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This paper introduces an investigation of the eﬀect of radial pressure gradient on the secondary ﬂow generated in turbine cascades.
Laboratory measurements were performed using an annular sector cascade which allowed the investigation using relatively small
number of blades. The ﬂow was measured upstream and downstream of the cascade using a calibrated ﬁve-hole pressure probe. The
three-dimensional Reynolds Averaged Navier Stokes equations were solved to understand ﬂow physics. Turbulence was modeled
using eddy-viscosity assumption and the two-equation Shear Stress Transport (SST) k-ω model. The results obtained through
this study showed that the secondary ﬂow is signiﬁcantly aﬀected by the pressure gradient along blade span. The experimental
measurements and the numerical calculations predicted passage vortex near blade hub which had larger and stronger values
than that predicted near blade tip. The loss distribution revealed that secondary ﬂow loss was concentrated near blade hub. It
is recommended that attempts of reducing secondary ﬂow in annular cascade should put emphasis on the passage vortex near the
hub.

1. Introduction
Large-scale steam and gas turbines are always used in power
generation and industrial applications. Therefore, turbine
eﬃciency and performance have major concern. The losses
in a turbine can be divided into proﬁle loss, secondary ﬂow
loss, and tip clearance loss. The proﬁle loss is caused by the
growth of the boundary layer on the blades. Secondary ﬂow
loss is generated due to the deﬂection through blade channel.
Tip leakage loss is induced due to pressure diﬀerence between
blade pressure side and blade suction side when the tip
clearance gap exists. There are many factors which inﬂuence
turbine losses. The pressure gradient, turbulence level,
blade geometry, incoming velocity, and inlet boundary layer
thickness represent important parameters aﬀecting turbine
eﬃciency.
It is practically very diﬃcult to perform detailed ﬂow
ﬁeld measurements in an engine at operating conditions.
Understanding the physics that governs the ﬂow and the
associated turbine cascade losses has been obtained through
wind tunnel experiments. These laboratory tests not only

allow detailed ﬂow ﬁeld measurements but also give the
experimenter the possibility to investigate the eﬀect of several
parameters separately.
Experimental studies using linear turbine cascades introduce the aspect of ﬂow periodicity by arranging a number
of blades of constant cross-sections separated by a constant
pitch. Linear cascade experiments provide several advantages
such as geometric simplicity, simple adjustment, large blade
sections, and simply changing incidence angle. They are used
as a tool to provide quasi-three-dimensional blade-to-blade
data for the simulation of the ﬂow. Linear cascades have been
used extensively and have succeeded in providing a better
understanding of the physics involved. They simpliﬁed the
problem and allowed the usage of large-scale cascades to
provide better detailed measurements in diﬀerent regions
of the turbine. Linear turbine cascades have been used
very extensively for basic investigations of secondary ﬂows
through turbine cascades [1–8].
The reliability of the experimental data is improved
by using numerical calculations for the interpretation of
the data. Linear turbine cascade measurements are also
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commonly used in deﬁning the proper boundary conditions
for numerical calculations and the selection of appropriate
turbulence models and validation of the numerical techniques.
Although the experimental data of the secondary ﬂows
obtained in linear cascades are very valuable for numerical
validation, they cannot be used directly for calculating
turbine ﬂows where the radial static pressure gradient ﬁeld
plays a particularly important role with respect to the spanwise distribution of losses and outlet ﬂow angles. Figure 1
shows proposed static pressure gradients through linear
and annular cascades. In linear cascades, the static pressure
changes along the blade passage producing pressure gradient
from the blade pressure side to the blade suction side. This
gradient induces secondary ﬂow which is symmetrical along
blade midspan in linear cascades. In actual turbines, the
cascades are annular with pressure gradient along blade
passage from the pressure side to the suction side and a
pressure gradient along blade span caused by the curvature of
the endwalls at the hub and at the casing. As a consequence,
the secondary ﬂow in actual machines is not symmetrical
along blade midspan, and annular cascades measurements
are required to represent the actual machines.
The annular turbine cascade consists of an annular space
between two concentric cylinders which contains a turbine
blade row. The main advantage of annular cascades over
linear cascades is the possibility of simulating the radial static
pressure gradient and, therefore, simulating turbine ﬂow
conditions more closely than the linear cascade. However, the
increased number of blades in annular cascades makes the
blades have smaller scale than that of linear cascades causing
increased probe blockage eﬀects and higher measurement
errors due to stronger pressure gradients. Recently, El-Batsh
and Bassily Hanna [9] obtained measurements using annular
cascade with tip clearance gap and relatively short blades
which have aspect ratio of 0.8 and at Reynolds number
9 × 104 . Matsunuma [10] used annular cascade with blade
span of 75 mm and blade aspect ratio of about 1 with
ﬂow Reynolds number from 4 × 104 to 26 × 104 . A very
comprehensive review of advanced applicable techniques to
both linear and annular cascade testing has been published
by Hirsch [11].
Annular large-scale sector cascades are used as a compromise between the advantages of linear and annular
cascades simulating properly the radial pressure gradient
ﬁeld and increasing the blade size which enables accurate
measurements for laboratory investigation using a relatively
low number of blades. In addition, blades with large aspect
ratios including blade twist and changes of section area along
blade span can be examined using annular sector cascades.
Furthermore, existing engine parts can be examined, and the
blade proﬁles may be obtained from the engine. The established radial pressure gradients ensure that secondary ﬂows
develop as they would exist in an operating engine. Model
and testing costs for annular sector cascades are considerably
lower than those for their fully annular equivalents.
This study aims to investigate the eﬀect of radial pressure
gradient on the three-dimensional ﬂow through radial
turbine cascades without tip clearance. The study aims also
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to predict secondary ﬂow generated in real turbines. This
is achieved by using an annular turbine cascade sector
with large-scale turbine blades. The eﬀects of the radial
pressure gradient on the secondary ﬂow and loss mechanism
through the cascade are examined. To interpret the data and
to understand the ﬂow physics, numerical calculations are
performed as well.

