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Three-Dimensional Flow Analysis of Turbine
Blade Cascades with Leading-Edge Ejection
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Aachen University of Technology, D-52056 Aachen, Germany
and

Leonhard Fottner‡ and Sabine Ardey§

University of the Armed Forces Munich, D-85577 Neubiberg, Germany

The results of two different cooling con� gurations in a turbine cascade, one with slot ejection and one with
shower-head ejection, are presented. Experimental and numerical results of the pressure distribution and the
three-dimensional � ow� eld are compared. The numerical results correspond well with the experimental data. The
investigations are performed for � lm-cooled cases with a blowing ratio of M = 1.1. It can be shown that complete
discretization of the cooling channels and the plenum is necessary to obtain good aerodynamic results of the main
� ow because the complex � ow structure in the ejection channels and the plenum has a signi� cant in� uence on the
calculated aerodynamic behavior of the blades. In the leading-edge area, the interaction of the cooling � uid jets
and the main � ow leads to mixture vortices and � ow separations. Furthermore, the in� uence of secondary � ow
phenomena on the distribution of the cooling � uid along the blade surface is presented. On the suction side, the
passage vortex leads to a displacement of cooling � uid in the direction of the midspan.

Nomenclature
A = area, m2

c = velocity, m/s
D = hole diameter, mm
E, F, G = � ux vectors
e = speci� c total energy, J/kg
H = cascade height, mm
J = cell volume, m3

L = axial chord length, mm
M = blowing ratio
Ma = Mach number
Çm = mass � ow, kg/s
p = pressure, Pa, bar
q = heat � ux, W/m2

Re = Reynolds number
s = coordinate along surface, m
T = temperature
Tu = turbulence intensity
t = spacing, mm
U = vector of conservativevariables
u, v, w = Cartesian velocity components, m/s
x , y, z = Cartesian coordinates, m
a , b = � ow angles, deg
b s = staggering angle, deg
j = isentropic exponent
n , g , f = arbitrary curvilinear coordinates
q = density, kg/m3

s = component of Reynolds stresses, N/m2

v = coordinate perpendicular to surface
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Subscripts

bitan = bitangential coordinate system
c = cooling air condition
is = isentropic
t = total
1 = at inlet
2 = at exit

Superscript

T = transposed

Introduction

H IGH-PROCESS ef� cienciesand high-power-weightratios are
two major requirements for the economic operation of both

stationary gas turbines and aeroengines. This development leads
to extremely high-turbine inlet temperatures and adjusted pressure
ratios. The allowable hot-gas temperature is limited by the material
temperatureof the vanesand blades. Intensivecooling is required to
guarantee an economically acceptable lifespan of the components
that are in contact with the hot gas. At the present time, the most
ef� cient cooling concept is a combination of convection cooling,
impingement cooling, and � lm cooling. Convection cooling and
impingement cooling are based on the admissionof cooling air into
the interior of the blade through channels. The wall of the hollow
blade forms a parting wall between the cooling � uid and the hot
exhaust gas. During the � ow through the channels, the air takes up
the heat from the wall by convection.

A furtherreductionin thematerial temperaturecan beobtainedby
� lm cooling.For this purpose, cooling air is injected into the hot gas
stream throughslots or holes in the blade wall. If designedproperly,
the coolingair forms an isolatinglayeron theblade.Reductionof the
heat transmissionand convectionenhances the cooling of the blade
surface. Although � lm cooling has been in use for years1,2 along
the suction side and the pressure side, problems occur in the vicin-
ity of the stagnation point as a result of high stagnation pressures
and opposed momentum � uxes. But, in particular, the leading edge
must be protected ef� ciently because thermal load is at its highest
in this region. Thus, basic investigations are necessary in this area
to achieve a reliable design for cooled blades and vanes. Concern-
ing the computational � uid dynamics research on this subject, a
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bibliography (1971–1996) of the most important publications can
be found in a study by Kercher.3

