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Abstract
An annular cascade of turbine profiles was tested

in the wind tunnel for rotating cascades at DLR,
Göttingen. In this facility investigations of the relative
flow through a rotor cascade were done while the abso-
lute inlet flow is purely axial and the relative inlet flow
is determined by the circumferential speed of the rotor
corresponding to the velocity triangles. Detailed ex-
perimental research concerning the 3-D flow field was
carried out using an L2F-velocimeter and pneumatic
probes; the flow flield under investigation was deter-
mined by the isentropic downstream Mach number at
midspan (Ma2is = 1.1).

First, at midspan local flow quantities (mean ve-
locity, angle, Reynolds shear stress, turbulence inten-
sity) were obtained using laser velocimetry. Addition-
ally the static pressure on the blade surface was deter-
mined at 48 positions. The homogeneous flow quan-
tities (velocity, flow angle, losses) were taken at four
axial positions - one upstream and three downstream
of the cascade. By comparing these results with linear
cascade data, the influence of rotational effects on the
2-D flow field can be detected.

Second, the radial variation of the flow was in-
vestigated at several axial positions (upstream, within
and downstream of the cascade) using the above men-
tioned experimental methods. Additionally the bound-
ary layers on hub and tip were measured by means of
a “fish mouth type” pitot probe. These results give an
impression of the 3-D flow field, which is dominated
by the blade geometry and rotational effects.

All these experimental data can serve to validate
computer codes because of the detailed measurement
progamme as well as the reproducible and completely
documented “experimental boundary conditions” .

Nomenclature
h relative blade height(r−rhub)

(rtip−rhub)

LBi, LAx true chord length, axial chord length
Ma Mach number

t pitch
p pressure
R gas constant
T temperature
Tuu, Tuv streamwise, transverse turbulence
w, u relative, absolute velocity
x, y, z cartesian coordinates
x, φ, r cylinder coordinates
yBL distance from hub, tip
β relative flow angle
βS stagger angle
δ boundary layer thickness
κ ratio of specific heats
µ axial velocity density ratio
ρ density

subscripts:
0 total flow condition
1,2 homogeneous flow upstream, downstream
is isentropic
Kon on the blade surface
v, w absolute, relative frame of reference
BL boundary layer

Introduction
Manufacturers spend much effort on the improve-

ment of turbomachines operating in jet engines as well
as in power stations. The primary energy used should
remain constant or even decrease when increasing the
efficiency by increasing the process temperature and
pressure. In addition the increasing efficiency can con-
tribute to reducing the number of stages and therefore
saving weight and costs. To succeed here, a deeper
understanding of the aerodynamic details in the flow
field and improved numerical simulations of the major
phenomena is necessary. Within the national research
programme “AG-TURBO” detailed experimental and
numerical investigations were performed to contribute
to this task. The experiments considering 2-D flow in
linear cascades as well as 3-D flow in annular cascades
were performed to give data which can serve to vali-
date improved 2-D and 3-D Navier-Stokes computer
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Lbi = 30.439 mm rhub = 238.0 mm
t/LBi = 0.755 rtip = 274.0 mm

βS = 66.2◦

β1 = 140.0◦

Table 1: Cascade geometry at midspan; radii of the test
section

codes. For this purpose the midspan blade contours of
a gas turbine stage were used to form a stator and a ro-
tor cascade. Cylindrical blades were used to build up
both the linear 2-D cascade as well as the annular 3-D
cascade.

Most of the papers considering either 3-D exper-
imental investigations or 3-D numerical studies focus
on special details of the flow field, see [1, 2, 3, 4]. The
present contribution gives an overview of the transonic
flow through a rotating annular turbine cascade. The
results were collected applying conventional measure-
ment techniques (with probes and pressure tappings)
and non intrusive techniques (L2F-velocimetry). The
complete experimental data were documented in [9,
10] where further details of the experimental setup and
of the evaluation procedure are given.

Profile and cascade geometry
The blade contour and the cascade geometry were

taken from the midspan section of a gas turbine ro-
tor stage. According to this contour cylindrical blades
were eroded to this shape with an accuracy of approxi-
mately 0.07% at the leading edge and the trailing edge
and of approximately 0.02% elsewhere. For the coor-
dinates see [8] and for the cascade geometry see tab.
1. 70 blades were mounted on the test wheel forming
an annular cascade with the above given geometry at
midspan. Because of the radial blade spacing some ge-
ometric variables depend on the radius, as for example
the pitch, the throat (≈ ±7%), and the inlet flow angle
(≈ ±2◦).

