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THE 18™ ISRAELI SYMPOSIUM ON JET ENGINES AND GAS TURBINES
Thursday, November 28,2019 (9:00-17:00),

Auditorium (235), Faculty of Aerospace Engineering, Technion, Haifa

This year, as in the previous 17 years, we plan to hold the Israeli Symposium on Jet Engines and Gas
Turbines. There is a steady expansion of activities in Israel in jet propulsion. This includes the serial
production of small engines, increased electricity generation using gas turbines fueled with Natural Gas
(NG) as well as production of engines parts and maintenance work. Many companies and organizations
are active in jet propulsion and gas turbine, including: MAFAT (MoD), 1AF, Israel Navy, EL-AL, IAl,
Bet Shemesh Engines, RAFAEL, TAAS, ORMAT, lIsrael Electric Corporation, R-Jet & Turbogen, the
Technion and more.

Applied research, Improved engineering & technological innovations and new projects in Israel calls for
continued professional meetings’ for the exchange of information, for cross-pollination and for creating a
fertile seedbed for cooperation. During the previous 17 symposia, in every one, more than hundred
scientists and propulsion engineers met and presented their work from the various industries, the MoD and
Academia. These symposia were a success, wetting the appetite for more such meetings.

The 18th symposium will include few invited lectures on selected subjects (from the US Air Force
Research Laboratory and Purdue University) as well as 20 more lectures on large variety of topics,
distributed over 6 sessions. The presentations are concerned with activities in different Israeli industrial
firms, organizations and academia. A tour to the newly renovated Turbomachinery and Heat Transfer
Laboratory will be conducted during the long lunch break.

The first half of the symposia (until lunchtime) will be held in English as well as most of the afternoon
presentations.

Please note that the presentation from the 17" symposium can be seen in the following website:
https://jet-engine-lab.technion.ac.il/ . We shall upload the presentations (in full, or as a "censored”
version), after the conference on the jet engine laboratory website (see below). Selected presentations will
be published as archive publications in the “INTERNATIONAL JOURNAL OF TURBO & JET
ENGINES " (https://www.degruyter.com/view/j/tjj)

Looking forward for a fruitful and enjoyable symposium!

Professor Emeritus Yeshayahou Levy e-mail: levyy@technion.ac.il.

Chairman of the symposium o http://jet-engine-lab.technion.ac.il
Technion, Faculty of Aerospace Engineering,
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18" ISRAELI SYMPOSIUM ON JET ENGINES & GAS TURBINES

TECHNICAL PROGRAM

18th ISRAELI SYMPOSIUM ON JET ENGINES & GAS TURBINES,
NOVEMBER 28 2019
Auditorium (room 235), Faculty of Aerospace Building

08:30 (Registration) nnwn

Opening: Professor Emeritus Yeshayahou Levy, Chairman, Turbo and Jet

09:30
Engine Laboratory, Faculty of Aerospace Engineering, Technion.

Professor Itzchak Frankel, Dean, Faculty of Aerospace Engineering,
Technion.

Major Yigal Ben-Shabat, Head, Propulsion Systems Branch, Aeronautical
Division, MOD.

09:50 (Session First) lwx1 awiIn

Session Chairman: Lt.Col. Avi Yosfan, Head of Propulsion Branch

Prof. Guillermo Paniagua, Purdue Univ., USA, Turbine Research at Purdue

Al . .
from Innovation to Maturity

Dr. John Clark, Air Force Research Laboratory, USA, Development of Cooled

A2
Vanes for the High Impact Technologies Research Turbine

(and refreshments Break) 7j» 112121 npoan

Prof. Levy Yeshayahou, Technion, Conversion of Jet Engine Combustor from

A3 Jet Fuel to Natural Gas

Prof. Beni Cukurel, Technion, Development of Ultra-Compact Micro Gas
Ad Turbines with 400W Electric Power Output as a Battery Replacement in
Drones

Dr. David Lior, RJET & TURBOGEN, Small Recuperated Turbo-Fan conceptual

A5
design
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Student Building — Transparent (Glass) Hall and tour at the laboratory

14:40
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(Forth Session)
Auditorium — Room 235

Room 161 Room 241
Session: Rotor dynamics

and Vibrations

Session: Turbomachinery Session: Production

Optimization Technologies
. . . . Session Chairman:
Session Chairman: Session Chairman: .
) ) i ] Ariel Cohen, Bet Shemesh
Dr. Amiram Leitner, Rafael Dr. Shaul Eliahu Niv, IAl ]
Engines
XU Dong and Yanfeng

Zhang, University of
Chinese Academy of
B1 | Sciences, China, Numerical | C1
Investigation of Flutter
Stability of a High-Speed
Transonic Fan

Shachar Balas, RAFAEL,
Adjoint-Based CFD
Optimization Method D1
Demonstrated on a Test
Bench Design

Dr. Bernhard Bringmann,
Starrag AG, Switzerland,
Blisk Milling - From
Component to Machine