By means of experiments, Beeck4 investigated a turbine blade
cascade with cooling � uid ejection at the leading edge through two
slots. His experiments focus mainly on the aerodynamic behavior
of the ejection. Thus, the temperature ratio of cooling � uid � ow
and main � ow was equal to unity. Two-dimensional aerodynamic
numerical studies of this con� guration have been presented by sev-
eral authors.5,6 Recent three-dimensional numerical studies of the
aerodynamic and thermal behavior of the turbine blade in the case
with slot ejection were performed by Bohn et al.7,8 using a conju-
gate heat transfer method.9 Further experimental investigations of
the same airfoil geometry,but with shower-headejectionat the lead-
ing edge, were performed by Ardey and Fottner.10,11 In this paper,
the results of numerical investigationsconcerning the two different
cooling con� gurations in the case of a blowing ratio of M =1.1 are
presented and compared with the experimental data.10,11

Experimental Setup
The experimental investigations were carried out in the High

Speed Cascade Wind Tunnel of the University of the Armed Forces
Munich12 on a large-scale high-pressure turbine cascade named
AGTB. The cascade consists of three blades, but only the center
blade was used for the measurements. The aerodynamic and geo-
metric data of the cascade are listed in Table 1.

Two � lm-cooling con� gurations were tested: ejection slots4

(AGTB-S) and ejection holes10,11 (AGTB-B1). The ejection angles
and locations on the suction side (SS) and on the pressure side (PS)
near the stagnation line are identical for both con� gurations. The
slots extend along the entireblade heightand have two interceptions
(gaps) for the leading-edge retainers. The holes are spread evenly
along the entire blade height. The ejection is fed by the plenum in-
side the blades. The basic AGTB con� guration is shown in Fig. 1.
The design parameters of the cooling con� gurations are given in
Table 2.

The High Speed CascadeWind Tunnel operatescontinuouslyand
isothermallyin a largepressurizedtank.Thus, the Mach number and
Reynolds number can be adjusted independently.The turbulencein-
tensity in the test section can be varied and was set to 5% for the
AGTB cascade.The ejected air is suppliedby a separate screw com-

Table 1 Cascade geometry and parameters

Parameter Symbol Value

Chord length L 250 mm
Cascade height H 300 mm
Pitch ratio t / L 0.714
Staggering angle b s 73.0 deg
Inlet Mach number Ma1 0.37
Inlet Re number Re1 3.71 £ 104

Inlet � ow angle a 1 47 deg
Inlet turbulence intensity T u1 5%
Isentropic exit Ma number Ma2is 0.95
Isentropic exit Re number Re2is 6.95 £ 104

Exit � ow angle b 2 28.3 deg

Fig. 1 Blade geometry.

Table 2 Design parameters of cooling con� gurations

Parameter Slots Holes

Position s / L SS 0.02 0.02
Position s / L Ps ¡ 0.03 ¡ 0.03
Ejection angle SS 110 deg 110 deg
Ejection angle PS 120 deg 120 deg
Slot width/diameter 2.545 mm 3.00 mm
Slot/hold length 12.5 mm 12.5 mm
Pitch ratio of holes —— 5 ¤ D
Number of holes (row) —— 20

Fig. 2 Test section of the wind tunnel.

pressor that compresses air from the pressure tank and works on the
same pressure level as the test facility.A cooler sets the temperature
of the secondary air to maintain isothermal conditions. Figure 2
shows the test section of the wind tunnel with the AGTB turbine
cascade. Adjustable guide vanes were mounted at the cascade ends
to achieve constant inlet pressure distribution.An ori� ce was set up
in the duct of the secondary air for the determination of the coolant
mass � ow rate. Quartz-glass windows were installed in the front
part of the sidewalls to obtain visual access to the leading edge of
the center blade.

