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Experimental investigation of the flow field downstream of a plane
Referonces, turbine cascade in transonic flow

illes
auzé, G. Méthode d'étude expérimentale de gr
(1] Pl‘ﬁt?ibert, J. j d'aubes transsoniques a forte déviation. by
’ Association Technique Maritime et Aéronau- g
tique (ATMA). Session 1972, !

i de
G.: La soufflerie supersonique de grille plane
(2] Meauze, I'ONERA 4 Chalais-Meudon. L'Aéronautique
et 1'Astronautique No 50 (1975-1). English Summary

version available as ONERA TP 1409 (1974).

. Meéthode d'essai de grille convergence de veine. The aerodynamic coefficients of a cascade are mostly evaluated from
el MoauenlGa: Paper to be presented at the ASME/CIMAC pressures and flow angles, which are measured in a moderate distance
meeting. Tokyo, 23-27 mai 1977. downstream of the cascade. But in some cases, the local flow para-
meters close behind the cascade are of interest: for the consideration
of the flow field at inlet of a rotor following a stator or vice versa,
from fluid mechanical reasons as well as from the point of view of
noise generation. This goal requires a probe, which allows measure-
ments in a flow field of high pressure gradients. For this purpose,

a three-finger probe was designed and calibrated. The paper now

describes the measurement of total pressure, static pressure and

flow angle in several distances close behind a turbine cascade.

Average values are evaluated from these local values by means of

the laws of conservation. The flow field is discussed on the basis

of these wake flow quantities and of schlieren picture, too. Investiga- ‘
tions were carried through in the High Speed Cascade Wind Tunnel

at an isentropic Mach number of Mazth = 1.00 and at a Reynolds

number of Re2 =5- 105.

Notation

eM, u coordinates of wake traverse

1 blade chord

Ma2th = f(pK/pol) exit Mach number of isentropic

cascade flow




N

Subscripts

1
2u
2
K
th

Abbreviations

PS
S8
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total pressure
static pressure

exit dynamic pressure of isgntropic
cascade flow

exit Reynolds number
blade pitch

degree of turbulence
flow velocity

flow angle

blade angle

density

ratio of axial mass flow densities

dynamic viscosity

plane far upstream of the cascade
plane close downstream of the cascade
plane far downstream of the cascade

tank
theoretical, i.e. isentropic cascade flow

pressure surface

suction surface
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1. INTRODUCTION

Cascade research is restricted in many cases to the average flow
coefficients: wake traverse measurements are taken in some distance
downstream of the cascade, and the local flow parameters are trans-
ferred to average values using the laws of conservation. These results
are completed by pressure distributions, schlieren observations and
boundary layer measurements. However, the local flow values in the
vicinity of the blade trailing edge are of interest in some cases. Let
us consider the flow through an axial turbomachine, the axial gap
between a stator and a rotor is of the order of 20 to 50 % of the
blade chord. In this distance, the flow parameters change strongly
along one blade pitch, especially in the transonic flow range. Now the
rotor inlet flow has to be known from aspects of fluid mechanics, noise
and strength as it was mentioned on the AGARD conference of
"Unsteady Phenomena in Turbomachinery" [1]. These data can be

achieved by theory and by experiment. Anyhow, they should be
compared with one ancther.

These local flow data can be measured downstream of a plane cascade.
But most probes do not allow to take measurements in a flow field
with pressure gradients in the exit flow direction, because the distance
of the individual probe tappings is not constant to the plane of the blade
trailing edges. Therefore, a probe was designed, which avoids this
disadvange. With this probe, measurements of total pressure, static

pressure and flow angle were taken in several distances downstream
of a gas turbine cascade.

2. PROCEDURE OF TESTING

The measurements were carried out in the high-speed cascade wind
tunnel of the Institut fiir Aerodynamik, DFVLR Braunschweig (figure 1),

