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SUMMARY

~'Extensive experimental and theoretical investigations cf different turbine cas-
cades have been performed within the transonic Mach number range. Some problems
related to measurements in rectilinear cascades are discussed. From the done dlow
field calculations using a 2-d time-marching Euler code limitations can be
determined when applying the computer code itself as well as when comparing the
calculated data with experimental ones. Experimental and theoretical results
within the subsonic Mach number range are used to check the accuracy of "simplified
methods" for calculating the downstream flow angle.

1. INTRODUCTION

The great variety of possible and applicable turbine blade profile forms has
precluded so far the accumulation of systematic and rather exhaustive aerodynamic
data, as are available for axial compressor blades - at least in the subsonic
regime. Therefore, as well as for the development and optimisation of new profile
forms as for the detailed calculation of wulti-stage turbine bladings, methods
are necessary for the sufficiently exact calculation of
" outlet angle
" aerodynamic loss coefficient
in the whole subsonic-compressible and - mainly for gas turbines - in the transonic
flow regime in the great numbers of cases, where pertinent experimental data are
not available.

Loss calculation has made progress by combined application of modern cascade flow
and boundary layer methods. Outlet angle calculation by flow field methods still
comprises some uncertainties, mainly connected with the formulation of the
trailing edge condition, and the practical application seemingly encounters often
some doubt. Furthermore it necessitates a not negligible effort in the preparation
and the execution of computer calculations and, consequently, the turbo machine
industry still prefers to apply widely different "simplified methods" - e.g. the
well known Sine Law for the calculation of outlet angle. All of these are based
on balances of mass flow and momentum in the outlet region of the cascade and
necessitate various simplifying assumptions.

Because of the differing experiences in application of "simplified methods" and,
to some extend, of modern cascade flow calculation methods, a research project
was initiated by Forschungsverelnigung Verbrennungskraftmaschinen (FVV) and car-
ried out jointly by Institut fUr Strbmungsmaschinen (IfS), Universitat Hannover,
and Institut tUr Experimentelle Strbmungsmechanik (SK-ES) at Deutsche Forschungs-
und Versuchsanstalt fUr Luft- und Raumfahrt (DFVLR), Gbttingen. It comprises:

* experimental investigation of downstream flow angle, loss coefficient and
pressure distribution for several cascades in the transonic regime (DFVLR,
chapter 2),
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0 flow field calculation using a transonic time marching procedure and compar-
ison with experimental data (DFVLR, chapter 3),

0 experimental investigation of downstream flow angle, loss coefficient and
pressure distributien for several cascades in the -ubsonic-compressible regime
(IfS, chapter 4),

* flow field calculations using a subsonic-compressible finite difference method
and comparison with experimental data (IfS, chapter 5),

• comparison of downstream flow angle data from several "simplified methods"
with experimental results for more than thirty different turbine cascades
(IfS, chapter 6).

The project resulted in a deepend insight in the potential and the limitations
of the different methods and a better understanding of the aerodynamic charac-
teristics of turbine cascades.

2. EXPERIMENTAL INVESTIGATIONS ON TRANSONIC 'PURBINE CASCADES

At DFVLR the experimental task within the scope of this project has been to re-
measure three different profiles in one cascade geometry each and a fourth profile
in six different cascade geometries. All these cascades have been investigated
for the design incidence flow angle and within the downstream Mach number range
0.2 < Ma < 1.3. From the obtained wake traverses, surface pressure distributions
and Schlieren photographs documented in [61 a few examples are taken to discuss
some typical problems of transonic turbine cascade flow.

2.1 Test facility

A detailed description of the test-facility for rectilinear cascades (EGG) of
DFVLR, Gbttingen is given in (1]. The cascade assembly drawn to scale is shown
in FIGURE 1 for a hub-section cascade. The width of the flow channel which is equal
to the height of the cascade blades is 125 mm. In general, the profile chord length
is 60 mm and therefore the aspect ratio is 2.08. There are approximately 8 blades
in the flow field in the case of stator cascades and up to 15 in the case of rotor
cascades.

