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CHAPTER 1 - DOCTORAL THESIS MOTIVATION AND OBJECTIVES

General considerations

Aircraft propulsion is largely achieved through the use of gas turbine engines due to the
multiple advantages of these systems such as: high powers relative to the mass of the system,
reliability, low maintenance costs, high performance over a wide range of altitudes and speeds,
etc. The uses of gas turbine engines are not limited to the aeronautical industry, due to the
previously mentioned advantages they have been and are successfully used in other industries
such as: land and marine propulsion, electricity generation, gas pumping, fire fighting, etc.

Modern gas turbine engines must ensure high performance and specific fuel
consumptions as low as possible while ensuring efficient operation over a wide range of regimes
and operating conditions. Over time, the increase gas turbine engines performance was possible
both through the individual optimization of the components (compressor, combustion chamber
and turbine) but especially through the optimization of the thermodynamic cycle, consisting in
the increase of working temperatures and pressures. These increases have been made possible by
technological advances in related fields such as materials technology, combustion, channel flows,
heat and mass transfer, etc.

A study of part loads in the 25-100% range on a single-rotor structure illustrates their
influence on compressor and turbine efficiency. (1) For each regime, the temperature at the
turbine inlet was determined, the variation being presented in Figure 1.1. A strong drop in turbine
efficiency can be observed at low speeds, the performance of the turbine being strongly affected
by the drop in temperature at the exit from the combustion chamber.
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Figure 1.1. Temperature and efficiency variation as a function of partial loads (1)

In the case of aviation gas turbine engines, operation at partial regimes is encountered
when the aircraft is taxiing to the runway or to the parking area, when the aircraft is stopped on
the runway with the engines operating at idle speed, but also in flight during the descent
procedure and landing. Higher partial loads may also be encountered during flight depending on
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flight conditions and fuel consumption requirements. In these cases, when the engine speed is
low, the performance decrease significantly. If for the case of partial regimes in flight (descent or
landing) the lower performances mainly affect fuel consumption, in the case of partial regimes
encountered on the ground the main problem is the resulting pollution. As a result of the increase
in air traffic and the number of flights, the waiting times for take-off have increased, thus the
engines operate at idle for a longer period, a regime in which their efficiency is low, resulting in
increased pollution in an intensively populated area.

For gas turbine engines used in marine propulsion operation at partial regimes is common,
in the case of cruise engines these regimes can be maintained for long time intervals (tens of
hours). Thus, the specific consumption for these regimes is high. A similar case is found in gas
turbine engines used for land propulsion, where operation at partial regimes is common.

Motivation and objectives

As mentioned earlier, gas turbine engines are widely used in various industries and this is
expected to increase in the future. Operation of these systems at regimes different from those for
which they were designed causes a decrease in performance which leads to an increase in specific
fuel consumption and pollution. One cause of this decrease is the deterioration of turbine
performance caused mainly by changing inlet parameters.

It is thus possible to identify a less studied shortcoming of these engines and respective
turbines, namely the low performance for operation at regimes other than the nominal one. The
general objective of this paper is to study the decrease in performance of the axial turbines and to
identify a method to mitigate these shortcomings.

Thesis structure

In order to fulfil the general objective and the specific objectives, the doctoral thesis
""Contributions regarding the study of axial turbines stability and performance enhancement™
is divided into 9 chapters to which annexes and bibliography are added, as follows:

e Chapter 1, named "Doctoral thesis motivation and objectives ", highlights the reasons
that led to the start of scientific studies in this direction, namely the need to improve the
performance of gas turbine engines at partial regimes by improving the performance of
axial turbines at low loads. Also, in this chapter, the performance study of axial turbines
and the methods of mitigating their decrease at partial regimes is mentioned as the general
objective of the thesis.

o Chapter 2, called "State of the art in the field of axial gas turbines" presents a study of
the gas turbines currently used in terms of their performance. Through this study, the
identification of existing performances and solutions was sought, thus motivating the need
for the research undertaken in the present work.
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e Chapter 3, entitled "Mathematical model for determining the performance of axial
turbines™ presents the fundamental principles of fluid expansion in axial turbine channels
as well as the flow characteristics at partial regimes.

e Chapter 4, entitled "Research methodology of the flow control method in the bladed
channels of axial turbines™ proposes a method of increasing the performance of axial
turbines at partial regimes by fluid injection as well as a research methodology of the
proposed system.

e Chapter 5, entitled "Numerical study regarding the method of increasing performance
through fluid injection - 2D model” presents the study carried out according to the
previously proposed research methodology to determine the influence of different
geometrical parameters (e.g. injection angle, orifice diameter, axial positioning) as well as
gas dynamics parameters (e.g. injection fluid temperature and mass flow rate). The study
is carried out on a simplified 2D model representative of the mean radius of the reference
turbine.

e Chapter 6, entitled "Numerical study regarding the method of increasing performance
by fluid injection - 3D model™ presents the continuation of the study according to the
proposed methodology by determining the influence of the specific geometric parameters
for the three-dimensional model (e.g. the number of orifices). Also within this chapter, the
methodology for generating the injection system is established, mentioning the steps for
generating the numerical model of the stator that has the injection system in its
composition, as well as determining the influence of the injection system for different
partial regimes.

e Chapter 7, entitled "Verification of the performance improvement method of axial
turbines at partial regimes" presents a verification of the results obtained by applying the
performance improvement method for other turbine geometries, with different sizes, at
different partial regimes.

e Chapter 8, entitled "Determining the reaction of the engine assembly to the activation
of the injection system" presents the analysis of the injection system influence on the gas
turbine engine regimes and on the other components of the assembly. The analysis
determines the stabilized regime after the injection and the processes necessary to return
to the initial regime.

e Chapter 9, named "Final conclusions, original contributions and future perspectives"
presents the final conclusions of the paper, mentioning the original contributions in
relation to the current state of development in the field of gas turbines as well as future
research directions for the implementation of the proposed system .

CHAPTER 2 - STATE OF THE ART IN THE FIELD OF AXIAL GAS
TURBINES

The history of the development of axial turbines is closely related to the development of gas
turbine aviation engines. In 1944, the Junkers Jumo 004 engine entered series production
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marking the beginning of use of gas turbine engines and implicitly gas turbines in aviation, it also
marked the beginning of the decline of piston engines in this industry. Due to the requirements
imposed on aviation engines, the development of turbines continued in the direction of obtaining
high powers using a reduced number of stages (high loading per stage) and increasing efficiency.
Modern axial turbines used in aviation engines have reached a high technological level; the
working fluids leaving the combustion chamber can have temperatures of up to 1700 °C, well
above the melting temperature of the turbine materials (2). In these extreme conditions, the
turbine operate with high efficiency even if they are subjected to enormous centrifugal forces,
due to high revolutions, and to torsion forces resulting from the change in the direction of the
working fluids. The evolution of turbines is also visible in terms of their resource. If the first
axial turbines used in aviation engines had a low resource of several tens of hours, mainly due to
the materials used, today the resource of turbines is equal to that of engines, being able to reach
values of 30,000 hours.

General aspects

A schematic diagram of an axial gas turbine is shown in Figure 2.1 showing a section
through a 3-stage turbine (Figure 2.1A) and a section through a single turbine stage (Figure 2.1B).
In this scheme, the notation "3T" was used to symbolize the inlet to the turbine, respectively "4T"
for the exit from the axial turbine.
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Figure 2.1. Axial turbine scheme with: A - 3 stages, B — single stage

Following the combustion process, due to the released heat, the potential energy of the
fluid increases greatly while the kinetic energy remains low due to the low velocities at the exit
from the combustion chamber. Thus, in order to extract energy from the working fluid and
transmit it further, to the compressor or any other consumer, the turbine transforms the potential
energy into Kinetic energy (in the fixed channels) and then into mechanical work (in the mobile
blades).
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If the preliminary design is done at the mean radius of the vane, by establishing the
velocity triangles, it is necessary to add the radial component for profiling the blades. In the case
of turbines with small blade heights, the variations of the parameters on the radius are not
significant, in this case the use of cylindrical blades is preferred (for technological reasons), while
for the last stages of a power turbine, for example, where the height of the blades is significant,
the mean radius analysis cannot be assumed to be representative of distant sections. Thus, in the
sections at the base, top and a number of intermediate sections, the velocity triangles are
established according to a profiling law

Axial turbines performance

The turbine, being a main component of gas turbine engines, has been the subject of
numerous studies in order to improve performance. Various methods of designing and optimizing
turbine stages have been developed over time. The introduction of numerical methods and CFD
(Computational Fluid Dynamics) simulations allowed a better prediction of the flow through
networks by solving the flow equations in all directions, thus including the flow in the radial
direction.

