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(ABSTRACT)

This thesis summarizes the results of an experimental study on transonic turbine blades
in the presence of ejection of coolant in the direction of the flow from slots near the
trailing edge. It presents the effect of the trailing edge coolant ejection on the turbine
blade aerodynamic efficiency.! The objective of this work is to contribute to the design

of new turbine blades by giving loss data for cooled blades.

Data were taken in the Virginia Polytechnic Institute & State University wind tunnel,
which includes a two-dimensional transonic turbine cascade. The tunnel simulates
supersonic discharge flows of turbine rotor blading in a linear cascade with trailing edges
designed for ejection of cooling flow. Two blade designs, named Baseline and ULTRE,
were tested. Experiments were performed on a transonic turbine cascade designed for a
deflection of approximately 68 degrees and outlet Mach number of 1.14 for the Baseline
blade and 1.2 for the ULTRE blade. Tests were carried out with CO, as coolant in order

to ensure the proper simulation of the density ratio between coolant flow and main flow.

Data were obtained for both the Baseline and ULTRE cascades with a good periodicity.

The content of this thesis is limited to the aerodynamic aspects of coolant ejection. Heat

! The efficiency being characterized by the total pressure loss in this work



transfer aspects are mentioned but not developed. The first part of this thesis reports on
the theoretical considerations necessary for the understanding of the work done and de-
scribes the arrangement, instrumentation, and data acquisition system of the wind tun-
nel. The second part of the thesis presents experimental results from tests carried out
on both Baseline and ULTRE blades. The cascade tests cover an exit isentropic Mach

number range of M,,, = 0.72 to 1.34 and four different ejection rates.
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The following subscripts are used in this thesis:
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()er : Critical or throat condition

()s : Refers to the blade

(), : Refers to the gas (main flow)
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(O« : Refers to standard condition (P = 14.7 psia = 1 atm, R = 53.3 Ibf.ft/lbm.°R
= 287 J/kg.K, T = 530 °R = 294 K)
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1.0 Introduction

The progress in the design of highly efficient gas turbines over the last 40 years has been

closely related to the introduction of blade cooling methods in the early 1950s.

The use of cooled blades in gas turbines should make possible an increase in gas turbine
inlet temperature and hence engine output power, thrust, and thermal efficiency or per-
mit the use of cheaper materials. Sieverding, 1982 [1] states that “the use of blade cooling
in conjunction with improved blade material allows the gas temperature to increase {rom
~ 1050 K in the 1950’s to 1800 K in the 1980°s”. However, the removal of heat from the
gas passing through the turbine blading may reduce the work output from the turbine
by decreasing the main flow enthalpy and thereby appreciably offset the gain in thermal
efficiency arising from an increased turbine-inlet temperature. The object of this work is
to determine experimentally to what extent the benefits induced by coolant ejection are
reduced when taking into account the associated aerodynamic penalties introduced by
the cooling system, such as the losses due to the mixing between the coolant and the
main flow. The aerodynamic penalties were quantified by a mass-averaged total pressure

loss divided by the upstream total pressure, L.
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The work to be described arose from an interest in obtaining experimental data about
aerodynamic losses of a cooled turbine blade with supersonic discharge for which the
coolant flow was up to four percent of the main gas flow. For cooling flows it is im-
portant to consider and minimize the losses involved in the ejection of the cooling gas
back into the main flow. The present investigation is concerned with a system in which
the cooling gas is ejected from a trailing edge slot. In spite of the slots, the blade was
designed with a relatively thin trailing edge, and this in itself resulted in a low level of loss
for the basic blade section. The reason is that the slots are on the pressure surface of the

blades near the trailing edge and not directly through the trailing edge.

The use of CO; in this work is to ensure a proper simulation of the density ratio between
the coolant and the main flow. The coolant used in the real engine turbine is air taken

from the compressor of the engine.

The VPI & SU cascade working section simulates coolant ejection at the trailing edge.
Tests were carried out on enlarged models (1.365:1) but the small dimension of t'his
model still did not allow a detailed instrumentation of the trailing edge of the cascade
blades. This limitation did not allow us to measure a representative base pressure for the

cooled blades.