Design

Dr. Alexander Khrulev and

o Prof. Sergey Dmitriev, Yochanan Nachmana,
Afik Lifshitz, Eyal Setter, ] )
Ukraine, ICE Bet Shemesh Engine Ltd,
Shachar Tresser, RAFAEL, ) o
] ) ) Turbochargers Failures Abradable coating in
B2 Estimation of Jet Engine C2 D2 .
) ] and Some Features of the turbomachinery and
Rotor Bearings Stiffness by )
_ Study of Their Causes plasma technology,
Modal Testing ] ]
Using the Fault Tree Performance improvement
Analysis
Ori Kam, Bet Shemesh ) ) .
. ) . Shir Avrahami and Ori Kam,
Engine Ltd., Spline- Dvir Mendler, ORMAT, .
. . . Bet Shemesh Engine Ltd,
B3 Coupling — Effective Cc3 Unusual Challenges in D3 . i
) ] ) ) Single Crystal Casting
Stiffness Effect on Rotating Mixed-Flow Pump Design ] .
] Simulation
System Dynamics
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17:15
Session: Control & Diagnostics Session: Combustion
Auditorium (room 235) Room 161
Session Chairman: Session Chairman: Session Chairman:
Dr. Amiram Leitner, Rafael Dr. Shaul Eliahu Niv, IAl
Roman A. Varbanets, Odessa Nikhil Balasubramanian and Prof.
E1 National Maritime University, F1 Danny Michaels, TECHNION,
Ukraine, Vibro-acoustic Diagnostics of Combustion Instability in a Swirl
Turbocharger Stabilized Combustor
Dr. Boris Chudnovsky, Alexander
o Lazenikov and llya Chatskiy, Israel
Shani Eitan, IAF, Measurement of . .
. . . Electric Company, Extended Operation
E2 Coating Thermal Properties via F2 .
. . Load Range of Gas Turbines As a Tool
Induction Phase Radiometry o . .
for Control Electricity Grid Equipped
with Renewable Energy Suppliers.
Giora Brandwine, Elcon Mamab ) )
Ariel Cohen, Bet Shemesh Engine Ltd,
Control Instruments Ltd., ) ] ) )
E3 F3 Lagrangian Simulation of a Slinger
Temperature Measurements
) ) ) Combustor
innovations in the Aerospace Industry
Dr. Michael Grebstein,
RSL Electronics Ltd., Reliable, . . .
. Iker Laso, Natali Rozin, Joél van der
Comprehensive Al Powered Health . .
E4 F4 | Lee, Prof. Joseph Lefkowitz, Technion,

Diagnostics and Prognostics of Turbo-
Jet Engines and Gas Turbines through
Fusion of Hybrid Methodologies

A New Tunnel for Ignition Research
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Turbine Research at Purdue from Innovation to Maturity
Professor Guillermo Paniagua
Mechanical Engineering at Purdue University, USA

In the absence of further measures, carbon dioxide emissions from aviation are estimated to almost
triplicate by 2050 compared to current levels. Because similar trends are estimated in energy power
generation based on fossil fuels, numerous alternative compact and distributed thermal power systems
are explored. This presentation will describe some of the turbine challenges for future thermal turbines,
from fundamental challenges such as flow separation in diffusing passages to applied problems such as
the mitigation of secondary flows and tip leakage. Hence, aerothermal turbine research in small core
turbines is not only essential to maximize the power extraction in thermal engines, but our research
advances into flow control as well as in the identification of flow detachment and the unstarting
phenomena in transonic passages.

Regarding pressure gain combustion, the harsh flow conditions delivered by the combustor require
alternative designs. We will present several strategies we have developed during the past decade for
both axial and radial turbines, with subsonic inlet, supersonic inlet. The axial turbines with subsonic inlet,
and radial outflow turbines enable the highest efficiency. In parallel we also developed bladeless
turbines to harness power from both high subsonic and supersonic flows, even without inlet swirl,
allowing for power extraction from harsh environments with minimal maintenance costs.

To further advance thermal efficiency of conventional gas turbines the entire system should be
optimized along the trajectory, which requires a global model of the engine. Optimal turbine shapes
along the trajectory, which highlights the interconnection between optimization and engine modeling.
Multi-objective optimization was performed using differential evolution strategy and Computational
Fluid Dynamics software. During the past seven years our group has developed several strategies to
optimize the turbine tip geometry, considering clearance variations, to improve the aerodynamic
performance and reduce the thermal loads. Our research showed the strong impact of the over-tip
coolant flows on the over-tip flow field. More recently we incorporated nature and bio-inspired shapes
to redesign turbine airfoils and stator-rotor rim seal cavity. We incorporated wavy structures at the
leading and trailing edges as well as the suction side mimicking design features of seal whiskers and
tubercles of a whale. The airfoils were optimized to maximize the efficiency of a highly loaded high-
pressure turbine at positive incidence.

D> =

Se
= 3
=

Baseline
Optimized

Fig. 1: Turbine optimized geometries
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Our team integrates both experimental with computational work, including RANS/URANS solvers, as well as
inhouse developed tools to run unsteady Euler simulations, Direct Navier Stokes simulations, and linear stability.
Detailed experimental campaigns are performed at the Purdue Experimental Turbine Aerothermal Lab, illustrated
in the figure below. This experimental tri sonic facility can operate continuously and also perform transients,
suited for precise heat flux, performance, and optical measurement techniques. PETAL owns two aero-thermal
modular wind tunnels, with two separate settling chambers and two sonic valves The two different wind tunnels
have three different test sections LEAF (Linear Experimental Aerothermal Facility), BRASTA (Big Rig for
Aerothermal Stationary Turbine Analysis), STARR (Small Turbine Aerothermal Rotating Rig) to service both
fundamental and applied research. LEAF is completely transparent for optical imaging and detailed calibration of
both intrusive and optical diagnostics, aimed at technology readiness levels (TRLs) of 1 to 2. BRASTA was designed
with multiple optical access to perform proof of concepts as well as validation of turbine component performance
for relevant non-dimensional parameters at TRLs of 3 to 4. STARR comprises a two-stage turbine module,
specifically designed to ensure accurate efficiency measurements, with a direct drive (no gearbox) high speed AC
electric motor, enabling engine representative transient operation. All the test sections can be connected to
auxiliary systems which can provide multiple gases including N2, CO2, or dry air, providing injection coolant with a
large variability of density ratios and blowing ratios. The test section inlet pressure can vary from 0.5 to 6 bar,
while the temperature can vary from 270 to 700 K. Therefore, the resulting Reynolds number (Re) extends from
60,000 to 3,000,000, based on a characteristic length of 0.06 m. The adequate settings of the inlet mass flow and
sonic valve position enables a very wide range of inlet Mach number, from Mach 0.1 to Mach 6.5, with mass-flows
up to 30 kg/s.