The performance of the turbine, determined theoretically or experimentally, is presented
in the form of characteristics. Figure 2.2 shows the power characteristic of an axial stage
theoretically obtained using CFD numerical calculation. The determination of the characteristics
based on the CFD numerical calculation was described in (3) and (4). It can be observed that for a
decrease in inlet conditions (reduced flow) the power developed by the turbine, expressed in the
form of the specific enthalpy variation, has a strong decrease.
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Figure 2.2. Theoretical power map for an axial turbine (3)
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Studies on the performance variation of axial turbines have been carried out over time
from the desire to predict the behaviour of the turbine at different working regimes. The first and
most well-known study in this regard was carried out by Ainley and Mathieson (5), by which a
method for calculating turbine performance is proposed. An improvement on this method was
made by Dunham. (6) The method is based on empirical approximations, resulting from the
experimental research of a significant number of axial turbines, to determine various parameters.

To determine the performances at partial regimes, Petrovici and Reiss (7) proposed a
method based on the flow equations and the finite element method. In their paper, the two authors
propose the numerical calculation of stage losses by means of loss coefficients such as: profile
loss, secondary losses, tip clearance losses and flow mixing at trailing edge for partial regimes.
The numerical models for these losses are based on existing studies in the specialized literature
and the coefficients are calculated using the parameters of the partial regime.

Since the performance of the turbine decreases when moving away from the nominal
regime, the need to adapt the turbine to the input parameters was identified, i.e. an active control
of the flow through the vanes. A solution that is successfully used in the case of axial
compressors is the use of variable geometry for the fixed section, the stator. The patent for this
invention, filed in 1966, belongs to General Electric employees Bell Clarence Edgar Le and Taub
Alvin (8). Even though this solution has been proposed for more than 5 decades, it could not be
implemented in the case of modern engines due to the extreme temperatures at the turbine inlet,
the use of adjustable mechanisms being impossible without affecting the reliability of the engine.

March 1, 1966 C.E LE BELL ETAL 3,237,918
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Filed fug. 30, 1963
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Figure 2.3. Variable vane geometry 1966 (8)

Other methods of active turbine performance control have been proposed by various
authors. A performance improvement method based on fluid injection in the boundary layer on
8
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the suction side of the vanes was proposed with as a source of inspiration the active control used
in the case of aircraft wings to increase lift and decrease drag. The system uses the injection of a
jet of fluid to accelerate the flow on the extrados of the wings thus delaying the occurrence of
separations. Studies have shown that a 30% increase in wing efficiency is possible when the
injection system is supplemented by a downstream suction process. (9), (10), (11), (12), (13), (14)
and (15).

Studies on fluid injection into turbine airfoils were carried out with the aim of reducing
pressure losses. In his paper, McQuilling (16) showed that the fluid separation zone on the
suction side of a turbine blade can be completely eliminated by using an injection system. By the
same study it was shown that the flow of fluid used for injection can be significantly reduced if a
pulsating system is used, but its efficiency is strongly influenced by the frequency of the jets.
Numerous studies, including (17), (18) and (19), have shown that by using this method fluid
separations from the suction side of the profiles can be controlled making the use of high and
very high load profiles possible for various applications.

A different approach but with the same goal, that of reducing the losses caused by the
appearance of detachments on the extrados of the vanes, was undertaken by Rohr and Yang (20).
The authors performed a numerical study in which they used an injection system in the trailing
edge area on the vane for a turbine operating at partial regimes. By injecting the fluid into the
working channel, a reduction of the section is obtained, resulting in lower pressure gradients, thus
reducing the area of detachments on the extrados of the profiles. Similar studies have been
undertaken by Postl (21), Galbraith (22), Gross (23), Balzer (24), Saavedra (25), (26), Nowak
(27), Wang (28), Padilla (29), Martinez (30), Bernardini (31) etc.

The effects of fluid injection into fixed turbine channels have been intensively
investigated in studies of blade cooling methods through film cooling. Thus, numerous studies,
including (32), (33), (34), (35), (36), (37) and (38), have investigated the effect of injection
direction and flow rate, diameters, distribution and of the number of holes etc. The purpose of
injection in the case of cooling is to form a film of fluid that protects the blade material from
extreme temperatures and to reduce the impact of the injected fluid on the flow through the
channels.

Conclusion

Axial turbines have experienced a continuous process of evolution determined by the
evolution of gas turbine engines as a result of the need to improve performance and decrease fuel
consumption. Modern turbines today operate at extreme temperatures and pressures while
achieving high performance and increased reliability. If the performances of these systems at the
nominal regime, the regime at which they are designed, are satisfactory, when moving away from
these regimes, that is, when operating at partial loads, the performances of the turbines decrease
strongly. A method to adapt the flow regime and turbine performances to these partial regimes
has not been successfully identified up to the present moment, the proposed solutions being
unable to be implemented due to mechanical considerations or focusing only on the reduction of

9
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some losses. Thus, this work aims to identify a method to improve the performance of these
systems depending on the operating regime.

CHAPTER 3 - MATHEMATICAL MODEL FOR DETERMINING THE
PERFORMANCE OF AXIAL TURBINES

Fundamental principles of expansion in turbine channels

The fundamental analysis of mechanical work extraction in turbine stages is based on
Euler's equation applied to turbomachines, which relates the variation of speeds to the mechanical
work produced. The flow through the turbine profiles generally has 3 components, the axial
component C, the tangential component C,,, and the radial component C,... The axial and radial
components of the speeds do not contribute to the energy transfer in the turbine, they are
responsible for the gas flow. Figura 3.1 shows the velocity triangles for a plane section through a
single-stage axial turbine.
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Figure 3.1. Velocity distribution in an axial turbine stage (39)

Combustion gases with a high potential energy (due to the high pressure and temperature)
but with low kinetic energy (the speed at the exit from the combustion chamber is low) are
accelerated in the fixed profiles, the stator having the role of transforming the potential energy
into Kinetic energy.

Energy extraction is done by the mobile blades. Thus, the kinetic energy is transformed
into mechanical energy in the rotor profiles. The extraction of mechanical work can be done in
two ways: by changing the direction of fluid flow, such a turbine is called an action turbine, or by
accelerating the gases by forming a converging channel, the turbine being in this case a reaction
type. In general, both methods of energy conversion are used, thus the mobile blades achieves
both the change of flow direction and the acceleration of the fluid.

10
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Figure 3.2 shows the evolution of the working fluid through the turbine stage, evolution
described in h-s coordinates, enthalpy — entropy. The evolution in the fixed profiles (1-2) and in
the mobile blades (2-3) is presented. The isentropic evolution corresponding to them (1-2s) and
(2-3s) is also presented. The diagram graphically describes the evolution of gases, thus at the

entrance to the turbine the kinetic energy is low, being %Cf. Acceleration in the fixed profiles
causes the kinetic energy to increase to %C%. At the entrance to the rotor the relative Kinetic
energy is low, as can be seen from the diagram, %WZZ, the rotor further accelerating the fluid to

obtain at the exit from the mobile network a high relative kinetic energy %Wf.

—
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NN

— ]

Py
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Figure 3.2. Enthalpy - entropy working fluid in a turbine stage (39)

Also from this diagram it can be deduced that the mechanical work produced during the
evolution through the turbine stage is equal to the variation of the total enthalpy.
Wy = ho1 — hos (3. 1)

, with: W, — mechanical work;
ho, — total enthalpy at turbine inlet;
hy3 - total enthalpy at turbine outlet;
Assuming a constant vane speed and a constant radius along the moving blades, it follows:

W, = 2 [W3 — W2+ (C2 - CB)] 3.2

The efficiency of a turbine stage is defined as the ratio of useful mechanical work
(produced) to available mechanical work (equivalent to isentropic process).

11
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_ hor—hos _ — Tos
et ho1 = hosss [1 - P03 (= 1)/k] 33)
P01

, Where: n;; represents the isentropic efficiency corresponding to the expansion process between
the total pressures at the inlet and outlet of the turbine p,;, respectively pos.
ho1 — hos _ To1 — To3

h01 - h3SS TOl [1 _ _)(k 1)/k]

Nts = (3.4)

Flow characteristic at partial loads

In optimal operating conditions, at the nominal regime, the speed triangles are formed in
such a way that the relative speed vector W, is aligned (or achieves a low angle of incidence)
with the leading edge of the rotor. Similarly, the absolute velocity vector at the exit from the rotor
is aligned with the fixed profiles corresponding to the next stage or close to the axial direction to
avoid the losses introduced by the overrotation of the fluid in the effusor or the elements
downstream of the stage. In the case of partial regimes, due to the variation of the input
parameters (fluid flow, pressure and temperature), resulting in a variation of the flow velocities,
and of the change in the rotation speed of the rotor blades, the velocity triangles that are formed
differ from those realized at the nominal regime and the alignment of the flow to the turbine
profiles is no longer achieved. In this way, different incidence angles appear than those predicted,
thus leading to the introduction of additional losses.