Wind tunnel
The experiments were performed in the wind tun-

nel for rotating cascades at DLR, G¨ottingen. A de-
tailed discussion of its operation range and of its de-
sign goals are given in [5]. This facility was built to
investigate the relative flow through annular cascades
for turbines as well as for compressors within a wide
range of parameters, as Reynolds number, Mach num-
ber, inlet flow angle, flow turning etc. The inlet flow
is purely axial due to the absence of any swirl gener-
ator. This set-up avoides disturbing the homogeneous
flow field by the wakes of the guide vanes or by radial
equilibrium effects in helical flow fields. It also gives

some advantages when measuring and evaluating the
flow data, especially in the case of total temperature.

The wind tunnel operates in closed cycle mode
while a four stage radial compressor drives dried air.
The air passes the heat exchanger to extract the thermal
energy added by the compressor, the settling chamber
with grids and honey combs to straighten the flow, en-
ters the annular test section after a strong contraction,
and finally reaches the compressor again via a pipe
system. The correct inlet flow direction with respect to
the rotating relative frame of reference had to be deter-
mined by the corresponding circumferential velocity
of the test wheel, because of the absence of any guide
vanes. A vacuum pump or a compressor serves to vary
the total pressure within20kPa ≤ p01 ≤ 130kPa al-
lowing for independent variation of Mach number and
Reynolds number. The total temperature is kept con-
stant at about300◦K.

The ratio of the test section diameters at hub and
tip (rhub/rtip = 0.869) was chosen in order to obtain
2-D flow at least at midspan. This was not achieved
totally as shown later; nevertheless the flow field at
midspan can still be compared to those obtained in a
2-D cascade. Differences of the results are due to 3-
D effects as radial equilibrium or radial blade spacing.
Tip clearence is avoided by means of an abradable ma-
terial mounted into a slot of the casing. This allows the
blades to touch the casing without damaging the test
wheel; the resulting steps of approximately 0.1mm -
0.2mm at the cascade inlet plane and exit plane can be
neglected.

For the measurements the flow parameters have to
be adjusted within the absolute frame of reference cor-
responding to the flow parameters in the relative frame
of reference. For constant flow conditions (some hours
during the L2F-measurements) the compressor and the
heat exchanger have to operate within an appropriate
regime; therefore the total pressure was chosen to be
p01 = 50kPa.

Measurement technique and data
reduction
Probe measurements

Wake traverses were done using fixed probes
within the absolute frame of reference. Because of
the rotation of the cascade (blade passing frequency
approximately 5kHz) the local flow values at the po-
sition of the probe are highly unsteady. The probes
used detect only time avaraged values total pressure,
total temperature, and flow direction, that means the
homogeneous flow quantities in case of the probe be-
ing located far enough downstream. To compute the
flow quantities within the relative frame of reference in
general five flow values have to be measured within the
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absolute frame of reference. Upstream of the cascade
some simplifications can be applied because of the ax-
ial flow direction and the easy measurement of total
temperature and total pressure. Applying Euler’s tur-
bine equation and/or the continuity equation some flow
quantities downstream depend on measured flow val-
ues upstream, thus less than five values are sufficient
to determine the flow field. Summarizing descriptions
of these possibilities for evaluating the probe measure-
ments are given in [6, 7] and in detail in [9].

The presented measurements were evaluated us-
ing Euler’s turbine equation to avoid the measure-
ment of the total temperature downstream. Therefore
upstream of the cascade total temperature,T0v1, to-
tal pressure,p0v1, and static pressure,p1, are mea-
sured, whileα1 = 0.0◦, due to the axial flow condi-
tion. Downstream of the cascade the total pressure,
p0v2, the flow direction,α2, and the static pressure,p2,
have to be measured. With the rotational speed of the
annular cascade these values are sufficient to describe
the homogeneous flow field. Note, because of the spe-
cial set-up used here the total temperature as well as
the total and the static pressure upstream do not depend
on the radius. As there is axial flow up to the rotating
cascade and as the total temperature is constant every-
where in the inlet the total temperature in the relative
system yieldsT0w2 = T0v1 + κ−1

2κRω2r2. Only assum-
ing that in the relative system no work is done by the
fluid.