[2]. This facility operates in a closed circuit with an open test section.
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It is installed in a tank whereby the pressure 1

evel can be chosen
between Pg

= 0.05 and 1.0 bar. In that way, the important para-
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The wake traverse measurements were carried through with a three-
finger probe (Neptun probe, figure 2). The flow parameters are

measured by three separated tubes, so that the distance of aj] probe

&

Electric Drive

tappings to the plane of the blade trailing edges is constant. The ratio

of the probe size (60 mm between the outer tubes) to the tunnel width

| Hydraulic Coupling ‘

|
!
|

Gear‘ Box

The local flow values measureq downstream of the cascade were

6 Stages

transferred to average values of g homogeneous flow using the laws

of conservation, The énergy equation, the continui

ty equation and the
momentum equations were a

pplied and solved exactly (see J. AMECKE
efined in the notation,

Axial Flow Compressor !
High Speed Cascade Wind Tunnel

1-106-15-107m""

[5]). Al parameters are d

Chamber

Low- Pressure
Ma;=02- 105

turbine cascade accelerates the flow from the incompressible state in
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the axial direction up to the speed of sound. The contour points

Tunnel Data:
Test Room

Power
Chamber Pressure 0.05-10 bar

Mass flow
Pressure Rise

reaching sonic conditions are known from t

he blade pressure distribu-
tion,

bitrary. Downstream of it
cated by the dark areas,

. The dashed lines show
the planes of the wake traverses which will

The straight line between them is ar

a shock configuration is generated as indi

Test Section 2
300 x 500 mm

This is a result of schlieren observations

Reynolds Number Rej/1

Mach Number

be discussed below, The
was found by the relative

relation of the wake centre line to the blade
; Probe location,




Q
B
] N m
TS o
wis 8 &
“ Q
(o] m DLM
- S |y
& i 8o 8 s %
—ee— I 3 3 o 1)
= & 1oy
] -~
/ nmu D_r v”
vl R )
w ., / h\ _ .vdam -m
. > N o
S| :
] ﬂn\u ' p /Il N . Aia .
X - - S S e £ m
! ~ . [s]
(75}
9 m
&\wx :
(%]
/ g 5
o~ =1
p: o 3 “ 3
L) S w = ® Q g
nonoon 1 il 1 = &
s % N
S N &
MOTI-(Z Ul S}USUIINSEIW OSSJASAEBJI} deM JOf aqoad umdeN 7 ‘814
P
78 e LY L:f amag
\
ut
‘s .
N > >
g /
B . D30
aqoud youoranp jo Jn3 antngg  °$ 6N / - aJnssaJd 1030/
) - 09—
- -Jf =i,
a L4 amoas A o=
- i

" sajoyg  aunssasd mmis
e -

blzl‘td —-

6Z0 *xGle S3GN] 1Y ) . uon3341p MO1S

~

*J0 Juawainsvaw 1o0j doy aqoJd 0 juawabioiuy




- 124 -

The black areas indicate the range of a strong pressure gradient
from the wake traverse measurement. The agreement with the shocks
from the schlieren observations (density gradients) verified that the
probe blockage effects are small in these cases. The schlierens also
showed a periodic flow pattern with no reflected shocks from the free

shear layer.

3. LOCAL WAKE DATA

Figure 4 demonstrates some local flow values in the plane of the
blade trailing edges. All parameters are plotted against the coordinate
u parallel to the cascade front along one pitch t-u = 30 mm was
chosen to be the centre of the blade or the centre of the wake (next
figures). In the region of the blade u =22 up to 33 mm, no measure-
ments could be carried out, of course. In this figure, the static
pressure and the flow angle change strongly along the pitch, e.g. p %u
covers a range of more than 10°. Therefore these parameters may not
be put as a constant as this has been done in some cases [6]. The
location of the jump in pressure and Mach number again agrees fairly
well with the shock location from the schlieren picture (u = 34 mm).
The figure also contains the pressure which was measured at the
tapping in the blade trailing edge. That pressure looks to be the
lowest of the whole pitch. It indicates the pressure in the dead water

zone of the blade.

Some real wake data are shown in figure 5. The results of four wake
traverse planes are plotted abreast: The local values of flow angle
(above), static pressure change (middle) and Mach number (below).
Downstream of the profile the flow angle changes strongly because
the flow is highly accelerated and turned along the suction surface.