An important role in the decrease of efficiency is represented by the distribution of
velocity triangles. Figure 3.3 shows the variation of the velocity triangle with the change of
rotation speed.

STATOR

[

ROTOR
Figure 3.3. Incidence variation as a result of rotational speed variation

The absolute velocity vector, C, is determined by the stator exit angle and the turbine inlet
parameters, so it is not affected by the change in rotational speed. The relative velocity vector, W,
will thus depend only on the change in speed, which will lead to the change in incidence at the
entrance to the mobile network. An increase in speed causes a decrease in incidence, which can

12
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even be negative. Similarly, the decrease in rotation speed, by decreasing the operating regime,
causes an increase in incidence.

Figure 3.4 shows the variation of the angle of incidence at the entrance to the rotor blades
as a result of flow velocity variation through the channels. Increasing the degree of expansion and
fluid flow through the stage results in an increase in absolute velocity. It can be seen from the
previous figure that the direction of the absolute velocity vector at the stator exit, C, does not
change because this direction is set by the stator geometry. The change in incidence is determined
in this case by the increase in absolute velocity resulting, by composing the vectors, in a change
in incidence. Increasing speeds causes a positive incidence while decreasing it causes a negative
incidence.

STATOR

ROTOR

Figure 3.4. Incidence variation as a result of flow velocity variation

A method to determine the losses introduced by changing the incidence at partial regimes
was introduced by Mukhtarov and Krichakin (40). They proposed an empirical method for
determining profile losses and losses due to secondary flows. This method can be applied for
subsonic and transonic airfoils. Thus, the profile losses at any incidence were defined as in the
relation (3.5):

1- (pz)p =1- CDZ)p,des +4(1 - cDz)p (3.9)

Wwith: (1 — ®?),, 45 — profile losses at the flow angle provided in the design;

k-1 k-1
k-1 k+1 k-1 k
) A [ cosay\2 [ 1+—- M} " cosay, \* [ 1+ Mies +1]
A1 - )p = 0.67 |( ) k=1, 5 - k=1, 5 |
(DLE) [ cosa, 1+ TM2 COSUy ges 1+ TM2

s ] (3.6)

k-1
B cosap\2 (1 +%M12 -
( ) = sin?(ay; — @y ges)

+
(%)0'67 cosa, 1+ 2
s 2

,fori ay > ag ges, A = 0.024 and B = 0.144 and for a; < @4 ge5, A = 0.0007 and B = 0.206

The following notations were made in formula (3.6):

- D, — leading edge diameter;
- a1 ges — NOMInal regime velocity angle;
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-, - geometry exit angle;
Losses due to secondary flows for any incidence are calculated as follows:

(1 - (p2)s = (1 - (pz)s,des + A(l - (pz)s (3 7)

with: (1 — @%) 45 - losses due to secondary flows at the flow angle provided in the design;

Al — ®2)5 = (1 — D) 405(5.6x + 762 + 400y ) (3. 8)
,with:
2
__ %~ Cides COSQpy (3.9)
X 180 — (a1 + apy) \cosay ges

, the relation being valid for —0.15 < y < 0.15.

Another method to approximate the losses introduced by the change in incidence was
proposed by Ainley and Mathieson (5). This method is based on the estimation of the positive
incidence which has been correlated with the pitch/chord ratio and the flow angles at the outlet
and inlet of the profiles. The incidence is calculated according to the following relationship:

iy = ig(s/c = 0.75) + Ai, (3. 10)

,\with i, - the critical angle of incidence, defined as that angle at which the profile losses are

double the case of zero incidence;
is(s/c = 0.75) - critical angle of incidence for to an incidence with s/c = 0.75;

Ai, - the induced angle of the gas flow, is calculated using the graph in Figure 3.5.
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Figura 3.5. Incidence variation for real profiles and the incidence for profiles with s/c=0.75 (5)

The exit flow angle is determined using the graph in Figure 3.6 and this value is then used
to determine the critical incidence for a grid with s/c=0.75 using the graph in Figure 3.7.
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Figure 3.7. Critical incidence variation for blades with s/c=0.75 (5)

Determination of the profile losses is carried out by determining the ratio between them
and the profile losses at incidence 0 considering Re = 2 x 10° and M < 0.5. The variation of this
ratio with relative incidence, the i/i ratio, is shown in Figure 3.8.
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Figura 3.8. Variatia pierderilor de profil cu incidenta (5)
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Conclusion

The operation of the turbine at partial working regimes causes a change in the velocity
triangles over the entire height of the blades in the 3 sections of interest. This change is caused by
the change in the gas-dynamic parameters at the turbine inlet, but also by the change in the
rotation speed as a result of the change in the load consumed by the compressor or another
consumer. Since the geometries of the profiles are fixed (non-adjustable), the power developed
by the turbine is determined, according to the Euler equation, by the resulting velocity triangles.

It is thus possible to identify the need to control the velocity triangles at partial regimes in
order to increase the power developed by the turbine at the respective regimes. In this work, a
method is proposed to increase the performances at partial regimes by increasing the speed at the
exit from the vanes at the regimes for which it is applied. By injecting the fluid, the aim is to
reduce the passage section at the exit from the stator to accelerate the working fluid, which causes
an increase in the power developed by the rotor according to the Euler equation. A schematic of
the proposed injection system is shown in Figure 3.9.

Sectiunea minima
a inainte de injectie
~ ) »
A" Sectiunea minima
/ \% dupa injectie

w

Figure 3.9. Proposed vane injection system

CHAPTER 4 - RESEARCH METHODOLOGY OF THE FLOW CONTROL
METHOD IN THE BLADED CHANNELS OF AXIAL TURBINES

A method of controlling the performance of axial turbines, at partial regimes, by using a
fluid jet is proposed. The aim is thus to determine the conditions, both gas-dynamic (injection
fluid flow, pressure, temperature) and geometric conditions (diameter of the injection hole, their
position and number), characteristic of each partial regime with the aim of obtaining an
improvement in performance.

In order to determine the optimal configuration of the injection system, the research of the
influence of the different parameters on the flow and performance of the turbine is pursued. In
this sense, it is necessary to establish a research methodology by defining geometry and a
reference case, the parameters of interest and a test matrix. Figure 4.1 presents the theoretical
research methodology.

16



Contributions regarding the study of axial turbines stability and performance enhancement

1. Reference turbine definition

2. Nominal regime flow and performance characterization

3. Partial regime flow and performance characterization

4. Simplified (2D) model definition

5. Test matrix definition for the simplified model
Test matrix
update
6. Numerical solving of the test matrix and data analysis
7. Test matrix definition for the 3D model
Test matrix
update

8. Numerical solving of the test matrix and data analysis

Injection method characterization
Figure 4.1. Research methodology for injection method characterization (41)

Reference turbine definition

To study the method of controlling the flow through the axial turbine channels, a power
turbine whose geometry is known was chosen. The turbine develops, at nominal regime, a power
of 1350 KW, the mass flow rate being 8 kg/s. The characteristic parameters of the turbine are
presented in Table 4.1.

Table 4.1. — Reference turbine parameters

Nr. crt. Parameter Value
1 Turbine type Action-reaction
2 Vane hub radius [mm] 136.7
3 Vane shroud radius [mm] 190.6
4 Rotor exit hub radius [mm] 123.8
5 Rotor exist shroud radius [mm] 235
6 Tip clearance [mm] 1
7 Number of vanes 44
8 Number of blades 53
9 Mass flow [kg/s] 8
10 Total inlet temperature [K] 977
11 Total inlet pressure [barA] 2.55
12 Rotational speed [rpm] 22000
13 Generated power [KW] 1350
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14 Pressure ratio 2.1
15 Isentropic efficiency [%] 87

Turbine channels flow characterisation at nominal regime

Flow characterisation through the channels of the reference turbine was carried out by
numerical calculation using commercial software, namely ANSYS CFX. Through this calculation,
the performance of the turbine was validated and the characteristics of the flow through the
turbine networks were determined. This data (in particular the velocity and flow regime through
the fixed networks) will be used for comparison with the results obtained from the injection
process. To calculate the nominal regime, the total pressure and temperature at the stage inlet, the
rotational speed and the mass flow of the working fluid were imposed. The boundary conditions,
as defined for this case, are shown in Table 4.2.

Table 4.2. — Boundary conditions for nominal regime

No. Type Location Observation
. Total pressure = 2.55 barA
1 INLET Vane inlet Total temperature = 977 K
2 OUTLET Rotor outlet Mass flow = 8 kg/s
Vane - hub
- shroud
- blade . . ]
3 WALL Rotor - hub Adiabatic no slip walls
- shroud
- blade
Lateral delimitation of the . ) ] ]
4 PERIODIC interface | fluid volume of the vane or Rotational perodlcy, fluid-fluid
interface
the rotor
5 STAGE interface Vane exist — Rotor inlet Fluid-fluid interface

Turbine channels flow characterisation at partial regime

For the calculation of the partial regime, turbine inlet conditions as well as turbine
rotational speed for a lower power regime were determined. An operating mode of the
approximately 89% gas generator speed was thus chosen, resulting in the turbine operating
conditions presented in Table 4.3. Partial regime calculation was carried out using the same
assumptions and numerical grids as in the case of the calculation of the nominal regime, the
results being presented in Table 4.4.

