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FRITZ LEHTHAUS
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Transonic Flow in a Turbine Cascade with High Deflection

(Colour-schlieren-film with high-speed-film passages)

Nomenclature
"l=36 mm) — pitch length, a — sonic velocity,
=60 mm) — chord length, M=w/a — Mach number,
:1(=0.6) — pitch-chord ratio, v — kinematic viscosity,
5.(=70°) — stagger angle, Re=wl/lv — Reynolds number.
9(=110°) — geometric deflection angle, : :
Indices
B — flow angle,
p — static pressure, 1 — homogeneous inlet flow,
w — velocity, 2 — homogeneous outlet flow.

1. Introduction

For some time past it has turned out that transonic flow phenomena are of great im-
swriance for the development of advanced turbines in the field of gas turbines for stationary
mower plants or in aircraft engines as well as in the domain of the last stages in steam

sroines with high work output.

Because of the difficulty to describe the complex three-dimensional-flow in the blade

s by a computational method it is a widely used practice in axial-turbomachinery

~ok at this problem as the coupling of the flow in a meridional plane and another one

1 2 aircumferential plane, to study these two flows separately and to adjust them together

© 2n iteration process. By unrolling the circumferential plane, the two-dimensional-casca-
le-Sow problem is defined.

In the DFVLR-AVA institute of fluid mechanics, Gottingen, a small group is working
w the field of transonic flow in turbine cascades. The aim is the development or impro-

=ment of computational methods for the design problem as well as for the recomputation

“ and the verification of these methods by experiments [3, 4]

For the experimental work the institute disposes of two test facilities for the investiga-

n \I cascades: a windtunnel for straight cascades and a windtunnel for rotating cascades
1. Rough descriptions of these two facilities and the main fields of research and testing
are given in table 1 and 2.

* DFVLR-AVA, Institut fir Stromungsmechanik, Géttingen.
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Table 1

Windtunnel for straight cascades

Location: 34 Gottingen, BunsenstraBle 10
(DFVLR-Institut fir Stromungsmechanik)

Operational Date: 1955

Short Description of the Facility: The windtunnel operates intermittently with an open cir-

cuit. Atmospheric air runs through a dryer, a setling chamber, and the test section into a vacuum
vessel (10 000 m3). The testing time is about 50 seconds.

| Test Section: Designed for cascades with an inlet flow angle (15° < B, < 165°) and rectangular cross-
section of variable height: 38 cm (max) - 20 cm (min) x 12.5 cm

Velocity: vmpm=10 m/s; max=23800 m/s continuous variation by a throttling diffusor.

Stagnation Pressure: po=const. ~1.0 bar

Stagnation Temperature: 7o =const. ~300°K

Reynolds Number baséd on 1 m Length: 0.8 to 1.6-107 1/m

Typical Model Size: Blade span 12.5 cm; blade chord length: 6 cm

Proved Measurement Techniques:

Force Measurements: None

Pressure Measurements: Wake-flow-measurements, pressure distribution measurements on fixed
cascades, unsteady pressure measurements on oscillating cascades (Traversing probes,
multimanometer, pressure transducer)

Other Measurements: Colour schlieren system and High-Frequency-Camera (max. 10000
pictures/s)

Measurement Recording and Computation: Data recording, EDP in computing center.

Special Equipment: Suction of boundary layer in front of the cascade (presently not in operation)

Main Fields of Research and Testing: Straight turbine cascades in sub-, trans- and super-

sonic flow (max. Mach number of the downstream flow: M, <2.5)

[468]



Table 2

Windtunnel for rotating cascades

Location: 34 Gottingen, BunsenstraBe 10
(DEVLR-Institut fur Stromungsmechanik)

Operational Date: 1972

Short Description of the Facility: Closed circuit, independent variation of Mach and Rey- |

nolds number. Power of the 4-stage radial compressor: 1000 kW (max 1500 kW). The test wheel|
can be driven or braked with a power generator of 500 kW (max 700 kW).

Test Section: Medium cascade diameter: 52 cm, blade height 2.5 to 5.5 cm, ratio of inner to

outer diameter: 0.91 to 0.81.

Velocity: Max 800 m/s, continuously changeable.

Stagnation Pressure: po min=0.05 bar to pomax=1.5 bar

Stagnation Temperature: 7o=300°K to 370°K

Reynolds Number based on 1 m Length (Relative System):

Air: Re<1.2-107 1/m
Freon 12: Re<6-107 1/m

Typical Model Size: Blade span: 5.5 cm (max)
blade height: 5.5 cm (max)

Proved Measurement Techniques:

Force Measurements: ° Force measurements by torque meter
Pressure Measurements: Probes, pressure transducers, Scanivalve
Other Measurement equipments: Temperature measurements, schlieren system

Measurement Recording and : Computation: Data recording, EDP in computing center.

