PO 1 S KA AR oD MR Ny K
INSTYTUT MASZYN PRZEPLYWOWYCH

PRACE
INSTYTUTU MASZYN
PRZEPLYWOWYCH

TRANSACTIONS
OF THE INSTITUTE OF FLUID-FLOW MACHINERY

70-72

: WARSZAWA-POZNAN 1976
BEANS TWOWE WY DA WNIELWO NAUKOWE




PRACE INSTYTUTU MASZYN PRZEPLYWOWYCH
poswiecone sa publikacjom naukowym z zakresu teorii i badan do$wiadczalnych
w dziedzinie mechaniki i termodynamiki przeplywow, ze szczegdlnym uwzgled-
nieniem problematyki maszyn przeptywowych
*

THE TRANSACTIONS OF THE INSTITUTE OF FLUID-FLOW
MACHINERY

exist for the publication of theoretical and experimental investigations of all
aspects of the mechanics and thermodynamics of fluid-flow with special reference
to fluid-flow machinery

KOMITET REDAKCYJNY — EXECUTIVE EDITORS

KAZIMIERZ STELLER - REDAKTOR - EDITOR

JERZY KOLODKO - JOZEF SMIGIELSKI
ANDRZEJ ZABICKI

REDAKCJA - EDITORIAL OFFICE
Instytut Maszvo Przeplywowych PAN.
ul. Gen. Jézefa Fiszera 14, 80-952 Gdanisk, skr. pocztowa 621, tel. 41-12-71

Copyright
by Panstwowe Wydawnictwo Naukowe
Warszawa 1976

Printed in Poland

PANSTWOWE WYDAWNICTWO NAUKOWE - ODDZIAL W POZNANIU

Wydanie I. Naklad 630+90 egz. Ark. wyd. 63,25 Ark. druk. 49,25 Papier druk.

sat. kl. V. 65 g., 70 x100. Oddano do skladania 4 VII 1975 r. Podpisano do druku

w czerweu 1976 r. Druk ukoniczono w czerwcu 1976 r. Zam. 528/118. H-16/245.
Cena zt 190,—

DRUKARNIA UNIWERSYTETU IM. ADAMA MICKIEWICZA W POZNANIU



III KONFERENCJA NAUKOWA
na temat

TURBINY PAROWE WIELKIEJ MOCY

Gdansk, 24 - 27 wrzeénia 1974 r.

IIIrd SCIENTIFIC CONFERENCE
on

STEAM TURBINES OF GREAT OUTPUT

Gdansk, September 24 - 27, 1974

III HAYYHAS KOHOEPEHIINA
HA TEMy

ITAPOBBIE TYPBUHBI BOJILIION MONIHOCTHU

T'nansck, 24 - 27 centabps 1974 .



PRACE INSTYTUTU MASZYN PRZEPLYWOWYCH
1976 Zeszyt 70-72

JANUSZ W. ELSNER, JANUSZ WILCZYNSKI
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A Contribution to the Problems of Turbulence Structure in a Flow Through
the Turbine Cascade Blades

Introduction

The behaviour of turbulent boundary layer on the surface of turbine blades has been
the subject of numerous (e.g. [1, 2, 3] etc.) papers. The complex nature of the phenomenon
makes, however, this problem still open for further, intensive investigations.

The present results are the fragments of a more extensive work, dealing with aerodyna-
mics of the fluid-flow-machinery blading, carried out at the Institute of Heat Machinery -
of the Technical University of Czestochowa. The report refers to experimental analysis
of a boundary layer on the surface of stator blades under the conditions of variable inlet
zngle and different initial turbulence levels.

Experimental stand and procedure

The experiment has been carried out in an open-circuit, low-speed wind tunnel. The
<:ator cascade blade under investigation (N12 profile) was mounted in the outlet channel
of the wind tunnel by means of an exchangeable set of angular walls (Fig. 1 and 2), which
allowed the inlet angle «, to be varied in the range 45+ 135 degrees.

