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The international Air Show in Paris was organized by SIAE, a subsidiary of GIFAS, the French
Aerospace Industry Association.

The 53" edition took place at the Le Bourget Exhibition Park on 17-23 June 2019 and again
broughttogether all the players in this global industry around the latest technological innovations.

The International Paris Air Show was a special time for every business, an opportunity in the
space of one week to meet all the main industry players, seize new business opportunities, present
expertise and innovations to the world and forge technology partnerships.




EDITORIAL

Fundamentele creativititii inventive (1)

Legatura de rudenie dintre arta si stiintda o onoreaza si pe una si pe
cealalta: e un titlu de glorie pentru stiinta de a putea oferi frumusetii
principalele sale puncte de sprijin, e un titlu de glorie pentru arta de a-
si baza cele mai marete opere de arta pe adevarul stiintei.

Hippolyte Taine

Cunoasterea este parcursul gandirii umane de la ignoranta la adevar
iar baza cunoasterii este reflectarea realitatii obiective in mintea omului,
prin prisma activitatilor practice. Astfel activitatea cognitiva umana este
conditionatd de practicd si este dominatd de stdpanirea practica a
realitatii. Procesul acesta este perpetuu, dialectica cunoasterii fiind
exprimatd in contradictia dintre complexitatea nelimitata a realitatii
obiective si limitarea cunostintelor noastre. Calea cunoasterii este calea
de la contemplatie la gandirea abstracta, iar procesul cunoasterii este unul
viu, dezvoltarea stiintei Incepand prin colectarea faptelor, ce pot fi
sistematizate pe baza conceptelor ca elemente structurale avand drept axe
principiile, postulatele/axiomele. Prin principiu se intelege pozitia
initiald a oricdrei ramuri a stiintei, cum sunt axiomele geometriei
euclidiene ori postulatul lui Niels Bohr Tn mecanica cuantica.

Stiinta este principala forma a cunoasterii umane iar impactul sau
asupra conditiilor reale ale vietii cotidiene este semnificativ. Sub acest
impact trebuie sa navigam si sa actionam, spre cele mai semnificative,
durabile, repetitive si obiective conexiuni interne in naturd, societate si
gandire, care apar sub forma unui raport intre concepte ori categorii.

Dezvoltarea de noi cunostinte se realizeaza prin utilizarea pe scara
larga a metodelor stiintifice generale in cercetarea teoreticd si
experimentald. Metoda este si un instrument pentru rezolvarea
principalei sarcini a stiintei: descoperirea unor legi obiective ale realitatii
si totodatd determina necesitatea si locul aplicarii analizei si sintezei,
inductiei si deducerii, compararii studiilor teoretice si experimentale.
Acesta este un instrument de gandire al cercetatorului pentru a rezolva o
problema si pentru a formula o idee in procesul de rezolvare a problemei.

Viziunea filozofica a lumii implica o serie de idei despre ce este
stiinta, cum functioneaza si cum se dezvolta, ce poate si ce nu poate fi
disponibil pentru cercetare. Filozofii din trecut au facut multe predictii
despre importanta crescanda a stiintei, insd nu si-au putut imagina
impactul masiv, neasteptat si chiar dramatic al realizarilor stiintifice si
tehnice asupra vietii. A existat o luptd asiduud intre teologie si stiinta.



EDITORIAL

Fundamentele creativititii inventive (2)

In Evul Mediu, teologia a céstigat treptat o pozitie dominanti ce-i
dadea dreptul de a discuta si de a rezolva problema indigenilor lumii,
problema structurii universului si locul omului in univers, semnificatia si
valorile superioare ale vietii.

A trebuit sd treacd mult timp, sd se succeadd episoade dramatice
precum arderea pe rug a lui Giordano Bruno ori retractarea teoriei
heliocentrismului si arestul la domiciliu al lui Galileo Galilei, despre care
Stephen Hawking spunea ca, poate mai mult decat orice alta persoana, a
fost responsabil pentru nasterea stiintei moderne, inainte ca rolul stiintei
sa devina decisiv in ideologia esentialda si a fost necesar un timp
indelungat pentru ca raspunsurilor stiintifice la intrebdri sa devind
elemente ale educatiei generale.

Secolul XX a fost secolul victoriei revolutiei stiintifice. Spre sfarsitul
sdu s1 pana astdzi tranzitia continud spre economia informatiei, bazata pe
toate schimbarile datorate stiintei si tehnologiei caci omenirea nu doar
crede ci 1s1 pune sperante in capacitatea stiintei de a rezolva problemele
globale si, in consecintd, de a Tmbunatati calitatea vietii. Aceasta
incredere se reflecta in domeniile culturii si gandirii sociale, precum
explorarea spatiului, creatia, energia nucleara. Credinta in inevitabilitatea
progresului stiintific, tehnic si social, a determinat solutii pentru
probleme precum cele de mediu, dezastre, foamete, boli etc.

In timp s-au clarificat doud abordiri principale ale cercetarii
stiintifice. Primul tip de abordare 1i apartine chiar lui Galileo, anume ca
scopul stiintei este de a stabili ordinea care sta la baza fenomenelor prin
fenomene. Aceasta se numeste cunoastere teoretica sau "stiinta pura".

A doua abordare i apartine filozofului elisabetan Francis Bacon, in
epoca nasterii stiintei moderne, contestatar al scolasticii sterile: Lucrez
pentru a pune bazele viitoarei prosperitati si puteri ale umanitatii.
Pentru a atinge acest scop, propun o stiinta abila nu in disputele scolare,
ci in inventarea noilor mestesuguri.

Stiinta astdzi se afla pe acesta cale, cea a imbunatatirii tehnologice a
practicii, cdci inovatia in practicd a devenit un atribut al timpului.