2. Experimental Setup
Limited information is available concerning experiment
design using annular sector cascades. Vogt and Fransson [12]
successfully developed an annular sector facility for studies of
the aeromechanical phenomena in axial ﬂow turbomachines.
Reducing the annular cascade to a sector cascade allowed
them to maximize the size of the test object. Povey et al. [13]
conducted a direct aerodynamic comparison of the ﬂow in
an annular cascade facility and in an annular sector facility of
ﬁve vane passages. They obtained excellent periodicity across
most of the sector. The design of the annular sector cascade
presented in the present study is based on the guidelines of
Povey et al. [13].
2.1. Annular Sector Turbine Cascade. The annular sector
cascade constructed in this study was equipped with 5 blades
representing blade proﬁle exact replicas of the ﬁrst stage rotor
of the gas turbine engine from General Electric working
in electric power generation. The rotor contains 92 blades
and has hub and tip diameters of 1946 mm and 2366 mm,
respectively. The blade proﬁle is tapered to represent actual
turbine blade with diﬀerent cross-sections along blade span.
Radial pressure gradient exists in the rotor and in the stator.
In the stator, ﬂow deﬂection caused by the hub and the casing
produces radial pressure gradient which changes secondary
ﬂow pattern between blade tip and blade root. In the rotor,
the problem is more complicated due to the rotation of the
blades and the associated centrifugal force. This eﬀect makes
the design usually based on radial equilibrium. However,
experimental measurements for the rotor during rotation
are rather complicated and in most cases are not possible if
we have to consider the actual speed of rotation. Therefore,
the measurements are performed in the present study while
the blades are ﬁxed. This would give the ﬂow ﬁeld in the
absence of the centrifugal forces. The measurements also
allow numerical model veriﬁcation. Further study will be
performed which allows blade rotation using the adopted
numerical technique which would simulate the actual case in
the machine with the same rotating speed. Blade coordinates
were obtained using a scanning system which is used in
reverse engineering. It provided the blade coordinates over
eight cross-sections along blade span. Figure 2 shows the
blade proﬁle at the tip and the three-dimensional blade
proﬁle, and Table 1 summarizes cascade parameters.
The sector annular cascade was constructed from two
concentric cylinder sectors representing the hub and the
casing. The diameters of the cylinders are the hub and tip
diameters as given in the real machine. The measurements
were obtained upstream and downstream of the middle blade
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Figure 2: Diagram illustrating cascade parameters at the tip and the three-dimensional blade proﬁle.