The linear test section was delivered to PU in 2017 and commissioned in 2018. Since then, several experimental
campaigns have been performed at subsonic and supersonic conditions. In this linear test section, cantilevered
contractions were designed at the exit of the settling chamber to ensure flow homogeneity. A robot (KUKA) is
used to change the pitch and yaw angles during the calibration procedure of different probes. Probe
measurements can be performed in parallel with pressure sensitive paint, Stereo PIV, and/or molecular tagging
velocimetry. The PETAL facility is equipped with femtosecond lasers and the fastest (kHz—MHz) cameras available
on the market that will allow a highly-resolved thermo-aerodynamic characterization. The objective is to couple
high spatial and temporal resolution diagnostics such as high-speed 3D PIV thin oil skin friction measurements. PU
has also demonstrated temperature measurements with up to 100 kHz frequency with accuracies of 1% and
resolution of 0.5 mm or better. Advances are being made to enable tracer-based gas-phase temperature imaging
in a collaboration with the Department of Energy (USA). These diagnostics and the optical access afforded by the
aforementioned facilities will enable unprecedented capability for characterizing performance under unsteady
pulsation. In addition to the wind tunnels, the PU team has built and is currently testing a world-unique RDC test
facility with full optical access to fuel/oxidizer inlet plenum, combustor, diffuser, and stator vane inlet.
Detonations have been achieved with perfect reliability using non-premixed H, and air, which avoids any chance of
flashback and is ideal for demonstrating the aforementioned combustor-diffuser-turbine integration tasks.
Diagnostics thus far include kHz—MHz imaging of flame emission, Schlieren, and coherent anti-Stokes Raman
scattering, with PIV molecular tagging also available.
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Fig. 2: PETAL wind tunnels for characterization, development of new models and testing optimized
designs
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A2

Development of Cooled Vanes for the High Impact Technologies Research Turbine

Dr. John Clark
Turbomachinery Branch, Turbine Engine Division
Aerospace Systems Directorate
Air Force Research Laboratory
WPAFB, OH, USA

For future gas turbine engines, it is desirable both to increase performance and to reduce
operating costs. While turbine performance increases are achievable through increases in turbine inlet
temperature, this often results in decreased turbine durability. Since designers often rely on an
experience- and correlation-based approach, there is a durability margin that is built into the design of
turbine components. Consequently, component life estimates can either be over-predicted or under-
predicted. If part life is over-predicted, then turbine components are using more than the optimum
amount of cooling, and the performance of the overall system is reduced perforce. However, if part life
is under-predicted, then the system requires more frequent inspection coupled with possible repairs
and/or part replacements. This inevitably results in increased life-cycle costs. Accordingly, it is apparent
that advances in component durability for future systems require a decreased reliance on empiricism in
the overall design process

Recently, the stage-and-one-half High Impact Technologies (HIT) Research Turbine (See Fig. 1)
was developed at the Air Force Research Laboratory (AFRL) in part as an effort to foster improvements in
turbine cooling design, analysis, and validation. Initial experiments with the turbine indicated that the
fully cooled heat transfer distribution on the upstream vane could be well predicted using Conjugate
Heat Transfer (CHT) analysis. So, this gave credence to efforts to improve the cooled performance of a
turbine nozzle guide vane using more advanced analysis than the correlation-based methods typically
applied in durability design.

Two means to improve the durability of a turbine vane were ultimately investigated and
demonstrated. In the first instance, heat transfer analysis was brought into the aerodynamic analysis of
a turbine vane in order to reduce the heat load to the part at the same time an efficient aerodynamic
design was defined. In the second investigation, the cooling flow to the vane and the vane geometry
were both considered fixed, and the distribution of the available flow was altered both to reduce the
maximum surface temperature on the vane and to reduce the surface temperature gradients. For both
demonstrations, optimization techniques were used in conjunction with Reynolds-Averaged Navier
Stokes analysis to achieve the design improvements. Additionally, a number of experimental facilities
were used to validate the improved designs, and these were guided by appropriate flowfield simulations
at every stage of validation, including Conjugate Heat Transfer analysis. These validation studies
included a fully-cooled flat experiment, a transonic cascade in a reflected-shock tunnel, and a full-scale
annular cascade in a blow-down facility. Ultimately, the design studies were successful in achieving the
targeted improvements. However, it became clear through these efforts that further facility
instrumentation improvements are required to enable the discernment of design effects in local areas of
the turbine vane.
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Fig. 1. The AFRL High Impact Technologies (HIT) Research Turbine: (a) oblique view, (b) flowpath, and
(c) vane pressure side heat flux from a Conjugate Heat Transfer (CHT) analysis

250
-

Surface Temperature (K)

140

Fig. 2. HIT Research Turbine vane pressure-side surface temperatures with (a) baseline and (b)
optimized cooling distributions
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A3

Conversion of Jet Engine Combustor from Jet Fuel to Natural Gas.

Levy Yeshayahou, Sherbaum Valery, Zackai Matan, Roizman Alex, Eerenburg Vladimir, Technion, Harari
Ofir, Israel Aircraft Industry

Heavy-Duty gas turbines are dominant players in the power-generation market, however, there has been
a steady growth in the use of aero-derivative gas turbines for electricity generation. The development of
aero-derivative gas turbines has historically been achieved by converting existing aviation jet engines to
suit the needs of the customer while working under restrictions imposed by governmental agencies for
land-based power generation units. The current study focus on the modifications required for the
combustor, to change the fuel from jet (kerosene) fuel to natural Gag (NG, methane). This is further
complicated by the need to stick to stringent pollutant emissions restrictions that are imposed on land-
based gas turbine power generation units, thus assuring its CO and NOx emissions not to exceed their
limiting levels and maintain stable combustion performance. The restrictions imposed on this study
enabled to modify only the fuel nozzle without any further modifications in the geometry of the
combustor

The work was conducted in four main stages:

1. Numerical simulation of the original combustor, shown in Figure 2, fueled with jet fuel.

2. Design a new fuel nozzle for injecting natural gas and verify through CFD simulations its
performance

3. Perform an experimental campaign to validate the results of the numerical simulations. Using
kerosene fuel

4. Perform an experimental campaign to validate the results of the numerical simulations. Using the
modified fuel nozzle and methane fuel.

