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Transonic Flow in a Turbine Cascade with High Deflection

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

:-16mm) - pitch length,
:60 mm) - chord length,
; i{:0.6) * pitch-chord ratio,
:,(:70") - stagger angle,
:-,:il0') - geometric deflection angle,

B - flow angle,
p - static pre§sure,
łl - velocity,

a - sonic velocity,
M:wla - Mach number,

v - kinematic viscosity,
Re:wllv - Reynolds number.

Indices

1 - homogeneous inlet flow,
2 - homogeneous outlet flow.

1. Introrluction

FtlI sofil€ time Past it has turned out that transonic flow phenomena are of great im-
: ::3nce for the development ofadvanced turbines in the field ofgas turbines fol stationary
: : ]i er Plant§ or in aircraft engines as well as in the domain of the last stages in steam
_-:jnes with high work output.

Because of the difficulty to describe the complex three-dimensional-flow in the blade" . bY a comPutational method it is a widely used practice in axial-turbomachinery
:.-'k at this Problem as the coupling of thę flow in a meridional plane and another one

: . circumferential Plane, to study these two flows separately and to adjust them together
l' .: iteration Process, By unrolling the circumferential plane, the two_dimensional-casca-
_.-illl- problem is defined.

1:1 the DFVLR-AVA institutę of fluid mechanics, Góttingen, a small group is working- ::-e field of transonic flow in turbine cascades. The aim is the development or impro-
':-ent of comPutational methods for the design problem as węll as for the recomputation

,",,_ and the verification of these methods by experiments [3, 4].
ior the experimental work the institute disposes of two test facilities for the investiga-
- -'fcascades: a windtunnel for straight cascades and a windtunnel for rotating cascades
i_ Rough descriptions of these two facilities and the main fields of resęarch and testing,: liren in table 1 and 2,

)FVLR-AVA, Institut fiir Strómungsmechanik, Gótfingen.
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Table 1

Windtunnęl for straight cascades

Location: 34 Góttingen, BunsenstraBe 10

(DFVLR-Institut fifu Strómungsmechanik)

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:Designedforcascadeswithaninletflowangle(15'<fr<165')arłdrectangularcross-.Ta6" 
.f ,*iable height: 38 cm (max) - 20 cm (min) x 12,5 cm

Velocity:061a:l0m/s;u.n*:800m/scontinuousvariationbyathrottlingdiffusor.

Stagnation Pressure: po:const, p 1,0 bar

Stagnation Temperature: ro :const, p 300'K

Reynolds Number based on 1 m Length:0,8 to 1,6,107 l/m

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

Proved Measurement Techniques:

Force Measurements: None
pressure Measurements: wake_flow_measurements, pressure distribution measurements on flxed

cascades, unsteady pressure mea§urements on oscillating cascades (Traversing probes,

multimanometer, pressure transducer)

Other Measurements: Colour schlieren sy§tem and High-FrequencY-Camera (max. 10 000

pict u res/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

sonic flow (max. Mach number of the downstfeam flow:

turbine cascades in sub-, trans- and super-

M2<2.5)
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] Location: 34 Góttingen, Bunsenstra8e

Tablę ż

Windtunnel for rotating cascades

Location: 34 Góttingen, BunsenstraBe 10
(DFVLR-Institut fiir Strómungsmechanik)

Operational Date: 1972

Short Description of the Facility: Closed circuit, indępendent 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: 1o -io:0.05 bar to pofrax:l.5 bar

Stagnation Temperature: 7o:369'6 to 370'K

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

Air:
Freon 12:

Typical Mode1 Size:

Reś 1.2,107 1/m
łeś6,107 1/m

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, plessule transducers, Scanivalve
Other Measurement equipments: Temperature measurements, schlieren system

\Ieasurement Recording and Computation: Data recording, EDP in computing cehter.

Special Equipment:

The facility canbe opetated with dry air or Freon 72.

Investigation possible with stator cascades up- and/or down-stream of the rotating cascade.

\Iain Fields of Research and Testing:

Annular or rotating turbine cascades in sub-, trans-, and supersonic flows, (max. relative Mach
number of the downstream flow M2<2.5)
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47o F. Lehthaus

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 ofthe physical behaviour ofthe flow [5].