Boundary layer measurements upstream of the
cascade at hub and tip were done using a “fish mouth
type” pitot probe. In order to get velocity profiles,
boundary layer thickness, form factors, etc. the eval-
uation of the total pressure profiles was done within
the absolute frame of reference. Assuming that inside
the boundary layer the static pressure is constant and
agrees withp1, the flow is adiabatic, and finally total
pressure and total temperature agree with the values
taken in the settling chamber. The boundary layer edge
is defined as the point where the velocity reaches 99%
of the upstream velocity.

Pressure distribution on the blade surface
The static pressure distribution on the blade sur-

face is detected using 16 absolute pressure transduc-
ers, which were mounted on the test wheel near the
axis. Each transducer serves for reading three differ-
ent pressure tappings by means of a switching mech-
anism. A slip ring device transfers the electrical sig-
nals of the transducers from the rotating frame of ref-
erence to the absolute one. Just under the blade sur-
face - from hub to tip - a radial hole was eroded which
is connected to the switching mechanism. The pres-
sure distribution for one constant radius was taken af-

ter drilling the tappings into this pipe; for measure-
ments at another radius this tappings had to be closed
and the new ones had to be drilled. Doing this suc-
cessively from tip to hub the pressure distribution was
taken at different radii (90%, 75%, 50%, 25%, 10%
blade height). The necessary pressure correction be-
cause of centrifugal forces, the calibration of the trans-
ducers, and some other details of the pressure mea-
surement are described in [6].

L2F-Measurements
To investigate the flow field especially within the

rotating blade passages a Laser-Two-Focus velocime-
ter (L2F) was used, as described in detail in [7, 11].
The measurements of the velocity components were
done in axial and circumferential direction, while ne-
glecting the radial component due to the assumption
of cylindrical stream surfaces. The used L2F-system
generates two highly focussed light beams in the probe
volume which act as a ‘light gate’ for tiny particles in
the flow. The scattered light provides two successive
pulses with a time delay proportional to the velocity
component perpendicular to the direction of the two
foci and to their separation. The foci had a diameter of
8µm and were separated by 207µm. As seeding of the
flow in order to increase the data rate oil droplets of
0.3µm diameter were used. They were produced us-
ing a special seeding generator and were injected into
the flow in the settling chamber.

The mean flow angle is provided by turning the
second laser beam around the first one and thus ac-
cumulating velocity distributions at a certain number
of angles. The whole measurement procedure was
PC-controlled, automatically changing the L2F-angle,
measuring the velocity distributions at the specified
angles, and storing the data for each angle. The mea-
surement position in the rotor pitch is delivered by
an angular encoder. A statistical evaluation procedure
gives the desired mean flow values (u, v) and the mean
fluctuation values. Normalizing the mean fluctuation
values with the local flow velocity, u, the turbulence
level and the Reynolds shear stresses were obtained.

From the velocity the corresponding Mach num-

berMaw = u/
√

κRT0w2 − κ−1
κ w2 was derived using

the total temperature from the above formula.

The flow field at midspan
Characteristic structures of the flow field

Flow visualisation using the Schlieren technique
is not possible at the wind tunnel for rotating cas-
cades. On the other hand, due to the fact that the ra-
tio of diameters at hub and tip is close to unity, the
midspan flow should behave like a 2-D flow. There-

3



Figure 1: Schlieren photo of the 2-D flow field
(Ma2is = 1.1)

fore a good agreement of flow characteristics can be
seen by comparing the Schlieren photo (fig. 1) taken
in the Göttingen wind tunnel for linear cascades to the
Mach number distribution (fig. 2) at midspan which
was determined with the L2F-system. In detail, there
is a trailing edge shock causing boundary layer sepa-
ration on the suction side just upstream of the cascade
exit plane. The pressure side shock travelling towards
the suction side of the adjacent blade can be detected
as well as the reflected shock system indicating a lami-
nar separation bubble atxAx/LAx ≈ 0.8. Both shocks
pass the wake of the blades atxAx/LAx ≈ 1.15 to 1.25
andxAx/LAx ≈ 1.35. Near the leading edge the flow
expands strongly on the suction side as well as on the
pressure side giving no evidence of any separation.

Doing the L2F-measurements 32 points per pitch
were taken, enough to indicate the dominant structures
of the flow field as the trailing edge shock travelling
downstream and the wakes of the blades. The pressure
side shock running to the adjacent blade is hard to see.
For more details as the shock boundary layer interac-
tion on the suction side or the trailing edge separation
a higher spatial resolution is necessary.