Table 4.3. — Partial regime inlet parameters

No. Parameter Value
1. Inlet total pressure [barA] 2.34
2. Inlet total temperature [K] 868
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w

Mass flow [kg/s] 7

4. Rotational speed [rpm] 20000

Table 4.4. — Partial regime main results

No. Parameter Value
1. Generated power [KW] 466.6
2. Isentropic efficiency [%] 87.2
3. Pressure ratio 1.37
4. Outlet total temperature [K] 801
5. Vane maximum speed [m/s] 402
6. Vane exit flow angle [grade] 65.3

Similar to the nominal regime, the flow field does not present areas with significant
detachments; however, compared to the previous case, the incidence angle of the flow in the rotor
differs due to the change of the velocity triangle. Another consequence of the decrease in the
working regime is the reduction of the flow regime in the turbine vanes. It can be noted,
analyzing Figure 4.2, a significant decrease in Mach number in the stator, compared to the
nominal regime.

0.000e+000

a. b.
Figure 4.2. Mach number at mean radius for: a. nominal regime, b. partial regime

The possibility of improving the performance for the reference turbine at partial regime
by accelerating the working fluid in the vanes and changing the velocity triangle at the rotor inlet
is thus identified.
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Definition of 2D simplified model

In order to define an optimal configuration of the injection system, it is necessary to
research the influence of different geometric and gas-dynamic parameters on the performance of
the reference turbine at partial regime. Thus, it is necessary, in a first phase, to reduce the
calculation volume, this being possible by using a simplified 2D model.

Next, the flow through the fixed networks in the plane will be analyzed, the stator profile
being that of the mean radius. Figure 4.3 show the geometry of the 2D model. The solution of the
numerical simulation of a number of 4 vanes was chosen to reduce possible errors due to the use
of periodic conditions on the two lateral areas.

Figure 4.3. 2D model geometry (41)

For the simplified model, the flow field was determined both at the nominal regime and at
the partial regime. The ANSYS CFX software was used to calculate the flow, and the ANSYS
Meshing software was used to create the numerical grid. Also, the boundary conditions are
similar to the previously described cases.

Since the simplified 2D model does not incorporate the rotor profile, the calculation being
made only for the vanes, the parameters of interest in the case of the 2D model will be the speed
and the exit angle from the stator and the total pressure loss in the vanes. Thus, through fluid
injection, the aim is to increase the exit velocity from the stator (value averaged over the exit
area), change the velocity triangle, but also maintain pressure losses on the stator within certain
limits.

Test matrix definition

In order to define a test matrix, based on which the characterization and optimization of
the injection system will be carried out, it is necessary to identify the parameters of interest for
this injection system. Next, the two categories of parameters of interest are presented:

e (Gas-dynamic parameters:
- flow regime: only subsonic flow regimes will be considered to eliminate possible losses due to
shock waves.
-injection fluid total temperature: the temperature range [400:900] °C will be considered.
- injection fluid total pressure: the maximum pressure will be approx. 15.
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- injection mass flow: a fluid mass flow of maximum 5% is considered. This value was chosen
by analogy with the flow rate taken for cooling the turbine.
- injection fluid velocity: it will be determined by the previously described parameters and the
diameter of the injection holes.

e Geometrical parameters:
- axial distance (za): will be quantified by using a ratio of the minimum distance between the
stator vanes to the axial distance from the area of the minimum section to the center of the
injection port. The axial distance is calculated according to equation (4. 1), the terms being
defined in Figure 4.4.
4.1)

, with: a — the distance from the point of minimum section to the center of the injection hole;
b — minim section of the vanes.

Figure 4.4. Positioning of injection orifice (41)

- injection angle: it represents the angle formed by the flow direction of the injection fluid
relative to the flow direction of the working fluid in the area of the injection hole. Injection angle
values between 30 and 90 degrees will be tested.

- diameter of the orifices: will be determined based on gas dynamic considerations, reaching an
almost transonic regime with an injection flow rate of maximum 5% of the flow of the working
fluid, a maximum pressure of 15 bar and a maximum temperature of 900 °C.

- number of orifices: the number of injection holes will be determined along the way based on
the intermediate results.

CHAPTER 5 - NUMERICAL STUDY REGARDING THE METHOD OF
INCREASING PERFORMANCE THROUGH FLUID INJECTION - 2D
MODEL

Next, the determination of the influence of previously established parameters on the flow
through the channels of the simplified model is considered. In a first stage, the following
parameters were selected: injection fluid flow, the angle at which the fluid is injected (relative to
the direction of flow of the working fluid), axial distance of the injection hole (relative to the
critical area of the profiles), the diameter of the injection orifice, and the temperature of the
injection fluid.
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Numerical cases definition — fluid

Through the variation of the previously presented parameters, a number of 101 numerical
cases resulted. Due to a large number of cases, the parametric mode available in the ANSYS
CFX commercial software was used with which the numerical study was carried out.

The numerical cases and boundary conditions for the numerical studies in which the
injection holes were introduced were set in such a way that the comparison with the previously
determined case without injection could be made. Thus, the numerical grid and the boundary
conditions were maintained, and the boundary conditions for the injection holes were added.

Injection angle influence

The influence of the injection angle on the evolution of the flow through the vanes was
determined by carrying out several numerical cases in which only the direction in which the fluid
is injected was changed compared to the direction of the flow of the working fluid in the injection
zone.

The increase in the injection angle determines, in a first phase, the distance of the injected
fluid from the suction side of the vane, fluid which then, through the interaction with the working
fluid, changes its flow direction in the direction of the working fluid flow. This is due to both the
interaction of the two fluids and the pressure gradients. Following the injection, a low-pressure
area is formed downstream of the injection orifice, which influences the flow of the fluid after the
injection (Figure 5.1). Through the injection into turbine vanes and the formation of the
previously described phenomenon, a reduction of the section through which the working fluid
passes is achieved, and if this section is in the area of the minimum section, the acceleration of
the fluid takes place compared to the case without injection.

il 2.258¢+005 |
2.162e+005

[1.586e+005
1.490e+005

Figure 5.1. Low pressure zone formed downstream of injection orifices (41)

Figure 5.2 show the evolution of the average speed at the exit from the fixed network for
different values of the injection angle and for 3 values of the injection flow rate. An important
increase in speed can be observed when changing this parameter, the evolution being similar to
changing the injection speed (resulting in this case as a result of increasing the flow of fluid
through the same orifice).
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Variatie vitezei la iesire cu unghiul de injectie pentru Za=0.1
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Figure 5.2. Mean vane exist velocity variation with the injection angle
Injection mass flow influence

For a constant injection orifice diameter and constant gas-dynamic parameters of the
injection fluid, increasing the injection flow rate increases the rate at which the fluid is injected
into the working channel of the vanes. Increasing the injection speed causes an increase in the
low pressure area which leads to a decrease in the minimum section and thus to an increase in the
velocity through the vanes. The influence of increasing the injection flow rate can be determined
from Figure 5.3 by analyzing the influence on the speed at the vanes.
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Figure 5.3. Mean vane exist velocity variation with the injection mass flow
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From the analysis of the influence of the injection mass flow on the maximum speed
through the vanes, it follows that an increase of more than 12% is possible with an injection mass
flow of 5%. From the analysis of the evolution of pressure losses, it follows, as expected, that at a
higher value of the injected mass flow, and implicitly a higher value of the speed of the injected
fluid, an increase in pressure losses results.

Axial distance influence

The axial placement of the injection sections in the vanes plays an important role in
influencing the performance of the injection system. The formation of the low pressure area that
causes the minimum section to decrease is more effective if it occurs near this minimum section.
If the top of this "bubble™ coincides with the minimum section, the efficiency of the injection
system is high because in this way the best constraint of the section is obtained using the
available fluid.

Figure 5.4 shows the variation of the average speed at the exit from the vanes with the
axial distance at which the injection is made. The presented case assumes fluid injection at 90° to
the working fluid flow direction and a flow rate of 5%. One can identify the presence of a
position where the curve reaches a maximum, Za~0.27.