The models were tested at both subsonic and supersonic downstream conditions. The
cascade tests covered an outlet Mach number range from M,, = 0.72 to 1.34 and two
downstream total pressure probe locations in order to investigate the downstream de-

velopment of the loss. The use of carbon dioxide for the coolant flow allows a proper
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2.3 Heat Transfer to Cooled Turbine Blade in Cascade

2.3.1 General Consideration

Cohen, et al. [19] describe the main cooled turbine features:

When speaking of the cooled turbine, we mean the application of a substantial quantity of coolant
to rotor blades themselves. The benefits are either to reduce the Specific Fuel Consumption and in-
crease the specific thrust which follows from an increase in permissible turbine inlet temperature or
enable cheaper material to be used at ordinary temperatures.

The blade temperature can be reduced by between 200 and 300 ° C with 1.5-2 percent of the air
mass flow used for cooling per blade row.6 Using current alloys, this permits turbine inlet temper-
atures of up to 1500 K to be used.

Nevertheless, it should not be forgotten that with high gas temperatures oxidation be-

comes a limiting factor as significant as creep.

On the aerodynamical aspect, cooled blades are usually thicker than noncooled blades.
This results in a lower static pressure behind the blunt trailing edge than in the free

stream, which gives a drag penalty.

Figure 7 illustrates the cooling methods often employed in gas turbines. It includes two
types of cooling. The first one is an internal, forced convection cooling where heat is
transferred from the blade surfaces to coolant flowing in internal passages in the blades
and then the coolant is exhausted into the main turbine flow through holes near the
trailing edge of the blades. This method is referred to as trailing edge ejection. Using
internal cooling alone does not remove heat from the wall uniformly and does not insu-

late the outer surface from the hot gas stream and so increases the rate of heat transfer

6 In this thesis, we are going to speak more about Blowing rate B, defined in a later section, than about
mass flow ratio.
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2.0 Background

2.1 The Role of Cascade Testing

In turbomachinery, experimental methods such as flow visualization are necessary in
order to understand the physical behavior of the flow and also to verify or predict com-

putational correlations.

Design information on compressor and turbine blades is achieved relatively quickly and
with lower costs by means of a cascade tunnel. Configuration changes are simpler than

with a full-scale rig.

The quality of design calculations for transonic blading is presently limited by an inad-
equate appreciation of the physics of the base flow region. The position of shocks in the
passage is critically dependent on the base region model. That is why detailed cascade

experiment in conjunction with visualization are required.
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The blades tested in this work are rotor blades of an axial flow gas turbine modified for
a zero inlet flow angle. In our study we do not take into account the third dimensional
effects which cannot be reproduced with a linear cascade, but a two-dimensional analysis
is adequate to show the flow characteristics. A typical third-dimensional effect is an
increase of pressure in the radial direction due to the tangential velocity component,
which can result in a supersonic inlet relative velocity at the tip. The big temperature
difference between the main flow and the coolant flow in the real engine implies that the
density ratio of these two flows is in the order of 1.5. This density ratio can be simulated
in cold flow cascade tunnels by using gases of different densities. In the present investi-
gation, the influence of coolant ejection was examined by using carbon dioxide‘as

coolant fluid.

As the sonic velocity at any point on the blade surface is exceeded, shock waves appear.
These grow and move; while greatly increasing the expansion properties of the blading,
their interaction with boundary layers can cause serious local separation and substantial
degradation of performance. This phenomena is explained in detail in the next section.
The work presented in this thesis tries to quantify this degradation, expressed as the

mass averaged total pressure loss coefTicient L [18], when the blade is cooled.

Figure 1 shows an example of the distribution of surface Mach number obtained during
our tests. The experiment indicates a shock position at 80 percent of the axial chord

length.

We also measured the static pressure in the downstream traverse plane. Figure 2 shows
one example of these data. The figure shows the position of two shock waves near the

third and the eighth static tap.
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2.2 Explanation of Flow Pattern

2.2.1 Basic Concepts

A turbine stage consists of a row of guide vanes followed by a row of moving blades.

