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REDUCING SECONDARY LOSSES BY BLOWING COLD AIR IN A TURBINE

W. Koschel
Institute for Jet Propulsion and Turbomachines, Rheinisch-West-
filische Technische Hdchschule, Aachen

Introduction

In the case of axlal turbine stages with small blades the de-/164-1"_

gree of efficlency 1s considerably affected by the amount of the
losses which can be caused by secondary flows. The creatinn of
secondary flows 1s tn be attributed to the fact that the casing
wall and hub wall boundary layers coming into the incoming flow of
the turbine are transported by the pressure gradient in the blade
channel to the profile suction side. If the dimensions of the
blades are unfavorable =-- small height in relation to the chord
length -~ the secondary flowz can involve the entire height of the
blade and lead to flow separations on the profile suction sides.

The studies done so far on reducing secondary flows and
losses assoclated with these in axlal turbine nozzles can in
principle be broken down into the following methods:

== elimination of incoming boundary layers by sucking them
away at the turbine input;

-=- affecting the shape of the secondary flows by giving the
blade channel a meridianal cross-section;

-= preventing the casing and hub boundary layers from ex-
tending to the profile suction sides of the turbine blades by
setting up overflow slits, boundary layer fences and grooves.

The sucking away of oncoming casing boundary layers has no
practical importance because of the high expenditure of energy

required for the suction devica, which has also been confirmed /164-2

in experimental studies by Primper [1]. By contrast, the second
method listed above has found industrial application. Measure-

*# Numbers in the margin indicate pagination in the forelgn test.
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ments on smooth turbine nozzles with a small blade height, in
which the exterior casing wall in the rear region of the blade
channel is tapered asymmetrically, show that in this way the second-
ary flow losseu can effectively reduced [2]. Overflow slits, i.e.,
connections from the profile pressure side to the profile suction
side in the region of the casing wall or hub wall have proved to
increase the amount of loss when used in turbine gulde vanes [3].
Extensive experimental studes which were carried out by Prilmper

[3 and 4] at the Institute for Jet Propulsion and Turbomachines,
RWTH [Rheinisch-WestfHlische Technische Hochschule], Aachen, has
shown that with the arrangement of boundary layer fences and
boundary layer grooves on the profile suction sides in a region

of the casing wall and hub wall a congiderable reduction in
secondary flow lcsses can be achleved, whereby the best results

are obtained with the use of grooves, Similar investigations by
Sieverding [5] on turbine guide vanes with boundary layer fences
and grooves arz2 well known.

The design of hot gas turbine blades with sharp-edged boundary
layer fences or with grooves in the form of sharp-edged milled
slots can cause operational problems because of possible over-
heating of edges. Therefore in 1975, with the support of the spe-
cial research branch, 83 experimental studies on an axial turbine
stage were begun whose purpose is, by means of locally blowving air
onto the profile suction sides of the turbine guide vanes to pre-
vent secondary flows from spreading out, as 1n the case of grooved
blades, and thus reduce the secondary flow losses. The baslc idea
here is that in the practical application of this method for in-
ternally cooled hot gas turbine blades a portion of the cool air
can be used to blow on the profile suction side. 1In the following
discussion are presented results of the ongoing studies which should
show how the blowing can be accomplished to affect the secondary
flow and which 1imiting quantities are to be borne in mind.
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2, Experimental setup

The experimental studies are carried out on a one-stage axlal/l€4-3 F
cold air turbine which 1s acted upon by compressed air. This 1s a
stage with a low degr~e of reaction., A sectional view of the con-

struction of the turbine stage <liown in figure 1. The turblne can Y
be fitted with blades with a variable hub ratio. For the present 3

studie~ a hub ratioc v = 0.9 was chosen with a ratio of blade height ?

to the chord length of the turbine guide wheel h/1 = 0,239. This ;
presents an extreme case with respect to the formation of secondary {
flows in the turbine. (
Additional dimensions of the turbine stage and data on the

geometrical layout of the blade are listed in figure 2. 1In addition,
from this figure one can obtain the location of the measuring planes
in the oncoming flow of the turbine (plane 0), between the stator

blade and the rotor blade (plane 1) and in the outcoming flow of ,
the turbine (plane 2), This figurs also shows the terms for the 5
corresponding flow dimension data. ]

The compressed air for lowing out the turbine giide vanes 1s !
blown into a separate measuring section provided with a flow meter
for measuring the amount of blown air.