Some blades of the cascade are fixed into glass panes to allow the Schlieren
pictures to be taken. For surface pressure distribution measurements, one of the
blades is substituted by an instrumented one. For this subject the panes of glass
in the cascade rig are replaced by steel plates.

2.2 Upstream flow

In the upstream flow field total pressure, total temperature, and humidity of the
air are measured in the settling chamber. The upper and lower walls of the rec-
tangular nozzle can be adjusted in horizontal and vertical direction anv can be
set to angles up to ±4o relative to the centre line. These adjustments are used
to set the inlet flow conditions to periodicity as well as possible. The wall
static pressure can be measured in a plane parallel to the cascade inlet front
at 96 positions distributed over all blade passages on one instrumented side-wall.
Values from 47 ports are acquired, DI to D47 in fig. i.

Through holes on the opposite side wall in the very same ,lane, the incidence angle
can be measured with a wedge probe at 7 different locations, WI to W7. The check
of this angle is necessary because experience has shown that the actual incidence
angle can differ by up to ±20 from the geometric one. The incidence angle dis-
tribution as well as the static pressure distribution show a remarkable dependence
on the position of the upper and lower walls.

With the adjustable walls variations in the flow angle can be kept within the range
of some tenth of a degree. In FIGURE 2 the distribution of the inlet Mach number
based on static pressures, D8 to D42, and total pressure in the settling chamber
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shows that, for two flow coi,ditions, the distribution is quite uniform except for
the region close to the upper and lower walls.

FIGURE 3 shows the dependence ^f inlet Mach number on outlet Mach number. The
choking Mach number is about 0.5 corresponding to a downstream Mach number of about
0.9. For higher flow accelerations no changes in the upstream flow occur.

Tests lead to higher inlet Mach numbers than can be expected for 2-d flow [2].
This is due to the relatively long inlet duct which causes a turbulent boundary
layer of about 30 mm thickness on both sides. In the future an adaptive nozzle
will be used which is shorter in order to approximate 2-d flow conditions better.

2.3 Downstream flow

Usually, downstream of the cascade, the flow is not guided by walls and therefore
free shear layers originate from both the top and bottom blades. The interference
of obstacles crossing the whole channel in the downstream supersonic flow field
is demonstrated by Schlieren pictures (flash duration: 50 nsec) in FIGURE 4. Four
pitches downstream cylinders of different diameters are inserted. Severe dis-
tortions of the flow are evident even if the diameter of the cylinder is only about
twice of the blade's trailing edge thickness. This was taken into account by
designing the probe with a long axial stem and mounting the probe support as far
downstream as possible, [3]. In FIGURE 5 Schlieren pictures show the probe head
within the flow.

A wedge-type probe, [3], specially designed for tests in the complex supersonic
cascade flow fields is traversed at a fixed angle. From the probe's readings the
local values for total and static pressure and flow angle are evaluated within
the calibration range for the flow angle of ±60.

In FIGURES 6 and 7 sample measured distributions of local flow angle, total
pressure and Mach number are shown for a stator cascade. In the case of subsonic
flow results are shown for about 7 different pitches beginning from the free shear
layer at the bottom. About 2 pitches from this boundary the wakes are almost
identical. The rig consists of two more blades. For those blades measurements could
not be provided due to the restrictions of the support system. This would be
possible with the system in use today because the downstream area is now covered
with 800 mm instead of the previous 314 mm.

In the supersonic case the flow is often less periodic. The expansion around the
trailing edges can lead to a smaller flow angle at the bottom blade and to a higher
one at the top blade. This may cause an angle gradient in the flow field.

Trailing edge shocks are reflected from the free shear layer and its influence
on the flow pattern can be considerable, especially when causing additional shock
boundary layer interactions or flow separation at the blades. For the example
given in tho figure the results for the 3 pitches of the centre blades show a quite
periodic outlet flow field, which may not be achieved in all cases.