Figure 3 shows a typical stage with its corresponding velocities.

For transonic speed the inlet flow field, i.e. ¥, is subsonic and there are supersonic re-
gions within the flow (discharge). The velocities and physical geometry of the blading
usually vary with radius in an actual turbine, but these variations are neglected in the

work reported below.

2.2.2 The Turbine Blade

When turbine blades have no sharp convex region downstream of the throat, expansion
waves are very small. As shown in figure 4, a shock wave generated from the trailing
edge region impinges on the free boundary to be reflected as an expansion wave if there
is no tailboard. Turbine cascades with a sufficient number of blades do not encounter
this problem since the reflected wave only affects the top blades and measurements are

taken over the middle blades.
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2.2.3 The Flow Pattern

Losses are caused by boundary layers, shock waves, and trailing edge thickness.
MacMartin and Norbury [5] constructed a theoretical model of the flow in the base re-

gion.

Figure 5 shows a pattern of flow which contains some of these important features and a detailed base
region. For simplicity, the base of the blade is shown as a plane surface normal to the general flow.
direction. Inviscid flow with shock is assumed and the flow is considered to remain unseparated from
the blade surface up to the trailing edge. The sonic line (PQ in figure §) is assumed to be a straight
line spanning the geometrical throat. Downstream of this line the flow on the pressure surface side
of any blade turns towards the base region of that blade in a Prandtl-Meyer expansion. An expan-
sion also occurs from the trailing edge point (S) on the suction surface so that the two streams from
opposite sides of the blade meet at a junction point (J) in the base region. At this junction point the
directions of the two streams must be changed by a pair of oblique shock waves (JK,JL) such that
downstream the directions and static pressures must be equal. The flow conditions downstream of
the pressure side shock wave (JK) become the flow conditions on the suction side of the trailing edge
(S) of the adjacent blade.

Besides neglecting boundary layer effects, this simple theory took no account of the effect of re-
flections of expansion waves and shock waves which would occur to maintain the flow direction at
the blade suction surface, i.e. QK.

Figure 6 shows a flow pattern in which such reflections are included. The expansion downstream
of PQ can be considered as a series of finite waves and afler the wave at which the Mach number
became equal to the nominal outlet Mach number a reflected expansion wave is required to maintain
the flow in the same direction as the blade surface. A reflected shock wave KN is necessary to
maintain the flow between K and S parallel to the blade surface.

The coolant ejection could increase the aerodynamic losses of the airfoils through
boundary layer thickening, adverse shock/boundary layer interaction or a number of

unforeseen fluid mechanics effects.
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stream, which gives a drag penalty.

Figure 7 illustrates the cooling methods often employed in gas turbines. It includes two
types of cooling. The first one is an internal, forced convection cooling where heat is
transferred from the blade surfaces to coolant flowing in internal passages in the blades
and then the coolant is exhausted into the main turbine flow through holes near the
trailing edge of the blades. This method is referred to as trailing edge ejection. Using
internal cooling alone does not remove heat from the wall uniformly and does not insu-

late the outer surface from the hot gas stream and so increases the rate of heat transfer

8 In this thesis, we are going to speak more about Blowing rate B, defined in a later section, than about
mass flow ratio.
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to the blade. It is therefore commonly used in conjunction with the second one which
is to exhaust the coolant out of rows of holes at the leading edge of the blades and ad-
ditional rows of holes in the suction and pressure surfaces further back in the flow di-
rection. The exhausted coolant spreads out in a thin layer over the blades surfaces
providing insulation from the hot temperatures in the main flow in addition to cooling

by convection. This method is referred to as film cooling.

For the cooled blades we are testing, the CO, passes through the inside surface of the
blades and the spent CO, leaves entirely through slots in the trailing edge into the main
flow. This is only a partial cooling simulation of these blades which are finally designed
to have both trailing edge ejection and external film cooling. This arrangement provides
a higher degree of cooling than would either method used individually. But the testing
of blades with only trailing edge ejection solves not only the problem of cooling the
trailing edge, but it is also considered to be an efficient way to mix the coolant flow with
the main flow and study the trailing edge without complicating the fluid mechanics in-

volved.