FERNTT PSS ([

3. Secondary flow in an unmodified turbine guide wheel

The formation of secondary flows in a turbine nozzle depende
basically on the velocity distribution or boundary layer thick- :
nesses in the oncoming flow and on the pressure gradient in the ;
blade channcl. The size of the latter is in turn determined by 1
the shape of the profile, the deflection of the main flow in the 3
cascades, the relative cascade spacing t/1 and the Mach Number of
the Primary Flow. In the present experiments the geometry of the
turbine b.udes was not changed, while the outflow Mach number of
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the turbine cascades
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was varled as the main parameter in the range of Mgy = 0.3 + 0.9./164-4
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The velocity distribution in the incoming flow was determined
by means of hot-wire anemometer measurements,

| |

The velocity distribution in the incoming flow (measuring
plane 0) 1s shown in figure 3 for the case of an average outflow
Mach number ﬂEl = 0,49, For the Reynolds number in the oncoming
flow one obtains a value Re0 w1t ¥ 105, whereby 2h {with h =
the height of the channel or blade height) 1s used as the charac=-
teristic length. The degree of turbulence Tu is 0.91% according
to the following definition:

L . =W

e
Tu = l_ 'é'te
e
with ¢ = fluctuation velocecity with isotropic turbulence

and ¢ = main velocity of the stationary flow.
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The relative thickness of the boundary layer &§/h and the
relative displacement thickness 6'/h are determined fror the
measured velocity distributions as the characteristic (u:ntities
of the boundary layers on the casing wall and respective hub. The
boundary layer thickness 6 was evaluated according to the usual
definition of the distance from the wall in which the local velo-
city assumes the value ¢ = 0,99 c», The displacement thickness
§' 1s determined according to Epe following definition*

& 10 - £-) + dh
0 ¢
From the values given in figure 3 for the boundary layer thick-
nesses and the displacement thicknesses we see that the boundary
layer on the hub 1s considerably thinner than that on the casing
wall. This difference in boundary layer formation 1is related to

1
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the heterogeneity of tue oncoming flows on the hub and on the
casing wall,

Figure 4 shows the avernge outflow Mach number Mcl = 0,487
for the curve of measured wall pressure distributions in the cen-
tral section for the pressure side and suction side of the tur- /164-5
vine guide wheel profile. The local wall pressure p was here
related to the total pressure Peo of the oncoming flow. To dis-
tinguish the cascade flow the accompanying Reynolds number Rel
is given for all measurements. The Reynolds number Rel is formed
by the variables of state or flow in plane 1 and by chord length 1.

The losses in the case of various shapes of secondary flows
in the turbine gulde wheel are determined by means of total
pressure measurements in plane 0 and in the plane between the
guide wheel and the rotor (plane 1). On the basis of these
measurements and ‘with the help of a so-called contour line pro-
gram the lines of an equal pressure ratio in the form of Peq =
Py / Peo = Pa (with p, the reference pressure) were calculated
and plotted over a scale, Filgure 5 shows such a representation
of the total pressure distribution in the outflow plane of the
turbine guide wheel.

’ The areas of increased loss in the outflow on the suction
k side due to secondary flows can easily be seen. It 1s fcund
that nearly the entire height of the blade is affected by the
casing boundary layers and hub boundary layers flcwing over the
suction side.

l F 4, Design of guide vanes with blown air
q ; The basic 1dea in the design of turbine gulde blades in con-

Junction with blown air is to achieve a blocking effect, as in
the case of blades with boundary layer fences or grooves, with
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respect to the spreading out of secondary flows on the profile
suction side by correct positioning of the blow holes. Therefore
the blow holes were located in the reglon near the wall based cn
the cptimal dimensions for boundary layer grooves specified in [4],
since the same blade profile was ulso used. Figure € shows a
comparison of turbine gulde blades with blow holes and with bound=-
ary layer grooves, The blow holes were arranged at three different
distances from the rear edge and at various distances from the /164=6
casing wall and hub wall (ao and a, respectively). Of the many
possible blade configurations with blow holes e’ .. blade conflgu-
raticns (A to H) were selected to represent tendencies with res-
pect to the effect of secondary flows as a function of the design
parameter ol the blow holes, Table 1 shows the respective arrange-
ment of the blow holes in cthe gulde blade configurations discussed
below,