Special Equipment:

The facility can be operated with dry air or Freon 12.
Investigation possible with stator cascades up- and/or down-stream of the rotating cascade.

Main Fields of Research and Testing:

Annular or rotating turbine cascades in sub-, trans-, and supersonic flows. (max. relative Mach
number of the downstream flow M, <2.5)

[469]
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Expecially the arrangement in the test section for straight cascades allows to contribute
in a relative simple way to the results of the other measurements by optical means and so
to improve the understanding of the physical behaviour of the flow [5].

This short report is only to give an introduction to the film “Transonic flow in a turbine
cascade with high deflection”, which represents an example for the visualisation of the two-
dimensional flow field by colour-schlieren-technique.

2. Flow-visualisation by Schlieren-Technique

Figure 1 gives a scheme of the schlieren-optic-arrangement used for flow visualisation
in the test facility for straight cascades.

Dry atmospheric air flows through the test section with a straight turbine cascade
and through a subsequent adjustable rotational throttling diffusor into a vacuum vessel.

The optical system shown in this figure allows to choose as a light source a continuously
burning xenon-lamp or a spark flash stabilized by argon with a flash duration of about
twenty nanoseconds. An image of the choosen light source with a subsequent double-slit

Ca ‘
e @ |
NS | .
/' \ | test section
o ’ %
Mg | L
La= lamp l N\ ¥ P
L = lense + L\
P = dispersion prism | | Al 3 N
M= concave mirror l La P

Ca = camera
Sp= spark flashing
S = slit diaphragm

Fig. 1. Arrangement of schlieren-optics.

diaphragm for the adjustment of the light efficiency is projected by a system of achromatic
lenses into the focusing plane of a concave mirror. By adaption of a dispersion prism
just behind this image of the light source a colour schlieren system is obtained.

Parallel light is crossing the test section with the cascade and focused by a second con-
cave mirror in the plane of a knife edge or a slit diaphragm for black-white or coloured
schlieren reproduction respectively. The defraction of the light in the test section causes
in the produced picture of the test section a darkening or brightening or — respectivels
— deviations from the chosen basic colour which are proportional to the density gradients
of the flow in one direction. This direction is defined by the direction of the knife edge
or — respectively — by the direction of the dispersion prism on one side and of the slit
diaphragm on the other side.

For the following film the described colour schlieren system is used with the continuous
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szmon-lamp as light source and two different cameras, one of conventional type with a pick-
i frequency of 25 frames/second and a high-speed-camera with a regulated pick-up
“=gquency of 5000 frames/second.

The central spectral colour yellow-green is chosen as the basic colour associated with
w=ro density gradient in the tested flow field. Flow expansion produces a deviation to yellow
22 red, compression to green and blue. The four black-white schlieren pictures of this

woort are taken with the spark flash mentioned above.

3. Contents of the film

Figure 2 gives the geometry of the cascade, which is shown in the film. The profiles
tave a geometric deflection angle 0~ 110°. They are composed to a cascade with the stagger
snzle B.=70° and the pitch chord ratio #//=0.6. This cascade was designed for a high-

homogeneous inlet flow homogeneus outlet flow
B =1302 = 408 =358

= 1,4-—+09

M1 =05
=9 105

Fig. 2. Transonic 2-D-cascade flow for increasing back pressure

sded gas turbine rotor blade row, but the geometry of cascades for the inner sections
setween the middle and the hub section) of a rotor in one of the last stages of a steam
wroine and also the flow conditions in these cascades may be very similar.

3.1. Variation of back pressure

In the first part of the film the changes in the transonic two-dimensional cascade flow
=i are produced for a fixed inlet flow angle f; =130° by increasing the back pressure
continuously.



