 𝛽2 of the
rotor in position 2 (MP2).
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Figure 16: Circumference averaged absolute exit flow angle 𝛼2 over
the channel height in position 2 (MP2).

and this influence is still sensible behind the rotor.Therefore,
as Figure 16 shows, the flow angle𝛼2 can be changed by 10 deg.
and more through the vane bow, even if 𝛽2 differs by one or
two deg. only for the different cases.

6. 2D-Modeling of the Flow Deflection

In preliminary design and optimization of turbines (e.g.,
[46]) the two-dimensional flow calculation (throughflow
method) assuming rotation-symmetric flow is still widely in
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use and of high practical importance, since the blades cannot
be introduced directly into the calculation models for flow
deflection and loss, representing the chosen blading, has to be
used. For radial blading the familiar sine-rule is quite appro-
priate to describe the exit flow angle 𝛼1 of the cascade in a
simple form

𝛼1 = arcsin(𝑎1𝑡1 ) , (21)

where 𝑎1 is the exit channel width and 𝑡 the blade pitch. We
denote the exit angle and so calculated the effective angle.

6.1. Correction Function for the Exit Flow Angle of Curved
Blade. Tangential curvature will change the exit flow angle
of a blade over the blade height in a waymainly influenced by
the local tangential inclination angle 𝜀. In a general way a cor-
rection function for the effective flow angle 𝛼1 can be defined,
which renders the exit flow angle �̃�1 of the curved blade

�̃�1 (ℎbez) = 𝑓𝛼
𝜀 (ℎbez) 𝛼1 (ℎbez) . (22)

This function will depend on the local inclination 𝜀 and the
effective flow angle 𝛼1 and varies over the blade height.

6.1.1. Correction Function Based on Experimental Data.
Experimental investigations weremade at the department for
power, nuclear turbine construction, and aircraft engines of
State St. Petersburg Technical University for the guide vane𝐵𝑜𝑤2𝐵 (not treated here in detail), which is inclined in the
lower half and curved towards radial near the casing. The
relevant data in our definition are 𝜀𝑁 = +13.2∘, 𝜀𝐺 = 0∘,
and ℎ𝑘

bez,𝑁 = 1.0. Because of the moderate curvature a rather
simple correction function is proposed

𝑓𝛼
𝜀 = 1 + 𝑘 tan 𝜀. (23)

From the experimental data a value for 𝑘 = 0.435 is deducted.
A validation is given in Section 6.2.

6.1.2. Correction Function for Vanes withHigh Curvature. The
numerically investigated vanes with high curvature on both
ends produce high underturning in the sidewall zones, which
cannot be described by a correction approximately propor-
tional to 𝜀 as in (23). A nonlinear version for the correction
parameter 𝑘 has been devised, which makes use of several
additional parameters

𝑘 = 𝑘𝑘 − 1𝛼𝑘 − 𝛼eff𝑘 (𝛼𝑘 − 𝛼1)𝑛 , (24)

where 𝛼1 is again the sine-rule flow angle along the blade
height, 𝛼eff𝑘 the effective flow angle at the extreme blade end
(hub or tip). and 𝛼𝑘 an assumed maximum value of the exit
flow angle of the curved blade at its end.

The value 𝛼eff𝑘 depends on the geometry of the hub profile
cascade and is invariable (e.g., 13∘ for the vane 𝐵𝑎𝑠𝑖𝑠2𝐴 and
the curved vanes deduced from it). The two coefficients 𝛼𝑘

and 𝑘𝑘 have to be chosen suitably for the different curvatures.

Table 9: Values of the empirical coefficients in (25) for the curvature
blading (𝑎 = general).

Notation 𝐵𝑜𝑤2𝐵 𝐵𝑜𝑤𝐹32𝑔 𝐾𝑛 3 3 𝑘𝛼eff𝑘 13 13 𝑘𝛼
𝑘 20 15.35 𝑎𝑘
𝑘 1.195 1.085 𝑎

The exponent 𝑛 will take care of the nonlinear character of
the angle distribution; a value 𝑛 = 3 seems appropriate. From
the results of experimental investigations of turbine stages
with curved vanes it seems that an optimal angle of tangential
inclination of approximately 20∘ exists. We assume therefore
that the value of 𝛼𝑘 can be chosen up to a maximum of20∘ only; similarly the coefficient 𝑘𝑘 should not be assumed
higher than 1.2. If (24) is inserted in (23) we receive a new
general formulation for the exit flow angle of curved vanes

�̃�1 = [1 + ( 𝑘𝑘 − 1𝛼𝑘 − 𝛼eff𝑘 (𝛼𝑘 − 𝛼1)𝑛) tan 𝜀] 𝛼1. (25)

6.2. Validation of the Correction Function. Since the numer-
ically investigated vanes have been developed by tangential
displacement of the unvaried profiles of the radial basis stator
their effective exit flow angle distribution is identical with that
of the stator 𝐵𝑎𝑠𝑖𝑠2𝐴. The geometry and hence the effective
flow angle distribution of the stator 𝐵𝑜𝑤2𝐵, for which exper-
imental data are available, are quite different. The exit flow
angle distribution of the two curved stators 𝐵𝑜𝑤2𝐵 and𝐵𝑜𝑤𝐹32𝑔 has been calculated with the correction function
described above. The values of the geometrical and empirical
coefficients that have been used are shown in Table 9.
Further validations of other blade types from the numerical
simulation are carried out in this investigation, respectively
(not treated here in detail).