Due to the limitations of the available infrastructure at the Jet Engine Laboratory at the Technion, the
tests were designed to be perform in a 542 sector of the combustor (with 3 fuel nozzles out of the 20 in
the actual combustor) and at atmospheric pressure with limited preheating upstream of the combustor.
For the experiments, the air mass flow rate is reduced accordingly to maintain similar air velocities at the
entrance to the combustor as in the actual conditions. Following the reduction of the airflow rates,
similarly, we reduced the fuel flow rate accordingly to maintain the required fuel to airflow ratio.

Finally, upon a successful comparison between the results of the numerical predictions at atmospheric
pressure and the experimental results, one could consider the validity of the CFD to serve as a useful tool
for evaluating the combustion performance at real operational conditions.

We performed CFD simulations using the original combustor configuration with kerosene fuel as
reference data, furthermore we also performed the simulations with kerosene fuel at atmospheric
conditions. Thereafter, we developed a new concept for the fuel nozzle for the methane fuel, for
equivalent thermal power, while complying with the geometrical restrictions. We designed several
methane fuel nozzle and selected the optimal one through its simulated performance.

The CFD simulations have indicated that the global performance of the combustor, while operating with
methane fuel and under steady-state conditions, are at least as good as while operating on kerosene
fuel. This includes combustion efficiency, low emissions, and lower wall temperatures. The experiments
have demonstrated the ability of the combustor to operate on methane fuel with the newly designed
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fuel nozzles. The combustion tests also demonstrated the ease of ignition (while using the original
igniters) and its stable operation. Additional tests are required to find the global stable operational
envelope of the combustor.

~

Combustor assembly Sector for laboratory tests
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A4

Development of Ultra - Compact Micro Gas Turbines with 400W Electric Power Output
as a Battery Replacement in Drones

Lukas Badum, Assoc. Prof. Beni Cukurel
Turbomachinery and Heat Transfer Laboratory, Technion - IIT

Micro unmanned aerial vehicles (MAV) flight time is highly dependent on achievable electric energy
density. Therefore, the development of a 400W kerosene driven Ultra Micro Gas Turbine (UMGT)
prototype is proposed, which is foreseen to triple energy density compared to current Li-lon batteries.
UMGT developments of previous research projects did not achieve useful electric power output due to
manufacturing limitations and unstable air bearings. To encounter these shortcomings, this effort will
facilitate an additive ceramic manufacturing approach, allowing outstanding design flexibility and
material properties. As current high-end ball bearing technology is suitable for the demanding operating
conditions of UMGTSs, ceramic hybrid bearings will lead to reliable operation of the turbine rotor. In
accordance with experimental tests, an analytic engine model is established to evaluate multiple engine
configurations, leading to a highly redundant development process that will result in a multi-parameter
optimized UMGT prototype.

Power Electronics ——™ Battery Buffer

‘ Fuel Tank

Micro Gas Turbine

Hybrid UAV Power Supply System

This research focuses on a hybrid energy supply system that converts the chemical energy of kerosene
into electric power output that is then stored in a battery buffer. This electric energy is then transferred
to the UAV system. For small UAVs, the electric energy can be directly used for thrust by electric motors.
For larger UAVs that already are equipped with piston engines or gas turbines to provide thrust, the
proposed generator system serves to supply the on-board systems with sufficient electric power. The
battery buffer together with the power electronic system allows the gas turbine to operate always at
optimum system speed and efficiency. The main advantage of this system in comparison with Lithium-
lon batteries is its high energy density. The factor of energy density depends on the overall system mass.
If a system mass of 500 g including fuel is chosen, the energy density of Lithium lon batteries is
outperformed by factor 3.8. For a 1000 g system, the enhancement factor is 5.3.
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Research on UMGTs started in the 90-ies and was conducted by different research groups. Short
overview of the most important research projects in the field of UMGTs is summarized in the table:

Power Design Reached
Research ; Reasons for
Group Approach Bearings Type Output | Speed Speed Failure
[W] [krpm] [krpm]
Manufacturing,
MIT Silicon Aerodynamic/A 60 2400 15 heat transfer,
1995-2006 Lithography (2D) | ero-static (0.6%) cycle efficiency,
bearings
Tohoku CNC Milling (3D, . 360 Bearing
Hydro-Inert 130 870
2001-2007 | Inconel) ydro-inertia (41%) instability
CNC Milling & Bearing
Leuven EDM (3D, Ti- | Aero-dynamic/ 261 . o
1000 500 tabilit d
2003-2008 | Alloy,  Silicon | Aero-static (52%) instability —an
s rotor-dynamics
Nitride)
Stanford Ceramic Gel 420
Ball Beari 200 800 Rotor-d i
5003 Casting (3D) all Bearings (53%) otor-dynamics
KIMM CNC Milling | .. _ . . 280 Unbalance
Air Foil B 4
2011-2013 (3D, Inconel) ir Foil Bearings | 500 00 (70%) response
. Bearing
Xi'an - . . . 360 . o
5010-2017 CNC Milling (2D) | Air Foil Bearings | 50 930 (39%) instability, ‘
manufacturing

Review of Different UMGT Research Projects
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A5

Small Recuperated Turbo-Fan conceptual design
David Lior
RJET & TURBOGEN

Turbofans are the most efficient engines used for most of military and commercial aviation. High
by-pass ratio is applied to decrease fuel consumption but still most of the fuel energy is lost in the
hot exhaust flow.(fig.1 shows such a turbofan recently introduced in business aircraft) .

In recent aero-engine core concept development, heat exchangers have been seriously considered as a key
technology for higher energy efficiency, particularly in the form of intercooler and recuperator
components. Low overall pressure ratio (OPR) turbofans can benefit from the use of recuperators, by
recovering waste heat from the exhaust gas, and intercoolers provide a way to significant high OPRs.
Furthermore, the studies of the combination of both techniques have showed persistent advantages of
thermal efficiency for a wide OPR range.