Additional reasons for deviations of the flow behind different pitches are due
to the unavoidable imperfections of the hardware. Formerly blades were manufac-
tured by copy-machining from a template. For some years the blades have been
wire-eroded from brass which is a more precise method. The actual shape of the
instrumented blade is measured with a ZEISS UMM 500 and is compared with the
desired contour. Usually, deviations normal to the surfacc are within 5/100 mm.
These maximum deviations occur at the leading edge and trailing edge, respec-
tively. They are primarily due to the technology used to instrument the blade,
[I]. An important geometric quantity is the throat, c*, i.e. the shortest dis-
tance between two adjacent blades, fig. 1; numbers differ up to 3/10 mm. For
calculating the 1-d theoretical choking Mach number, an averaged value of c* is
used.

From the data of the inhomogeneous flow in the traverse plane, the properties of
an equivalent uniform downstream flow are obtained by applying the equations of
conservation of mass, momentum and energy [4]. Results of data for downstream
flou: angle, total pressure loss, and axial velocity density ratio as functions
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of lownstream Mach numoer are giten in FIGURES 8 to 10 for the cascade shown in
fi3. 1.

2.4 Pressure distribution

In PIGURE 11 a measured surface pressure distribution is shown. The pressure
coefficient

(1) cpl = [Pk"] / pl and p1 /p01 = [2/(K+1)j K '/('I )

is plotted versus the axial length of the cascade, XA/LA. In FIGURE 12 the pressure
distribution cpi* is plotted versus YA/LU, the coordinate perpendicular to the
axial direction, and combined with the corresponding Schlieren picture which
allows an easy comparison.

Examplarily, the suction side flow behaviour is discussed: the flow is accelerated
from the stagnation point at YA/LU = 0.4 continously up to YA/LU = 0.0. An area
of recompression/expansion follows up to YA/LU = 0.3. From there the flow is
accelerated up to YA/LU = 0.7 where the trailing edge shock from the adjacent blade
is reflected which causes a shock boundary layer interaction. Further downstream
the flow is decelerated and finally forms a shock at the trailing edge.

By integrating pressure distributions aerodynamic forces on the blades can be
determined. These values can be cross-checked with those evaluated from data
reduction of the wake flow measurements. In FIGURE 13 results are shown for the
normal force coefficient, normal to the chord direction, and for the tangential
force coefficient. Only the results for the first seem to agree quite well. The
deviations are related to the fact that friction forces are taken into account
by probe measurements but not by static pressure measurements on the blades.

3. THEORETICAL INVESTIGATIONS OF TRANSONIC TUP JINE CASCADES

At DFVLR the theoretical task of the project has been to perform flow field cal-
culations applying a 2-d time-marching Euler code for seven different cascades
for subsonic and transonic downstream Mach numbers. These data have been used
to determine limitations of the application of the computer code itself as well
as to check some assumptions which are necessary for "simplified methods" to
calculate the angle of the homogeneous downstream flow. Some typical results are
discussed and compared with experiments.

3.1 Computer code

A finite volume method, [2], is used to solve the time-dependent Euler equations
for 2-d compressible flow. The boundary conditions prescribed in the computer code
are total pressure, total temperature and direction of the homogeneous flow
upstream of the cascade and the static pressure downstream. The spatial discre-
tisation is based on a H-grid which is systematically refined in four steps.
Refinement is done by doubling the number of quasistreamlines as well as the number
of nodes on a quasistreamline. In FIGURE 14 a second mesh consisting of relatively
widely spaced grid points is shown. From the final solution of the coarser grid
initial values for the next finer one are interpolated. The values of the homo-
geneous flow are calculated using the conservation law, eccording to [4] after
each time interval.

Formerly the vanishing local pressure change on the blade contour was used to
define a criterion for the "steady state" solution with iteration in time. For
this project the "steady state" was based on the vanishing changes of the homo-
eneous downstream flow quantities, [5]. These time-dependent values approach the
steady state" with variations of decreasing amplitude. In FIGURE 15 the "steady

state" values for the four grids after 40, 80, 160 and 320 time intervals are shown
for downstream flow angle, pressure loss coefficient, upstream and downstream Mach
number and the axial velocity density ratio. Allowing deviations from this "steady
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state" value of about A02 -±1.00, ±0.5*, ±0.25 or ±0.10, in the four meshes

respectively, as the maximum amplitudes for the downstream flow angle then the
"steady state" is approximated sufficiently after 10, 20, 40 and 80 time intervals.