The two-dimensional aerodynamic losses were detected 32% of
the chord length downstream of the cascade with a wedge probe
that was traversed in the midspan section measuring the local val-
ues of the static and the total pressuresas well as the circumferential
� ow angles. The secondary � ow� eld was determined with a � ve-
hole probe being traversedpitchwise and spanwise such as the 32%
chord length downstreamof the cascade.The loadingof the cascade
was measured by means of static pressure tappings in the midspan
section of the blade. On the AGTB-B1 cascade, an additional num-
ber of static pressure tappings were spread close to the holes to
gain information about the in� uence of the ejection jets on the local
static pressure distribution.A qualitative study of the ejection � uid
propagation on the blade surface was performed using oil-� ow vi-
sualizations. Schlieren pictures indicated the penetration height of
the ejection into the main stream � ow, making it possible to choose
and adapt the measuring planes for the detailed � ow� eld investiga-
tions that were performed with the laser transit velocimetry and the
hot-wire anemometry.The laser transit velocimetrysystem that was
used provides the two-dimensional data of the � ow vector in the
axial and circumferential directions and the turbulence intensity.4

The velocity measuring accuracy depends on the turbulence inten-
sity. For the main � ow region the error is 3% and for the region
of high turbulence level it is 5%. It was employed on the leading
edgeof the AGTB-S and close to the holeson the AGTB-B1. Farther
downstreamof the holesof the AGTB-B1, a subminiaturetriplehot-
wire probe was used to determine the three-dimensional � ow vec-
tors of the jet trajectory and the components of the Reynolds stress
tensor.13 The velocitymeasuringerror of the three-dimensionalhot-
wire anemometry is below 3%.
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Mathematical Model
The numerical scheme for the simulation of the � uid � ow works

on the basis of an implicit � nite volume method combined with a
multiblock technique.The physical domain is divided into separate
blocks and the full, compressible,three-dimensionalNavier–Stokes
equations are solved in the � uid blocks. The governing equations
for the conservativevariables in arbitrary,body-� tted coordinates n ,
g , and f , with the � uxes in normal directions to n , g , and f = const
cell faces, read for the � uid � ow:

Ut + E n + Fg + G f = 0 (1)

with

U = J ¢ ( q , q u, q v , q w , q e)T (2)

E = J ¢ (Ẽ ¢ n x + F̃ ¢ n y + G̃ ¢ n z) (3)

Ẽ =

é
êêêêë

q u

q u2 ¡ s x x

q uv ¡ s x y

q uw ¡ s xz

( q e ¡ s x x )u ¡ s x yv ¡ s xzw + qx

ùúúúúû
(4)

F and G are obtained analogously.
The conservation equations are discretized implicitly in the � rst

order in time using Newton’s method.14 Upwind discretization is
used for the inviscid� uxes.Godunov-type� ux-differencing15 is em-
ployed for the numerical diffusion.To achieve third-orderaccuracy,
van Leer’s MUSCL-technique16 is used.Because this Godunov � ux
is not suf� cientlydiffusiveto guaranteestabilityin regionswith high
gradients, it is combined with a hyperdiffusive modi� ed Steger–

Warming � ux.17 The viscous � uxes are approximated using central
differences. The resulting system of linear equations is solved by a
Gauss–Seidel point iteration scheme allowing high vectorizationon
present-day computers. The closure of the conservation equations
is provided by the algebraic eddy–viscosity turbulence model by
Baldwin and Lomax.18

Figures 3 and 4 show the computational domains and grids em-
ployed for the three-dimensional investigations for one-half of the
passage. The grid for the calculation with slots consists of a total
of 233,826grid points, whereas 1,539,807grid points are necessary

Fig. 3 Computationaldomain and grid for the con� guration with ejection slots.

for the discretizationof the shower-head con� guration. The details
of Fig. 3 show the discretizationof the leading edge, including the
plenum and the slots. Because the � ow development in the inner
geometry signi� cantly in� uences the � ow behaviorat the exit of the
ejection slots, it is important to include the plenum in the simula-
tions. Symmetry conditions are used in the midspan in both cases.
Because the investigated con� gurations are in a plain cascade, the
three-dimensionalgridcanbeobtainedby stackingtwo-dimensional
grids in a radial direction,taking the interceptions(gaps) of the slots
or the cooling holes, respectively, into account. For the interaction
of secondary � ows and cooling � uid, the discretization of the half
passage including one sidewall is necessary. The details of Fig. 4
show the effort for the discretizationof the plenum and the cooling
holes. Here, seven radial grid planes are used for every hole, leading
to a three-dimensionalgrid with a total of 153 planes.