The flow field upstream of the cascade
Details of the upstream flow field are shown in

fig. 3. Far upstream (xAx/LAx = −0.947) the flow di-
rection meets exactly the design value ofβ1 = 140◦,
without any circumferential variation. The constant

Figure 2: Mach number distribution at midspan from
L2F-velocimetry (Ma2is = 1.1); the white line indi-
cates sonic velocity
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Figure 3: Inlet flow at midspan (Mach number, flow
angle, and turbulence level from L2F-velocimetry)
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Figure 4: Downstream flow at midspan (flow angle,
total pressure loss, axial velocity density ratio from
probe measurements

Mach number ofMa1 = 0.400 fits very well the the-
oretical value ofMa1th = 0.392 assuming choked 2-
D conditions. The slight difference of these val-
ues should be due to the boundary layer displace-
ment on hub and tip. This homogeneous flow field
is influenced by the blade row when approaching the
cascade inlet plane. A slight circumferential varia-
tion of flow direction and Mach number appears first
at xAx/LAx = −0.437. The displacement of the fluid
due to the blades gives a strong circumferential depen-
dency of the flow direction (134◦ ≤ β1 ≤ 151◦) and
the Mach number (0.33 ≤ Ma1 ≤ 0.46) in the plane
at xAx/LAx = −0.111. The turbulence level,Tuv, of
the upstream flow is constant at about 1% and begins
to increase in the plane closest to the cascade.

The flow field downstream of the cascade
To detect the homogeneous flow quantities down-

stream of the annular cascade probe measurements
were done in planes located atxAx/LAx = 1.410,
2.140 and 3.049. The flow angle,β2, the pressure
ratio, p0v2/p0v1, and the axial velocity density ratio,
µ = (ρ2w2 sin β2)/(ρ1w1 sin β1), are shown in fig. 4.
Comparing the total pressure ratio there are only minor
differences within the first and the second plane while
there is a decrease of about 2% to the third plane. The
flow angle isβ2 ≈ 25.0◦ within the first two planes
and remains constant in case ofMa2is = 1.1 while in-
creasing of about2.0◦ in case ofMa2is = 0.9 when

approaching the third plane. This dependency ofβ2

causes the variation ofµ within the three measurement
planes. The deviation of theµ-value from unity espe-
cially in the subsonic case gives first hints towards the
fact that the assumption of cylindrical stream surfaces
is not correct. The distortion of the stream surfaces
even at midspan is caused by the increasing boundary
layers at hub and tip, the mixing of the fluid, and the
secondary flow vortices which are generated within the
blade passages and which increase while they travel
downstream.

Radial variation of the flow field
The upstream boundary layer

Upstream of the cascade different boundary lay-
ers develop at hub and tip. At the hub the boundary
layer starts at the stagnation point of the interior con-
tour of the test section. The velocity of the incom-
ing fluid is relatively small and increases rapidly be-
cause of the strong contraction of the cross section.
Only just upstream of the blade row there are con-
stant flow conditions. At the tip the boundary layer
starts far upstream in the settling chamber when the
fluid passes the honey combs and grids. In the set-
tling chamber and upstream of the center body there
are extended regimes of constant flow velocity. Ad-
ditionally there are two points where small separation
bubbles may occur. All this contributes to the develop-
ment of a boundary layer of finite thickness which then
decreases due to the strong acceleration of the fluid up
to the regime of constant flow conditions. Constant
flow conditions are indicated one axial chord length
upstream by giving the same pressure on the walls and
outside the boundary layer (fig. 5). Constant flow
conditions are detected by the L2F-measurements at
midspan, too (fig. 3). The boundary layer edges are
at about 1mm from the hub and 2.5mm from the tip.
Normalising the velocity profiles with the values at the
boundary layer edge (fig. 5) on hub and tip the same
development can be seen. It fits very well the potential
law (y/δ = (u/u(δ))n) for turbulent boundary layers
without pressure gradient using n = 8, as the dashed
line indicates. When entering the boundary layer the
turbulence level increases due to the velocity fluctu-
ations, see fig. 6. 10% from the hub - outside the
boundary layer - there is the same turbulence level as
at midspan, while 10% from the tip - near the bound-
ary layer edge - the turbulence level increases signif-
icantly. This indicates a much thicker boundary layer
at the tip than on the hub.