Autor: Elena Banea

lulie 2019



EDITORIAL

Fundamentals of Inventive Creativity (1)

The kinship between art and science honours them both: there is a
title of glory for science to be able to provide its main counterforts to
beauty, as well as there is a title of glory for art to rely on science as
regards its most valuable masterpieces.

Hippolyte Taine

Knowledge represents the process of human thinking from ignorance
to truth, while the basis of knowledge is the reflection of objective reality
into human mind through practical activities. Thus, human cognitive
activity is conditioned by practice and prioritized by practical ruling of
reality. This is a continuous process, knowledge dialectics expressing
itself out of a contradiction between the major complexity of objective
reality and our limited knowledge. The knowledge path is the way from
contemplation to abstract thinking and the knowledge process is in
continuous evolution, as science development starts from data collection
that can be systematized on the basis of concepts perceived as structural
elements that rely on principles, postulates/axioms. A principle
represents the initial stage of any branch of knowledge, such as Euclid’s
geometry axioms or Niels Bohr’s postulate in quantic mechanics.

Science is the main form of human knowledge and its impact on the
real conditions of everyday life is quite significant. That is to say that one
has to guide his/her path and actions according to this impact towards the
most significant, lasting, repetitive and objective internal connections
within nature, society and thinking, which are represented by
relationships between concepts and categories.

Development of new knowledge is achieved through the use of
general scientific methods on a large scale, both in theoretical and applied
research. The method is also a tool for accomplishing the main target of
science: the search of objective rules of reality and the identification of
the need and place of the application of analysis and synthesis, induction
and deduction, of comparison between theoretical and applied studies.
This is a researcher’s reasoning tool that helps him/her solve a problem
and postulate a principle during the problem-solving process.

A philosophical vision of the world involves a series of ideas
concerning the nature of science, the way it works and develops, and also
what can or cannot be available to research. The philosophers of the past
made many predictions about the increasing importance of science, and
yet they were not able to predict the major, unexpected and even dramatic
impact of the scientific and technical achievements over everyday life.
There used to be a strong conflict between theology and science.
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Fundamentals of Inventive Creativity (2)

During the Middle Ages, theology gradually achieved a dominant
position that allowed it to discuss and resolve the issue of the indigene
populations worldwide and of various other aspects, such as the structure
of the universe and man’s place in the universe or the significance and
major values in life.

A long time had to pass, dramatic episodes to succeed, such as
Giordano Bruno’s public execution or Galileo Galilei’s retraction of his
heliocentric theory and his domestic arrest, a personality about whom
Stephen Hawking said that ”he was responsible, more than any other
person, with the birth of modern science”, before the role of science to
become decisive for essential ideology and long before the answers to
scientific questions to become part of the general education.

The XXth century represented a century of triumph of scientific
revolution. Towards its end and up to these days a continuous transition
took place towards an information economy, which is based on all the
changes owed to science and technology, as humankind not only
believes, but also relies on the science capacity to solve global issues and,
therefore, to improve the quality of life. This reliance is reflected in the
fields of culture and social reasoning, such as space exploration, creation
or nuclear power. Belief in the inevitability of scientific, technical and
social progress triggered solutions to such issues as environment,
disasters, famine, diseases, etc.

Two main approaches of scientific research have outlined in time.
The first one belongs to Galileo himself, and it refers to the fact that the
aim of science is that of establishing the order that fundaments the
phenomena by means of which the potential of objects must be
represented and also the discovery of new phenomena. This is to be
called theoretical research or “sheer science”.

The second approach belongs to the Elizabethan philosopher Francis
Bacon, during the epoch of modern science birth, an opponent of sterile
scholastics: “I strive towards laying the foundations of future prosperity
and power of mankind. In order to achieve this, | suggest a certain kind
of science keen not in scholar disputes, but in contriving of new crafts.”

Today’s science is following that very path, that of technological
improvement in experimentation, since experimental innovation has
become a current characteristic of the day.

Author: Elena Banea

July 2019
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PRELIMINARY COMBUSTION TESTS OF A NEW
COMBUSTOR SECTOR CONCEPT

Andreea MANGRAL, Florin FLQREANl, Cornel SANDU!, Marius ENACHE?, Razvan
CARLANESCU!, Radu KUNCSER!

ABSTRACT: Efficient combustion is the key integral part in power generation related sectors like gas turbine,
aircraft engines and industrial burners wherein diffusion flame has long been in use. The paper presents the
experimental program, data acquisition and analyses of a new RQL combustor sector concept geometry.
Combustor parameters have been monitored and recorded. Optimal flame stabilization, combustion, cooling
air distribution and fuel atomization improve combustion efficiency.