The accuracy achived for the other flow quantities is given in the figure, too.
There is a significant change of the steady state values in the first three meshes,
while in the finest mesh only local values vary, especially near the leading and
trailing edge, [5]. If one takes into account that the experimental error in
general corresponds to the accuracy prescribed in the third mesh, the accuracy
of the final solution is sufficient.

3.2 Application of the computer code

* Surface pressure distribution
In FIGURE 16 the surface pressure distribution for a low subsonic downstream Mach
number in cascade 10.1.2 with the designed blades is shown. The comparison of
experimental and calculated data indicates some significant deviations marked by
arrows. Another calculation using Katsanis' code, [6], results in a very similar
pressure distribution with irregularities at the same locations. In the case. of
transonic downstream Mach number in fig. 11 the corresponding deviations are to
be seen.

The two main reasons which cause these deviations are first the inaccuracies of
the manufactured blades forming the cascade 10.1.21 and second 3-d effects because
of the side-wall boundary layers resulting in an axial velocity density ratio 11
not equal to 1.0. The irregularities of the surface pressure distribution vanish
when the actual cascade 10.1.21 is computed, fig. 11 and 16. The remaining dif-
ference to the experimental values can be reduced again by introducing the axial
velocity density ratio from the measurements given in fig. 10 to the code. This
leads to a remarkable agreement of experimental and calculated data for both
subsonic as well as for transonic downstream Mach number.

The calculated blade force coefficients determined from homogeneous flow quanti-
ties on one hand and from pressure distributions on the other give nearly the same
results, fig. 13. Inspite of the abovementioned deviations in the pressure dis-
tribution, after integration the calculated results for cascade 10.1.2 and
experimental ones for cascade 10.1.21 agree quite well.

* Influence of blade variations
The blades used in the basic cascade 10.1.2 have very thin trailing egdes, i.e.
low values of d/t see TABLE 1, and a curved suction side downstream of the throat.
The variation of the flow field due to changes of the blade's suction side and
trailing edge have been investigated in cascades 10.SSVI and 10.SSV2. The blade
shapes in FIGURE 17 indicate the increase of the trailing edge diameter, the
reduction of the curvature of the suction side and identical contours up to the
throat. Therefore the geometry of the cascade variations has been chosen to give
the same flow channel up to the throat as in cascade 10.1.2. Due to the different
chord length of the blades the pith chord ratios in tab. I are slightly different.

In fig. 17 the calculated pressure distributions for a downstream Mach number of
Ma2is = 0.670 are shown. There is an increase of the velocity level on the blade
surface related to the increase of the trailing edge thickness. The difference
between the pressure distributions for the two cascade versions is less than that
between the basic one and version 10.SSV2. Due to the unchoked flow condition
the whole flow field is influenced by the thick trailing edge. The stronger
expansion around the thicker trailing edges causes the increasing differences
between the local pressure maximum and minimum. Based on this expansion there is
an upstream shift of the crossing of the pressure curves of the suction and the
pressure side. In FIGURE 18 the experimental results for other flow conditions
indicate the same behaviour. In the case of transonic downstream Mach number, i.e.
for a choked cascade, there are identical pressure distributions up to the throat,
FIGURE 19. Moreover the pressure distributions indicate an increasing strength
of the shock reflected on the suction side with ircreasing trailing edge thick-
ness.

In the throat, constant flow velocity and constant flow direction perpendicular
to the throat, are assumed when using "simplified methods" to calculate the angle
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of the homogeneous downstream flow. For cascade 10.SSV2 the local flow direction
in the throat calculated by the time marching procedure (TMP) indicates signif-
icant deviations from this assumption, see FIGURE 20. This may be related to the
thick trailing edge but in cascade 3.1.1, having blaees with thin trailing edges,
there are remarkable differences, too. In addition the local flow velocity varies
by about ±10% from an averaged value, [5]. As the abovementioned assumptions are
not proven by the time-marching procedure in these cases significant differences
between the downstream flow angle calculated using one of the "simplified methods"
and experimental results may be expected.