Table 1
Schaufelkonfiguration p lage der HBohrungen (0 = 1.1)
A 11 = 70 1, = 50 13 = 30
3 ) a, a, 3 a
A 1.8 1.5 - - - -
B 2.0 2.0 - - - -
c - - 2.0 24 - -
D - - - - 2.0 2.0
E - - . 5.0 - -
F - - % 2.0 - -
G — - 1.8 ]o: - -
H 1.8 1.5 1.8 } " . -
Key: Mafe in mm C

A. Blade configuration
B. Location of holes
C. Measurement in mm



Figure shows a turbine guide blade with six blow holes on

the profile suction side. The blow holes are placed in such a
way with respect to the direction of the outcoming flow that as )
gentle a flow as possible along the profile surface was achleved )
== insofar as possible with a given construction and strengthen- i

ing conditions.

The total amount of air blown out of a turbine gulde blade m
is related to the primary mass flow mG passing through the cor-
responding blade channel and 1s represented as a percentage:

* 100 (%]

-
"
a K

However, it 1: to be noted here that the parameter p 1s only/164-7
conditionally transferable, siice with an equal absolute amount
of blown air nearly the same blockage effect with respect to _
secondary flows can be achlieved with larger blade helghts. 1

5. HResults of the studies with blown air

Figure 8 shows the effect of nlowing air on the total pressure
distributions in the outcoming flow of the turbine gulde wheel.
This correres the corresponding total pressure distributions for
the guide vane without air blown on it and for a gulide vane with
air blown on it according to configuration A for various blade
] heights expressed in percentages. Whereas by blowing an amount
of air of p = 1.9% a good blockage effect could be achieved to-

' gether with a loss reduction in the range of h = U40% and 25%, only
a small improvement between h = 50% and 70% can be found in the
upper blade range, From the comparison of boundary layer thick-
nesses on the hub and on the casing wall based on figure 3 1it
follows that in the upper blade range the amount of air blown

out is too small to achieve a similar blockage effect as on the
hub,
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Typical for all measure to reduce secondary flows by means
of boundary fences, grooves, or, in this case, blowing air is the
increase in loss in the marginal zc es. This phenomenon c¢an alsc
be seen from the distributions shown in figure 8,

The effect of blowing air can be 1llustrated by a visuai.iza-
tion of the wall flow lines on the profile suction sides »f the
turbine blades. Figure 9 shows photographs of the rear portion
of the profile sucticn side of turbine guilde blades with and with-
out the blowing of air, seen from the down stream side., The
visualizaticn 1s accomplished by means of a white film of oil which
was sprayed onto the blades. In the case in which alr is blown
onto the blades a displacement of flow lines towards the wall is
clearly recognizable,

Figure 10 shows the distribution of the exit angle of the ay
of the turbine guide field over the periphery of blades of various
heights expressed in percent for the turbine guide blades with /164-8
and witk» ut air blown on them and with the same ocutflow Mach num-
ber Hcl' A small change in angle due to the blown alir was de-
tected only in the regions close to the wall.

For the effect of blowing air with respect to reducing second-
ary flow losses the selection of the location of the blow holes
on the profile pressure side 1is of critical importance. In order
to better evaluate the blade configurations under consideration
the cascade loss coef{icient Lp wWas determined from the measured
total pressure distributions and plctted over the blade helghts
expressed in percent. In determining the cascade loss coefficient

G the following definitions or equations were used:
: Mg+ 47
Em = -
: By ¢ G nt
G 1sG
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Ep = - 1 :
- w—
T lk=1 ¥ 1
cr k+d 1s 'G
Pt1
with "G - e as the average total pressure loss
t2

and M'la = isentropic critical Mach number in plane 1.