2.3.2 Cooled Turbine Design

“There are two aspects of cooled turbine design. Firstly, there is the problem of choosing
an aerodynamic design which requires the least amount of cooling air for a given cooling
performance” [19]. The difference in achieving an optimum design for a cooled turbine
relative to an uncooled one is described in reference [19]. Examples of such differences
are a higher blade loading coefficient, a higher pitch/chord ratio, or a higher flow coef-

ficient.

Background 9



The second aspect is the effect of losses on the cycle efficiency incurred by the cooling process. The
sources of losses may be as different as follows:

1.  There is a direct loss of turbine work due to the reduction in turbine mass flow.

2.  The expansion is no longer adiabatic; and furthermore there is a negative reheat effect in
multi-stage turbines.

3. There is a pressure loss, and a reduction in enthalpy, due to the mixing of spent cooling air
with the main gas stream at the trailing edge.

4. Some ‘pumping’ work is done by the blades on the cooling flow as it passes radially outwards
through the cooling passages.

5. When considering cooled turbines for cycles with heat-exchange, account must be taken of the
reduced temperature of the gas leaving the turbine which makes the heat exchanger less ef-
fective.

Losses 1 and 5 can be incorporated directly into any cycle calculation, while the effect of 2, 3, and
4 can be taken into account by using a reduced value of turbine efliciency. One assessment of the
latter is given in reference [20] and suggests that the turbine efficiency is likely to be reduced by from
1 to 3 percent of the uncooled efliciency, the lower value referring to near-impulse designs and the
higher to 50 percent reaction designs.

Before either of these two aspects of cooled turbine design can be investigated, it is necessary to be
able to estimate the cooling flow required to achieve a specified blade relative temperature for any
given aerodynamic stage design.

General considerations on the information on heat transfer to blades in cascades are
necessary for estimating the amount of cooling required for the blade rows of a cooled
turbine in general. Information, such as external heat transfer coefficients or heat

transfer in cooling passages, is given in reference [21].
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3.0 Literature Review

Past studies of transonic turbine cascades with trailing edge blowing are not numerous.
This section is divided into two sub-sections in order to present a summary of the

available literature focusing on transonic turbine cascades and coolant ejection.

3.1 Transonic Cascade Wind Tunnel

The development of the VPI & SU two-dimensional transonic turbine cascade has been
presented by Michael A. Zaccaria [2]. The main features of the equipment are described
in a later section. He conducted a preliminary test series on a cascade with eleven blank
blades to check the overall flow behavior. The discussion on the use of solid, porous
or no tailboard in this work shows that the velocity of the outlet flow field is controlled
by the inclination angle of the tailboard. Zaccaria concluded that the use of a solid
tailboard causes the cascade exit Mach number to be independent of the cascade inlet

total pressure and that the periodicity of the outlet flow did not seem to be affected by
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shock reflections. He recommended the use of a solid tailboard. However, the config-
uration used in this research was no tailboard because we were unable to obtain exit
Mach numbers close to unity with the solid tailboard. Thus, expansions and shock waves
emanating from the trailing edge region of the blades impinge upon a free shear layer

and not upon a solid surface.

Gostelow [3] describes the fundamental role that high speed cascade testing has in the
development of compressor and turbine blades, which is generating the essential infor-

mation on these blades for design, in our case, of aircraft engines.

For general references on cascade aerodynamics, the book by Gostelow [4] gives fairly

complete information.

3.2 Coolant Ejection

Section 8 of this thesis details the different methods of cooling. Lawaczek [13] mentions
that coolant flow discharged from rows of coolant holes on the suction surface of the
blade or ejected over the complete blade surface at an angle normal to the blade surface

lead to certain aerodynamic penalties, because the boundary layers are thicker.