3.3 Homogeneous flow quantities

* Upstream flow
For cascade 10.1.2 the homogeneous upstream flow indicates that the experimental
upstream Mach number is higher than the corresponding calculated one, fig. 3, due
to side-wall boundary layers in the wind tunnel. Correcting the geometric cross-
section with the displacement thickness a corrected experimental inlet Mach number
for 2-d flow can be calculated. The results from the flow field calculation for
cascade 10.1.2 and 10.1.21 using V = 1.00 fit this curve quite well. On the other
hand it is possible to take into account different cross-sections in calculation
planes I and ME and linear interpolation in-between and to perform a quasi-3-d
calculation corresponding to the experimental value v not equal to 1.00. The result
fox cascade 10.1.21 is an upstream Mach number close to that of the experiment.

Due to the thick trailing egdes of the blades in cascades 1O.SSV1 and IO.SSV2 the
mass flow changes for subsonic downstream Mach number Ma2is = 0.67. There is a
significant difference for the basic cascade and the variations, while the two
variations have nearly the same upstream Mach number. The expansion around the
thicker trailing edges results in a higher level of the contour velocities and
therefore more mass flows through the cascade. To increase the mass flow in cascade
10.1.2 to that value the isentropic downstream Mach number has to be increased
to Ma2is = 0.70.

* Downstream flow
From the local flow quantities in calculation plane ME the values of the homoge-
neous downstream flow are computed. For the basic cascade 10.1.2 the downstream
flow angle in fig. 8 from experiment and calculation fit to the same curve. This
is related to the fact that the values of the pressure loss coefficients, 4 (ZETA),
in fig. 9 are close to each other, i.e. for the subsonic case numerical losses
due to smoothing the solution and for the transonic case numerical losses and
predicted shock losses are comparable to the measured ones. All this is related
to the thin trailing edge of the blades.

For the cascades having blades with thicker trailing edges the downstream flow
angle in fig. 8 increases. This can be seen in the case of the blade variations
as well as in the case of the actual blade. The corresponding pressure loss
coefficients in fig. 9 increase as well. When smoothing the expansio:n around a
thick trailing edge obviously from the subsonic case the numerical viscosity
increases. This gives a hint for the necessity of a wake model to be incorporated
in the procedure especially for thick trailung edges.

For the axial velocity density ratio, V (MY), in fig. 10 it can be seen that the
calculated values are close to 1.00, while the experimental ones are significantly
different. As mentioned above this is because of the higher upstream Mach number
due to side-wall boundary layers. If these geometric modifications of the flow
channel are introduced to the code the calculated values are close to the exper-
imental ones.

4. EXPERIMENTAL INVESTIGATIONS ON SUBSONIC TURBINE CASCADES

Parallel to the transonic cascade investigations described above measurements and
calculations in the s;,bsonic-compressible range were conducted at IfS, Hannover.
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For two different profiles geometrical modifications of the outlet part of the
suction side combined with an increase of the trailing edge thickness were
investigated in a range of downstream Mach number of 0.2 to about 0.8. Wake
traverses and surface piessure meas'rements were made and in addition some L-2-F
velocity measurements in the throat area for comparison with flow field calcu-
lations. A few results are presented here.

4.1 Test Facility

The cascade tunnel used is of the suction type. It is shown in FIGURE 21. The
blades of 240 mm length are mounted between two circular side wall plates which
can be rotated so that the outlet flow is directed roughly vertically downwards.
One of the side plates is made of steel and comprises the probe insert and trav-
ersing provisions, furthermore the outlets for the static pressure taps on the
blades. The other side plate has a glass insert and allows measurements with a
L-2-F anemometer between the blades and behind the cascade. With a blade chord
length between 80 and 100 mm the aspect ratio realized is 2.4 to 3. Because of
the limited airflow capacity available a rather limited number of six to eight
blades constituted the cascade.