Figure 17 shows the results for the vane 𝐵𝑜𝑤2𝐵, which
comprises inclination mainly in the lower half. The resulting
exit flow angle differs sensibly in this region from the sine-
rule value; the corrected angle according to (25) and the
coefficients in Table 9 agree well with the experimental and
the values of the 3D-computation. Because of the moderate
degree of inclination the correction in the simplified form of
(23) with a constant value of 𝑘 = 0.435 would render good
results.

Figure 18 shows results for the vane 𝐵𝑜𝑤𝐹32𝑔 with consid-
erable curvature on both ends. The corrected angles accord-
ing to (25) with the coefficients in Table 9 represent the results
of the 3D-simulation very well in both sidewall regions. Since
the correctionmodel cannot take care of the redistribution of
the aerodynamic blade load into the middle of the blade the
reduction of the flow angle in that region will not be correctly
described (see Figure 11). The validation of this correlation is
tested at present likewise for the throughflow calculation by
the TU St. Petersburg as well as industry in St. Petersburg.

Because the sine-rule is valid for two-dimensional cas-
cade flow, the exit flow angle distribution will show some
deviations from these values in the sidewall zones of radial
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Figure 17: Validation of the deflection model of (25) over the blade
height for the curvature blade 𝐵𝑜𝑤2𝐵.
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Figure 18: Validation of the deflection model of (25) over the blade
height for the curvature blade 𝐵𝑜𝑤𝐹32𝑔.

blades, too. Secondary flow will cause underturning when
approaching the sidewall and overturning in its direct prox-
imity; radial clearance will cause considerable underturning.
These deviations from the sine-rule values can be calculated
by specific flow models, described, for example, in [47], and
then introduced in our correction procedure instead of the
effective flow angle 𝛼1 for improved modeling. In Figure 17
these influences are visible to some extent. A distinct tangen-
tial curvature, however, will render flow angle modifications,
which surpass the secondary flow influence considerably, as
is clearly visible in Figure 18.

7. Conclusions

Results of numerical 3D flow simulations of an axial turbine
stagewith radial and twodifferent curved guide vanes are pre-
sented. The curved guide vanes are developed by tangential
displacement of the profiles of the radial vane.The simulation
procedure was validated with the aid of experimental data,
not presented here.

The guide vanes with curvature on both ends form
an obtuse angle between suction side and sidewall. They
generate radial pressure forces, which displace the fluid flow
towards the sidewalls. The axial velocity is increased there as
well as the exit flow angle. The pressure distribution of the
blade profiles is deformed, so that the aerodynamic loading
is shifted backwards. This produces a radial component of
the pressure gradient on the suction side directed towards the
middle of the blade. This phenomenon probably promotes a
displacement of the secondary flow and a reduction of the
secondary loss. All effects are intensified by increased blade
inclination and extended area of the curvature.

The modification of vane exit angle and axial velocity
distribution will cause changes of the incidence to the rotor
up to 10∘ and more, so that adaption of the rotor geometry,
when applying curved stators, seems necessary.

In order to render the flow calculation of curved sta-
tors feasible by the widespread 2D-methods (through flow
method) a radial force model and an exit angle model for
curved stators were developed. It departs from the famil-
iar sine-rule and comprises a correction function, which
depends mainly on the local inclination angle 𝜀 of the vane.
General coefficients permit the adaption to different blade
curvatures. Further research by numerical simulation, finally
validated by experiments, which is extended to other profile
types, profile modifications in the inclined zone, other types
of curvature, and so forth, will probably lead to optimum
forms of bow vanes with reduced secondary loss and
increased efficiency.

Nomenclature

Symbols

𝑎: Exit channel width𝑐: Flow velocity in abs. system𝑓: Vector of the forceℎ𝑠: Specific enthalpyℎ: Blade and channel heightΔℎ𝑠: Change of the isentropic spe. enthalpy𝑖: Incidence𝑘: Coefficient�̇�: Mass flow rate𝑛: Speed in normal direction𝑝: Pressure𝑟: Radius𝑅: Gas constant𝑆: Blade chord length𝑇: Temperature
Tu: Turbulence degree𝛼: Flow angle in the abs. system
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𝛽: Flow angle in the rel. systemΔ: Difference𝛿: Curving angles of meridian streamlines𝛿sp: Gap width of tip clearance𝜀: Curvature angle of blade stacking line𝜁: Loss coefficient𝜅: Specific heat ratio
]: Angle of the meridional stream surface𝜌: Flow densityΠ: Pressure ratio of turbine stage.

Indices

0, 1, 2: Exp. measured positions
aus: Outlet of the stage
ax: Axial
bez: Normalized
Bi: Bitangent
DS: Pressure side
ein: Inlet of the stage mesh
eff: Effective according to sine-rule𝐺: At the casing
int: Integration
is: Isentropic𝑘: Curvature zone and coefficient
la: Rotor
le: Stator𝑚: Meridional comp. and middle value𝑁: At the hub𝑟: Radial component
rech: Computation𝑠: Static
sp: Gap losses or gap
SS: Suction side𝑡: Total𝑧: 𝑧-axial component𝜑: Circumference component.
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