Variatie vitezei la iesire cu distanta axiala (90°)
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Figure 5.4. Mean vane exist velocity variation with the axial distance (41)

In the case of pressure losses, their variation with axial distance is low, being higher in the
case of injection in the area of the minimum section, but by distancing from this area, and the
streamlining effect, causes a decrease in losses.
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Injection orifice diameter influence

The diameter of the injection section directly influences the injection velocity, if the
injection mass flow and fluid input parameters (pressure, temperature) remain constant. As
previously mentioned, the speed has an important influence on the flow evolution in the vanes. It
is aimed, by reducing the injection hole, to obtain similar effects but with a lower injection mass
flow. Injection orifices of 0.8, 0.6, 0.5 and 0.4 mm were taken into account, due to considerations
related to the possibility of their manufacture. It can be noted the decrease of the injection effect
on the speed in the vane when the injection diameter increases. This evolution can be explained
by the decrease in the injection speed and the decrease in the amplitude of the low pressure zone.
From Figure 5.5 an increase in the low pressure area (green area) with decreasing injection
diameter can be determined.

- . L
C. d.
Figure 5.5. Static pressure distribution for an orifice diameter of: 0.8 mm (a.) , 0.6 mm (b.), 0.5
mm (c.) and 0.4 mm (d.) for M;,,;=5% and a;,; = 90°, Za=0.2 (41)

25



Contributions regarding the study of axial turbines stability and performance enhancement

Injection fluid temperature influence

In addition, the influence of the injection fluid temperature was also determined. If in the
previously presented cases the total temperature of the injection fluid was 868 K, an analysis was
carried out by changing the temperature of the injection fluid in the range [718 K - 1118 K]. By
increasing the injection temperature, the injection speed is increased, which leads to an increase
in the influence of the injection system on the flow through the vanes. It can be seen from Figure
5.6, which shows the variation of the velocities at the vane exit relative to its value before
injection with the temperature of the injection fluid, an almost linear variation of the speed
increase with the increase of the injection temperature.
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Figure 5.6. Mean vane exist velocity variation with the injection fluid temperature

CHAPTER 6 - NUMERICAL STUDY REGARDING THE METHOD OF
INCREASING PERFORMANCE BY FLUID INJECTION - 3D MODEL

Next, the influence of the geometric parameters on the performance of the turbine on the
3D model is considered. As a first step, the following parameters were selected: the diameter of
the injection holes, the axial distance of the injection hole (relative to the critical area of the
profiles) and the number of injection holes.

Three dimensional model construction

To generate the geometry incorporating the injection system, it was necessary to
determine the critical section of the vanes. Thus, the intersection of the critical section with the
suction side of the vanes was determined by geometrically measuring (on the 3D model) the
minimum distance of the vanes at different radius. For the reference turbine, the minimum
section and its position on the suction side was determined in 7 sections and by joining them a
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curve was made on the suction side. By translating upstream this curve with different values
according to the desired axial distance (Za) on the suction side, the position of the injection
sections is obtained. After establishing the positioning curve of the orifices, their diameter and
number as well as the distance between the holes were determined. In the studies presented in this
paper, injection section equidistant between the hub and shroud were used. The injection system
generation process for the 3D model is shown in the flowchart in Figure 6.1.

Definition of Curve Injection System
projected upstream orifice generation by
minimal translation generation equidistant

Minimal
section

. section curve with with placement of
definition

on the vane specific specific orificeson
suction side values diameters the curve

Figure 6.1. Steps for injection model generation (42)

The numerical grid was established by determining its influence on turbine performance.
Thus, 4 configurations of the grid were established, increasing the number of elements by 2.5
times and carrying out the numerical analysis of the turbine performances for each configuration.
For this unstructured numerical grid, the cells have an overall size of 1 mm, being dense near the
walls and near the injection holes.

The turbulence model and boundary conditions for the numerical studies with the
injection system were established in such a way that the comparison with the previously
determined no-injection case could be made. Thus, the boundary conditions were kept, adding
those related to the injection holes. Table 6.1 shows the boundary conditions used.

Table 6.1. — Boundary condition for 3D model

No. Type Location Observation
vVane inlet Total pressure = 2.34 barA
1 INLET Total temperature = 868 K
Injection section inlet Mass flow = 2.5 % total mass flow
Total temperature = 868 K
2. OUTLET Rotor outlet Mass flow =7 kg/s
3. WALL Model walls Adiabatic no slip walls
4 PERIODIC Lateral delimitation of the fluid | Rotational periodicy, fluid-fluid
' interface volume of the vane or the rotor interface

Injection orifice diameter influence

The influence of the diameter of the injection sections was also analyzed in the case of the
2D model, the results showing that the deflection of the working fluid is more pronounced in the
case of small values of the diameter of the orifices as a result of the injection speed increase. In
this chapter, the influence of the dimensions of the injection sections will be analyzed from the
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point of view of their distributions on the radius. For each diameter, a number of sections were
determined so that when injecting the same fluid flow, the Mach number through the orifices is
approximately the same. For this analysis, only the diameter of the orifices, their number and the
axial distance are varied. Thus, it is ensured that the injection speed is approximately the same
regardless of the diameter of the sections.

For an injection diameter @;,; = 0.5mm, a number of 76 injection sections was
established, the performance of the turbine being determined for 4 values of the axial distance,
Za = 0.1, 0.2, 0.317 and 0.5. The variation of the axial distance causes a variation of the
turbine performances, as demonstrated on the simplified 2D model, with a maximum of the
influence around the value Za=0.27. From the analysis of the results it emerged that the greatest
influence on the flow through the vanes is obtained for small values of the diameter of the
injection holes.

From Figure 6.2 it follows that the power developed by the turbine decreases with the
increase in diameter up to a value of 0.8 mm. Further increasing the diameter of the holes to
@nj = 1 mm does not produce major changes. An increase of approximately 33% in turbine
power can thus be observed in the case of a small diameter of the holes.
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Figure 6.2. Turbine power increase for different values of the injection sections diameter and
axial distances (42)

Figure 6.3 shows the comparison of the total pressure through the vanes at mean radius
between the case without and with injection. The narrowing of the critical section following
injection can be seen from this comparison.
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a. b.
Figure 6.3. Mean radius total pressure comparison for: a. no injection and b. with injection (42)

When the diameter of the injection sections increases and implicitly when the number of
sections decreases, the distance between them grow, so the working fluid will be diverted only in
the area adjacent to the sections, there are areas where the deviation of the working fluid is low.
This can be noted in Figure 6.4 which show the total pressure distribution in a section
downstream of the injection sections for the 4 orifice sizes studied. It can be seen that for small
diameter values (0.5 and 0.6 mm respectively) the working fluid deflection is continuous along
the vane radius while for larger diameters (0.8 and 1) the working fluid passes between the
injection sections.

3.035e+004
[Pa]

a. b. C. d.
Figure 6.4. Mean radius total pressure comparison in a downstream section for: @;,; = 0.5 mm

(a.), Q)inj = 0.6 mm (b), Q)inj = 0.8 mm (C) and Q)inj =1mm (d) (42)
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Injection sections number influence

In order to determine the influence of the number of orifices, the performance of the
turbine was determined when increasing the number of injection sections while keeping the inlet
parameters of the injection fluid as well as the diameter of the orifices constant. For this analysis,
the calculations were made for an injection diameter@;,; = 0.6 mm, Za = 0.2 and a number of
orifices between 53 and 70. The variation of turbine power when increasing the number of
orifices is shown in Figure 6.5. Also shown in this graph is the drop in injection speed (Mach
number) for the studied points. An approximately linear increase in the power developed by the

turbine can be observed, resulting in an increase of approximately 8% between the cases studied
(between 53 and 70 holes).
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Figure 6.5. Turbine power and injection Mach number variation with the number of orifices

To describe the influence of the number of sections in relation to the dimensions of the
turbine, a new parameter is introduced, called coverage degree (t), defined as the percentage of
the height of the working channel covered by orifices in the injection section.

By graphically representing the variation of power resulting from the injection with the
variation coverage degree, Figure 6.6., a direct relationship between the two parameters is
observed. Thus, when the coverage degree increases, an almost linear increase in the power
generated by the turbine is obtained following the injection.
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Figure 6.6. Turbine power variation with the covarage dregree (42)

In Figure 6.7, which shows the contour of the total pressure in a plane downstream of the
injection section, differences at the increase of the number of orifices and implicitly the degree of
coverage can be seen. The compared cases correspond to a diameter@;,; = 0.6, Za = 0.2, 53
and 70 holes respectively. A homogenization of the area adjacent to the injection section can be
observed, thus the working fluid does not pass between the injection holes as a result of the
reduction of this space.

a. b.
Figura 6.7. Mean radius total pressure comparison in a downstream section for: a. T = 53.6 %

(53 sections) and b. T = 75 % (70 sections) (42)

31



Contributions regarding the study of axial turbines stability and performance enhancement

Injection system influence on different partial regimes

The cases presented above were reported at a partial load corresponding to an engine
regime of approximately 89%. In order to determine the influence of the injection system on
other loads, the performance of the turbine with and without injection was determined at other
working regimes, lower and higher powers than the previous case. Using the turbine
characteristic and the working line, the input parameters were determined for lower regimes, 84.5%
and 80% respectively, and for higher regimes, 91% and 92.5% respectively.