which was obtained from the real gas turbine engine and was
not manufactured. The other blades were manufactured by
casting and ﬁnished to obtain smooth surfaces. The blades
were ﬁxed to the hub and the casing, and, therefore, there was
no tip clearance gap. The angle between two adjacent blades
is 360/92 = 3.913◦ .
The annular sector cascade (Figure 3) was examined by
using a low-speed wind tunnel which is a blow-down facility.
The wind tunnel is equipped with a centrifugal fan which

was driven by a 10 HP electric motor. Inlet air velocity was
adjusted by using a throttling system at fan inlet. The distance
between the annular sector cascade and the fan is about
4.5 m. In order to obtain uniform ﬂow at the inlet to the test
section, three grids were used at distances of 0.89 m, 1.41 m,
and 1.93 m.
The upstream ﬂow measurements were obtained at a
distance of 105 mm upstream of the blade leading edge
while the downstream measurements were obtained at
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Table 1: Cascade parameters.

Endwall representing casing

Chord length, C [mm]

107

102

Axial chord, Cx [mm]

105

78

Inlet angle, β1 [◦ ]

39

Exit angle, β2 [◦ ]

26

Blade span, h [mm]

210

Blade spacing (pitch), S [mm]

66.45

80.8

Aspect ratio, h/C [—]

1.96

2.06

Inner diameter, DH [mm]

1946

Outer diameter, DT [mm]

2366

Number of blades, N [—]

92
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Figure 4: Measurements mesh.
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Figure 3: Annular sector cascade.

a distance of 52.5 mm downstream of the blade trailing edge.
The ﬂow was measured downstream of the annular sector
cascade using a mesh with 8 equally spaced points in the
pitchwise direction and 25 points in the spanwise direction.
A traverse mechanism was used to allow probe rotation in the
pitchwise direction and translation in the spanwise direction.
The upstream and the downstream measurement meshes
were vertical. The probe was moved with a step of 5 mm
in the region close to the hub and to the casing and 10 mm
elsewhere. Figure 4 shows the measurement mesh with a total
number of 200 grid points.
2.2. Measuring Instrumentations. Five-hole pressure probes
are widely used in turbomachinery for the measurement of
ﬂuid ﬂow because they are relatively accurate and robust.
Although more advanced techniques are available today such
as laser and hot wire, the advantages of the ﬁve-hole probe
make it superior for turbomachinery ﬂow measurements.
They are recently used for turbomachinery applications by
many researchers [8–10, 14, 15].

The ﬁve-hole probes can be used to measure total and
static pressures as well as gas velocity and ﬂow angle. This is
achieved by extensive calibrations for the probe to cover all of
the expected ﬂow conditions that will be encountered by the
probe during wind tunnel measurements. A ﬁve-hole probe
has ﬁve pressure ports which are distributed on a conical tip.
The ﬁve-hole probe used in this study has L-shape with tip
diameter of 3 mm as shown in Figure 5(a). One-hole port
is located at the apex of the cone, and the other hole ports
2–5 are uniformly distributed around the central port. This
probe geometry provides the capability of making accurate
measurements for ﬂow angles of up to ±30◦ if the probe
has been properly calibrated within those limits. The threedimensional velocity vector that is measured with this probe
is expressed in the probe axis coordinate system shown in
Figure 5(b). Typically the incidence angle of the ﬂow with
respect to the probe tip is deﬁned using pitch angle α and
yaw angle β. Hence, the velocity components in the probe
axis coordinate system may be expressed using these angles
as well as the velocity magnitude.
2.3. Calibration Procedure. Probe calibration was performed
here by placing the probe into a calibration rig with uniform
and one-dimensional ﬂow. The total pressure (Pt ), static
pressure (Ps ), and the orientation of the probe tip with
respect to the ﬂow ﬁeld direction represented by pitch and
yaw angles are known. The pressures at the ﬁve ports of the
probe tip (p1 , p2 , p3 , p4 , p5 ) were measured. The probe was
rotated in the pitch and yaw directions using a traversing
mechanism to allow measuring pressure signals obtained
from the ﬁve holes. The probe was rotated at a set of
angle combinations pitch and yaw that cover the range of
incidence angles that are expected for the probe to encounter
during the wind tunnel measurements. The calibration was
performed in the range for pitch and yaw angles from −30
to +30. The pressure signals obtained from the probe are
measured using digital micromanometers with full scale
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Figure 5: L-shaped ﬁve-hole probe with a conical tip.