The initial turbulence of an incoming flow was generated by a special grid installed
n the channel in front of the cascade blades. Regulation of the distance between the grid
and the inlet edges of the blades made it possible to obtain the variation of the initial
surbulence intensity &, within the limits of 2.8 to 10.9 9.

In order to achieve the higher turbulence level and to stimulate, upstream of the
‘=sted cascade, the flow patterns similar to that occurring in actual turbomachines, it was
Zzcided to produce a turbulence by means of a moving grid or so called “‘eddy-genera-
tor”, as shown schematically in Fig. 2.

The basic instruments applied during the experiment were DISA hot-wire anemometer
:nd RFT 1/3-octave frequency analyser. The temperature sensors were mounted in a spe-
=zl support provided with a guide roll moved over the cam representing exactly the profile

* Technical University, Czestochowa.
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Fig. 1. The tested cascade blade

Fig. 2. The scheme of the experimental set-up
1—outlet channel of the wind-tunnel, 2—set of angular
walls, 3—eddy-generator, 4—cascade blade

under investigation. The above device allowed, consequently, for continuous measure-
ments of mean as well as fluctuating velocity distributionsalong lines parallel to the surface

of the profile.

Experimental results

The reported investigations do not refer to the boundary layer over the whole surface
of the profile. The experimental analysis has been limited only to the suction side near the
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Fig. 3. Examples of the mean velocity distribution
in a boundary layer on the suction side of the blade
profile for @y=90° and ¢,=10.9%

1 — x,=0.5mm, 2- x,=0.65mm, 3— x,=08mm, 4— x=
=1.0mm, 5~ x,=1.5mm, 6 — x,=2.0mm, 5=s/250— distance
rom the trailing edge (see Fig. 1) referred the circumference of
the whole profile (290 mm)

trailing edge of the blade where boundary layer, because of its considerable physical thick-
ness, was the most suitable for detailed examination.
The examples of mean velocity distribution in several surfaces parallel to the blade
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Fig. 4. The intensity of the turbulence of the boundary layer as a function of a) inlet angle

oo for £o=10.9%, b) initial intensity of the turbulence &, for oo=90°
1—x,=0.5 mm, 2—x,=0.65mm, 3— x,=0.8mm, 4—x,=1.0mm, 5—x,=1.5mm, 6—x,=2.0mm

profile have been presented in Fig. 3. As it could be expected one may observe a rapid
increase of the boundary layer while approaching the trailing edges of the cascade blades.

Figures 4a and 4b show to what extent the longitudinal turbulence intensity at a fixed
point of a boundary layer is influenced by the change of the inlet angle «, and the turbulence
level of incoming flow. The first of the quoted figures points out an interesting feature,
namely that the increase of &, causes the decrease of the boundary layer turbulence level

Fig. 5. Turbulence intensity distribution in
the downstream direction for oo=90° and g, =

—10.9°¢
I—x,=0.5mm, 2—x,=0.65mm, 3—x,=0.8mm, 4-x;= =3
=1.0mm, 5—x,=1.5mm ‘E‘\,)( 02 754 *J"'*OT—
8 - oL !

on the suction side of the cascade blades. The curves plotted in Fig. 4b show that the boun-
dary layer becomes the more turbulent the more inlet angle differs from its nominal
value.

In Fig. 5 the longitudinal turbulence intensity distribution is shown. A characteristic
seculiarity of the results consist in an evident growth of the turbulence level in the downstre-
=m direction. This effect may be explained by the existence of a local positive static pressure
sradient near the trailing edges of the blade profiles. Asa result, in the equation of turbulent

@ Prace IMP z. 70 -T2
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d (g° o A 6Ui+
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the production term — uu;- 0U;/0x; has a positive value, which means that the turbulest
motion is carried and intensified by the energy transferred from the mean flow through
the turbulence shear stresses.