In the case of lower power regimes compared to the reference regime, following the
injection process, the turbine power increased by approximately 21-22%. Similarly, in the case of
higher power regimes compared following the injection, the power generated by the turbine
increases by about 25%. A comparison of regimens with and without injection is shown in Figure
6.8. It is thus observed that the performance of the turbine can be improved by using the injection
system for different partial regimes. An greater influence with increasing regimes was also
observed in this analysis, with the system having a more pronounced effect at higher partial
regimes.
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Figure 6.8. Turbine power comparison at different partial loads for the cases with and without
injection (42)
Conclusion

To study the influence of the injection system on the flow through the turbine and on the
performances, the influence of the injection diameter at different axial distances, as well as the
influence of the number of orifices, was determined. It resulted that the power generated by the
turbine can increase by more than 30% for certain cases, the best performance being obtained at
small values of the injection diameter. Also, as it was demonstrated on the simplified 2D model,
the influence of the axial distance shows a maximum around the value Za = 0.27.

32



Contributions regarding the study of axial turbines stability and performance enhancement

In the case of the influence of the orifices number, an analysis was carried out for an
injection diameter @;,; = 0.6 mm, Za = 0.2 and a number of sections between 50 and 70. In this
analysis, an increase in the power generated by the turbine was obtained by approximately 8% by
increasing the number of orifices. A similar analysis was also carried out for an injection
diameter @;,; = 0.8 mm and a number of sections between 30 and 40, resulting in an increase in
the generated power of about 10%. To quantify this increase in injection area, a parameter called
coverage degree was introduced. Thus, regardless of the injection diameter, an almost linear
increase in the power generated by the turbine is obtained when the coverage degree increases.
Power increases greater than 30% are achieved for high values of this parameter, >70%.

The injection system was also analyzed at other operating regimes compared to the
previously defined reference one. Compared to this partial reference regime (89%), operating
regimes of lower speed (80% and 84.5%) and higher speed (regime 91% and 93%) were analyzed.
An increase in turbine generated power between 22% and 25% was achieved. An increase in the
influence of the injection system was also determined as the operating regime increased.

CHAPTER 7 - VERIFICATION OF THE PERFORMANCE
IMPROVEMENT METHOD OF AXIAL TURBINES AT PARTIAL
REGIMES

For a verification of the results obtained for the reference turbine, an analysis was carried
out to determine the influence of the injection system on the flow and performance for two axial
turbines of different sizes.

Application of injection system for microturbine

The applied methodology is similar to the one used for the reference turbine, thus the 3D
numerical model was created, the nominal point and the partial regime of interest were
determined and the case with fluid injection was then calculated.

a. b.
Figure 7.1. Microturbine components: a.vane, b. rotor (43)
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Similar to the reference turbine, 3D models were created and the numerical grid was
generated. The numerical grid was established by determining its influence on turbine
performance. For this unstructured numerical grid, the cells have an overall size of 0.5 mm, being
crowded near the walls and near the injection holes.

The turbulence model and boundary conditions were set similar to the cases for the
reference turbine. The injection system was generated according to the methodology presented
previously, the 3D model being shown in Figure 7.2. For this microturbine, the flow through the
turbine was studied at the nominal regime and at 5 partial loads representing regimes of 70%,
74%, 76%, 78% and 81% of the nominal speed. The parameters of the partial regimes were
determined using the turbine characteristic and the operating line for the respective engine.

Critical section intersection

Injection system

0.000 15.000 30.000 (mm)
LB S
7.500 22.500

Figure 7.2. Fluid volume of the 3D model with injection system (43)

The injection process determined an increase in the power generated by the turbine by up
to 21% depending on the partial regime at which the calculation was made. Similar to the partial
regimes studied for the reference turbine, also in the case of the microturbine, an increase in the
influence of the system can be noted with the increase of the operating regime. For the cases
corresponding to regimes of 79% and 81% of the nominal speed, the increase in the power
generated by the turbine after the injection process is lower due to the fact that for these regimes
a flow of 2.5% of the working fluid flow could not be injected. This is due to blockage of fluid
flow in the injection sections.

The comparison of the turbine power before and after the injection process is presented in
Figure 7.3 which shows the power developed by the turbine for the operating regimes of the
engine before the injection process according to the working line. An increase in the power slope
developed following the injection process can be observed.
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Figure 7.3. Turbine power generation before and after injection for different partial loads (43)

Similar to the results obtained in the case of the reference turbine, the working fluid is
deviated from the suction side, which leads to the reduction of the flow section and implicitly to
the acceleration of the fluid and the increase of the power developed by the microturbine. The

reduction of the passage section can be seen in Figure 7.4 where the distribution of the total
pressure at the vanes mean radius is shown.

a. k b.
Figure 7.4. Mean radius total pressure distribution for the case: a. without, b. with injection (43)

A verification of the previous results regarding the optimal injection position (Za) was
carried out in the case of this microturbine. Thus, it resulted an increase in the influence of the
injection system, from the point of view of the power generated by the turbine rotor when the
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axial distance increases, reaching a maximum around the value Za=0.28, followed by a decrease
in the influence.

Variatia puterii generate in functie de distanta axiala
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Figure 7.5. Injection system influence variation as a function of axial distance

Application of injection system for a small dimensions turbine

The injection system presented in this work was applied similar to the cases previously
described for another small turbine whose geometry and performance are known. The turbine
networks are shown in Figure 7.6.

a. b.
Figure 7.6. Turbine components: a.vane, b. rotor

The injection system was generated according to the methodology presented previously,
the 3D model being shown in Figure 7.7.
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Curba sectiunii
critice

Figure 7.7. Fluid volume of the 3D model with injection system

The flow evolution through the vanes following the injection process is similar to the
previous cases, with the diversion of the working fluid in the area of the orifices and the
formation of a low pressure area downstream of the injection section followed by the attachment
of the injection fluid to the suction side of the profile. Following the injection process, the turbine
power increased by up to 21.5%. And in the case of this geometry, the increase in the influence of
the injection system on the flow and implicitly on the performances is observed with the increase
of the operating regime.

Graphically representing the regimes calculated before and after the injection according to
the power generated, Figure 7.8, it can be observed, as in the previous cases, an increase in the
slope of the power generation by the turbine at different regimes. Thus, higher powers can be
achieved without changing the turbine input parameters. In this way, the engine speed can be
increased without adding fuel.
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Figure 7.8. Turbine power generation before and after injection for different partial loads
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Conclusion

For an additional validation of the results obtained in the case of the reference turbine, the
injection system was also applied to two other axial turbines of different sizes (with power at the
nominal regime of approximately 145 and 274 KW respectively). Thus, the geometries and
parameters of the two turbines, the construction of the model and the analysis of the numerical
grid were presented. In the case of the microturbine (nominal power of approximately 145 KW) 5
regimes between 70% and 81% were studied. The input data was set based on the working line
and turbine characteristic. Increases in turbine generated power between 7.9% and 21% were
achieved. Similar to the reference turbine, the influence of the injection system increases as the
turbine ramps up.

In the case of the small turbine (nominal power of approximately 274 KW) 5 regimes
between 71% and 85% were studied according to the working line of the respective engine.
Increases in generated power between 10.5% and 21.5% were obtained, with a greater influence
at higher regimes. In the case of the two studied turbines, similar to the reference turbine, by
injecting the fluid into the channels, a diversion of the working fluid is achieved in the sense of
reducing the passage section, which leads to its acceleration and implicitly to the increase of the
power generated by the turbine. The diversion of the working fluid and the creation of a low
pressure zone downstream of the injection section was indicated by the presentation of the total
pressure and the absolute static pressure in the planes downstream of the injection section.

CHAPTER 8 - DETERMINING THE REACTION OF THE ENGINE
ASSEMBLY TO THE ACTIVATION OF THE INJECTION SYSTEM

In previous chapters, the performance of the axial turbines at different regimes before and
after the activation of the injection system was presented. The application of such a performance
increase system in the assembly of an engine must also take into account the influence of the
system on the other components. In order to determine the effect of the activation of the injection
system on the gas turbine engine, a logical scheme was created to determine the response of the
assembly to the imbalance created. Then, using a similar logic scheme, the fuel flow required to
reach the initial speed is determined, before the injection system is activated.