of 3700 Pa and accuracy of 0.1%. The pressure data were
expressed as a group of non-dimensional coeﬃcients as
follows.
The pitch angle coeﬃcient


kα =

total and static pressure coeﬃcients, the velocity magnitude
is given by
 

 2 

|V | = 
p1 − p (1 + ks − kt ).

p2 − p3
,
p1 − p

(5)

ρ



(1)

The velocity components were obtained as
 

u = |V | cos(α) cos β ,

the yaw angle coeﬃcient


v = |V | sin(α),



p4 − p5
kβ =
,
p1 − p

(2)

w = |V | cos(α) sin β .

(3)

The uncertainties of the calculated results were estimated on
the basis of the uncertainties in the primary measured values.
The result R is given function of the independent variables
x1 , x2 , x3 , . . . , xn . Thus,

total pressure coeﬃcient




p1 − Pt
,
kt =
p1 − p

R = R(x1 , x2 , x3 , . . . , xn ).

the static pressure coeﬃcient




p1 − Ps
,
ks =
p1 − p

1
p = p2 + p3 + p4 + p5 .
4

(6)

 

(4)

2.4. Measurement Procedure. During wind tunnel measurements, the probe was inserted into the unknown ﬂow ﬁeld,
and the pressures at the tip of the probe (p1 , p2 , p3 , p4 , p5 )
were measured for each test point. The ﬁve pressures were
used to calculate the pitch and yaw angle coeﬃcients (kα and
kβ ). These values were used to obtain ﬂow angles α and β
using calibration map of Figure 6. Then pitch angle and yaw
angle are used in combination with the calibration maps
(Figures 7 and 8) to obtain the total and static pressure
coeﬃcients (kt ,ks ). Rearranging the equations deﬁning the

(7)

Let wR be the uncertainty of the result and
w1 , w2 , w3 , . . . , wn be the uncertainties in the independent
variables. If the uncertainties in the independent variables
are all given, then, the uncertainties in the results are given
by
wR =

∂R
w1
∂x1

2

+

∂R
w2
∂x2

2

+· · ·+

∂R
wn
∂xn

2 1/2

. (8)

From the experimental measurements, the uncertainty in the
velocity, ﬂow angle, and total pressure was found to be within
3%, 5%, and 9%, respectively.

3. Numerical Predictions
The three-dimensional ﬂow through the cascade was
obtained by solving the ﬂow governing equations. In all
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Navier Stokes equations. For incompressible turbulent ﬂow
neglecting external forces they are given by [16]
∂ui
= 0,
∂xi



∂P
∂ui ∂u j
∂
∂
ui u j = −
+
μ
+
ρ
∂x j
∂xi ∂x j
∂x j ∂xi
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Figure 7: Calibration map for the total pressure coeﬃcient.

−ρui u j = μt

∂ui ∂u j
+
∂x j ∂xi


−

(10)

The eddy or turbulent viscosity μt was calculated in this study
using the Shear Stress Transport (SST) k-ω model; δi j is the
Kronecker second-order tensor given by
if i = j,
δi j = ⎩
0 if i =
/ j.

3.1. Governing Equations. Fluid ﬂow characteristics are
described by the conservation of mass (continuity equation)
and momentum (Navier-Stokes equations). For turbulent
ﬂows, Reynolds averaging procedure is commonly used,
and the governing equations are called Reynolds Averaged

− ρui u j ,

2
ρkδi j .
3

⎧
⎨1

calculations performed here, the Mach number was small,
and therefore the ﬂow was considered incompressible, and
as a consequence solving energy equation was not required.
Since the ﬂow through turbine cascades is almost turbulent,
an appropriate turbulence model was required. The selected
turbulence model is able to predict the losses with reasonable
accuracy. A commercial CFD code was employed to solve the
ﬂow-governing equations.