With larger percentage amounts of blown air the added kinetic
energy of the blown air mL . °L2 is alsoc to be taken into consider-
ation in the equation for determining the cascade loss coefficient

[6]:

5 (mg+ mb)512

g P
Mg C1gg *Mp C,

tT.sl

Figure 11 shows the cascade loss coefficlert curve plotted
over the percentage blade height for three blade configurations
with various blow hole locations on the profile periphery, the

distances from the casing or hub being equal. From the corre- /164-9

sponding curves it can be seen that an arrangement of the blow
holes as much as possible in the reglon of the strongest accelera=-
tion on the profile suction side (alsc see figure 4) is to be
selected for a favorable effect on secondary flows. If the blow
holes are shifted too far back towards the rear edge, i.e., into
an area on the profile suction side which 1s already completely
ccvered by the secondary flows, there occurs an increase 1in loss
due to the blown air in comparison to the case 1n which the

guide velns are not changed. Such an increase in loss was found
for the curve shown for configuration D in the regions at h = 60%,
h = 30% and in the vicinity of the hub wall,
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Another important parameter for determining the position of
the bore holes ia the distance from the casing wall ao and from
the hub wall &, . Figure 12 shows the effect of various distances
from the wall on the curve for cascade loss coefficlent plotted
with respect to the blade height. In accordance with tne variable
boundary layer thickness the distance of the blow hole from the
cacing wall with these configurations was chosen greater in each
case than the distance from the hub wall., From this graph can ]
clearly be seen that in order to achleve a reduction in loss the
bore holes must be located at small distances from the wall, If
the distances from the wall are too great blowing air onto the
blades can cause an increase in loss, as 1s shown by the curve
for blade configuration E.

To interpret the cascade loss distributicn as a function of
the exit Mach number of the turbine guide wheel the boundary layer
development in the oncoming flow for different oncoming flow
velocities is referred to. Figure 13 shows cvhe change in boundary
thicknesses and in displacement thicknesses on the hub and on the ‘
casing wall with a Reynolds number Heo for the oncoming flow. :
In addition, this graph also shows the relationship of the Reynolds
number Rec and the exlit Mach number Mcl of the turbine guide
wheel. The curves for the boundary layer or displacement thick-
nesses show a similar tendency, whereby the values for the casing
wall boundary layer are considerably greater. The boundary layer
thicknesses at first become smaller with increasing Reynolds num-
bers and then pick up again starting at Reo = 151 2 105 or /164=10
Reo = 1.5 x 105. The shape of this curve 1s explained by the
fact that no completely developed turbiulent flow han yet formed in
front of the turbine, rather wnat 1s involved here are starting
flows with variable conditions on the casing wall and on the hub.

Ly SemEl

In figure 1! the cascade loss distributions with respect to
blade heights expressed in percent for four difference Mach num=-
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bers are compared for the case of the unmodified turbine blade
and for one case with air blown onto the turbine blade, For the
gulde blade with air blown onto it a configuration with two blow
holes in the vicinity of the casing wall and one blow hole next
to the hub wall so that, taking into consideration the larger
boundary layer thickness on the hub wall, more air woild be blown
into this area thus achieving a blocking effect or loss reduction
equal to that in the vicinity of the hub. The percentage amount
of air blown onto the blade was p = 3% for all Mach numbers.

The connection between loss distribution and boundary layer
formation shown in figuvre 13 as a function of the Mach number can
be seen from the shift in the relative loss maximum in the blade
range h = 20 - 30% with the Mach numbers Mél for the unmodified
blade. Wit -~ -~ger boundary layer thicknesses in the oncoming
flow, as are present in the cases of the smallest and largest Mach
tiumters Mcl in the vicinity of the hub, the relative loss maximum
is shifted towards the middle of the blade. Moreover, it is
found that the loss reduction due to the blowing of air turns out
to be smaller with the presence of greater boundary layer thilcke
nesses, as is shown by a comparison of cascade loss cecefficlent
¢‘stributions for M , = 0,454 and Hci = 0.659 or for M , = 0.280
and M;l = 0,851, This example clearly shows the problem of de-
signing guide blades with air blown onto them, namely that it 1is
possible to optimize the geometry of the blow holes with respect
to cascade losses only for a limited range of turbine exit Mach
numbers, This difficulty turns up in the same way also in de-
signing guide blades with boundary fences or grooves.