The flow channel consists of two fixed, sector-shaped side walls and two adjustable
guide plates which are set at the intended angle. The qu lity of the inlet flow
is controlled by static pressure taps all along the guide plates and infront of
the cascade. The uniformity of the inlet flow is remarkably good. The side wall
boundary layers are according to our measurements thin.

Since the outlet plenum is not sufficiently large for an undisturbed free jet
outlet, the flow behind the cascade is protected against uncontrolable influences
from the direct environment by adjustable guide plates. This, however poses the
problem to avoid influencing the flow, especially the outlet angle. This problem
was - in most cases sufficiently to satisfaction - solved by using pressure taps
on the guide plates and behind the cascade for adjusting the guide plates to a
nearly uniform pressure distribution. Nevertheless this configuration of cascade
tunnel will always pose operational problems. A further operational limitation
results from the expansion of the more or less moist air in the cascade which leads
to spontaneous condensation under transonic flow conditions and a falsification
of the results. The outlet Mach number has to be limited to about 0.8.

4.2 Downstream Flow

For the determination of the outlet flow a wedge-type five-hole probe (FIGURE
22) was used. The long axial stem built according to DFVLR experiences minimices
the interference of the holder with the flow. The probe is traversed at a fixed
angle. The flow direction is calculated from the calibration factors. Because of
the geometrical limitations at the tunnel the traversing travel was only about
two pitches lengths which is not enough to smooth out statistical scattering. In
the subsonic region, however, the results were quite satisfactory.

Measurements were made - among others - for the cascade configurations described
above (fig. 5 and 17 resp.). FIGURE 23 shows local distributions of the flow angle,
total and static pressure and Mach number, The decrease of uniformity and per-
iodicity with increasing trailing edge thickness is obvious. The comparison of
the parameters flow angle BETA2, loss factor XI and inlet Laval number LAI - all
calculated from the test data also according to [4J - with the same data from the
DFVLR measurements is shown in FIGURE 24. The differences, keeping in mind some
unavoidable shortcomings of the IfS measurements, are rather small and the general
compatibility is good. Similarly good agreement has been found for the blade
pressure distributions which is not shown here in detail.
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5. THEORETICAL INVESTIGATIONS OF SUBSONIC TURBINE CASCADES

5.1 Computer Cide

For the calculation of subsonic-compressible flow fields in turbine cascades a
finite difference method for calculation of the stream function acc. to Katsanis,
[6], was used after some adaptions to our problem. The solutions yields the 2-d
subsonic-compressible, frictionless flow field for a given geometry and given
inflow and outflow conditions. Contour Mach numbers up to 0.7 could well be han-
dled.

5.2 Application of the computer code

It is well known that methods like this demand an additional information defining
the total circulation around the profiles to render a correct solution, i.e. the
outlet angle should be available as input which poses some problems in all cases
where experimental data are not already available. Test calculations for a number
of different cascades with prescription of three or four slightly differing outlet
angle values showed, that - provided the calculating net and the contour point
spacing are fine enough at the trailing edge - the 'correct" outlet angle value
can quite easily be deducted by visual inspection of the pressure distribution
diagrams with some experience. A "normal" closure of the pressure curve at the
trailing edge is a good indicator. It seems highly probable that the introduction
of an extra iteration level in the code which satisfies p.e. identical velocity
(or static pressure) at the both end points of the halfcircle of a non-zero
thickness trailing edge, will allow the direct calculation of a flow field with
an outlet angle correct to a few tenth of a degree (see fig 16). Experience showed,
as mentioned already for the time marching method, that high accuracy for the
geometrical input data is indispensable for a quality solution. Small differences
cause considerable disturbances in the solution (fig. 16).

Very important, too, for the comparison of measured and calculated contour pres-
sure distribution curves is the introduction of the experimental value of the axial
velocity density ratio into the calculation, if it deviates - as often - sensibly
from unity. FIGURE 25 shows results with and without correction.