(9)
 

where the velocities ui are mean values, ui are the ﬂuctuating
values, and −ρui uj are the Reynolds stresses which are
calculated using eddy viscosity turbulence models as
 

kt



(11)

3.2. The SST k-ω Model. Bardina et al. [17] discussed the
performance of diﬀerent turbulence models. They found
that the SST k-ω model can predict the ﬂows with strong
adverse pressure gradients and separation. The SST k-ω
model was also recently used successfully to predict the threedimensional complex ﬂow through axial ﬂow turbine blades
[9, 18].
The SST k-ω model is an empirical model based on
model transport equations for the turbulence kinetic energy
k and the speciﬁc dissipation rate ω. Eddy or turbulent
viscosity is calculated as
μt =

ρk/ω
.
max(1; ΩF2 /(a1 ω))

(12)
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(14)

3.3. Numerical Methodology. A control-volume technique
was employed to convert the diﬀerential equations to
algebraic equations which can be solved numerically. The
upwind scheme was used to represent the convection terms
of the governing equations. The semi-implicit method
for pressure-linked equation (SIMPLE) was used to solve
the discretized equations. A CFD commercial code was
employed here to solve the equations. All computations have
been carried out using a personal computer with a single
processor of Intel I5 with frequency 2.4.

Pω is the production term of ω, and the function F1 is
designed to blend the model coeﬃcient in the boundary
layer zones. The constants of the model are a1 and β∗ . Model
coeﬃcients are β , γ , σk , and σω . Complete details on the
model can be obtained from the original paper [19].

3.4. Grid Generation. The ﬂow was solved around a single
blade considering periodic ﬂow. The inlet boundary was
considered at a distance of axial chord upstream of the blade
leading edge while the outlet boundary was considered at
a distance of axial chord downstream of the blade trailing
edge. The grid was generated for the entire blade span since

 ∂k

∂
ρku j − μ + σk μt
∂x j
∂x j

= τi j Si j − β∗ ρωk,

 ∂ω

∂
ρωu j − μ + σω μt
∂x j
∂x j
= Pω − β ρω2 + 2(1 − F1 )

ρσω2 ∂k ∂ω
.
ω ∂x j ∂x j
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Figure 11: Dimensionless velocity in blade channel at diﬀerent locations along blade span.
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there is no symmetry plane at midspan which exists in
linear cascades. Fixed wall boundaries were considered at
the blade surface and at the hub and at the casing. A twodimensional grid was generated at the hub and was copied in
the spanwise direction to form the three-dimensional grid.
The grid has a total number of about 996000 grid points. The
grid size was based on the grid-independent results obtained
by Hildebrandt and Fottner [20] with reasonably ﬁne mesh
with 303000 grid points for the solution in linear cascade
with nearly the same aspect ratio using half-span simulation.
The grid was generated using multiblock topology which
leads to a numerical grid of high quality expressed in
terms of orthogonality and smoothness. These are essential
prerequisites for obtaining accurate results in regions that
are dominated by the viscous eﬀects. Special consideration
was paid during grid generation to obtain dense mesh near
the blade and near the hub and tip wall. This was required
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Figure 13: Counter plots for the dimensionless velocity downstream the cascade.

to solve the boundary layer near the wall and to satisfy the
requirements of the solution technique near the ﬁxed walls.
Figure 9 shows the computational grid.
3.5. Boundary Conditions. In the present study, the inlet
velocity boundary condition was deﬁned at the inlet while
the outlet boundary condition was considered at the exit.
Since the inlet velocity proﬁle is important for the development of the secondary ﬂow ﬁeld, the inlet velocity was
measured upstream of the cascade at a distance of axial
chord. The velocity was measured by using the calibrated
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Figure 14: Static pressure coeﬃcient through blade channel at diﬀerent locations.