The flow field downstream of the cascade
Near hub and tip the homogeneous flow values

vary within a wide range, while there are only slight
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Figure 5: Total pressure and normalised velocity pro-
files in the boundary layer from probe measurements
atxAx/LAx = −0.947 (upstream)
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Figure 6: Turbulence level measurements using a L2F-
velocimeter atxAx/LAx = −0.111 (upstream)

differences near midspan (fig. 7). From h = 0.2 to
0.6 there are nearly constant flow conditions in both
planes. Due to the radial equilibrium the Mach num-
ber decreases from 1.15 to 1.05, while the flow an-
gle varies within±0.5◦ around the avarage value of
β2 = 25.5◦, and the pressure loss remains constant at
about 5%. Note, that there is a radial component of
the flow velocity, which could not be taken into ac-
count with the probes used. Furthermore there are no
cylindrical stream surfaces with constant thickness be-
cause of the developing secondary flows near the hub
and tip. Third, the radial interpolation of the static
pressure from hub to tip gives only approximate val-
ues because of the radial distortion of the iso-Mach
lines especially near the hub (fig. 8).

Because of the special experimental set-up there
is a higher absolute velocity of the fluid than within
the real stage. This results in overestimated pressure
losses near the walls of hub and tip. Nevertheless the
most important mechanisms of the flow through the
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Figure 7: Mach number, total pressure loss, flow angle
(wake traverses,Ma2is = 1.1)

cascade are described correctly.
Approaching the hub in the plane

xAx/LAx = 1.410 the Mach number increases
up to 1.2 at h≈ 0.1 before decreasing to 1.0 close to
the wall. The total pressure remains constant up to
h ≈ 0.1 and decreases rapidly top0v2/p0v1 ≈ 1.20
near the wall, while the flow angle increases up to
30.0◦. This development of these flow quantities
only fits together, if there is a strong secondary flow
near the wall generated by the deflection of the fluid
within the blade row. These vortices were detected
by the laser measurements (fig. 8). The local Mach
number and the flow direction are shown in the same
plane xAx/LAx = 1.410 where the probe measure-
ments were done. The iso-lines indicate the marked
counter rotating vortices near the hub. Proceeding
downstream to the planexAx/LAx = 3.049 the probe
measurements give an idea about the development of
the secondary flow with a dramatic decrease of the
pressure top0v2/p0v1 ≈ 0.75 and a decrease of the
Mach number down toMa2 ≈ 0.75. That means close
to the wall (h≤ 0.1) there is an entirely subsonic flow
field.

Approaching the tip the development of the ho-
mogeneous flow values indicate an extended sec-
ondary flow region (h≥ 0.6). Within the upper 20%
of the cross section there is a completely subsonic
flow field where the total pressure rapidly decreases.
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From the laser measurements vortices can be detected
at h ≈ 0.8 and φ/t ≈ −0.2 + n and h ≈ 0.95 and
φ/t ≈ n (n = 0, 1, 2, ..).

The flow field within the cascade
The pressure distribution on the blade surface

(fig. 9) was measured in 5 radial sections. Up to ap-
proximately 60% of the axial chord the blade loading
increases from hub to tip while decreasing in the rear
part.

On the pressure side there seems to be a sepa-
ration bubble for h = 0.1 at 10% axial chord. The
constant Mach numbers on the blade surface cause a
growth of the boundary layer which decreases rapidly
when the strong acceleration - up to sonic velocity at
the throat - acts on the fluid.

On the suction side the pressure distribution in-
dicates that there are laminar separation bubbles for
h = 0.10 and 0.25 at about 80% to 90% axial chord.
The constant Mach number (corresponding to the base
pressure approximately) on the last 10% of the blade
for h = 0.75 and 0.90 indicate a very thick bound-
ary layer that may be separated. A shock boundary
layer interaction forming a laminar separation bubble
can not be deduced from the pressure distribution at

midspan.

Conclusion
Detailed measurements using conventional tech-

niques (probes, pressure tappings) and non intrusive
ones (L2F-velocimetry) give beneficial information
about the three dimensional flow field of an annular
rotor cascade.

There are strong secondary flow fields up to 20%
blade height at the hub and down to 60% from the tip.

The secondary flow vortices near hub and tip
were detected by L2F-velocimetry.

Even with short blades the assumption of cylin-
drical stream surfaces of constant thickness is not ap-
plicable any more.

The L2F-measurements indicated a strong distor-
tion of the stream surfaces, especially near hub and tip.
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