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ABSTRACT

In the context of a European research program,
intensive investigations have to be enforced, to
assist the understanding of flow processes and heat
transfers in the endwall region of a stator blade,
with additional admission by leakage air. To
investigate the stationary heat flux with and
without the injection of the leakage air a complex
measurement set-up is necessary. Infrared images
will be taken at the area of interest while the
surface of the test item is appended with electric
operated heating foils, which generate a constant
heat flux into the main flow. By determining the
surface temperature and the additional knowledge
of the electric power per unit of the heated surface
area, a heat transfer coefficient can be defined.
With the additional help of the so-caled
‘superposition method' it is possible to receive the
heat transfer coefficient under isoenergetic and the
adiabatic film-cooling effectiveness without the
need of specia thermodynamic boundary
conditions.

INTRODUCTION

Due to the necessity of a working clearance
between the tips of rotating blades and the outer
casing of a turbomachine, fluid is leaking through
this clearance and affects not only the efficiency of
the stage but also the mass flow rate. Turbine
blades may be shrouded or not, so the leakage
processes are quite different for these two cases.
For shrouded blades, the |eakage path is primarily
from leading edge to trailing edge. In the case of
unshrouded blades, the leakage flow tends to be
driven across the rotor tip by the pressure
difference between the pressure and suction sides
of the blade. As the leakage flow is gjected from
the tip gap into the blade passage, it rolls up into a
vortex which interacts with the secondary flow
passage vortex to form aregion of complex flow.
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The accurate prediction of the distribution of
leakage air as well as their influence on the surface
heat transfer at the sidewall, the blade and the
transient area in between is therefore important for
the understanding of this flow region.

NOMENCLATURE

thermal diffusivity
specific heat

heat transfer coefficient
density

specific heat flux
temperature

streamwise velocity

eddy viscosity

eddy diffusivity
nondimensional temperature
film-cooling effectiveness
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Subscripts
adiabatic wall
film-cooled
isoenergetic wall
isotherm

wall

free stream

total conditions
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1. EXPERIMENTAL APPARATUS

1.1. Wind tunnel

The experiments described in this paper will be
performed in the NGG wind tunnel of the DLR in
Goettingen (see Figure 1). The facility is of the
blow-down type with atmospheric inlet. The
ambient air enters the cascade shortly after the
intake. Downstream of the cascade, the flow passes
an adjustable diffusor and the main butterfly valve
and entersfinally alarge vacuum vessel. Due to the
low downstream mach number of Ma=0,523,
measurement times of at least 20 minutes should be
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possible. The measurements have to be carried out
with and without a turbulence generator, whereby
inlet turbulence levels higher than 10% should be
achievable. The turbulent grid consist of perforated
rectangular rods, with the possibility of up- and
downstream injection of compressed air.

The Leakage air will be gected approximately 2cm
upstream of the entrance level of the cascade under
three different geometric configurations.

Figurel: NGG Wind tunnel of the DLR in Goet-
tingen

1.2. Measurement set-up

With the help of an infrared camera, thermo-
graphic images will be taken. Since the sidewall as
well as the blade have to be examined, the meas-
urements have to be carried out under different
observation angles. Therefore the received IR-
Pictures have to be transformed later into the co-
ordinate system of the wind tunnel. The surface of
the test item will be appended with electric oper-
ated heating foils, which generate a constant heat
flux. Conduction losses at the sidewall will be
measured by heat flux sensors, which are integrated
into the sidewall, 5mm under the surface. Equiva-
lent losses at the blade can be minimised by heating
the rear side of the blade to reduce the temperature
gradient. Additional thermocouples will be used to
calibrate the infrared camera. The mass flow of the
leakage air will be measured with the help of an
orifice flon-meter. All relevant data's of the wind
tunnel are recorded simultaneously by our data
acquisition (see Figure 2).

1.3. Blade construction

At the NGG 3 blades with a chord length of
20cm are arranged as a straight cascade, whereby
the middle profile has to be investigated. The
measuring blade is constructed in such a way, that
the blade profile itself and a part of the sidewall are
connected with pins and screws. This facilitates
the realisation of the fillet-radius and the coverage
of the whole area with electric operated heating
foils. Because of the model size as well as the de-
livery size of the chosen raw material, it is impos-

2

The 16th Symposium on Measuring Techniques
in Transonic and Supersonic Flow in
Cascades and Turbomachines

sible to manufacture the blade and the pertinent
region of the sidewall in one piece (see Figure 3).
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Figure2: Measurement set-up

Because of the need to reduce heat |osses and addi-
tionally to resist the high operating temperatures of
the heating foils of about 150°C, only two materials
remained from the material assortment. These are
an epoxy resin (temperature resistant) and Poly-
ether ether ketone (PEEK). PEEK is a semi-
crystalline thermoplastic and thermally loadable up
to at least 250°C and posses a thermal conductivity
of 0,25J(mK). To achieve higher mechanical
properties a glass-fibre reinforced variant of PEEK
will be used. Therefore the thermal conductivity
changes to 0,4J/(mX). The mechanical properties
of PEEK are within the range of a Polyamide.