KEYWORDS: RQL Combustor, Combustor Testing, testing rig, flame stability

1. INTRODUCTION

The Rich burn - Quick mix - Lean burn (RQL) combustor, which is the focus of the present paper, is
one of the most promising NOX reduction concept studied. The RQL combustor concept was introduced in the
80s [1], and later, in the 90s, has been pursued by the National Aeronautics and Space Administration (NASA)
[2] as a technology aimed to decrease the level of NOx emissions from gas turbine engines. The key factor for
reducing NOx emissions is to diminish the maximum flame temperature, thus inhibiting the dissociation of the
Nitrogen molecules in the air, and consequently decreasing the reaction rates for the formation of Nitrogen
oxides via the thermal NOx production mechanism [3]. To this purpose, the RQL combustor creates a fuel rich
mixture in the upstream region of the combustor (the Rich burn region). The excess amount of fuel absorbs
part of the heat of reaction decreasing the gas temperature in the region. The reason for employing excess fuel
to decrease the temperature instead of using excess air is the enhanced stability of the rich flames, reducing the
likelihood of flame blow-off during operation [4]. Furthermore, the lack of Oxygen in the region further limits
the NOx formation rates, the peak of NOx formation occurring on the fuel lean side of the stoichiometric
mixture [5]. It was also observed that fuel rich combustion conditions tend to inhibit both the reactivity of the
fuel bound Nitrogen [6] and the rate of ammonia conversion to NO3 [4]. The effectiveness and efficiency of
combustion is highly dependent on the degree of atomization and on the uniformity of its mixing in the Fuel
rich zone. The air used for atomization may be brought into the Fuel rich zone after flowing over the outside
of the liner wall, such that to provide cooling to the Fuel rich zone liner. This is particularly important since
conventional film cooling in this region may create local near-stoichiometric mixtures that would produce high
levels of NOx [5]. In order to conduct the experimental campaign an instrumentation scheme is created, to
control and monitor the RQL combustor, and a starting sequence with all the parameters that are involved the
process.

2. THE TESTING RIG

2.1 Control, monitor and data acquisition system

The combustor starting is carry out using the testing rig operating system, composed of a data
acquisition system and a programmable controller which have been adapted for these experiments. Two
parameters visualization screens have been created.

! National Research and Development Institute for Gas Turbines COMOT]I, Bucharest, Romania



AMANGRA, F. FLOREAN, C. SANDU, M. ENACHE, R. CARLANESCU, R. KUNCSER

2.2 Air preheating line

In order to deliver the air at the desired temperature at the combustion chamber inlet, a pre-heater has
been used (fig. 2 a)). The pipes between the pre-heater and the experimental combustion chamber assembly
have been thermally insulated to minimize the heat losses. A special section has been added before the
experimental combustion chamber with the purpose to stabilize and smoothen the air flow. The air temperature,
pressure and mass flow rate have been monitored before combustion chamber entrance. The diagram of the air

preheating line is presented in fig. 2 b).

Fig. 1 Control and data acquisition system

, "
Fig. 2 a) The air pre-heater b) air preheating line diagram

2.3 Fuel supplying line

% NATURAL
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The fuel is led from the main tank, using a pre-fed fuel pump, through a 10 um filter. Because of the
large distance from the tank to the testing rig, a second fuel pump has been installed closer to combustion
chamber assembly. The fuel than enters the injectors through SV2 valve. The used injectors are spill return

pressure atomizers. A part of the fuel is atomized in
the combustion chamber, and another part returns in
the fuel tank via SV1 valve, depending on the
functioning regime. The fuel warms up in the
injectors, thus in order to cool down the fuel which
returns to the fuel tank via the SV1 valve a coil was
used. The fuel pressure is monitored using
manometers. One manometer is positioned on the
direct fuel pipe, before SV2 valve. Another
manometer is positioned on the return fuel pipe line,
after the coil. The fuel injection pressure is
controlled by varying the amount of fuel that returns
to the fuel tank using a manual tap. To stop the fuel
feeding, valves SV1 and SV2 are closed and the
bypass valve SV3 is opened.The fuel supplying
system is presented schematically in fig. 3.
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Fig. 3 Diagram of the fuel supply system

Tests to determine the fuel flow through the injectors, function on the fuel pump regime have been
conducted before starting the combustion tests. The results are presented in section 3.
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2.4 Combustion chamber assembly

The tested combustion chamber represents a quarter of an annular type combustion chamber. It is
equipped with 3 injectors functioning on kerosene. The fire tube and fuel injectors have been delivered by our
consortium partners.

In fig. 4 a) - b) the fire tube and a section through the combustion chamber CAD model is presented, to better
understand the way it works. The geometrical data is copyright protected, thus more details can not be provided.

L16°L

a) b)
Fig. 4: a) the fire tube; b) section through the combustion chamber CAD model

The combustion chamber is equipped with a quartz window in order to view the flame and observe if
the combustion process is stable. The exhaust gases temperature has been monitored at the combustion chamber
exit with the help of 3 thermocouples. In order to protect the side walls from the high temperatures obtained
during combustion, they were designed with an interior channel through which cooler air is circulated. The
cooling air is taken from the air pipe line through a flexible hose (fig. 5), before the flow-meter thus not
influencing the air mass flow that enters the combustion chamber, and returned in the exhaust gases flow after
the thermocouples that monitor the exhaust gases temperature, thus not influencing the temperature.

A counter pressure valve was placed on the outlet section to simulate the turbine stator.

LINER
COOLING AIR

Fig. 5 Combustion chamber assembly on the testing line

The whole testing rig diagram is presented in fig. 6.
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Fig. 6 Testing rig diagram
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3. FUEL FLOW CHARACTERISTICS OF INJECTORS

The tested fuel injectors have been delivered by our
consortium partners. Before starting the combustion tests, the
fuel flow characteristics of the injectors has been determined.
For this purpose, a testing rig has been built, which includeda S

max. 12 V DC fuel pump, with variable amperage and a 10- , S FUEL
micron filter. The fuel pressure on the injectors' bypass pipe , . | l T

has been monitored using a pressure gauge. Also, on the —

injectors' bypass pipe a valve has been positioned, which by i

opening or closing has been used to adjust the fuel pressure. & PR ( ) FUEL PUMP
The diagram of the testing rig is presented in fig. 7.

Fig. 7 Diagram of the injectors fuel flow characteristics testing rig

The volume fuel flow rates have been determined on the overall 3
injectors. Because at the time of the experiments a kerosene flow-meter
was not available, the method to determine the volume flow consisted in
measuring, for different fuel pump functioning regimes characterized by
voltage and amperage, the fuel volume which passed through the 3 injectors
in 1 minute. The measured data has been compared with the calculated fuel
flow rates delivered by our consortium partners (fig. 9). The diagram in fig.
9 will help determine the fuel flow during the experiments, based on the
functioning regime of the fuel pump.