472 F. Lehthaus

The schlieren picture on the left side of Fig. 2 represents the flow situation shown in
the beginning of the film. The pressure ratio across the cascade is supercritical, the flow
is accelerated from subsonic to supersonic velocity. The cascade is “‘choked”, a change
of the outlet Mach number M, = 1.4 does not effect the inlet conditions, the “‘choking’
Mach number M, =0.5 is coupled with the given inlet flow angle f, =130°. The nozzle-
type expansion in the flow channel between two blades is followed by a Prandtl-Meyer
expansion around the trailing edge of the upper profile. The last expansion wave with the
subsequent right running oblique shock nearly formes one plane with the outlet of the cas-
cade. The reflection of this shock on the suction side of the lower blade is combined with
a small separation buble just in front of the trailing edge. The left running trailing edge
shock propagates from its origin into the downstream flow field. This shock is reflected
by the jet boundary of the last upper profile and therefore disturbes the periodicity of the
outlet flow field. This effect, which is due to the finite cascade, was one of the reasons to
build a test facility for annular and rotating cascades. In the case shown here these shocks
are reflected by a turbulent free jet boundary-associated with a constant pressure boundary
condition — and therefore the positions of the reflected shocks are unstable. The whole
downstream flow field is oscillating. In order to avoid the oscillations due to the free jet
boundary there is another possibility for testing straight turbine cascades by using a jet
leading tail-board behind the last upper blade — producing a constant flow angle boundary
condition. But a pre-condition for the application of such a tail-board is, of course, a strong
dependence of the outlet Mach number from the outlet flow angle. Certain disadvantages
of this test method are lying in the following difficulties: fitstly, to obtain periodicity of the
cascade flow and secondly, to handle probe measurements in the downstream flow field
of cascades with small pitch-chord ratios.

Starting from this flow situation the back pressure p, is increased continuously.Due
to the ““choking” of the flow passages the upstream Mach number remains constant at
M, ~0.5 as long as the outlet Mach number is higher than unity, M, > 1.0, while the down-
stream flow pattern changes significantly. With decreasing downstream Mach number
from M,~1.4 to 0.9 and flow angle from f,~40° to 35° the Prandtl-Meyer expansion
fan is diminished, the trailing edge shocks are steepened and finally there are only shock
waves normal to the flow direction as shown on the schlieren-picture on the
right side of Fig. 2. Though there are no longer disturbing shocks reflected by the free jet
boundary, the downstream flow field is still oscillating, probably due to this unstable
boundary.

But another source, that disturbes the stationary flow, may be an unsteady
separation process at the trailing edge of the blades and additional reinforcement in
presence of shocks by the interaction between these shocks and the instationary wake
flows. ;

This process of the continuous increase of the back pressure p, or, respectively, of
the continuous decrease of the outlet Mach number M, is filmed with a conventional
camera for 25 frames/second pick-up-frequency. The process is interrupted for M, ~ 1.4,
1.1 and 0.9 in order to show for these Mach numbers the local nonstationary effects, mentio-
ned abo ve,by the presentation of three high-speed-film-sections taken with a pick-up-freque-
ncy of 5000 frames/second.
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3.2. Variation of the inlet flow angle

Figure 3 represents an impression of the second part of the film. The changes in the
flow field are produced, for constant back pressure p,, by increasing the inlet flow angle
from B, =130° by steps of 3 respectively 5 degrees to f,=160°. This increase of f; is
realized by turning the cascade with respect to the inlet flow direction, which remains
always horizontally for the spectator.

The flow situation, shown in the beginning of this film-section and represented by the
schlieren picture on the left side of this figure, is the same as in the beginning of the first

homogen%ous inlet flow homogeneous outlet flow
By =130°— 147° By = 40°— 35°
My = 05 — 08 Moi= g« 12
Rey = (6—8) 105 Reg,= (9 —8):10°

won

)] My

Fig. 3. Transonic 2-DX-cascade flow for increasing inlet flow angle

part and as it is described in the preceding chapter. The flow is attached to the profile
surface over the entire pressure side and the suction side except for a small separation
bubble in the shock-boundary layer interference region. The picture shows the stagnation
point at the leading edge of each profile and the acceleration of the flow around the nose
in direction to the suction surface. Knowing from pressure distribution calculations and
measurements that sonic velocity is reached on the suction side already in this region and
on the pressure side near the trailing edge, it is easy to imagine roughly the curved shape
of the sonic line. According to the curvature of the sonic line a recompression zone exists
in the middle region of the suction side. Then the flows is again expanded due to the ex-
pansion waves propagating from the Prandtl-Meyer-fan at the trailing edge of the upper
profile.

Increasing the inlet flow angle, the inlet Mach number M, increases, too, due to the
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decreasing throat-inlet-area-ratio. The accelerating and the following decelerating pressure
gradients on the contour of the leading edge of the blade are locally steepened until there
are small supersonic pockets ended by normal shocks. Increasing the inlet flow angle further,
the flow separates on the suction surface. The schlieren picture on the right side of figure
3 gives an example for an inlet angle 8, = 147°. The separation of the flow on the suction
side, which is combined with a A-shock at the separation point, is almost a total one and
shows a series of small expansion fans and normal shocks at its boundary. Due to the
additional losses, the outlet Mach number decreases.

The film ends with an inlet air angle , =160° which is totally out of the operational
range of this cascade.

4. Conclusion

The film showing the transonic flow through a turbine cascade with high deflection
allows two generalizing remarks.