B.P.R 2.9

O.P.R. 24
Thrust 9.1 KN
atS.L

Weight 211 Kg

Fig.1-GE HONDA Turbofan —none recuperated

2024 @5 8
@ as i8
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overboard b\ee‘gs @

legkage from bypass

a HP\eaka\;}elo bypass
b HPT NGV cooling

¢ HPT cooling

d IPT NGV cooling

e IPT cooling

Fig 2- Recuperated Turbofan concept

Recuperated Turbofan aero engines design has been evaluated by IRA European program in 2005-2016
.Several recuperator designs have been presented in which the recuperator is placed in the engine
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exhaust flow heating the compressor exit air flow thus reducing fuel consumption (fig.2,3). The
recuperator is justified if the reduced fuel consumption is higher than its added weight.

FIG.3-Conic Recuperator design

Further investigation of the recuperated fan engine cycle reveals that the overall engine pressure ratio
(currently between 30-50 in modern engines) may be reduced to lower values (between 6-15) when
installing the recuperator, while keeping the same fuel consumption. (FIG.4)

The low Overall core Pressure Ratio (OPR) reduces the engine weight and cost. These low OPR
recuperated engines have thus a potential to improve aircraft performance and cost. The main
engineering challenge is reducing the recuperator system weight while achieving a high effectiveness.

A preliminary recuperated small turbofan design is presented (see fig 5) in which the recuperator design
is optimized for high altitude of 12000m and a Mach No. of 0.8. The recuperator is split into 2 heat
exchangers one at the exhaust and the second at combustor inletn, both connected by a none
evaporated fluid flow transferring heat energy between them. This design results in low gas turbine
weight and TSFC for small O.P.R turbofans.

{
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5
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Q - RA | ™84
K.
3 !
L
" = 5 » @
Overall Pressume Rafio P3P2

Fig 4: T.S.F.C As function of O.P.R
Alt 12000m Mach0.8
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Design results at 12000 m

Thrust -0.66KN

Fuel flow-10.1 gr/sec {without recuperator 16.6 gr/sec}
Fuel weight gain per hour=19.8 kg/hr.
T.S.F.C-15.3gr/KN*s

Spool speed-69000 rpm

Fan spool speed-23000 rpm

B.P.R-6

O.P.R-7.5

TURBINE INLET temp-1334k

Recuperator weight-steel-40kg

Engine weight-35kg

Total weight-75 kg

Conclusion:

Recuperator is beneficial after 2 hours of flight.
It will save 200 kg of fuel after 12 hours of flight.

Cold Fluid lC Fluid In

old
S \
\

Fig 5: Split Recuperator Design
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B1

Numerical Investigation of Flutter Stability of a High-Speed Transonic Fan

Xu Dong and Yanfeng Zhang
Institute of Engineering Thermophysics, Chinese Academy of Sciences
University of Chinese Academy of Sciences

Modern fan and compressor designs are moving toward higher pressure ratio, better aerodynamic
performance and lighter weight, which enhance the interaction between the blade and the surrounding
fluid and increase the risk of aeroelastic instability, such as flutter. Flutter is a self-excited aeroelastic
instability phenomenon and the unsteady aerodynamic pressure acting on the blade surface is derived
from the motion of the blade itself. Flutter can cause material fatigue even blade failure in a short time.
Therefore, it is very important to predict the flutter stability of the compression system.

In this presentation, the first bending mode flutter behavior of a high-speed transonic fan under
different operating points at 100% rotation speed are analyzed by a unidirectional Fluid-Structural
Simulation (FSI) method, the energy method. To model the traveling wave propagation during flutter,
two different methods are used in this work: the traveling wave method(TWM)and the influence
coefficient method (ICM). The former method direct simulates traveling wave that all blades oscillate
with a certain phase angle, which means various numbers of passages are needed to simulated different
IBPA, so as to make the flows in the computational domain show periodic changes (the traveling wave).
The influence coefficient method means only one blade (the reference blade) need to oscillate with
several passages, and the unsteady pressure and aerodynamic damping on the blade surface at different
IBPA are calculated according to the superposition principle.

In order to find a computational domain that saves simulation time as much as possible and get a reliable
result. Different computational domains with various blade passages were compared when using the
influence coefficient method. Fig. 1 shows that the results obtained by 9 passages computational domain
is more consistent with that by TWM. However, if we just want to determine the most unstable IBPA, the
five passages computational domain can meet the requirements, which can save nearly half of the
computing resources.

The distribution of aerodynamic damping is closely related to the flow structure near the blade surface.
At the near stall point, separation caused by the interaction of shock wave and boundary layer exists in
area above 50% span on the suction side, which corresponds to negative aerodynamic damping when
IBPA=0, which is presented in Fig. 2, that is, the flutter stability of the blade is reduced. On the other
hand, the shock wave vibration on the blade suction side causes high pressure fluctuation and produces
positive aerodynamic damping region. It should be noted that with the change of IBPA, the effect of the
shock wave and separation on flutter stability also be changed.

Another area with a high aerodynamic damping value is the suction side where near the tip and leading
edge and over 85%-100% span. The unsteady pressure here is caused by the change of passage area in
response to blade motion, which is also different from the shock wave and separation. No matter how
the IBPA changes, the aerodynamic damping value in this region is positive.

Understanding the influence of flow structure on aerodynamic damping on blade surface can provide an
idea of active flutter control, like bleed, and at the design stage, take the “flutter free” into
consideration.
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Fig. 1Aerodynamic damping obtained by TWM and ICM

Fig.2 Aerodynamic damping distribution at near stall point, IBPA=0, the left on is SS
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B2
Estimation of Jet Engine Rotor Bearings Stiffness by Modal Testing

Afik Lifshitz, Eyal Setter, Shachar Tresser,
Rafael

A proper rotor-dynamical design of the rotor in jet engines, while avoiding critical speeds within the
range of operation, is necessary to protect the structural integrity of the engine and the long-term
smoothness of its operation. The radial stiffness of bearings has a crucial influence on the dynamical
behavior of the rotor, in particular on their natural frequencies and mode shapes. Poor estimation of the
bearings stiffness may lead to critical speeds within the working speed range of the machine, which may
induce strong vibration levels causing damage to the system.