Fig. 8 Fuel flow measurement
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Fig. 9 Fuel flow characteristic

From fig. 9 it can be observed that by increasing the voltage of the fuel pump, thus increasing its
power, the fuel flow increases, as it was expected. Also, by increasing the bypass fuel pressure a smaller
quantity of fuel goes through the bypass and a larger quantity goes through the exit nozzle of the injectors, thus
leading to an increase of the fuel flow that will participate in the combustion process.

4. COMBUSTION CHAMBER TESTS

A series of tests under different operating conditions, presented in Table 1, have been conducted. The
objective of a measurement was to determine combustion “stable point” and the various phases of the
combustion process have been identified, establishing all operational points and determining the fuel and
airflow rates required to maintain combustion. This led to the completion of the experimental analysis of the
new combustion chamber.

Ignition and re-ignition tests have been conducted first, as it can be seen from fig. 10. During these
tests the air pressure and air mass flow rate have been varied as it can be seen from figures 11-12. From fig. 10
it can be seen that through a long period of time (2500s) the combustion chamber has been ignited and re-
ignited successfully several times.
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Fig. 12 Air mass flow during ignition and re-ignition tests

In the next stage of the tests, the operational regimes, presented in Table 1, have been maintained for
a longer period of time. During the tests the following parameters have been monitored and registered by the
data acquisition system: the air pressure, temperature and mass flow rate at the combustion chamber inlet and
the exhaust gases temperature.

The total fuel volume flow rate (on all 3 injectors) has been determined using the diagram from fig.
9, having as input data the fuel pump voltage and the fuel pressure on the return line noted during the tests. The
bypass fuel pressure was varied in order to obtain a fuel volume flow that in combination with the air mass
flow rate led to an exhaust gases average temperature not higher than 800°C.

The values presented in Table 1 are averaged values over a period o time in which the air pressure,
temperature and mass flow have been kept constant as best as possible. TG1, TG2, TG3 are the temperature
values registered by the 3 thermocouples positioned at the exit of the combustion chamber assembly.

As it can be seen from fig. 8, the middle injector gives a higher fuel flow. This can explain why temperature
TG2 is higher that temperatures TG1 and TG3. No component of the combustion chamber assembly has been
damaged during the tests.

During the experiments at low load regimes it has been observed that visualization quartz window
was partially filled with tar deposits (fig. 13). This can be explained by a poor atomization and vaporization of
the fuel in these functioning regimes.

10
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Table 1 Tested functioning regimes

Pair Tair | Wair U Bypass fuel Wiuel TGl | Te2 | Te3 | G
pressure (on 3 injectors) avg.

bara °C ka/s V bar ml/min °C °C °C °C
1.28 92 0.122 9.83 35 177 761 934 634 776
1.28 116 0.122 9.83 3.2 156 744 886 611 747
15 92 0.15 9.83 3 146 574 646 448 556
15 142 0.15 9.83 3 146 649 736 526 637
2.6 110 0.308 9.83 4.8 312 587 642 490 573
3.56 110 0.304 9.83 5 344 691 754 564 669
38 110 0.339 9.83 5.1 354 618 676 516 603
4 110 0.332 9.83 5.1 354 621 679 518 606

Fig. 13 Combuston chamber assembly during the tests

5. CONCLUSIONS

The combustor starting is carry out using the testing rig operating system, composed of a data
acquisition system and a programmable controller which have been adapted for these experiments. Before
starting the combustion tests, the fuel flow characteristics of the injectors has been determined. These
preliminary combustion tests validated the proper functioning of the various components of the testing rig,
namely: the air pre-heater, the fuel supply system, the data acquisition and monitoring system.

During the combustion tests the following parameters have been varied (air temperature, pressure and
mass flow rate, the bypass fuel pressure) in order to simulate different functioning regimes. The experiments
proved a good ignition and re-ignition characteristic. The functioning of the combustion chamber at low load
regimes led to the formation of tar deposits. Tests at large load regimes showed a proper functioning of the
combustion chamber without damage of the components.
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CFD ANALYSIS FOR AXIAL TURBINE PERFORMANCE
MAPS ESTIMATION

NICOARA Rizvan!, OLARU Daniel*

ABSTRACT: In this paper, the flow and performance of a small single-stage axial turbine are studied. Using
the CFD numerical calculation, Computational Fluid Dynamics, the universal performance map of the tubine
is determined. The map is created by succesive simulation of different cases and by using similarity parameters
in order to obtain the constant mass flow curves. The results are then used to describe the performance of the
turbine at different regimes. The paper will describe how the theoretical model is obtained, the humerical grid
and cases, as wel as the resulted performances.

KEYWORDS: turbine, characteristics, CFD, similarity, performance

1. INTRODUCTION

The gas turbines operation is a complex process involving the simultaneous and stable deployment of
compression, burning and expansion processes. The problem of operating the engine at loads other than the
nominal one, the load for which it was designed, must be studied as early as the designing phase. In order to
determine the behaviour of the engine at these regimes it is necessary to evaluate the performance of the
component elements, this being possible by studying their performance characteristics.

The engine turbine extracts the energy from the working fluid, fluid with a high energy state.
Following the combustion process, because of the heat generated, the potential energy of the fluid increases
greatly while the kinetic energy remains low due to low speeds at the exist of the combustion chamber. Thus,
in order to extract energy from the working fluid and to transmit that energy to a consumer, the turbine converts
the potential energy into kinetic energy (in the stationary blades) and then into mechanical work (in the
rotational blades).