4. Results and Discussion

Static pressure coeﬃcient C ps (—)
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The results presented here can be divided into three groups.
Firstly, the velocity distribution through the cascade was
examined. Then the static pressure was investigated because
it aﬀects the secondary ﬂow through the cascade. Finally, loss
distribution was examined, and the locations of high losses
are distinguished.
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Figure 15: Static pressure coeﬃcient calculated at two locations
through blade span.

ﬁve-hole probe along a line from the hub to tip using
the same spanwise distance given in Figure 4. Figure 10
shows the inlet velocity distribution used at the inlet to the
numerical calculations. Matsunuma [10] studied the eﬀect
of free-stream turbulence on the ﬂow with and without tip
clearance gap. He found that the turbulence level does not
signiﬁcantly aﬀect the ﬂow ﬁeld and loss behavior either with
or without tip clearance gap. Inlet turbulence parameters,
namely, turbulence intensity and length scale were estimated
according to the general guideline for CFD calculations [21].
The inlet turbulence level was estimated in the calculations
performed here as 1% while the inlet turbulence length scale
was estimated based on blade span h as 0.07h.

4.1. Velocity Distribution. Figure 11 shows contour plots
for the dimensionless velocity calculated at three diﬀerent
locations along blade span. These locations exist at 10%
blade span near the hub, at the midspan, and at 90% blade
span near the casing. The dimensionless velocity is deﬁned
as the local velocity normalized using the mass averaged exit
velocity which is given by


V2 =

·V 2
ṁ

.
ṁ

(15)

The ﬁgure indicates that at the three studied locations,
the ﬂow accelerates through the blade channel reaching
the maximum velocity at the throat. On the blade suction
surface, the ﬂow accelerates to the maximum velocity and
then the ﬂow decelerates. However, on the blade pressure
surface, the ﬂow accelerates from the blade leading edge to
the blade trailing edge.
Figure 12 shows the comparison between the experimentally measured and the numerically calculated velocity on
the downstream plane at blade midspan. Relatively good
agreement was obtained between measurements and calculations. Figure 13 shows contour plots for the experimentally
measured and the numerically calculated dimensionless
velocity on the downstream plane. Two passage vortices can
be distinguished. The velocity level of the passage vortex
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Figure 16: Numerically calculated pressure distribution through blade channel x/Cx = 0.5.

4.2. Static Pressure. The static pressure was examined
through the blade channel using the static pressure coeﬃcient which was deﬁned as
CPS =

(P − P1 )
0.5ρV2

2

,

(16)

where P1 is the inlet static pressure, P is the local static
pressure, and ρ is the air density.
Figure 14 shows contour plots for the distribution of
the static pressure coeﬃcient through blade channel at
diﬀerent levels along blade span. Generally, the ﬁgure shows
nonuniform pressure distribution at the planes considered
here. The ﬁgure shows that at all levels, the pressure increases
at the blade pressure side and reduces at the blade suction
side. The pressure calculated at the blade pressure side near
the tip region at 90% span is higher than the pressure
calculated at the blade midspan and at blade root. Figure 15
shows the pressure distribution on the blade surface at
two locations at 0.1 and 0.9 blade span. For clarity in
presentation, the blade axial chord at the tip is smaller
than the blade axial chord at the hub because the studied
blade is tapered blade. The ﬁgure indicated that at the same
distance through the axial chord, the static pressure on the
blade pressure surface is higher in the blade tip than in
the blade root. The separation near the hub was caused
by the constant ﬂow angle at the inlet and the strong ﬂow
turning from inlet to exit. Figure 16(a) shows contour plot
for the static pressure distribution through blade channel at
a distance of midaxial chord (x/Cx = 0.5) measured from
the blade leading edge. Figure 16(b) shows the variation of
the pitchwise mass-averaged static pressure through blade
span. The ﬁgure shows nonuniform pressure distribution

1
Dimensionless distance along
blade height (—)

close to the hub is smaller than the velocity level for the
passage vortex that is close to the casing. This was observed
both in the numerical calculations and in the experimental
measurements.