6. DOWNSTREAM FLOW ANGLE CORRELATION

6.1 "Simplified Methods" for Outlet Flow Angle Calculation

Almost since the beginning of turbomachine theory the need for methods for the
theoretical prediction of the outlet flow angle covering a large variety of profile
forms and a great range of operating conditions was felt. In course of time a host
of - in principle - quite generally applicable methods was developed, beginning
with the famous Sine Law, described p.e. in a modern form in [8]. Further exist
the Tangent Law, [9], and it's more generalized form in [14], the methods of
Fricke, [10], and 0edegard, [Ii], which take into account the compressibility of
the fluid and finally, also classical example, the Jet Deflection Law, [12], for
transonic conditions only.

The practical experiences with all these methods were differing widely. The
deviations from experimental data seemed somewhat erratic and unpredictable. The
research project the results of which are reported here very partially, was started
originally in order to check the results and the accuracy of all these "simplified
methods" for the calculation of outlet flow angle in a wide range of profile form
and operating conditions against proven experimental results of high quality and
thus decide their practical applicabilty. Experimental data were collected or
produced for about 60 cascade configurations with more than 30 different profile
forms. FIGURE 26 gives a synoptical presentation of the cascade characteristics
in a inflow - outflow angle manner. FIGURE 27 shows the range of outlet flow Mach
number resp. Laval number coverd by the experimental data.
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For all cases tha outlet flow angle was calculated according to .ll the "simplified
methods" cited above (exept [14]), if applicable for variable outlet Mach number,
and compared with the experimental data. Three typical examples of the comparison
are presented in FIURES 28 to 30.

A case of good agreement for a turbine cascade with rather high deflection shows
fig. 28. Although the Sine Law value differs by more than 5% the Tangent Law and
the Oedegard method coincide nearly perfectly and the Fricke method agrees quite
well. Even the decrease and increase of the flow angle with outlet Mach number
is very well reproduced. Only the values according to the Jet Deflection Law are
far off, as in most cases investigated.

Fig. 29 for a seemingly similar cascade reveals a quite different situation. The
Sine Law gives at least a good mean value, the result of the Fricke method is very
good, while Tangent Law and Oedegard differ somewhat more. Fig. 30, finally, for
a quite normal profile form, shows enormous differences in the subsonic range.
Especially the variation of outlet flow angle with Mach number is overestimated
by all methods dramatically. In the transoni.; range, however, good agreement
exists, which is true for quite a number of cases.

As a resume of the complete investigation it can be stated that no one of the
"simplified methods" applied showed a sufficient agreement with experimental
results all over the range considered. The differences are differing widely, a
correlation with cascade geometry or other relevant parameters could not be found.

6.2 Critical Review of "Simplified Methods"

All the "simplified methods" investigated here are based on the application of
the conservation laws for mass flow and momentum in a control area limited by
the throat of the cascade and a plane with assumed homogeneous flow behind the
cascade as shown in FIGURE 31. The mass flow and mc ,_ntum balances are influenced
by the conditions along the boundaries of the coatrol area. Only the influences
of the rearward stagnation stream lines cancel each other because of the period-
icity. The pressure forces in the throat, Kpa, on the rearward suction side, Kps,
on the trailing edge, KpB, and in the outlet flow plane, Kp2, further the mean
velocity vectors in the throat, wa, and in the outlet flow plane, w2, and even-
tually the friction force, R, on the suction surface enter into the balance
equations. Since detailed values for all these quantities are never available for
a simplified calculation of the outlet flow angle, the different "simplified
methods" apply different assumptions to overcome this inherent problem. These
assumptions are described in detail in the pertinent publications cited above; a
synopsis is given in [13].

Since the conservation equations for mass flow momentum introduced in the "sim-
plified methods" are inherently correct, any differences between the values cal-
culated by this way and the real values can only be due to the fact, that the
mentioned assumptions are not met. A closer examination of this question might
reveal the reasons for the experienced deviations and show perhaps means for an
improved "simplified method" through a better understanding.