The observed growth of the turbulence intensity

energy q_z—

ug
e

U

is the result not only of the noticed increase of turbulent energy but also of the simultaneous
decrease of the mean flow velocity in the outlet triangle region of the blade passage
(see Fig. 3). It can be also seen that in the considered part of the blade passage the turbulen-
ce intensity in the outer flow, i.e. outside the boundary layer, becomes practically indepen-
dent of the co-ordinate x;.

A better insight into the microstructure of turbulent boundary layer may be obtained
by the analysis of the kinetic energy distribution over the various frequencies n of turbulent
fluctuations. If one assumes that the velocity field is quasi-steady, i.e. statistically homoge-
neous with respect to time, then energy distribution function E;(x) must satisfy the equa-
tion

[ E(n)dn=u?.
0

It is more convenient sometimes to consider the energy-spectrum function in terms of
the wave-number k; =2nn/U, instead of the frequency »n. Then

U,
E,(ky) =2— E(n)
T
while
J By dky=u?.

In the experiment under discussion the distribution function E;(k;) has been determi-
ned from the equation

using results of the measurements carried out with the aid of a hot-wire anemometer and
a frequency analyser. >

The results obtained, for two different inlet angles o, =90° and «,=60°, have been
presented in Figs. 6a and 6b. It can be easily seen that the shape of curves in question de-
pends greatly on the choice of the observation point in the downstream direction.
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Fig. 6. Energy spectrum in a boundary-layer flow for x,=1.0 mm and a) «o=60°, b) oo =90°
1—5=0.313, 2—5=0.14, 3—5=0.01

The above mentioned experimental data illustrate the character of changes occurring in
e turbulence structure of the boundary layer when approaching the trailing edge of the blade
orofile. Among other parameters the integral microscale 4 7 of the turbulent motion (a mea-
sure of the average dimension of the largest eddies) can be calculated on the ground of the
relation
Aty e

B0 Y o

The curves plotted in Fig. 7 indicate that 4, noticeably decreases when approaching
the trailing edge. This fact means that in the turbulence structure the smaller eddies (cor-
responding to the higher wave-numbers) begin to prevail.

As a supplement to the previous conclusions, the evolution of the energy-spectrum
function E,(k,, t) in the downstream direction is shown in Fig. 8, for three given inlet
angles ¢, =60°, 90° and 120° and for two different values of wave-number k, =1 and k; =
=4 cm™'. In the both recently mentioned figures quantities 4, and E; are plotted against
time ¢ connected with a given point of the boundary layer by means of the equation.

3
== | U (hde,
‘o

The subscript 0 indicates the farthest boundary layer cross-section localized at the distance
= =91 mm from the trailing edge of a blade.

Resigning from a more subtle quantitative description of the results it can be noticed
it the curves plotted in Fig. 8 have approximately parabolic character. That allows to
wsume that in range of adequately high wave-numbers the energy spectrum function

il
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E,(ky, t) can be expressed by the relation of the type
E (ks , )=const - E;(k, , t,) exp [C(t—14)*],

where ¢, refers to a suitably chosen value of the time-parameter. In Fig. 9 the ratio of the
quantities ¢ =[E,(k,)/u3],, calculated for the same wave-numbers but at two extreme points
of the boundary layer, is presented. In spite of a certain irregularity of experimental data the
area between the dashed lines confirms the previous conclusions and expresses the general
tendency of changes occurring in the microstructure of a turbulent boundary layer. The

P(tE) T T T T T
Pto) v-1,0-2, A—3 N
T 24 4
! 18 v}
N i
12 N | B Fig. 9. The ratio of the relative energy spectrum func-
06 = 1 Bid tions, calculated in two extreme points (5=0.01-7,,
s % g%y—;MLv 5§=0.313—1,) of the boundary layer for the initial
10! 10° K [on] 10’ turbulence level &,=10.9 %
i N I—0g=60° 2—0ig=90, 3—uo=120°

main feature of this tendency can be indentified with the fact that nearer to the trailing
edge of the blade profile the contribution of big eddies in the kinetic energy of a turbulent
motion noticeably decreases (see e.g. Fig. 8) whereas the contribution of the smallest
eddies increases at the some time.