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

2. Flow-visualisation by Schlieren-Technique

Figure l gives a scheme of thę 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 sourcę a continuouslr,
burning xenon-lamp or a spark flash stabilized by argon with a flash duration of about
twenty nanoseconds. An image of the choosęn light source with a subsequent double-slit

Sp" spork ftoshing
S = slit diophrogm

Fig. 1. Arrangement of schlieren-optics

diaphragm for the adjustment of the light efficiency is projected by a system of achromat:;
]enses into the focusing plane of a concave mirror. By adaption of a dispersion pris:_
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 ctr_
cave mirror in the plane of a knife edge or a slit diaphragm for black-white or colour;:
schlieren reproduction respectively. The dęfraction of the light in the test section causś:
in the Produced picture of the test section a darkening or brightening or - fespective,.,

- deviations from the chosen basic colour which are proportional to the density gradiel:.
of the flow in one direction. This direction is definęd by the direction of the knife ecig:
or - iespectively - by the direction of the dispersion prism on onę side and of the sl :

diaphragm on the other side,
For the following film the described colour schlieren system is used with the continuoi.:

ll

l | ,*o *.,,*

l+ .-l Y

łl Ń{,
ll 
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Transonic Flow in a Turbine Cascade with High Deflection

:: :,i-lamp as light sourcę and two different cameras, one of conventional type with a pick-
l: ;iequency of 25 frames/second and a high-speed-camera with a regulated pick-up
-:.jency of 5000 frames/second.

The central spectral colour yellow-green is chosen as the basic colour associated with
]::, d,ensity gradient in the tested flow field. Flow expansion produces a dęviation to yellow
-' : :ed, compression to green and blue. The four black-white schlięren pictures of this
:],,,],i 3f€ taken with the spark flash mentioned above.

3. Contents of the fi|m

:-gure 2 gives the geometry of the cascade, which is shown in the film. The profiles
. : a geometricdeflection angle 0x 110". Theyaręcomposed to a cascade with the stagger
';.;3,:7g'and thę pitch chord ratio tll:0.6. This cascade was designed for a high-
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homooeneous inlót florłl

91 = 1300
Ml =o5
Rą1 = 6,105' _ ,MJ-

AF,l

B. = 70"
t/t = 0,6

homooeneus outlet flow

---P,, = 1o.-F
M2 = 1,4-0,9

Re21 = 9 105

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

-::J gas turbine rotor blade row, but the geometry of cascades for the inner sections
":],iććrt the middle and the hub section) of a rotor in one of the last stages of a stęam
- -: :le and also the flow conditions in these cascades may be very similar.

3.1. Variation of back pressure

-:- :he first part ofthe film the changes in the transonic two_dimensional cascade flow
: :re produced for a flxed inlet flow angle Br:130. by increasing the back pressure
- ,::inuously.
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The schlieren picture on the left side of Fig. 2 represents the flow situation shown in
the beginning of the fllm. The pres§ure ratio across the cascade is supercritical, the flow
is accelerated from subsonic to supersonic velocity. The cascade i§ "choked", a change
of the outlet Mach number Mrx1.4 does not effect the inlet conditions, the "choking"
Mach number Mrx0.5 is coupled with the given inlet flow angle §t:l30".Thenozzlę-
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 thę
subsequent right running oblique shock nearly formes one plane with the outlet of the cas-
cade. The ręflęction of this shock on the suction sidę of the lower blade is combined with
a small separation buble just in front of the trailing edge. Thę left running trailing edge
shock propagates from its origin into the downstream flow fleld. This shock is reflected
by the jet boundary of the last upper profile and therefore disturbęs the periodicity of the
outlet flow field. This effect, which is duę to the finite cascade, was one of t|re 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. ]n 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 pressufe p, is incteased continuously.Due
to the "choking" of the flow passages the upstream Mach number remains constant at
Mrx),SaslongastheoutletMachnumberishigherthanunity, Mr3|.0,whilęthedown-
stream flow pattern changes significantly. With decreasing downstream Mach number
from Mrx 1.4 to 0.9 and flow angle from §rx40" to 35" the Prandtl-Meyer expansion
fan is diminished, the trailing edge shocks are steepened and finally therę are only shock
waves normal to the flow direction as shown on the schlieren-picture on the
right sid,e 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 additiona1 reinforcement in
presence ofshocks by the interaction bętweęn these shocks and the instationary wake
flows.

This process of the continuous increase of the back pressutę p2 or, respectively, of
the continuous decrease of the outlet Mach number M, is fiLmed with a conventional
camera for 25 framesfsecond pick-up-frequency. The process is interrupted fot Mrxl,.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

dow field are produced, for constant back pressure p2, by increasing the inlet flow angle

aom /r:130' by steps of 3 respectively 5 degrees to §r-160'. This increase of B1 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

ocblieren picture on the left side of this figure, is the samę as in the beginning of the first

!@sgeneous_,nlet_!g{
91 = t30o- l47o
M1 =0,5-0,8
Re1,: (§_g; 165

Fz

r,omegeneous out!g!_t!91y

[r2 = 40o''.--. 35o
M2='1,4-1,2_
RĘ,=(9-8)lOS

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
_iurface over thę entire pressure side and the suction side except for a small separation

rubble 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 thę suction side already in this region and

on the prę§sure 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. Thę 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 pockęts 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 fbr an inlet angle § t: l47' . The separation of the flow on the suction
side, which is combined with a ź-shock at the separation point, is almost atotal 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 §l:t6o' 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 proces§ at the trailing edge of the blades.
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Przepływ przydźwiękowy w palisadzie turbiny, o dużym odchyleniu

streszczenie

Referat zawiera oPis przeplywu przydźwiękowego w palisadzie turbiny, dokonany na podstarvie
filmu.