— The simulation of the cascade flow by a straight cascade with a finite number
of blades does not produce a periodic two-dimensional supersonic outlet flow. No realistic
possibility is known to remove this disadvantage for these test facilities.

— The unsteady conditions in the downstream flow field are partly caused by the tur-
bulent free jet boundary. On the other hand a nonstationary behaviour of the outlet flows
is imposed by an unsteady separation process at the trailing edge of the blades.
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Przeplyw przydiwickowy w palisadzie turbiny, o duzym odchylenin
Streszezenie

Referat zawiera opis przeplywu przydzwickowego w palisadzie turbiny, dokonany na podstawie
filmu.

Film przedstawia wizualizacje pola przeplywu w dwuwymiarowej palisadzie silnie odchylajacych
profiléw turbinowych, przy uzyciu metody Schlierena w kolorze. Warunki nominalne pracy takiej pali-
sady charakteryzuja sie¢ duzymi poddzwiekowymi wartosciami liczby Macha na wlocie i umiarko-
wanymi naddzwiekowymi wartosciami liczby Macha na wylocie.
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W pierwszej czesei filmu wywolywano zmiany pola przeptywu zwiekszajac w sposob plynny przeciw-
e=nie. Na skutek dlawienia przeptywu w kanatach miedzylopatkowych, parametry na wlocie do
iy, liczba Macha i kierunek przeplywu, zostaja niezmienne tak dtugo, jak dtugo liczba Macha
e wylocie jest wigksza od jednosci. W tej czesci filmu pokazano trzy serie zdje¢ wykonanych kamera
“okobiezng (o predkosci 5000 klatek na sekunde), przedstawiajace lokalne efekty niestacjonarne
solu przeptywu. 5
W drugiej czesci, przy stalym przeciwciSnieniu, wywolywano zmiany w polu przeptywu droga sko-
=gzo zmieniania kierunku przeptywu na wlocie, od warunkéw nominalnych az do catkowitego
wania przeplywu na podci$nieniowych stronach profilow.

Ox0/I03BYKOBOE TEYeHHE B CHJIBHO OTKJIOHSIIONIell TYPOUHHOI peleTKe
Pe3rome

DuIpM IPEACTABISET BU3YAIM3ALKIO N0JIS TEUSHHUS B IBYXPa3MEPHON CHIIEHO OTKITOHSIOIIEH PEIIETKe

SOuHHBIX TPOGMIIEH, IOCTUTHYTYIO LBETHBIM METOIOM I0JI0C. PacueTHbIe yCIoBUs pa0OThI TAKOU perreT-

¢ ¥APaKTEPH3YFOTCs GONBIIMMYI OKOJIO3BYKOBBIMH 3HAYCHHAMMU 4YMCra Maxa Ha BXOJIE M yMEPEHHBIMHU
2ePA3BYKOBBIME 3HAYCHUSAMU YKCiIa Maxa Ha BBIXOIE.

B nepBOi 4acTH GUITbMa MOKAa3aHbI N3MEHEHVst TIOJIs] TEYECHUSI, TIPOUCXOISIINE BBUTY IIJIABHOTO YBEIIH-~
“wsanus IPOTUBOIABIIEHNS. B pe3ynbpTaTe TOPMOXEHHS TE€YEHHUS B MEXKITONIATOYHBIX KaHAJIAaX, MapaMeTphL
WL BXOZIE B PEHICTKY, YiCII0 Maxa i HalpaBlIeHUe TeHeHNs OCTAFOTCSI HEM3MEHHBIMHE TaK JOJITO, TIOKA YHUCIIO
Wlzxa HA BBIXOHE MMEET 3HAYCHHE OoJipIIe eauHWIEBL. B 5TO# yacTu ¢uibMa ImoKa3aHbl TpH (parmMeHTa,
=X OBICTpO¥ KaMepoii (co ckopocTrio 5000 KITETOK B CEKYHIY), MPEICTABIISIFOLINX JIOKAJIBHBIE HECTa~
swoHAPHBIE 3GGEKTH B TI0JI€ TEUCHUS.

Bo BTOPOii yacTn GmiIpMa NPeACTABICHBI M3MEHEHHS B IIOJI€ TEYEHUS, BBI3BIBAEMBIE IPY TOCTOSHHOM
OTHBONABIIEHMM IyTEM CKAYKOOODA3HOTO M3MEHEHWs HANPABJICHHWS TEYEHUs HA BXOJE OT PACYETHBIX

CI0BWM IUISL OAHHOM DPEHISTKHM O IOJIHOW Cemapaluy TeYeHHs HA BAKYYMHBIX CTOPOHAX Ipodwmiei.