Final remarks

A certain caution in formulating general conclusions based on the results described
above is needed because of the limited scope of the investigations. Even so, the
experiment has shown that for a given cascade the kinetic energy of a turbulent
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motion in the boundary layer on the suction side of the blade profile increases noticeably
in the downstream direction and simultaneously the energy spectrum distribution moves
towards the range of higher wave-numbers.
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Przyczynek do problemu struktury turbulencji w przeplywie przez palisade
lopatek turbinowych

Streszczenie

Przedstawiony w referacie material dotyczy wynikow doswiadczalnej analizy warstwy przysciennej
W warunkach zmiennego kata napltywu oraz réznych pozioméw wstepnej turbulencji strumienia,

Uzyskane wyniki wykazaly, ze charakterystyka turbulentnej warstwy przysciennej jest w znacznym
stopniu zalezna od kata naplywu strumienia, natomiast oddzialywanie turbulencji wstepnej jest mato
znaczace. Odchylenie kata naptywu od jego wartosci nominalnej powoduje wzrost turbulencji w warstwie
przysciennej na profilu topatki. Burzliwo$é warstwy przy$ciennej ro$nie w miare zblizania sie punktu
abserwacji zarowno do powierzchni topatki, jak rowniez do krawedzi sptywu profilu. W tym ostatnim
przypadku obserwuje sie rowniez tendencje do przesuwania sie widma energii turbulentnej w kierunku
wickszych liczb falowych, co jest wyrazem zmian zachodzacych w mikrostrukturze przeplywu.

K npobaeme crpykTyphl TypGy/ieHTHOCTH B Tevenmn Yepes
PEmETRY TYPOMHHBIX JIOHATOK

Pesome

Tlpencrasnenssii B DOKNANe MaTepuas KACACTCS PE3YJIBTATOB 3KCIEPUMEHTANIEHOTO AHAIM3a HO-
“FESIHEHOTIO CJIOS B YCIIOBHSX IEPEMEHHOTO BXOAHOTO YIJIA U PA3IIMYHEIX YPOBHEN NpenBAPATEILHOM Typ-
7 IEHTHOCTH IOTOKA.

M3 TONyYeHHBIX PEe3yNBTATOR CIEAYET, YTO XapaKTepUCTHKa TypOYIE€HTHOIO MOTPAHUYHOTO CIIOS
SSRSHTENBHOM CTENICHH 3aBHCHT OT BXOJHOTO YITiA TIOTOKA 1 B TOpPa3/i0 MEHBIICH CTENCHM OT NPEIBAPH-
50 TypOysrleHTHOCTH. OTKJIOHEHTE BXOJTHOTO yrila OT €ro HOMMHANILHOTO 3HAYCHHS CIOCOOCTBYET
SCTaHMIO TypOYJNEHTHOCTH B NOTPAHAYHOM CJIO€ HA JIOMATOUHOM npodure. Typ6yneHTHOCTS TOrpa-
#9T0 CJI051 PACTET C yMEHBINAIOMIMMCS PACCTOSAHUEM TOUKH HAOIIONEHHS, KaK OT TIOBEPXHOCTH JIONIATKH,
4l ¥ OT BEIXOIHOM KpOMKH Hpoduisi. B 3ToM mocnennem Clly4ae HaONIoAETCs TaKKe CTPEMIIEHNE K TIepe-
WEHEEHIO CIIEKTpA TypOYNERTHOM SHEPIHM MO HANPABIIEHHIO GOIBIINX BOIHOBBIX YHCEN, YTO SBJISETCS
WEs0M H3MEHEHMH, TPOUCXONSIIEX B MHEKPOCTPYKTYPE TE€UEHHS.