In general, a precise estimation of the bearing stiffness takes into account parameters such as the axial
load, radial load, speed of rotation etc. The stiffness of angular contact bearings, which often finds use in
small jet engines, is significantly influenced by the axial preload, which sets the angle of the force acting
between the balls and the race of the bearing.

This work presents a method to estimate the radial stiffness of angular contact bearings and the
influence of the axial load on their radial stiffness. The method is based on experimental modal analysis
of a shaft supported by two identical bearings, which are axially loaded by a controlled force. By
extracting the Eigen frequencies of the system for different loading values, and comparing the results to
finite element analysis, it is possible to get the relation between axial load and the radial stiffness of the
bearings. Numeric and experimental results received during study are shown in Figure 1.
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Figure 1: Results of bearings stiffness estimation work
(a),(b) Simulative results for mode shapes of the system;

(c) Experimental system during modal analysis; (d) Resultant bearing stiffness vs. axial preload
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B3
Spline-Coupling — Effective Stiffness Effect on Rotating System Dynamics

Ori Kam — Bet Shemesh Engines Ltd

For the purposes of rotordynamic analyses, the spline-coupling is often assumed to be a rigid connector
but the accuracy of this assumption depends on the mechanical parameters of the system. The influence
of torque on the spline-coupling stiffness is widely treated in the literature.

It can be concluded that for large torques, the spline-coupling stiffnesses approach those of rigid
connectors. On the other hand, the splines stiffnesses - in all its DOFs — are found to be highly sensitive
and influential when loaded by small torque forces. The latter circumstance is of relevance to small and
medium sized jet engines.

As such, the effective spline's stiffnesses should be considered while choosing an appropriate connector
during small jet engine shaft design and in performing rotordynamic analyses of the latter. Furthermore,
in order to achieve accurate results, finite-element calculations of the effective stiffness values must be
performed.

The feasibility of a spline coupling connector integration in the BS175A rotor was investigated through
rotordynamic calculations. An extrapolation of the published data for spline stiffnesses VS torque was
used to address the BS175A loads. Modal simulation of the whole rotor was performed under a range of
spline stiffnesses in all of its DOFs. Comparison with the current rigid connector yielded significant
deviations from the rotor's natural frequencies.
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C1

Adjoint-based CFD Optimization Method Demonstrated on a Test Bench Design

Balas S.,
Rafael Advanced Defense Systems

Optimization is an increasing subject of interest as computing capabilities increase. The motivation for
optimization is clear since it can reduce time and costs of the design processes, maximize the
performance and enhance innovation.

There are several methods used for optimizations; each has its advantages and disadvantages, and each
is suitable for a different kind of problem. Therefore, one should wisely choose the appropriate method.
In the case of an aerodynamic local shape optimization, the gradient method is found to be suitable and
obtaining the gradients becomes a challenge.

The adjoint method enables obtaining the gradients of the mesh deformation, with respect to the cost
function defined by the designer, in a relatively quick procedure.

The presentation demonstrates how to use the gradient method for optimization of a test bench part
design and to how to calculate the gradients using the adjoint method.
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C2

ICE Turbochargers Failures and Some Features of the Study of Their Causes
Using the Fault Tree Analysis

Alexander Khrulev and Sergey Dmitriev
Aerospace Institute, National Aviation University
Kyiv, Ukraine

Despite significant advances in research and design of turbochargers for internal combustion engines,
there is a large number of them failing in operation, the failures being caused both by operation and by
errors in engine maintenance, and occasionally by manufacturing defects.

As the studies show, there are few sources that contain data on determining the causes of faults in
turbochargers, and the information in them is not always helpful to the consumer. Existing methods for
identifying the causes of faults give dozens of possible causes, as a result of which their use in practice
requires so much laboriousness that it is actually inefficient - in a large amount of cases, in operation,
consumers find it difficult to determine the cause of failures and therefore prefer to simply replace the
turbocharger with a new one. However, this approach often leads to the repeated failure if the cause of
it was not related to the turbocharger itself, but was triggered by external causes, for example, a
malfunction of the engine and its systems. As a result, the cost of repairing a vehicle significantly
increases, sometimes even multiplies, and this problem becomes more and more acute as turbocharging
becomes more widespread in engines of various vehicles, and its complexity and costs are increasing.

On the other hand, when assessing the reliability of aggregates, logical-probabilistic models are widely
used, describing the causal relationships of failures of the entire system with failures of individual
elements and other events (impacts), including the well-known method of the fault tree analysis (FTA).
However, this method, which is used in practice for calculating probabilistic characteristics and risks of
failures, does not quite correspond to the problems of finding the causes of the faults.

In the present study, an attempt has been made to develop a relatively simple logical method for
determining the causes of failures of turbochargers, relying on existing experience in their operation and
maintenance, on the one hand, and on the fault tree analysis, on the other. For this purpose the
turbocharger was presented as a simple unit that consists of four blocks (fig.1) with the links between
them and the engine.

In this case the determination of the cause of the turbocharger failure can be made based on the
analysis of the modified (reversed) fault tree, which allows the analysis to be performed in the direction
opposite to the generally accepted direction - from the failure of the system up to the basic events that
initiate the failures in its individual elements (fig.2).

Verification of the proposed method built on the specified principles using the experience of the
studying faults of turbochargers in the real cases of failures showed that determining the cause of failure
can be done with sufficient accuracy for practice as well as minimal time consumption.
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Fig.1. Turbocharger (left) and its block diagram (right):
1- compressor, 2- turbine, 3- bearing unit, 4- control system (Wastegate valve, variable nozzle turbine or
other, with driving mechanism and control unit), external impacts on the turbocharger (from the internal
combustion engine), including: 5- intake system of ICE, 6- ICE oil system and crankcase, 7- ICE cylinder
and exhaust manifold, 8- engine control system.
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c3
Unusual Challenges in Mixed-Flow Pumps Design

Dvir Mendler,
ORMAT

Ormat uses different kinds of pumps for its ORC geothermal power plants. In this study two kinds of
pumps will be addressed. Production pumps, which elevate hot geothermal fluid (brine) from deep wells
to the surface. And cycle pumps, which rise the pressure of the organic motive fluid. Both kinds of pumps
are mixed-flow pumps, and each has its own design challenges. Pump lifetime has crucial importance,
especially for a production pump, since each failure leads to a large loss of income. Flow field design
issues that directly affect pump lifetime and reliability were investigated using CFD and are presented in
this study.