6. Summary /164=11

The results of the studies show that by means of ‘uitably
blowing air onto the profile suction sides of turbine gulde

11




bladea it i1s possible to affect the seconuary flows and reduce
& cascade losses.

In conclusion, figure 15 compares the cascade loss distribu-
E' tions for an unmodified guide blade, for a guide blade with air
i blown onto it and for a guide blade with boundary layer» pgrooves,
i all under the same flow conditions, The blocking effect both of
! the blown air and the grooves can be seen with respect to the
iﬂ spreading out of secondary flows, whereby the blown air methou
43 seems more advantageous with respect to the development of losses

L Te
ST,

& in the marginal zones, Using the blown air technique does not
?_ lead to a reduction in t.rbine gulde wheel losses, but as a result
T of improving the outflow in the central region of the blades it

leads to a reduction in guide wheel losses ard thus contributes to

an effective increase in stage efficlency, in particular of axlal
turbine stages.
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A B
Leitrad Laufrad

Mcﬂ%bono 0

A B
Lettrad Laulrad

1] P rr}
Py [ P2
By L P)

Chord length
Relative spacing
Number of' blades
Grid width
Geometric exlt angle

Gecmetric entering angle

L MitH Durchmesser 380mm “80mm

T Schautelhohe h 20mm  20mm

G Protiisehneniange | 83.6mm 26, 3mm

H Relative Tedung t/1 0595 0,582

I Schautelzahl z 24 78

J Gitterbreite b 5%mm 25mm

K Geom Austrittswinkel aj 1..°

1, Geom Eintrittswinkel i 40°

K Geom Austritiswinkel 3, 156°

D
Melldo en

Figure 2 = Characteristic data for the turbine stage

Key:
A. Stator G.
B. Rotor H.
C. Measuring plane s
D. Measurement data Je
E. Average dlameter K.
F. Blade helight L.
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Flgure 3 - Velocity distribution and boundary layer thicknesses in the flow
onto the tuwrbine gulde wheel (IE) for an outflow Mach number
M., = 0.49
cl
Key:
A. Casing wall B, Hub

Key: -
A. Pressure side {
B. Suction side '
C. Orid width 1
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Figure % = Pressure distribution for the central section of the turbine
guide blade channel at M, = 0.487
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Leitschaufel mit Grenzschichtnuten *

Figure 6 - Location of the blow holes and boundary layer groove dimensions
according to [2]

Key:
Guide bladewith air blown onto it

B. Guide blade with boundary layer grooves
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Flgure 7 - Turbine gulde blade with bore holes.
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Flgure 9 = View of the profile suction sides of turbine guide blades
with visualized flow lines of the wall boundary layers

with and without air blown ontc the blades, My ™ 0.45

Key: A. Without air blown onto the blades B. With air blown onto the blades
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Figure 10 - Effect of blowing air on the exit angle ay of the turbine

gulde baffles

Key:
A. Guide wheel exit angle
B. Unmodiried gulde blade

C. Guide blade C with air blown onto it, small p = 2%, Mcl = 0,45
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Flgure 11 = Effect of the location of the blow holes on the baffle loss

A.
Bu
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Blade height
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Figure 12 - Effect of the distance of the blow holes from the wall on

the baffle loss coefficient
Key:
A. Blade height
B. Blade

22



__H.b_“- v

[

) T e b s e 10

r— = %
A wcrongw\'lI (
Jiche !
%: %) \ Gerousewand c
r— = \J"-.—.— - e

&

0 e N
|
’or e — . o et et
Grenzschicht - Gehgusewand
B dicke

L% | |

I\ e - oNele |
0 = ok .
02 & @y ) © 108

Figure 13 - Boundary layer formation in the oncoming flow as a
function of the Reynolds number

Key:
A. Displacement thickness
B. Boundary ‘ayer thickness
C. Casing wall
D. Hub
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Figure 14 - Effect of the outflew Mach number m@ on the baffle loss coefficient with and
without air blown onto the blade ~
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Flgure 15 - Comparison of turbine guide blades with air blown onto them
and with boundary layer grooves

Key:
A. Blade height
B. Unmmodified blade
C. Blade H with air blown onto it, p = 3,1%
D. Blade with bow lary layer grooves
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