Determination of the stabilized regime after activation of the injection system

When activating the performance increase system, the power developed by the respective
turbine increases, as presented in the previous chapters, resulting in a surplus of power compared
to the energy consumed by the compressor. This causes the respective rotor to accelerate and
change the operating regimes for all engine components. In order to determine the variation of
the engine parameters when the injection system is actuated, the logic diagram shown in Figure
8.1 was developed.
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No injection
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power
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Compressor
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Figure 8.1. Logic scheme to identify the stabilized regime after injection process (43)

For this analysis, the microturbine presented in chapter 7.1 was used, it being part of the
gas generator assembly of a microturbojet engine to drive a centrifugal compressor. The engine
parameters at this stage are presented in Table 8.1

Table 8.1. — Engine parameters for the stabilized regime before injection (43)

Power
Case | RoBIme “F’fpeﬁ]‘i' P;[bar] | T;[K] 7‘5? (k& | ;1K) | Py [bar] | Ty (K] d'{;%:efce
We) [KW]
Partial 2
before | 74% | 59200 2.47 820 0.39 395 N/A N/A 0 (0%)
injection

Activating the injection system requires extracting a flow of approximately 2.5% of the
air flow. For this analysis, the bleed of the air at the exit from the compressor is considered; as a
result the operation of the compressor (and implicitly the power consumed by it) is not affected.
With the new turbine input data, the flow regime is recalculated by numerical simulation.

Table 8.2. — Engine parameters after injection (43)

Power

Regime | Speed | . ) M; [Kg | difference

Case [%] [rpm] P3 [bar] T3 [K] /S] T2 [K] Pln] [bar] Tm] [K] (WT _
W) [KW]
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Partial 2
after 74% 59200 2.47 831 0.39 395 1.71 395 10.2 (22.3%)

injection

The surplus power generated by the turbine leads to the acceleration of the rotor, which
determines another regime of the compressor. With the fuel flow rate held constant and the
compressor output parameters determined based on the theoretical maps, the turbine inlet
temperature is calculated and a new set of input parameters generated for the turbine numerical
calculation. The compressor regime is determined in a first iteration based on the turbine power
after injection and based on the theoretical characteristics and the working line. This completes
step 3 of the logic scheme.

Table 8.3. — Engine parameters after acceleration determined by injection (43)

Spee .Power
Regim q M, [ke ) ) difference
Case | ep | rpm | Palbarl| TIKY ) g == K] | Piylbar] | T [KD ) (Wr -
1 We) [KW
]
New
regime
after 78% 62400 2.74 805 0.43 407 1.91 407 1.8 (3.1%)
acceleratio
n

Since for the new previously determined regime the turbine power is greater than the
compressor power by about 3%, the rotor continues to accelerate. Thus, a new iteration is
performed using a new point on the compressor map and recalculating the turbine inlet
temperature. The new engine parameters resulting from the second iteration are presented in
Table 8.4

Table 8.4.— Engine parameters after acceleration determined by injection, second iteration (43)

s Power
Regim %ee M, [ke ) ) difference
Case | ep | rpm | Pslbarl| TIKY ) == TR K] | Piylbar] | T [KT ) (Wr -
1 We) [KW
]
New
regime
after
. 79% 63200 2.80 792 0.44 410 1.96 410 -0.3 (0.5%)
acceleratio
n second
iteration
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With the difference between the compressor and turbine powers of less than 1%, it is
considered, for this study, that the engine has reached a stabilized regime. Even though the
engine has reached a higher speed, the gains obtained are insignificant because the turbine has
extracted more energy from the hot gas flow causing a lower temperature at the nozzle inlet
which diminishes the effect of the increased air flow due to the acceleration of the compressor.

Determination of the initial regime by reducing the fuel flow

To determine the initial operating regime, the regime before the activation of the injection
system, a logical process was created, similar to the one shown in Figure 8.1, where by the fuel
flow is gradually decreased and the engine operating regime is approximated based on the
theoretical maps, working line and the numerical calculation of the flow through the turbine. The
iterative process is shown in Figure 8.2.

Step 1 - Stabilized partial regime
Injection system active

Step 2 - Decrease turbine inlet
temperature - turbine power decrease

Step 3 - Determine compressor
parameters based on the new power
generated by the turbine

Compressor
maps

Step 4 - Recalculation of turbine flow and
generated power with new inlet
parameters

Turbine -
compressor
power difference

Initial
rotational

Comparison between
regimes

Figure 8.2. Logic scheme to identify the initial regime with the injection system active (43)

Starting from the stabilized regime reached after the injection, the engine parameters
being present in Table 8.4, the turbine inlet temperature was decreased with an initial value of 20
degrees.
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Table 8.5.— Engine parameters after turbine inlet temperature decrease (43)

Spee _Power
Regim q M, [kg . . difference
Case el%l] | [rpm P;[bar] | T5[K] /S3j T, [K] | Pinj[bar] | Tiy;[K] (Wr —
] We) [KW
]
Stabilized
regime
after
turbine 79% 63200 2.80 772 0.44 410 1.96 410 -8.2 (13.9%)
inlet
temperatur
e decrease

The power developed by the turbine following the drop in inlet temperature suggests an
operating regime of 76%. Thus, the output parameters from the compressor are determined using
the theoretical maps and the working line. With the new parameters at the exit from the
compressor, the turbine inlet temperature is recalculated followed by the recalculation of the flow
through the turbine. The results of this calculation are listed in Table 8.6.

Table 8.6.— Engine parameters after deceleration as a result of turbine inlet temperature decrease

(43)
Spee Power
Reeim % M, [k difference
Case | oy | [rpm | Pabar] | 5K | ) 3 U8 T[] | Piy[bar] | Tiy[KT)  (Wy
] We) [KW
]
Regime
after
t‘ii::e 76% | 60800 | 2.60 | 803 | 0412 | 401 1.82 401 | -1.8(3.6%)
temperatur
e decrease

With the turbine power less than the power consumed by the compressor, the engine
speed continues to decrease, thus a new iteration is performed to determine the stabilized speed.

Table 8.7.— Engine parameters after deceleration, second iteration (43)

Spee _Power
Regim d M, [kg . . difference
Case el%] | [rpm P;[bar] | T3 [K] /S:i T, [K] | Pipj[bar] | Ti;[K] | (Wp —
1 We) [KW
]
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Stabilized
regime
after
turbine
inlet 75% 60000 2.53 812 0.4 398 1.77 398 0.4 (0.8%)
temperatur
e decrease,
second
iteration

Since the power difference between the two components is less than 1%, it is considered
that the achieved regime is a stable one. However, the initial speed, 59200, was not reached, so
the iterative process continues with a further decrease of the turbine inlet temperature,
respectively of the fuel flow. The results of the second temperature drop are shown in Table 8.8.

Table 8.8.— Engine parameters after deceleration, second turbine inlet temperature decrease (43)

Spee Power
Regim % M, [ke ) ) difference
Case | eponr | [rpm | Pslbar)| KT ) == TE[K] | Puylbar]| Ty K] | (W =
] We) [KW
]
Regime
after
second
turbine 75% 60000 2.53 810 0.4 398 1.77 398 -1.4 (2.9%)
inlet
temperatur
e decrease

After the temperature drops, a difference results between the power generated and the
power consumed, thus the engine speed decreases.

Table 8.9.— Engine parameters after deceleration, second turbine inlet temperature decrease,
second iteration (43)

Spee _Power
Regim d M, [kg . . difference
Case e%l | [rpm P;[bar] | T; [K] /Sﬁ T; [K] | Piy[bar] | T [K] | (Wy —
] We) [KW
]
Stabilized
regime
after
74% 59200 2.47 810 0.39 395 1.71 395 -0.2 (0.4%)
second
turbine
inlet
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temperatur

e decrease,
second
iteration

After the second iterative deceleration process, the initial speed was reached, the regime
being a stable one. Comparing the two regimes, the one before the injection system was activated
and the one achieved after the system was activated and the fuel flow decreased resulted in a
decrease of about 5% without significant variations in the thrust. Thus, the injection process
causes a decrease in specific consumption.

Conclusion

The study presented in this chapter represents an initial estimate of the behaviour of the
engine and its components when the injection system is activated. Even if the introduction of
such a system for microturbines is not feasible, the technological complications being unjustified,
in terms of the advantages of the system, the study represents a first analysis regarding the
response of the gas turbine engine assembly to the activation of the injection system.

In the case of the power turbine discussed in the previous chapters the gains brought by
the injection system were easy foreseen, an increase in the power of the turbine translates into an
increase in power to the consumer or a reduction in the gas generator regime for the same power
transmitted to the consumer, thus reducing fuel consumption. In the case of the turbines in the gas
generator assembly, the injection system influences both the components downstream of the
turbine and those upstream. The use of the injection system, in this case, leads to a better
extraction of energy from the flow of hot gases reducing the energy available to the downstream
components. Thus, the introduction of such a system must take into account the operating
regimes of all the components involved, in some cases the gains may be insignificant.