The turbine performance map enables the estimation of performances over the entire operational range
by using similarity parameters. Thus, the performances are described by three parameters: reduced speed,
reduced mass flow and specific enthalpy drop.

2. THEORETICAL MODEL DESIGN

The turbine design begins by calculating the engine thermodynamic cycle to determine the input
parameters, necessary power and efficiencies. Depending on these parameters and constructive aspects, the
turbine type and number of stages are determined. The speed is also selected with respect to other components
of the respective turbomachine, compressor, mechanical power consumers, bearings, etc. In principle, they
satisfy the absolutely necessary condition of the turbine to be consistent with the other components of the
turbine engine in the general architecture.

In the designing process, calculation are being conducted in order to study the flow through the stage
and to determine the optimal geometry as well as resistance and vibration calculations to determine the
mechanical loads and frequencies of the blades and turbine disks. Only the flow calculation will be presented
in this paper.

The flow calculation is iterative, being graphically represented in Figure 1. For a single-stage turbine,
it can be divided into three major steps: global calculation at mean radius, blade profiling and building the
turbine performance map. For multi-stage turbines, the calculation is similar.

1 National Research and Development Institute for Gas Turbines COMOT], Bucharest, Romania
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The global calculation at the mean radius has the purpose of determining global geometric parameters:
blade heights, angles of velocity and thermodynamic parameters corresponding to each inlet and outlet section
of the stage or turbine stages. This calculation studies the flow only in the axial direction. Blade profiling adds
the radial dimension, imposing a law of parameters variation, which allows the determination of flow
parameters at different radius.

The turbine performance map allows the turbine to be coupled to the other elements of the
turbomachinery by calculating the engine working line. It involves calculating the performance of the turbine
in a wide range of operating regimes, not just the nominal one, as was done in the two previous steps. It is the
most complex part of the flow modelling of a gas turbine in terms of approach possibilities.

Based on turbine geometry and the input data, a bidirectional flow analysis can be achieved using
semiempirical models to determine pressure losses in the turbine stage [2]. As a result of this analysis, the
performance map of the turbine can be built. Another approach involves stacking the profiles and obtaining the
three-dimensional model. Further, this model is used in a CFD (Computational Fluid Dynamics) environment
for a three-dimensional flow analysis. Another method of obtaining the maps for an axial gas turbine is to build
the prototype and to compute it as a result of experimental measurements made at the test bench. The three
methods can be used separately or combined to validate the results.

The geometry of the turbine has been designed to achieve the desired performance but also to easily
fabricate the components. Thus, the velocity triangles were solved at the mean radius and profiles were defined.
For constructional simplicity and due to the low height of the turbine channel, the same profile was used
throughout the blade’s height. Figure 2 shows the geometry of the stationary blades and the geometry of the
rotational blades.

In order to conduct numerical simulations, it was built in a CAD environment the complete working
channel of the stage which represents the fluid domain, shown in Figure 3.
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Fig. 3 Turbine fluid domain

3. NUMERICAL CALCULATION

The turbine studied in this paper consists of a single axial stage, its dimensions being reduced due to
low mass flow, the nominal mass flow is approximative 0.685 kg/s, and high rotational speed, 80000 rpm
nominal speed. The stator consists of 16 blades while the rotor has 23 blades, both of which consisting in
cylindrical blades (the same profile over the entire height). To reduce the computation time and resources
needed, the model was reduced to the flow channel formed by a stator blade and a rotor blade using the
periodicity conditions available in the Ansys Workbench environment, Figure 4. The numerical grid used is
unstructured, made of tetrahedra, with higher density of cells near the surfaces, having a number of 162548
elements, Figure 5.

Fig. 4 Flow domain

30,000 (mm)

7,500 22,500

Fig. 5 Numerical grid
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The input data for numerical simulation are taken from the calculation of the turbine engine
thermodynamic cycle, thus the turbine must generate a power equal to that of the compressor at a higher
efficiency, the conditions at nominal input being:

— total pressure: 472600 [Pa]
— total temperature: 1173 [K]
— mass flow: 0.685 [kg/s]

A large number of numerical cases have been solved, at rotational speeds ranging from 5000 to 200000
rpm, with a step of 5000 rpm. The working fluid was considered to be air as an ideal gas (the use of air as a
working fluid instead of combustion gases does not introduce large errors due to the fact that the two specific
gas constants are approximately equal). The mass flow was also varied with 10% from the nominal mass flow
resulting in over 100 numerical cases. Two examples of the results obtained in Ansys CFX are shown in
Figures 6 and 7.

Fig. 6 Streamlines

Fig. 7 Mach number distribution across the stage

The distribution of streamlines around the blades describes the flow in the working channel. A smooth
flow without vortices results in a high turbine efficiency. Also, the distribution of streamlines and Mach number
provides good indication of blade profile positioning.
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4. TURBINE PERFORMANCE MAP

By definition, turbine performance map is the set of curves which comprise the variations in the
expansion degree of the working fluid, represented by the variation of the total enthalpy in the turbine, relative
to the inlet temperature, Ah;_, and the adiabatic efficiency of the turbine, n"r, defined in terms of similarity

parameters of mass flow and rotational speed.
Analytically, the universal feature can be expressed by:

AR P <M T, n )
Tred — g p* ’\/—*
1 T

CAJIE 1)
= (5 )

where the index "1" defines the turbine inlet section. [4]

The universality character is given by parameters of similarity, a single point on the characteristic
representing a set of operating regimes. Similarity analysis has arisen in connection with the scientific activity
of quantitative comparison of two or more different systems in which the same types of phenomena occur.
Fluid mechanics has described four fundamental principles of similarity:

- Prandtl criterion, Pr = ct., generally characterizes non-adiabatic processes. As expansion is
considered an adiabatic process, this criterion is inappropriate;

- Homocrony criterion, Ho, is characteristic of non-stationary processes, processes that are not
described by this characteristic of the turbine, and therefore this criterion is also inapplicable;

- Reynolds criterion, Re = ct. In the case of real flow processes through turbomachinery, it has been
found that the phenomenon is self-modeling in relation to the Reynolds number, therefore this criterion is not
characteristic of flow through an axial gas turbine;

- Mach criterion, M = ct., is the only criterion of kinematic similarity that can be applied to flow
processes through a gas turbine. For two values to be similar according to this criterion, the numbers must be
invariants of similarity. To meet all the specifications of a kinematic similarity, it is necessary that all three
Mach numbers, absolute, relative and transport speeds are constant. [5]

M, =ct

M, =ct

v (2)
M. =ct.