PA-GF30

Figure3: Blade Construction

The temperature resistant epoxy resin is a com-
pound with micro glass bubbles to reduce the ther-
mal conductivity. The problem here is to keep the
mixture homogenous during the hardening proc-
ess. Because the resin needs hours for hardening,
the glass bubbles are following the buoyancy force
and as aresult are concentrated at the surface while
the ground consist of pure resin. Due to the sched-
ule these investigations have been cancelled and it
was decided to use PEEK for the manufacturing of
the measuring blade.
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1.3.1. Heating set-up

As aready mentioned, the heat-flux is gener-
ated by heating foils. These foils consist of a man-
ganin vaporised polyimide foil, whereby the man-
ganin islaid out in form of a meander to ensure an
even distribution of the conductive strips. A further
polyimide foil is sticked above the conduction layer
with the help of an acrylic adhesive. Since the
acrylic adhesive starts to decompose at 150°C this
temperature also represents the upper limit of the
maximal adjustable wall temperature.

In order to be able to receive an ideal of a
“black body”, the surface of the foils has to be
coated with a strongly absorbing colour. Expeti-
ences from preceding investigations show that an
emissivity of e=0,99 can be achieved.

Pi 75um
-48um
Pi y75um

Figure 3: Schematic structure of aheating foil

Since also the fillet-radius of our test configu-
ration must be heated, a skilful geometry of the
heating foils has to be chosen to cover also the dif-
ficult three dimensional shaped regions. Therefore
some trials were made, in order to find the opti-
mum solution. Because of the 2D contour in the
area of the trailing edge no problems should arise
there. At the pressure side the foils can easily be
unwinded if the foils are dlitted (see Figure 3). In
contrast the strong curvature within the leading
edge area of the suction side might be problematic.
We hope to solve this by using several foils. Be-
cause of the thickness and the toughness of the foils
the success here is dependent on the adhesive with
which the foils will be sticked on the surface, since
the foils are deformed here. Additionally a special
adhesive (ethyl cyanoacrylate) must be used be-
cause of the chemical resistance of PEEK.

Figure 3: Heating foils are covering the entire
range of the test blade
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1.3.2. Evaluating of the heating foils

The total operating power of the electrically
driven heating foils is calculated with the measured
voltage and their resistance. Due to the different
layout of the conductive strips, depending on the
blades contour, a uniform distribution of the
specific power can not be expected.

Figure4: Agy is the total area of conductive
stripes, A g defines the region which has
to be observed and A gy isthe amount of
conductive stripes inside the observed
area.

Therefore it makes sense to divide the
observed area into small surface elements and
evaluate each separately. Thus for every element
the appropriate relation between the portion of
conductive strips and the element’s total area must
be found (see Figure 4).

Multiplying this Quotient with the total
operating power one receives the amount of power
generated withintheareaA .

L,=L, ¥

H

Finaly we receive the specific surface heat
flux by dividing Lr by A g,

Due to the experience from preceding heat
transfer experiments, an average net heat flux of
35kW/mz2 can be expected.
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1.3.3. Carbon conductive ink

If problems will occur in using heating foils in
some regions of the fillet, an carbon conductive ink
will be used to heat these areas (see Figure5). The
paint is based on graphite and can be heated up to a
maximum temperature of 120°C. The only
disadvantage is the less homogeneous distribution
of the heat flux depending on the tolerances in the
thickness, but this should be acceptable in case of
the small sizes of the problematic areas.

Figure5: Test set-up for investigations with a
carbon conductive ink

1.3.4. Optical access

To accomplish an optical access to the test
section at the IR-wavelengths, a ZnS window will
be used. Because of the size which would be
needed for such a ZnS window, an auminum
sidewall will be constructed, with three different
metal inserts in which one ZnS window can be
mounted depending on the area of interest. With
that construction it is possible to observe a large
area without the need of a big, expensive ZnS
window (see Figure6).

Position 1 Position 2

_ Position 3

Figure6: Large observation area without the need
of big expensive ZnS window
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2. DATA EVALUATION AND
PROCEDURES

It is helpful to use the wel-known methods from
filmcooling examinations, to determine the con-
centration of leakage air and their influence on the
heat transfer. The determination of the so-called
filmcooling effectiveness is of large advantage. It
is obtained under adiabatic boundary conditions
with different temperature differences between
leakage air Toc and main flow T,. The heat transfer
downstream of the injection is set to zero (see Fig-
ure7?).