Acceleration and turning are much lower along the pressure surface.
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Fig. 4 Local values in the plane of the blade trailing edges
eM/l =0 ’
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because the local flow values at the begin and at the end of the pitch

p =90.5° : RBZ =510 Z ] TU, =47 agree fairly well.
7 The static pressure as well as the flow angle vary along one pitch
EM /Z =0”75 eﬂ/l - 0750 E”/l - 0255 BN/Z =0400 even in a distance of 40% of chord length downstream of the cascade,

Moreover, the flow angle changes outside the wake. Since in other

; Shock location from o Mg "y 1.00 ) -
S4e Range of wake schlieren picture R Maz 2 030 cases the flow angle is not Mmeasured along the whole pitch the choose
/’m 1 2th of the traverse distance and of the origin of the wake coordinate are
o |
B | important,
2°1 The biggest distance investigated here, eM/l =0.400, is adequate to
220 | the normal wake traverse plane. In that plane, an example of lower
100+

Mach number is given for comparison, The difference of both wakes

T
P1™ Pout I/[entre 0{ e { 1s small, i.e. the shocks are not Severe.
¥ 2thu]
064
1 4, AVERAGE WAKE DATA
0.764 The local datg discussed above were averaged for a homogeneous flow
068 and plottet over the distance e /1 in figure 6. The results should be
M 106 1 constant in all planes since the laws of conservation have been used
Cou | - see J. MEYER [7]. First of all, the cascade flow can be denoted as
Ma?th A s two-dimensional because the ratio of the axial mass flow densities is
092 1 1r 2 =1.00 ¥ 0.03 (left lower diagramm). The average static pressure
- : | I change (p1 - pz)/q%h does not change with eN/l at the low Mach
’ l number. But in the high Mach number case, the results at low e, /1
076 + 1 : - - — |I t —A’l, are a bit too low due to the fact that the probe wag designed for
i PRI s | s I -+ .fo‘:ﬂ 0 ' Subsonic flow. In both cases, the Static pressure change is 39 lower
068 0 it 60 0 30 60 0 32 [mm] u [mm] than that value which ig evaluated with the tank pressure p . That
u [mm] u[mm] means Py is higher than Pg- This result can be explained with the
distribution of the Static pressure in a free jet. H. FIEDLER [g]
- N found that - pK)/q =0 through 0.05 cloge to the jet exit, i.e. ing
Fig. § Local values of flow angle, static pressure chang distance of X/D =0 through 4, D meaning nozzle diameter. On the

Mach number downstream of the cascade
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Fig. 6 Average values of flow parameters downstream of the
ig.

cascade

The loss coefficient (p01 - poz)/q2th increases with the distance from
the cascade, left upper diagram. Both Mach numbers show the Same
tendency. Mixing losses are included, since the laws of conservation
are applied on an area with streamlines as lateral limitations, It ig
Supposed that the results at low eM/l are too low caused by some
assumptions during the data evaluation, According to J. AMECKE [5]
the tangential stresses of friction and turbulence have been neglected,
However, close to the cascade strong pressure gradients dp/du occur
as it is shown in figure 4, Furthermore, the turbulence in the near
wake is of high intensity [9]. Therefore, these assumptions should

be checked at future investigations as far as they concern traverses
close to the cascade.

The tendencies of total and static pressure are reflected in the exit

Mach number. The right upper diagram shows Mach numbers of
different definitions, The basis is the isentropic Mach number Ma2th=
1.00 depending on back pressure Py and total inlet pressure pol'
Replacing Pyy by the average exit total pressure P,g One gets MaK
which is 2% lower than Mazth' If also Pg is replaced by P, the
average exit Mach number Ma2 =0.96 is found. The importance of a

clear definition and of a correct measurement is quite obvious,

as rather accurate,




5. CONCLUSIONS

Compressor and turbine design requires some knowledge about local
flow data along one pitch. For measurements of these near wake data
a special probe was developed which allows accurate measurements in
flow fields with pressure gradients in the circumferential direction
and in the flow direction as far as the flow is two-dimensional in the
range of the probe tappings. The local flow values were transferred

to those of a homogeneous flow using the laws of conservation.

The main results of the measurements with this probe downstream of

a plane transonic turbine cascade may be summarized as follows:

Not only the total pressure, but also the static pressure and the

flow angle do strongly change along one pitch.

2. Shock location of the schlieren picture agrees fairly well with

the range of the high pressure gradient in the wake traverse.
3. The average static pressure of the wake traverse differs from
the back pressure by (p2 - pK)/q2th =3%.

4, Average static pressure change and average flow angle are not

affected by the distance from the cascade.

5. The loss coefficient increases with the distance due to some

assumptions in the evaluating procedure.
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