With these invariants, the similarity parameters of speed and mass flow are obtained.

N

ct.

= ct.
g Pl*

There are several possible types of approaches to construct the performance map of a turbine, each of
them with advantages and disadvantages: theoretical, CFD and experimental. They can be used separately, but
also together, in the desired combinations, for checking and validating the results.

Using the above-described grids, the k-e turbulence model and the frozen rotor simulation type, a
multitude of results synthesized in Figure 8 was obtained.

The map was built by joining the points representing the numerical cases analysed. In order to
determine a constant mass flow line, the following parameters were kept constant: mass flow, inlet temperature
and pressure, and speed was varied ranging from maximum 100000 rpm (2919.78 rot/min/(K”"1/2) in terms of
reduced speed) by 5000 rpm. In order to determine the other constant mass flow lines, the mass flow was
modified by 10% decrease. The minimum input mass flow for which the numerical calculations were
performed is 50% of the nominal flow, a lower mass flow determines, as can be seen from Figure 9, a negative
variation of the enthalpy on the turbine, which has no correspondent in reality.
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Fig. 8 The turbine performance map obtained by CFD calculations

Using the universal characteristic of the turbine, its performance can be determined at any operational
parameters. It can be seen that an increase in speed causes an increase in the power produced by the turbine,
expressed here by the specific enthalpy variation. But from a certain speed value, depending on the reduced
mass flow, the increase in speed produces a decrease in turbine power.

The nominal engine regime is chosen so that the power developed by the turbine is equal to that
required for the compressor. However, other factors such as: engine performance, compressor performance,
turbine efficiency, mechanical loads and bearings have been taken into account in the choice of the nominal
point. Thus, the speed of 80000 rpm (2335.8 rot/min/(K”*1/2) in terms of reduced speed) was chosen as nominal
speed.

Figure 10 shows the turbine efficiency characteristic, from which it can be seen that the efficiency
varies in the same way with the speed. High efficiency is obtained at higher speed, but increasing speed past a
certain amount will determine a decrease in turbine efficiency. It is recommended that the operation of the
turbine follow points with the highest efficiency, but this depends on the performance of the compressor, the
combustion chamber and the desired regimes.
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Fig 10. Turbine efficiency map
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5. CONCLUSIONS

In this paper was presented a method for determining the theoretical performance map of an axial

turbine using the numerical calculation of CFD type. The map was obtained using similarity parameters
calculated using the results of multiple numerical cases. By modifying two parameters in the input conditions
of the numerical simulation, the complete characteristic of the axial turbine was achieved. The obtained
characteristics follow the form of the theoretical and experimental characteristics existing in the literature.

For future studies on theoretical characteristics determined by numerical computation, it is

recommended to use a smaller number of numerical cases in order to reduce the workload and the time to neede
to achieve the maps. It is possible to determine the theoretical map with satisfactory accuracy using about 5
cases for a constant reduced mass flow, instead of 20 cases used in this paper.

(1

(2]
(3]
[4]
(5]
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AERODYNAMIC AND AEROACOUSTIC
IMPROVEMENTS OF VERTICAL AXIS WIND
TURBINES USING SUPERCIRCULATION FLOW
CONTROL

Dan Paul RADULESCU?, Marius DEACONU!

ABSTRACT: Coflow-Jet (CFJ) represents a new supercirculation flow control method able to improve the
aerodynamic performance of the airfoils due to increased circulation on the suction side. Operating wind
turbines generate tonal and broadband noises affecting the living environment adversely; especially small wind
turbines located in the vicinity of human living places. The current study carries out numerical prediction for
aerodynamic performance and noise radiated from an H-Darrieus Vertical Axis Wind Turbine which uses CFJ.
Incompressible transient simulation is conducted to obtain the instantaneous turbulent flow field. Noise
prediction was performed by the Ffowcs Williams and Hawkings (FW-H) acoustic analogy formulation.
Simulations were performed for three different tip-speed ratios (TSR). First, the mean torque coefficient is
compared with the basic VAWT which does not use CFJ. Then, the study focuses on the broadband noises of
the turbulent boundary layers and the tonal noises due to blade passing frequency.