Although the numerical effort is extremely high, these grid sizes
are of minimum size for this kind of investigation, being focused
on sidewall effects and basic ejection-jet phenomena. If one wants
to investigate the main � ow and ejected � ow mixture in detail, the
density of the radial planesmust be increaseddistinctly.This means
using a numerical effort that is behind the economical use of com-
putational capacities available today. In this case, one has to focus
on a blade slice including the holes and using symmetry conditions.
Thus, sidewall effects will be neglected in this case.

Totalpressure,total temperature,and � ow anglesat the inletof the
cascadeand the plenum inlet are prescribedas boundary conditions
(BC) in both cases. The static pressure is � xed at the exit. The inlet
pro� le of the boundary layer is prescribed in accordance with the
measurements.The bladeis consideredfully turbulent.The averaged
valuesof the boundaryconditionscan be obtainedfromTable 3. The
averaged blowing ratio in both cases is

M = ( q c)c / ( q c)1 = 1.1 (5)

Table 3 Boundary conditions

Boundary condition Slots Holes

Ma1 inlet 0.379 0.373
pt1 inlet, hPa 201.7 196.5
Tt1 inlet, K 313 303
p2 exit, hPa 141.3 145.2
Re1 inlet 3.71 £ 104 3.71 £ 104

ptc blow, hPa 229.0 217.1
Ttc blow, K 313.0 303.0
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Fig. 4 Computationalgrid for the con� guration with ejection holes.

Fig. 5 In� uence of interior discretization on the leading-edge � ow� eld (M = 0.47).

Results
In� uence of Plenum Discretization

To evaluate the in� uence of the plenum discretization, prelimi-
nary two-dimensional studies were carried out on the slot ejection
with a blowing ratio of M = 0.47. Figure 5 gives a comparison
of the two-dimensional cases with and without discretization of
the plenum. In the � rst case (left side of Fig. 5), a constant veloc-
ity distribution is prescribed at the slot inlets, whereas in the case
with plenum discretization,the constantvelocitydistributionis pre-
scribed at the inlet of the plenum (right side of Fig. 5). This leads to
a very inhomogeneous velocity distribution at the slot inlets in the
second case.The differentvelocitydistributionsat the slot inlets are
responsiblefor signi� cantdifferencesin the calculatedaerodynamic
behavior of the blade.

The differencesin the calculatedpressuredistributionsare shown
in Fig. 6a. In particular, the size of a recirculation area on the
pressure side downstream of the ejection slot is heavily overesti-
mated in the case without plenum discretization. The correct size
of the recirculation areas is known from the laser transit velocime-
try measurements.4 In Fig. 6b, this is underlined by a quantitative
comparison of the back� ow velocities in both cases. The back� ow

velocity in the recirculation area and the size of the area is about
two times greater than in the case with plenum discretization. In
accordance with these results, all further calculations in the three-
dimensional cases with slot ejection and shower-head ejection are
performed with plenum discretization.

Pressure Distributions

Figure 7a shows a comparisonof the experimentaland calculated
pressure distributionsin the midspan of the slot ejection (M =1.1).
The numerical results correspond quite well with the experimental
data. In the case of the slot ejection, the blowing ratio of M = 1.1
leads to large recirculation areas downstream of the slots, partic-
ularly on the pressure side. The size of the recirculation area is
calculated with good correspondence to the experimental data. In
the case of the shower-head ejection (Fig. 7b), the correspondence
of the experimental and calculatedpressure distribution is excellent
on the pressure side and on the rear part of the suction side. On
the front part of the suction side, the pressure is calculated slightly
higher than the experimentalvalues.Thatmeans the sidewall bound-
ary effects in the numerical results have slightly less impact on the
� ow� eld than in the experiment.
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Table 4 Experimentally/numerically
determined Çm and M

Con� guration Çm, 10 ¡ 3 kg s ¡ 1 M

Slot ejection 40.08/41.80 1.1/1.14
Shower head 8.34/8.70 1.09/1.11

Fig. 6 In� uence of interior discretization on the recirculation areas
(M = 0.47): a) pressure distribution and b) back� ow velocity.