Figure6: Parameters during a film cooling inves-
tigation

The leskage air mixes itsdlf with the main flow
according to the aerodynamic conditions in the
boundary layer, therefore a resulting temperature is
received. In an incompressible flow field this tem
perature, skilfully normalised, corresponds to the
concentration of the leakage air [4]:

Taw - T,
h :% (21)
oc 0¥

The aerodynamic conditions of the boundary layer
are comprised in the standardised temperature h.
To examine the change of heat transfer in case of
the existence of the leakage flow, additional meas-
urements have to be performed. In order to elimi-
nate the influence of thermal diffusion, the leakage
air is gjected with the same temperature as the main
flow (Toc = Toy). A defined heat flux is prescribed
downstream the injection point. The resulting heat
transfer can be defined as follows.

g, =a,, T, - Ty) (22

In this equation the heat transfer coefficient a;y
denotes the aerodynamic conditions. Here one
receives an impression concerning the change of
the heat transfer due to the existence of the leakage
ar.
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A filmcooling situation is typically described
by three temperatures (Toc, Toyu, Tw). To reduce this
problem to two temperatures, the heat transfer can
be described in the form:

Ui =&, ><Tw b Ta/v) (23)

As mentioned above a;,, as well as T,, are func-
tions of the aerodynamic flow field and independ-
ent of the temperature boundary conditions.

To receive the favoured parameters h and ajy,
without the need of keeping difficult boundary
conditions, which can lead to unnecessary errors,
the so-called 'superposition method' is applied. This
method is based on the acceptance that the energy
equation of the boundary layer, as a partia differ-
ential equation of second order, is linear in the
temperature T(x,y) [11, [2], [3]-

Ul]]—;l(- - (a+ &y um. )ﬂ T
2.4
U alp6, N+ ey FU S
rc &xs ¢ &lyg

The properties a and e of the ideal gas are not de-
pendant on the temperature and therefore depend-
ant on the aerodynamic properties alone.

The linearity now permits the superposition of
temperature potentials, which are valid under dif-
ferent, simplified boundary conditions.

1. Adiabaticwall:

The leakage air is injected with the tempera-
ture Toc * Toyu. The heat transfer downstream
the outlet is accepted as zero (g, =0).

2. |soenergetic boundary condition:

The leakage air exits with the same
temperature as the undisturbed mainstream:
Toc = Toy , in this case the heat transfer is not
equal zero (g, * O).

3. Isothermal boundary conditions:

We define Toc = Tw. The heat transfer is again
not equal zero (g4,, * 0).
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Summing up the heat flows arising in boundary
condition 1 and 2, receives:

qwf :O+qiw

For the isoenergetic boundary condition 2 the driv-
ing temperature difference can be defined as
DTiw=Tiw-Tou, the resulting heat flow can be e-
pressed with the help of a heat transfer coefficient:

qwf = a'iw >{le h T0¥] (25)

In the adiabatic case, the driving temperature
difference for the heat flow would be,
DTaw=[Taw-Tou]. The resulting superimposed driv-
ing temperature istherefore DT, =DTay + DTjy.

Thus equation (2.5) can be rewritten:
c.4wf = aiw ><DTW - DTaw) (26)

Combining the boundary conditions 2 and 3, one
receives the following heat flow:

qwf :qiw +Qiso
27)
a¢ >(T T0¥) a;y >DT wtdig >(T0C - T0¥)

Because of the isoenergetic case DT, can be re-
written: Toc = Toy P DTiw = Tiw - Toc. Without loss
of generality one can set T, = T. Equation (2.7)
can be rewritten thereby asfollows:

a; T, - Toy) =a, XT, - Too) +a, XToe - Toy)

%TTQa%TTQ

a
B &Tw- Torgg B ST~ Tow 5

o -a. 0
:1+Qg Iwa IW+
e [

T

a; =a,(1+KxQ) (2.8)

If as from equation (2.8) is used in (2.7) and if the
received expression is compared with equation
(2.6), then one receives the following eguation:
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Qi Ty - Toy +KXToo - KXTyy ] =

a;, >{(Tw - T0¥)_ (Taw - T0¥)]

KX(Toe - Tox) = - Taw + Tox

Taw =T0¥ - K(TOc' T0¥)
éTa - T0¥ u
O i=-K=h
e~ + Uu
8Toc- Tox O

With the received definition for -K, equation (2.8)
can be rewritten too

a,; =a,(1- hQ (2.9

The heat transfer coefficient a; depends linear on
the dimensionless temperature q (see Figure 8).

Figure8: Linear correlation between heat trans-
mission coefficient a; and temperature

Q.

The intersection of the straight line as with the x
axis, corresponds to the reciprocal value of the
filmcooling effectiveness and the intersection with
the y-axis corresponds to the heat transmission co-
efficient under isoenergetic boundary conditions

[3].

For our measurements this means, that without the
necessity of unwieldy boundary conditions e.g. an
adiabatic wall or isoenergetic blowing, it is already
sufficient to carry out the measurements at arbitrary
temperature differences[6].

The 16th Symposium on Measuring Techniques
in Transonic and Supersonic Flow in
Cascades and Turbomachines

CONCLUSION

A measurement set-up is presented with which
a precise prediction of the stationary surface heat
flux in the desired areas is possible. The additional
usage of the ‘ Superposition method’ broadens the
possibilities of the presented techniques. The
additional advantages are:

Use of arbitrary leakage air temperatures.

Easy adaptation of arbitrary operating points
Overall the next step is to program a data analysis
which automates the transformation of the
viewpoints, generate the heat transfer coefficients
and interpolate all gathered tensors of he heat

transfer coefficients to get the distribution of our
desired parameters.
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