A failure of a deep well production pump, after respectively a short period of time, was linked to hydro-
abrasive wear due to sand particles in the geothermal fluid. In order to increase the lifetime of the
replacement pump, a flow field research was conducted using CFD. Two pump models were compared
for the specific operating point, and potential concerns regarding the flow field were examined.
Considering the flow field investigation, a different kind of pump model was chosen. The chosen pump
passed the running time of its previous and it is still running.

Hot fluid of up to 200 C and well depths of up to 700 m make the installation and startup of production
pumps difficult. Hot fluid temperature causes transient thermal expansion, while high head causes high
axial thrust force. Low axial thrust has high priority in the design of new production pumps. Different
parameters that impact axial thrust were examined using CFD and compared to tests. Results from the
study contributed to the reduction of axial thrust of new designs.

Saturated fluid that leaves the condenser enters the cycle pump and might cause cavitation. In order to
design first stage with low NPSHr, CFD is implemented in the design process. A CFD analysis using
"Numeca- Fine/Turbo" cavitation feature for a suction bell and an impeller was compared to data sheet
and presented in this study.

NUMECA
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D1
Blisk Milling — From Components to Machine Design

Dr. Bernhard Bringmann, Richard Bacon, Bernhard Gintert,

Starrag AG

From a manufacturer's perspective, the machining of Blisks is posing a significant challenge. Current
developments are leading to more difficult geometries (e. g. leading edges of blades with elliptical forms,
higher complexity in blade shapes, thinner blades and limited accessibility between blades), higher
requirements for surface finish to avoid any manual polishing process, more difficult to cut materials due
to the use of Blisk technology in hotter sections of the compressor. In addition to these technological
developments, with the spread of Blisk technology in jet turbine design, the price sensitivity of the OEMs
about the manufacturing cost is rising.

This forces manufacturers to find process solutions that consistently achieve all requirements in a cost
competitive manner.

Figure 1. Example for new roughing strategies on Blisk segment demonstrator: ceramic disk cutter for
slot opening

Every development must aim at increasing process reliability and productivity in order to follow the
general trends described above. There are new innovations in machining strategies (e. g. disk cutters for
slot opening, see Figure 1, or barrel cutters for finishing), in cutting tools (e. g. geometries for suppressing
vibrations, edge preparations and coatings to extent tool life), in CAM software (e. g. optimal path
generation, blending motions to avoid step overs) as well as in other regions to achieve these goals.

Starrag AG
Seebleichestrasse 61, 9404 Rorschacherberg, Schweiz, T +41 71 858 81 11, F +41 71 858 81
info@starrag.com, www.starrag.com
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Figure 2: Evaluation of accessibility for Blisk machining processes

The machine tool acts basically as the integrator to implement the optimal process (i. e. highest process
reliability and productivity).

In this presentation a systematic approach is shown for the design phase of a Blisk milling machine
starting from the desired machining process to the optimal implementation, quantifying the effect of
changes in design parameters.

The evaluation aspects presented here are starting from basic the accessibility to the part with the
optimal machining strategies (see Figure 2), then going to the required cutting stability for roughing and
the dynamic behavior in 5-axis motion around the airfoils. The achievable acceleration gradient in
process while achieving the quality requirements for geometry and surface can be determined when
simulating the dynamic behavior of machine structure and control.

The results of this systematic design method are presented are discussed.
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D2

Abradable Coating in Turbomachinery and Plasma Technology, Performance
improvement

Yochanan Nachmana,
Bet Shemesh Engine Ltd,
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D3
Single Crystal (SC) Casting Simulation

Shir Avrahami & Ori Kam

ProCAST is a FE-based software package which enables the simulation of the casting process, including
heat transfer, view factors, fluid flow modeling (CFD), thermomechanics, and the modeling of
microstructure formation.

Several issues can arise during the casting processes, including porosity and non-filling of thin walled
regions. The ProCAST software is capable of simulating and predicting these and other phenomena. The
following investigations were performed using the software and will be presented:

¢ In SC castings, the ceramic mold is open from the bottom and without proper treatment there
is a risk of alloy leakage. The pouring rate of the alloy is investigated to determine its influence on
the leak risk and to find the optimum rate to avoid such issues.

¢ As a preparatory step to performing detailed investigations of various cases using the software,
simulations we carried out to determine the physical parameters with the greatest influence on
the result. Once identified, precise values for these parameters should be measured in laboratory
tests.

e A test casting was performed in order to provide a baseline for calibration of the boundary
conditions and physical parameters in the software. An initial comparison between the casting
results and the simulation results will be presented.
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Vibroacoustic Diagnostics of Turbocharger

Roman A. Varbanets

Odessa National Maritime University, Mechnikov str. 34, 65029, Ukraine, e-mail:
roman.varbanets@gmail.com
IMES GmbH consultant

During operation of marine diesel engines, the exhaust manifolds become clogged with products of
incomplete combustion. As a result, the throughput of the exhaust manifolds and the nature of the
internal flow of gases before the blades of the turbocharger impeller can vary. In this case, the
appearance of pulsations is possible which leads to rotor oscillation. The increased level of rotor
oscillation creates additional loads on the turbocharger bearings and reduces their life.

The experiments on marine diesel engines in laboratory and in sea conditions have revealed that the
turbocharger compressor blades generate oscillations which are always present in the overall vibration
spectrum, regardless of the technical condition of the turbocharger. Acoustic emission of compressor
wheel is caused by air pressure pulsation at every blade (figure 1).
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Fig. 1. Recording the vibration of turbocharger using the broadband microphone

The spectral analysis of the turbocharger vibration has shown that the compressor blades generate a
vibroacoustic signal with a frequency equal to the speed of the turbocharger rotor multiplied by the
number of air blades

Up = Np X RPMryr / 60, [Hz]

where v, — turbocharger compressor’s blade frequency, Hz; n, — the number of compressor air blades,
RPMyr — the speed of the turbocharger rotor, min ™.