Therefore an extensive study comparing the assumptions of the different "simpli-
fied methods" with the real values of the relevant quantities along the boundaries
of the control area extracted from numerical flow field calculations and special
cascade measurements, as reported above, was conducted and detailed results are
reported in [13]. It was found generally, that the constitutive assumptions of
the "simplified methods" for calculation of the outlet flow angle are nearly never
fullfilled and considerable differences exist. Relatively small modifications in
cascade geometry may result in considerable changes of the numerical values of
the boundary quantities. Systematic correlations between cascade geometry and the
relevant quantities for the balance equations valid for a large range of cascade
geometry and operating conditions were not found. This does not exclude the pos-
sibility to define such correlations for a small range of geometry variations,
i.e. to use "simplified methods" with correction factors or functions for similar
"profile families" in a satisfactory and safe way. The necessary corrections,
however, have to be determined empirically for each case.
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The eftorts to -orrelate the outlet flow angle to specific details of cascade
geometry - unsuccessful as they were . led, however, to the formulation of a new
general correlation of acceptable accuracy. The ratio of the effective mean outlet
flow angle, 02, to the outlet flow angle, 02sin, calculated according to the Sine
Law is correlated to the contraction of the flow channel near the throat expressed
as angle I explained in FIGURE 32. The general tendency is well defined, the
accuracy is a few percent, based on about 15 cascade configurations.

7. CONCLUSION

Modern numerical methods for the calculation of cascade flow fields rznder sat-
isfactory results in the compressible-subsonic as well as in the transonic region,
as long as boundary layer separation does not occur. For comparison with exper-
imental data the use of the actual and accurate cascade geometry and the exper-
imental value of the axial velocity density ratio in the calculation is indis-
pensable.

With appropriate treatment of the trailing edge - even with considerable thickness
- either by introduction of suitable wake flow models or assumptions into the
computer code or by competent judgement of the results and controlled adaption
of the input data, these calculating methods will render values for the outlet
flow angle with an accuracy sufficient for industrial demands, i.e. of a few tenth
of a degree.

"Simplified methods" for the calculation of the outlet flow angle, based on mass
flow and momentum balance with generalized assumptions for the outlet area of a
cascade only, are not capable to take sufficiently into account the real flow field
and the specific nature of the boundary conditions and will hardly ever achieve
the necessary accuracy. Application of these methods is only advisable within
narrow ranges of cascade geometry and with empirically determined corrections or
adaptions.
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cascade 0S t/l 0 c /t d/t

3.1.1 49.00 0.680 94.00 0.4489 0.0115
10.1.2 70.00 0.600 130.00 0.5458 0.0159
10.1.21 70.00 0.600 130.0' 0.5458 -
10.SSVI 70.0' 0.586 130.0* 0.5460 0.0789
10.SSV2 70.0' 0.593 130.0' 0.5460 0.0473
17.1.1 71.0' 0.499 118.00 0.4246 0.0673

TABLE 1: Geometrical values of the investigated cascades
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DISCUSSION

H.A.Schreiber, Ge
We know that the AVDR can have a strong influence on the downstream flow angle. Have you considered the AVDR

'fluence in the P correlation?

Author's Reply
The correlation presented in Figure 32 is at present purely empirical and no corrections are included. The correction
proposed is surely possible, but we did not work on this further refinement of the correlation, because we are not
convinced of the general applicability of any correlation based only on simple geometric parameters.

J.D.Denton, UK
In Figures 28, 29,30 why is the value of Beta 2/Beta 2, sin equal to I for the sine rule?

Did you make any comparisons of the outlet angle predictions from the computational methods with the
measurements?

If not I think that it would be a very useful exercise.

Author's Reply
P2: sin is taken from the simple sine law

02 sin - arc sin a/t

a -throat width
t -pitch

SIN in the diagrams is the result of a corrected sine law as presented f.i. in Reference 8 or in Traupel: Termische

Turbomaschine, which takes into account the trailing edge thickness.

The downstream flow angles calculated by the time-marching code compare in general well with experimental data, see
Figure 8 of the paper. The subsonic Katsis code demands actually to specify the downstream angle. An iterative
calculation based on visual judgement of the pressure distribution calculated around the trailing edge normally gives
results accurate to a few tenths of a degree. Introduction of a saitable outflow condition into the Katsanis code seems
well possible as described in the paper.