0.8
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0
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0

4

Deviation angle
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16

(◦ )

Experimental measurements
Numerical calculations

Figure 17: Pitchwise mass-averaged deviation angle.

along blade span. The maximum pressure was predicted at
the casing on the blade pressure surface.
4.3. Flow Angle. The ﬂow was investigated downstream of
the cascade using deviation angle which was deﬁned as
δ = β2 − β2 ,

(17)

where β2 is the exit ﬂow angle and β2 is the exit blade angle
measured from the tangential direction.
Figure 17 shows the pitchwise mass averaged exit deviation angle along blade span. The deviation between measurements and calculations is about 1-2◦ which could be
attributed to the initial setting of the zero position of the
probe during calibration and during cascade measurements.
Nevertheless, both experimental measurements and numerical calculations give the same trend. At blade mid-span, a
positive deviation angle was obtained which indicates that
the ﬂow angle is larger than the blade angle and the ﬂow

0.1 span

1.2
1.1
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

C Pt

1.2
1.1
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

C Pt

1.2
1.1
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

11

0.9 span

Midspan
(a)

C Pt

International Journal of Rotating Machinery

(b)

(c)

Figure 18: Total pressure loss coeﬃcient through blade channel at diﬀerent locations.
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Figure 19: Total pressure loss coeﬃcient on the downstream plane
at blade midspan.
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deﬂects from the blade pressure side to the blade suction
side. This is caused by the pressure diﬀerence between blade
surfaces. The ﬁgure shows also that the deviation angle
increases further in the region above blade mid-span. This
is caused by the increase in pressure diﬀerence between blade
surfaces with blade span as demonstrated in Figure 16. The
deviation angle signiﬁcantly decreased due to the passage
vortex near the hub and near the casing. The eﬀect near
the hub is more signiﬁcant which indicates that the passage
vortex near the hub is stronger than that near the casing and
the pressure diﬀerence between blade surfaces is reduced.
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Figure 20: Total pressure loss coeﬃcient downstream the cascade.

4.4. Cascade Losses. The losses through turbine cascade were
examined by using the total pressure loss coeﬃcient which
was deﬁned as
CPt =

(Pt1 − Pt )
0.5ρV2

2

,

(18)
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Figure 21: Total pressure loss coeﬃcient along blade span.
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Figure 22: Eﬀect of grid size on loss prediction.
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Figure 23: Eﬀect of inlet turbulence intensity on loss prediction.

where Pt1 is the inlet total pressure and Pt is the local total
pressure.
Figure 18 shows contour plots for the calculated total
pressure loss coeﬃcient CPt around the blade in the three
studied planes through blade span. At blade mid-span,
the losses start to increase on the blade suction surface
downstream of the location of maximum velocity. Decreasing the ﬂow velocity increases the adverse pressure and
increases the boundary layer thickness. The losses at the
other locations are not identical indicating that the losses
were not symmetrical along blade mid-span. The losses were
concentrated near the hub while the loss level near blade
casing was smaller.
Figure 19 shows the comparison between the experimentally measured and the numerically calculated total pressure
loss coeﬃcient at mid-span on the downstream plane and
shows relatively good agreement. Figure 20 shows contour
plots for the experimental measurements and the numerical
calculations of the total pressure loss coeﬃcient on the
downstream plane. Good agreement was obtained between
calculations and measurements. Two passage vortices were
calculated and predicted. The ﬁrst passage vortex was
predicted near the casing while the second passage vortex was
predicted near the hub. The passage vortex near the hub was
predicted by the numerical calculations and measured larger
and with higher loss level than that predicted near the casing.
Figure 21 shows the pitchwise mass averaged total pressure loss coeﬃcient through blade span. Very good agreement was obtained between experimental measurements and
numerical calculations. The discrepancy near the endwall
was caused by the blockage eﬀect of the probe during the
experimental measurements and the high velocity gradient
in the boundary layer. The ﬁgure indicates high losses near
the hub with reduced loss level near the casing. The passage
vortex increased the loss level at 10% and 90% blade span.
The measured and the calculated mass averaged loss losses
were higher near the hub than that near the casing.
In order to verify the grid-independent numerical solution, a denser mesh was generated with increased grid size
by 60% to obtain as mesh with 1593000 grid points. The
cells were mainly added in the high gradient ﬂow regions.
Figure 22 shows the results of the grid-independent analysis
by comparing the spanwise distribution of the total pressure
loss coeﬃcient using two meshes. The ﬁgure indicates
that there is no signiﬁcant improvement by increasing the
grid size, and the solution obtained is grid independent.
The uncertainty of the assumption of the inlet turbulence
intensity was also examined by repeating the calculations
assuming inlet turbulence intensity as 5%. Figure 23 shows
the comparison between the numerical results obtained
assuming diﬀerent inlet turbulence level. The results conﬁrm
the ﬁndings of Matsunuma [10] that secondary ﬂow losses
are independent of the inlet turbulence intensity. Figure 24
shows the secondary ﬂow velocity vectors on the downstream
plane. The ﬁgure indicates the secondary ﬂow movements
from the pressure side to the suction side near the endwall
and from the suction side to the pressure side at the midspan.
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Figure 24: Secondary ﬂow predicted downstream of the cascade.