CHAPTER 9 - FINAL CONCLUSIONS, ORIGINAL CONTRIBUTIONS
AND FUTURE PERSPECTIVES

General conclusions

The present paper studies the performances of axial turbines and the variation of these
performance at partial loads. Even though these systems achieve in modern engines high powers,
efficiencies and reliability, these performance are achieved for a narrow range of operating
conditions. With the departure from the nominal regime, the regime for which the respective
turbine was designed, its performance drops sharply.

An analysis of the scientific literature in the field of axial turbines has identified empirical
methods for determining the performance at partial regimes, but in terms of methods to reduce
this shortcoming, no solution has been identified that can be applied to existing engines. Several
solutions to adapt the flow regime through the channels to the turbine inlet conditions have been
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identified, but these solutions are unusable because they affect the reliability of the engine or
their impact is limited.

The paper presents the methods of calculating the performances of axial turbines, based
on the velocity triangles, but also the calculation of losses based on empirical methods widely
used in the industry. The decrease in the performance of axial turbines at partial regimes is
caused by the change in the velocity triangles as a result of the change in the inlet conditions.
Thus, in this paper, a method was proposed and analyzed to reduce these effects by improving the
performances at partial regimes. By injecting a fluid at specific points of the vanes, the diversion
of the working fluid and the reduction of the passage section through the vanes is followed. Thus,
an acceleration of the working fluid at the exit from the vane is determined, which leads to an
increase in the power developed by the turbine according to the Euler equation.

A research methodology was proposed in order to characterize the injection method, from
the point of view of the influence on the turbine performance. A reference turbine, whose
geometry is known, was thus selected and the flow through the respective channels was defined
both at the nominal regime and at a partial regime by CFD numerical calculation.

The characterization of the injection system was carried out by determining the influence
of various parameters, both geometric and gas-dynamic parameters. Through the variation of
these parameters, a test matrix for the 2D model consisting of approximately 101 numerical cases
was obtained. The results showed that fluid injection into the vanes causes the working fluid to
deviate near the injection port and a low pressure zone appears. This area causes the cross section
to decrease through the channels which leads to the acceleration of the working fluid. The
previously described parameters influence the amplitude and positioning of this zone. In the case
of the injection angle, it turned out that the perpendicular injection leads to the best results, the
influence of the system decreasing linearly with the decrease of the injection angle. A similar
effect was determined in the case of injected mass flow, with decreasing mass flow causing a
decrease in system influence. An optimal position of the axial distance of the injection sections
was identified. Thus, for a value of this parameter of about 0.27, the low pressure bubble is
positioned in such a way that the maximum reduction of the minimum section of the vanes is
obtained. Injection orifice sizes also have an influence on injection efficiency. The decrease in
dimensions causes the injection speed to increase and the low pressure area to increase.
Regarding the temperature of the injected fluid, the increase in temperature causes the increase of
the injection speed and implicitly the influence of the system after a linear variation.

Based on the results obtained for the simplified model, the influence of different
parameters was determined, such as: the sizes of the orifices, their number, but also the axial
distance in order to verify the results obtained previously, for the three-dimensional model. The
analysis of the results confirmed the existence of the optimal position for placing the injection
sections on the suction side, at an axial distance of approximately 0.27. The results also showed
that the influence of the injection system on the flow through the channels and on the
performance of the turbine is greater when using a large number of injection sections with the
smallest possible dimensions. Thus, in order to quantify both the effect of the orifice sizes and
their number, a new parameter called coverage degree was defined. The representation of the
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results according to this parameter showed that the influence of the system increases linearly with
the increase of this parameter, increases of the power generated by the turbine rotor >30% can be
achieved for a coverage degree >70%.

In order to determine the efficiency of the injection system according to the operating
regime, the performance of the turbine was calculated, before and after the injection, for a
number of 5 partial regimes. From this analysis it emerged that the effect of the system is not
limited to a single partial regime and that it can be used over a wide range of regimes. It also
resulted that the influence of the system on the performance of the turbine increases with the
increase of the operating regime, the power of the turbine increasing, following the injection
process by 21% to 25% depending on the studied regime.

The injection system has also been applied to other axial turbines of different sizes. Two
axial turbines, single-stage, with nominal powers of approximately 150 and 280 kW were chosen
for this study. In both cases, the construction of the numerical model was presented, the injection
system being applied for 5 partial regimes for each turbine. It resulted, as in the case of the
reference turbine, that the system produces the deflection of the working fluid near the minimum
section of the vanes, leading to the acceleration of the working fluid and implicitly to the increase
of the power generated by the rotor. The conclusion determined in previous cases regarding the
existence of an optimal position of the injection sections was also verified. The analysis
confirmed the previously determined results, identifying an optimal position at an axial distance
of approximately 0.28. In the case of the two turbines studied, as in the case of the reference
turbine, it turned out that the injection system has a stronger influence at higher regimes, with 21%
increases in generated power being achieved depending on the regime studied, for both turbines.

The implementation of such a performance increase system is a complex process that
requires knowledge of the characteristics and operation mode of the respective engine and its
components. In this sense, a study was conducted to determine the response of the engine
assembly and its components when the injection system is activated in the case of a turbine in a
gas generator assembly. The analysis was based on a logical scheme for iterative calculation of
the power generated by the turbine after injection and the regimes reached by the compressor as a
result of the increased power. If the fluid injection has caused a significant increase in engine
regime and speed, the benefits of this increase are limited due to the fact that the injection has
resulted in a better extraction of mechanical energy from the potential energy of the combustion
gases by the turbine. In this way, the energy available to the exhaust nozzle decreases, thus
diminishing the effect of the increase in air flow as a result of the acceleration of the compressor.
A logical scheme was also introduced to decrease the regime reached after the injection process
in order to reach the initial speed. The iterative process is based on the calculation of the power
generated by the turbine and the resulting compressor speed as the fuel flow decreases. The
analysis showed that the same operating regime can be achieved with a decrease in fuel
consumption of about 5% without noticeable changes in traction force, thus improving the
specific consumption of the respective engine.

46



Contributions regarding the study of axial turbines stability and performance enhancement

Personal contributions

Contributions were made by proposing a new method of increasing performance,
characterizing that method and determining the influence of different parameters as well as
determining the influence on the components and the engine in general. The proposed system has
no moving elements in its composition, being suitable to the operating conditions specific to
modern engines, reaching, depending on the configuration of the system, increases in the
generated power of over 30%. Thus, contributions are made in terms of improving the
performance of axial turbines and engines operating at partial regimes. This helps to reduce fuel
consumption, emissions and greenhouse gases. Also, the work contributes to widening the range
of applicability of gas turbine engines as a result of the increase in performance at low regimes.

The work also contributes to the identification of the influence of various parameters,
both geometric and gas-dynamic, on the performance of the turbine, generating a set of numerical
data and variation trends for a series of analyzed parameters. The studies carried out in this work
led to the identification of an optimal position of the injection sections on the suction side of the
vanes. The influence of the injection system is maximum, for the respective conditions, if the
injection is carried out at a value of the axial distance of approximately 0.27. The influence of the
system on different partial regimes was also determined, demonstrating that the system can be
applied over a wide range of regimes. Thus, it turned out that the injection system has a greater
influence at higher regimes.

The work also contributes to the verification of the proposed method for different turbine
geometries. In this sense, it has been demonstrated that the system can be applied, with similar
results, for turbines of different sizes over a wide range of operating regimes. Studies have shown,
as in the previous case, that the system has a more pronounced influence at high regimes.

Also, the work contributes to determining the influence of such a method on the
operation of engines for which this system is active. In this sense, a logical calculation scheme
was introduced and an analysis was conducted to determine the response of the engine assembly
and its components to the activation of the injection system.

Future research directions

The experimental validation of the results obtained in this thesis represents the main
direction of future research. Reproducing the conditions used in the studies presented above is a
complex process, requiring dedicated experimental stands, complex measurement techniques and
specific instrumentation.

An optimization of the injection system can be achieved by using different injection
section configurations. The positioning of the orifices along two or more lines on the radial
direction of the suction side of the vanes can lead to the increase of the distance between the
orifices thus simplifying the manufacturing process without significantly diminishing the
influence of the system. System optimization can also be achieved by using a pulsating injection
system.
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The introduction of an empirical method to calculate the influence of the injection system
represents another important future research direction. Based on the results obtained in this thesis,
regarding the influence of various parameters on the influence of the system, empirical correction
factors can be determined for the calibration of a simplified analytical method. The introduction
of such a method would lead to a simplification of the procedure and calculation time for various
configurations of the injection system.

Another research direction in the future is the study of the flow through the injection
channels. In this sense, the studies must focus on the determination of pressure losses, heat
transfer and the internal geometries of the injection channels.

Also, the present study was based on a simple turbine geometry without complex cooling
systems. The interaction of the injection system with the vane cooling systems represents another
future research direction. The interaction of the two systems is a complex process requiring a
large computing power and special attention to the numerical model.
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