The shower-head ejection leads to smaller recirculation areas
downstreamof the ejectionholes.The differentaerodynamicbehav-
ior of the blade in the casesof slot ejectionand shower-headejection
for the same blowing ratio is caused by the boundaryconditionsand
the alternating cooling path geometry for the con� gurations. The
secondary mass � ow in the case of the slot ejection is much higher.
Table 4 gives the measuredand the calculatedcoolingmass � ows for
the different con� gurations.The numerical values are only slightly
higher than in the experiment, although they are a result from the
inlet boundary conditions.

Streamline Distributions

Figure 8 shows the distributionsof streamlines coming out of the
middle of the ejection slots on the pressure and suction sides. A
large region on the pressure side is not covered by the ejected � uid
(Fig. 8a). This region is much larger than the range of the slot gap,
which is free of cooling air ejection. This is a result of the higher
static pressure in the height of the gap, because here, the main � ow
does not have to take the long way aroundthe recirculationarea.The
region of higher static pressure leads to displacementsof the ejected
� uid in the direction of the sidewall and the symmetry plane. There
also exists a vortex that is generatedby � uid circulating through the

Fig. 7 a) Pressure distribution (slot ejection, M = 1.1) and b) pressure
distribution (shower-head, M = 1.1).

Fig. 8 Ejected � uid distribution (slot ejection, M = 1.1): a) pressure
side and b) suction side.
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gap area from above the ejected material to the reverse � ow region
underneath the coolant to � ll the de� cit of kinetic energy occur-
ring there. This vortex persists throughoutthe whole blade passage.
Therefore, the uncoveredregion enlargesdownstreamcontinuously
in the radial direction. The displacement of the ejected � uid on the
pressure side is clearly visible using a vector plot (Fig. 8a), which
shows the movement of the � uid in the radial direction of a cut-
ting plane perpendicular to the pressure side surface at a position
x / L =0.9. Furthermore, the streamline distribution of the cooling
� uid in Fig. 8a shows that at the end of the slots, part of the cooling
� uid is suckedinto the reverse� ow regionand is lost for coolingpur-
poses.

Focusing on the sidewall of the suction side (Fig. 8b), the stream-
lines show a displacementof cooling air that is a result of the in� u-
ence of the passagevortex P on the suction side.The passagevortex
is generated in the sidewall boundary layer. The pressure gradient
in the passage leads to a greater diversion of the low-momentum
� uid in the sidewall boundary layer than of the main � ow. Thus,
the � uid is conducted toward the suction side. This can be shown
by streamlines in the sidewall boundary layer in Fig. 8b. When
the � uid reaches the suction side it changes direction and � ows to-
ward the midspan, displacing the cooling � uid. The secondary � ow
vectors of Fig. 8b in a cutting plane perpendicular to the blade at
x / L =0.9 show the displacement effect of P on the cooling � uid
distribution.

Figure 9 shows the distribution of the cooling � uid on the pres-
sure and suction sides in the case of the shower-head ejection. It
becomes obvious that the cooling � uid does not spread out to cover
the blade surfaceafter ejectionthroughthe holes. Insteadof forming
a continuouscooling � lm along the blade surface, separated jets of

Fig. 9 Ejected � uid distribution (shower-head ejection, M = 1.1):
a) pressure side and b) suction side.

Fig. 10 Leading-edge analysis (shower-head ejection, M = 1.1):
a) calculation and b) experiment.

each ejectionhole can be found.The reason for this behaviorwill be
shown later by an investigationon the secondary � ows in the jets.

The isolated jets are distributed evenly on the pressure side. A
slight displacement effect by the passage vortex can be detected for
the three jets near the sidewall (Fig. 9a). On the suction side, the
displacementof the ejected � uid near the sidewall in the directionof
the midspan can be detected analogously to the slot con� guration.
The effect is at least as strong as in the case of the slot ejection.The
in� uence of the passage vortex is obvious (Fig. 9b) for � ve ejection
jets near the sidewall.