The cooling method of interest in this thesis is ejection of coolant flow from trailing edge
slots parallel to the main stream. The literature available on this subject is limited and
the results are not directly applicable or comparable for different reasons. The main
reason is that several ejection hole configurations were investigated but the majority

were holes directly in the trailing edge, which increased the trailing edge thickness.
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MacMartin and Norbury [5] give an excellent description of their design for a cascade
tunnel used for aerodynamic testing of transonic turbine blades. Their tunnel is a
blowdown tunnel with a design cascade outlet Mach number of 1.25, a design Reynolds
number of 2 x 10% and an ejection mass flow ratio up to 7 percent. They use a porous
tailboard to eliminate the reflected shock and expansion waves and achieved a good flow
periodicity. They found that the total pressure loss of cooled transonic turbine blades
is strongly influenced by the thickness of the trailing edges. The loss arises from a
combination of the low base pressure and the large trailing edge blockage. However, the
trailing edge ejection had little effect on the total pressure loss, which was an irregular
increase of the loss with increasing flow rates. Their results are not comparable with
ours because they were testing blades with a relatively thick trailing edge (0.180 in., 4.6

mm) due to the coolant passing directly out of the blade trailing edge.

Haller and Camus [6] have conducted tests on film-cooled transonic gas turbine rotor
blades in a two-dimensional cascade. Their cascade is similar to ours because they also
do not use any tailboard and also believe that for good periodicity a high number of
blades are needed. An important result of their investigation is that the “ejection down-
stream of the throat even at high blowing rates (B~1.3) did not generate significantly
higher losses compared to prethroat suction surface films.” This is an interesting result
because it means that we can cool the thin trailing edges on transonic turbines by post-

throat suction surface ejection without generating additional losses.

“An important experimental research program concerning the aerodynamic effect of
trailing edge cooling on the flow in turbine blading was carried out by NASA [7-10]" [1].
During this program Herman and Prust noticed experimentally [9] that for cooling air

ejection from the trailing edge of the blades there is an increase of the total pressure
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behind the cascade compared with the values for the similar cascade without blowing.
They also carried out analytical calculations [10] from the consideration of energy addi-
tion from the ejected air and the analytical results agreed well with the experimental re-
sults. “This work as well as some other experimental investigations of less importance
here [11,12,13] concentrates on the investigation of the effect of different trailing edge
geometries and cooling slot geometries on the overall performance of straight and
annular cascades and complete stages.” Lokai [11] tested cascades with different trailing
edge configurations for coolant ejection slots. He found that there was no difference in
aerodynamic loss between a continuous coolant slot along the span and individual slots
along the span separated by webs. However, individual slots with grooves on the pres-
sure side and on both sides of the blade at positions where the webs are, reduced the
losses. Venediktov [12] investigated the effect of trailing edge ejection with holes directly
through the trailing edge, with holes in the suction and pressure surfaces near the trailing
edge, and with holes at the trailing edge at a geometry similar to the one we are testing
in this research. He tested these four different configurations for Mach numbers be-
tween 0.5 and 1.1 and with ejection mass flow rates up to 7 percent. He finally con-
cluded that with appropriately sized holes, trailing edge ejection had negligible eflect on
the blade efficiency. Lawaczeck [13] also investigated the influence of trailing edge
ejection on the aerodynamic data from a transonic turbine cascade. As mentioned above,
the tested blades had ejection holes which passed directly through the trailing edge, with
the associated relatively thick trailing edges. Tests were conducted with an outlet Mach
number range from 0.5 to 1.4 and coolant flow rates up to 4 percent. He concluded that
trailing edge ejection has an appreciable effect on the aerodynamics of the turbine blades
tested. However, it should be noted that at transonic and supersonic outlet Mach num-
ber, the blades were not operating under design conditions as evidenced by the suction

surface separation noted by Lawacseck. Hence these results are not decisive.

Literature Review 14












P2/PT1

1.0

0.9

3 4 5 6 7
POSITION-TOP-BOT

INJ 58 0 ]

10

Ll

Figure 68.

Distribution of Static Pressure at 17 % the Axial Chord Downstream of the Trailing Edge

M. = 1.12 (B = 0 and B = 1.40) baseline original
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Figure 69. Influence of Ejection on Trailing Edge Shock Configuration M, = 1.00 for B = 0 (top) and
M; = 1.02 for B = 1.49 (bottom) baseline original
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