5. Conclusions
This study introduced experimental measurements using
annular sector cascade veriﬁed by numerical calculations
for the eﬀect of the radial pressure gradient on the threedimensional ﬂow in turbine cascades. The results presented
here showed that the numerical calculations and the experimental measurements provided the same ﬂow features. The
main conclusions obtained from the present study are as
follows.
(a) The annular sector cascade with ﬁve blades provided
reasonable results and could be used instead of fully
annular cascade to reduce experiment cost and to
obtain laboratory measurements for large scale blade
proﬁles. Reducing the annular cascade to a sector
rather than a full annulus reduces the required mass
ﬂow rate considerably whilst maximizing the size of
the test object.
(b) The secondary ﬂow near the hub is stronger than that
near the shroud. For the blade aspect ratio considered
in this study, the secondary ﬂow was found to move
across blade mid-span.
(c) The measured and the calculated total pressure loss
coeﬃcient indicated that the losses were concentrated
near the hub, and therefore attempts to reduce the
secondary loss should emphasize the losses near the
hub.
(d) The increase in pressure diﬀerence between the
blade pressure and suction surfaces with blade
height increases ﬂow deﬂection through blade height.
Therefore, the ﬂow is underturned near the hub and
overturned near the shroud.

The radial pressure gradient would also aﬀect the case with
tip clearance gap, and the leakage ﬂow induced from the
blade pressure surface to the blade suction surface will be
diﬀerent from that predicted in linear cascade. In addition,
the interaction between the passage vortex and the tip
leakage vortex would be diﬀerent from that obtained in linear
cascades. Therefore, it is recommended for future work to
extend the present study to the case with clearance gap.

Nomenclature
a:
C:
Cx :
CPt :
CPt :

Constant
Chord length
Axial chord
Total pressure loss coeﬃcient
Mass-averaged total pressure loss
Coeﬃcient
F1 , F2 : Functions
h:
Blade span
k:
Turbulent kinetic energy

kα , kβ , kt , ks :
p1 , p2 , p3 , p4 , p5 :
P:
Pt :
p:
Pω :
S:
u :
u:
V:
xi :
x:
z:

Probe calibration coeﬃcients
Pressures obtained by ﬁve-hole probe
Static pressure
Total pressure
Mean pressure
Production of ω
Blade spacing;
Fluctuating velocity
Mean velocity
Mass-averaged velocity
Coordinate in ith direction
Distance through axial chord
Distance along blade span.
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Greek Symbols
α:
β:
β1 :
β2 :
β2 :
δ:


β,γ :
∗
β :
δi j :
μ:
μt :
ω:
Ω:
ρ:
σ k , σω :

Pitch angle
Yaw angle
Inlet blade angle
Exit blade angle
Exit ﬂow angle
Deviation angle
Model coeﬃcients
Model constant
Kronecker second-order tensor
Molecular viscosity
Turbulent eddy viscosity
Speciﬁc turbulent dissipation rate
Absolute value of vorticity
Fluid density
Model coeﬃcients.

Subscripts
1:
2:
t:
r:

inlet
exit
tip or turbulent
root.
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