Figure 10 gives a detailed view on the ejection zone at the lead-
ing edge. On the pressure side, the cooling � uid attempts spreading
out (streamtubes, A), but then it is forced back and forms one dis-
tinct jet. The same effect can be found on the suction side (stream-
tubes, B). The isolineson the surface (Fig. 10a) give the differences
between the isentropic Mach number distributions of the calcula-
tion with ejection and a reference calculation without ejection. The
isentropic Mach number is de� ned:

Mais = Ï 2/ ( j ¡ 1) ¢ ( pt1 / p)( j ¡ 1)/ j ¡ 1 (6)

In front of the hole exits, in particular on the pressure side, main
� ow stagnation in front of the jets is obvious,whereas the low static
pressure in the recirculation areas (jet wakes) is leading to higher
isentropicMach number values than in the calculationwithout ejec-
tion. The main stream � ow is displaced by the cooling � uid that
forms an obstacle at the exit of the cooling holes. The effective
cross section for the main stream � ow is diminished, and therefore,
it is being acceleratedin between the coolingjets leadinglocally to a
lowered static pressure. When the main stream � ow and the cooling
� uid have reached the same � ow direction, the obstacle effect has
almost disappeared, so that it can no longer be detected by static
pressure means. The static surface probe measurements (Fig. 10b)
in the leading-edge region reveal the same effects and are in good
correspondencewith the numerical results.

Secondary Flows in the Jets

In the case of the shower-headejection, the streamline visualiza-
tion has shown that the ejectedcooling� uid forms distinct jets along
the surfaces,insteadof a continuouscooling� lm. Therefore,regions
between these cooling jets exist that are not suf� ciently covered by
the cooling � uid. The reason for this behaviorcan be determinedby
the experimental measurement and numerical investigation of sec-
ondary� ow vectorsin thecoolingjets.Figure 11 shows thepositions
of the experimental investigation planes of the three-dimensional
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Fig. 11 Experimental measurement planes.

Fig. 12 Development of kidney vortex in ejection jet (SS, M = 1.1).
D s/L = a) 0.05, b) 0.10, c) 0.05, and d) 0.10.

hot-wire measurements and the laser two-dimensional velocimetry
measurements. In Fig. 12, these results are displayed in an exem-
plary manner for two different cutting plane positions (indicated in
Fig. 11) on the suction side in comparison with the calculationalre-
sults. The direction of v / D is perpendicular to the blade wall. The
position D y / D =0 marks the height of the centerline of the hole.
The vector plots reveal the existence of kidney vortices that have
stabilizing effects on the cooling � uid jets along the blade surface.
Both results show that the cores of the kidney vortices can be found
at a distance of about one diameter of a cooling hole away from the
blade surface. The cores only slightly change their positions in the
investigated planes.

The kidney vortex is created through the interaction of ejected
� uid and main stream � ow. In the shear layer of ejected � uid and
main stream, the ejected � uid is de� ected toward the main stream
direction. The de� ected � uid cannot penetrate into the cooling jet
that maintains its original direction. Therefore, the cooling � uid in
the shearlayeris notonlyde� ectedtoward themain streamdirection,
but also turns sideways, forming the vortex. By creating the vortex
in its shear layer, the cooling jet turns gradually toward the main
stream direction.

Conclusions
Extensive experimental and numerical investigations have been

carried out to research the interactions of main stream and ejected

� uid in turbine blade cascades with leading ejection through slots
and holes. For numerical studies, it is necessary to include the
plenum or the internal cooling channel in the calculation, because
otherwise, the aerodynamics of the ejected � uid will be calculated
with a signi� cant error. The reasons are the complex velocitydistri-
butions at the inlets of the slots and holes and total pressure losses
at the inlets. The interaction of the passage vortex with the ejected
� uid is ofmajor interest in the designof such coolingcon� gurations.
These sidewall effects will lead to a displacement of cooling � uid
on the suction side, leaving a large region uncovered with cooling
� uid. In the case of the slot ejection, interceptionsof the slots must
be prevented,otherwise a large area behind the interceptionwill not
be coveredby the ejected � uid. Shear-layereffects lead to the devel-
opment of kidney vortices in the jets in the case of the hole ejection.
These vorticesprevent the ejected� uid fromspreadingout along the
surface. Instead of this, single � uid jets are formed, leaving surface
regions uncovered between the jets.
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