KEYWORDS: aeroacoustic, CFJ, supercirculation, momentum, URANS

NOMENCLATURE
A0A - angle of attack
CFJ - coflow-jet
CL,Cd,CM - Lift,Drag,Momentum coeficients
HAWT - horizontal axis wind turbine
LE - leading edge
TE - trailing edge
TSR - tip speed ratio
VAWT - vertical axis wind turbine

1. INTRODUCTION

There are two main types of VAWT depending of the force type generated by the blades: Lift type and Drag
type. Lift type are generally considered more efficient and closer to the efficiency of HAWT [1]. The blade
section of VAWT, unlike HAWT, is subjected to unsteady variation of angle of attack. This variation is a
function of tip speed ratio (TSR) and is higher when TSR is lower. A dynamic stall phenomenon appears when
angle of attack exceeds the static stall angle. This decreases the aerodynamic performance and represents an
important aerodynamic noise source [1,2,3,4]. Another specific feature of VAWT is the interaction between
the blades with the wake produced by the other blades which is convected through the rotor. This interaction
produces fluctuating lift and represents an important aeroacoustic noise source both tonal and broadband [5,6].
In order to reduce these negative features, there is a strong demand to develop flow control methods which can
reduce both dynamic stall and the wake. Several flow control methods have been investigated for wind turbines
like trailing edge flaps (Lee et al.,2013), blowing jets (Wang et al.,2013), Gurney flaps (Tongchitpakdee et
al.,2006), plasma actuators (Greenblatt,2014) aso. Results showed some improvements of aerodynamic
performance but at a cost of technological complexity. An interesting airfoil flow control concept was
developed by Zha et al. (2004). This paper numerically evaluates the aerodynamic and aero-acoustic
performance when this concept is applied to a lift type VAWT.

! Romanian Research and Development Institute for Gas Turbines COMOTI, Department of Acoustics and
Vibration
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2. DYNAMICS OF VAWT

The aerodynamics of a lift-type VAWT are fundamentally unsteady. As the blade rotates around the
hub the angle between the blade velocity and the wind velocity varies significantly. This creates a variation in
angle of attack and hence a variation in the aerodynamic forces exerted on the blades. The magnitude of this
variation is governed by the tip speed ratio (TSR) which is defined as the ratio of the blade speed to the wind
speed. An approximation of the variation in blade angle of attack can be calculated using simple geometry by
assuming that the free stream flow is uniform in both magnitude and direction over the whole rotor. This
‘geometric’ variation in angle of attack is shown in Fig. 1 for a range of TSR [7]. It is important to note that
the geometric angle of attack varies from the true angle of attack due to the deflection of the incoming flow by
the rotor.
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Fig. 1 Blade angle of attack variation [7]

The second key feature of VAWT operation is the fact that the blades in the upstream half of the
rotation shed a wake that passes through the rotor and interacts with the blades in the downstream half of the
rotation. This potentially introduces further unsteady blade loading that could affect the noise radiated by
VAWT rotor.
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Fig. 2 a) One blade momentum during 1 cycle [7], b) Velocity field around VAWT (Mclntosh,2013)

A typical torque graph produced by one blade during a full 360 ° cycle is presented in Fig. 2 a). It
can be seen that most of the power is produced within from half cycle where the kinetic energy extraction is
maximum. The remaining flow has a smaller average velocity due to this blockage effect as can be seen in
Fig. 2 b).

2.1. Aeroacoustic noise sources

Aeroacoustic noise sources of a VAWT include several categories which produce both tonal and
broadband noise. The most important are considered: dynamic stall, blade- wake interaction and incoming
turbulence —blade interaction. The use of supercirculation as CFJ should reduce at least two important noise
sources: dynamic stall and blade-wake interaction.

2.2. Coflow-Jet supercirculation principle

CFJ method [8] consists in adding injection slots near the leading edge and suction slots near the
trailing edge of a basic airfoil, as in Fig. 3. Air is injected near the LE and extracted near the TE using a
recirculation pump, so we have the case of zero net mass flux since the mass of injected air is equal with the
extracted mass.
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injection .
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co-flow jet airfoil
Fig. 3 CFJ principle [8]

The aerodynamic results of such circulation are: increased boundary limit momentum, much higher
stall AoA, decreased wake, much higher lift and a reduced induced drag. It must be mentioned that for some
configurations it is possible to achieve even a negative induced drag which makes the solution highly attractive
for new airplanes design. A typical performance graph showing Lift and Drag coefficients of CJF and baseline
airfoils are presented in Fig. 4. From an aeroacoustic point of view, the delayed stall produces less wake behind
the profiles so it was expected that in case of VAWT to find a decrease of the blade-wake interaction noise
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Fig 4 Performance curves for CFJ airfoils [9]

2.4 Numerical aerodynamic and aeroacoustic simulation
2.4.1 Geometry and mesh

Numerical 2 D study was conducted on 3 blades, H-type VAWT with the following characteristics:
R= 1.2 m; Basic blade profile NACA0021 with C=0.3 m. For CJF modified profile we used: hinjection slot =
0.002 m; hsuccion slot =0.004 m. Injection and suction slots are placed at 6% chord and 80% chord distance
from the leading edge as can be seen in Fig. 5.

Fig. 5 Airfoil design with CFJ on both sides [10]

Injection and suction slots were used on both sides of the airfoils due to the fact that during a complete
rotation the angle of attack oscillates between negative and positive values so the suction side becomes pressure
side. It should be mentioned that it is possible to use active control of the jets in order to use them alternatively
only for the suction side. The domain was divided in 3 circular parts, two static and one rotating containing the
turbine blades (as seen in Fig. 6). Mesh was structured for the static domains and partially structured for the
rotating domain. We used a number of 845000 cells and 853000 nodes. For the boundary layer we used an y+
= max. 2.2 which was calculated after the simulation. Total domain D1 diameter was 6 times the VAWT
diameter in order to keep the acoustic sources information inside.
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Fig. 6 Numerical mesh

2.4.2 Numerical algorithm

Numerical simulation for aerodynamic and acoustic field was conducted with Ansys Fluent software.
For the aerodynamic analysis, we used URANS and SST turbulence model. Transitory analysis was made using
an implicit scheme using a time step which correspond to 1 degree of rotation. Every time step was iterated by
20 times. In the current paper, the discretization algorithm was conducted by SIMPLE with second-order
upwind scheme by under-relaxation factors for ensuring convergence of iterative computations. The transient
formulation was performed by second order implicit. Simulations were performed for Basic and CFJ airfoils
at TSR 1.5; 2; 2.5. Injection and suction mass flow were established for each TSR in order to have no stall at
maximum angle of attack for that configuration. This resulted from separated steady flow RANS simulations
using CFJ airfoils at different attack angles and flow speed. This resulted in the minimum injection mass flow
which was later used as a boundary condition for the VAWT simulation.