Film Przedstawia wizualizację pola przepływu w dwuwymiarowej palisadzie silnie odchylających
Profilów turbinowYch, ptzy użyciu metody Schlierena w kolorze. Warunki nominalne pracy takiej pali_
sadY charakterYzują się dużymi poddźwiękowymi wartościami liczby Macha na wlocie i umiarko_
wanymi naddźwiękowymi wartościami liczby Macha na wylocie.
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!l- pierwszej części filmu wywoływano zmiany pola przepłyWrr zwiększając w sposób płynny przeciw-
J§:Ęj,!ie. Na skutek dławienia przepływu w kanałach międzyłopatkowych, parametry na wlocie do
m '.:sad1,, liczba Macha i kierunek przepływu, zostają niezmienne tak długo, jak długo liczba l\{acha
]ź -alocie jest większa od jedności, W tej części filmu pokazano trzy ser,ie zdjęć wykonanych kamerą

-*,:kobieżną (o prędkości 5000 klatek na sekundę), przedstawiające lokalne efekty niestacjonarne
| :!.lu przepływu.

\\' drugiej części, przy stałym przeciwciśnieniu, wywoływano zmiany w polu przepływu drogą sko-
{ij s.go zmieniania kierunku przepływu na wlocie, od warunków nominalnych aż do całkowitego
]t33:-liania przepływu na podciśnieniowych stronach profilórv,

Ono.norryrcoBoe TerIeH[e B cIłJIbHo oTKJIoHflIoueń rypdnnuofi peuleTKe

Pesrolrę

óu_rru npeĄcTaBJl9eT Bil3yanu3aul,t}o nofl, TeqeHH, B AByxpa3MepHoń cłnbHo orr:rounronleż pe[IeTKe
- :ńxnulx npo$rłneź, gocrrłrrłyTylo qBeTHbIM MeToAoM IIoJIoc. PacyeTuble ycnoBufi pa6oTbl raroń pemer-
i6:ł \apaKTeplł3yrorcx 6o:rsururrłI{ oKoJIo3B5,'xoBlIMrł 3HaqeHIłrM],f ql4c:la Maxa rra Bxo,Ąe u yMepeHHLIMł
:3śa\3B},xoB},tMff 3Ha{eHilrMl4 qncla Maxa Ha BblxoAe.

B nepnoń.racril óunlMa noKa3aHH u3MeHeHIłx IIoJIfl Teyenłr, npo[cxoArlque BBuAy l]JIaBHoro yBeJIIł-
.ił33IłE-g npoTl4BoAaBnełrrłx. B pe:yrrr,TaTe TopMoxeHIł{ T€geHIł, B MexJlonaToqgblx KaHaJIax, [apaMeTpbl
łi,i, 3\o.xe B pemęTKy, qIłcJIo Maxa u łranpaxlenlłe TeqeEI,{, ocTaroTc, Hetr3MęItHbIMIĄ TaK Aolro, IIoKa qIłcJIo

Lirta ga BbD(oAe IłMeeT 3IIaqeEIłe 6o:r6nre e,qIłHIłI{6I. B sroft uacrrł $rł;rrva IIoKa3aHbI rpu Sparvenra,
ll,-rilx 6rrcrpoń KaMepoź (co cxopocrrro 5000 x.reror< B cer}ĘAy), npeAcTaBJIrIoIuIx JIoKaJ]bHbIe HecTa-

-ł_-HapHble r$$ercrlr B noJle Te9eHMr.

Bo eropoż vacrrł $rłlrua npęAcTaBneHBI fi3Melrel{Il, B IIonę TeqeHIłr, Bbl3bIBaeMbIe trprł DocTolH}loM
T]r.L1T[BoAąBIeHI4Ił IIyTeM crarxoo6pasnoro I,I3MeHeHIł, EaIIpaBJIeHtr, TeqeHI]I, Ha BxoAe oT pacqeTEblx

,".i_l0Bfiż nrrx 4aurłoż pe[IeTKI4,qo norruoń cerrapaquu TeqerrIłx I{a BaKyyMIlbIx cTopoHax npo(!rł:reń.