2.4.3 Boundary conditions

Table 1. Boundary conditions

Parameter Value
Incoming far field velocity 10 m/s
Turbulent intensity far-field 5%
Flow density 1.225 kg/m®
Dynamic viscosity 1.789x10° 1.789 x 105 Ns/m?
Turbulent intensity injection —suction slots 5%
Injection speed 90 m/s
Suction speed 45 m/s
Walls Non-slip condition

2.5 Results
2.5.1 Aerodynamic performance

The use of CFJ for the VAWT increases the output power by reducing or completely eliminating the
stall of the airfoils and due to the reactive force which appears due to the jets. However, this performance
comes to a cost, which is the power consumption of the jets which must be evaluated and subtract it from the
overall generated power by the VAWT. Since the study was dedicated to the acoustic field, this evaluation was
not conducted here. Data and results regarding the Momentum coefficient (CM) and the comparison between
Baseline (no jet) and CFJ solution for TSR 1.5; 2; 2.5 are presented below.

Fig. 7 Momentum coefficient for different TSR values

Aerodynamic performance is dramatically improved by CFJ solution especially for low TSR. It is
worth to mention that this performance is achieved by using a supplementary power to inject the air.
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However, it has been previously demonstrated that it is possible to achieve a net gain using the CFJ
as a super circulation method.

2.5.2 Aeroacoustic performance

The acoustic field around the wind was calculated using the Ffowcs Williams-Hawkings analogy. We
distributed 8 receivers around the turbine at 3 m distance from the rotating axis as can be seen from Fig. 11.
OASPL values for each receiver were calculated for TSR 1.5 ;2; 2.5 and are presented within Table 2. The
values were calculated for overall frequency domain (0-600 Hz), infrasound (0-20Hz) and sound (20- 600 Hz)
comparing Base with CFJ solution.

Table 2. Average OASPL

Sound Frequency domain
Configuration prlee?/s;re 0-600 Hz 0-20Hz 20-600 Hz
[dB] Base CFJ Base CFJ Base CFJ
TSR 15 Lp avg 104.5 102.7 104.3 102.6 88.6 86.3
Diff 1.8 1.8 2.3
TSR 2 Lp avg 104.7 103.4 104.6 103.4 88.3 84.6
Diff 1.3 1.3 3.7
TSR 2.5 Lp avg 104.8 99.2 104.7 99.1 90.1 81.2
Diff 5.6 5.5 8.9

It can be seen that it is possible to achieve an important noise reduction on all frequencies and even

more on audible domain. The max average reduction of 8.9 dB was obtained for TSR 2.5 case. The explanation
might be that for this TSR the jets speed was optimised in order to be the minimum speed at which stall is not
present.
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Fig. 8 Frequency domain for base and CFJ solutions at TSR 2.5

For smaller TSR it is possible that the jets were to strong and can add some broadband jet noise. An
interesting finding is that CFJ is capable to strongly reduce the tonal noise as can be seen from the FFT analysis
at receiver P2 and presented in Fig. 8. This was an expected result since the wake reduction due to CFJ reduces
also the blade-wake interaction which is the main tonal noise source.
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3. CONCLUSIONS

CFJVAWT represents an interesting option for wind energy harvesting since it is efficient and quieter.
Efficiency is much higher than the base but requires additional input power to recirculate the jet. However, it
has been demonstrated by other authors that it is possible to achieve an important net gain in power output.
Several interesting findings about noise field have been revealed by this study. The most important is that it is
possible to get a strong OASPL reduction both broadband and tonal. This is the effect of wake reduction and
thus the blade-noise interaction using CFJ supercirculation method. These findings require a future
investigation for the possibility of optimization the CFJ VAWT in terms of aerodynamic efficiency and noise
production.
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8" European Aeronautics Days
27 - 30 May, 2019
Bucharest, Romania - Palace of the Parliament

Europe’s Technological Achievements for a Sustainable Future of Aviation

AERODAYS - the leading European event in aviation research and innovation, a solid platform to
share and review that latest developments in aeronautics and air transport across the European Union.

Launched in 1991, Aerodays celebrates its 8" edition with an innovative concept,
TandemAEROdays19.20, based on two integrated events organized in Romania, in 2019, and
Germany, in 2020, while Bucharest s the first Aerodays hostin Central and Eastern Europe.

q SR |

STRATEGIC OBJECTIVES FOR BUCHAREST

Bucharest AEROdays 2019 promotes regional policies for research and education in
aeronautics.

It aims was to facilitate and encourage the participation of Eastern European countries to a high-
level event to share their expertise in specific areas of industrial competitiveness.

It offers a platform for the dissemination and implementation of world-leading EU projects and
technical programs based on the Horizon 2020 framework.

Provides communication links between European companies, from small and medium-sized
enterprises to multinational companies, and nurtures a fruitful exchange of ideas with the research
community.
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The only specialized company that integrates
such activities as
scientific research,
design,
manufacturing,
testing,
experimental activities,
technologic transfer and
innovation

in the field of aircraft and industrial gas turbines and
high speed bladed machinery.

220D luliu Maniu Ave., 061206 Bucharest, ROMANIA,
P.O. 76, P.0.B. 174
Phone: (+4)021/434.01.98, (+4)021/434.02.31, (+4)021/434.02.40
Fax: (+4)021/434.02.41, e-mail: contact@comoti.ro

WWW.comoti.ro
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