Figure 2 shows the vibration spectrum of the turbocharger VTR 564-31. The spectrum contains many
multiple harmonics and subharmonics. The frequency of the compressor blade’s harmonic is between
the limits Ly and L, (figure 2)

L1 = np X RPMzyrmin / 60, [Hz],
L, = np X RPMryrmax / 60, [Hz],

where RPM1yg min, max — the minimum and maximum possible speed of the turbocharger rotor, min.
These values are selected from the data of factory tests of the turbocharger (shop or sea trials).
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Thus, we can calculate the compressor blade’s frequency and the main speed of the turbocharger (figure
2):

RPMzyr = 60 x Uy / np = 60 x 2948 Hz / 20 = 8844 RPM,
U turbocharger = Up / Np = 2948 Hz /20 = 147,4 Hz

Spectral analysis of a vibroacoustic signal recorded in ‘wav’ format at a frequency of 44,1 kHz makes it
possible to analyze harmonics in steps of less than 1 Hz at a recorded signal frequency up to 20 kHz. The
blade frequency of the turbocharger compressor is significantly lower. Thus, an RPMyyg’s error less than
1 RPM can be reasonably obtained. Such accuracy is much higher than the accuracy of the standard
tachometers, which makes it possible to use the blade frequency of the turbocharger compressor in
accurate calculations of the main rotational speed of the turbocharger and the subsequent estimation of
the diesel engine power. After that we can analyze the harmonic amplitude (A) at the main speed of the
turbocharger (U turbocharger)- 1t is evident that a significant increase in harmonic amplitude at the
turbocharger speed indicates an increase in rotor vibration. The MAN MC diesel engines experiments
have shown that raising of the main frequency harmonic amplitude to more than 3 times above the
average level of the adjacent harmonics (+ 40Hz) characterizes dangerous vibration of turbocharger
rotor. Figure 2 shows a slight increase in the amplitude A (less than 1.3 times), which characterizes the
permissible vibration level of the turbocharger rotor

speed of TURBOCHARGER:
2948Hz 720" 60 = 8844 rpm

vibroacoustic spectrum of
turbocharger

30 50 100 200 300 500 1000 2k 3K BK 10000 Hz

Figure 2. Vibroacoustic spectrum of turbocharger VTR 564-31
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The discrete spectrum “leakage effect” eliminating (LEE algorithm). This effect is a consequence of
the finiteness of the analyzed time series and its discrete representation. This effect distorts the
amplitude up to 40% and frequency of the main harmonic in the spectrum. It must be fixed before
amplitude A analysis. We make suggestion that the frequency m, the phase ¢, and the amplitude A of
the original signal from the values of two maximum harmonics in the spectrum close to A: X,, X, ,

should be specified. For these harmonics, it is proposed to compose a system of equations, the solution
of which will give the signal frequency and the amplitude A with the eliminated leakage effect:

E(m, @) [E(M, @), .= X,/ X, - @2ri(mek) _ 2mimik) _
{| A 1|}, where E(m,¢), =e” ezfrj(mfk) S e—erJ'(erk) -,
Arg(E(m, ¢),) = Arg(X,) e N _q e N _1

k-th harmonic parameters: X, =Re,+ jIm,; X, = NA e'*, A, :%./Rezﬁ Im% > ¢, =arctg(|:n—k):Arg(xk)-
ek

The harmonic coefficients can be represented in the form X, =(A /2)E(m,¢), , where E(m,¢), is a
complex function independent of the amplitude, but dependent on the frequency and phase.

Conclusions and solution. The proposed method allows to determine the turbocharger rotor speed
and level of the vibration by stabilizing harmonics amplitude of vibroacoustic spectrum using LEE
algorithm. The presented algorithm can be implemented in a continuous monitoring system of a
turbocharger (figure 3).
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Fig. 3. Block diagram of a turbocharger vibroacoustic continuous monitoring system

Expected features of the proposed system:

- continuous monitoring of RPM and rotor vibration level;

- reliability and ease of installation, as the sensor is in a low temperature zone;

- low cost of the system;

- high accuracy RPM control, which makes it possible to monitor the total engine load.

In order to better define the limits of normal rotor vibration levels for various types of turbochargers,
further research is needed. It may be noted that the vibroacoustic spectrum analysis of turbocharger can
be quickly made under the operating conditions and does not require significant expenses.
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Measurement of Coating Thermal Properties via Induction Phase Radiometry.

Eitan Shani" and Beni Cukurel "

MAF & "Technion
The 18" Israeli Symposium On Jet Engines

Gas turbine engines typically contain hot section parts which must endure high levels of temperatures in
order to maintain the duty cycle loads. The hot section parts are usually made from super alloys, such as
Inconel, and coated by various Thermal Barrier Coatings (TBC), such as Yttria-Stabilized Zirconia (YSZ).
The purpose of TBC is to protect the part from prolonged exposure to high temperatures, which could
result in thermal fatigue and oxidation. Thus, the thermal properties of TBC play crucial role in
determining the level of engine durability. Current techniques that are used to measure the thermal
properties of TBC are complex and are unable to perform in-situ inspections with sufficient accuracy. A
comparison between other measurement techniques was conducted with emphasis on accurate in-situ

TBC inspections.

This research introduces a novel technique to perform simple measurement of the TBC thermal
properties by generating internal heat inside the parent material via induction. In following, the external
temperature of the coating is continuously recorded, and the thermal properties are calculated using an

analytic heat conduction model.

. Detector
Substrate ’ ‘ﬁ N Micro- I k, o of
(Parent Y - TBC
Material) R SO Processor
2 Inductor
InternallyJoule Thermal Barrier
Heated by Coating— Heated
Inductor by Conduction
From Substrate

Figure 1 - General Diagram of the Research Concept - Measurement of TBC Thermal Properties by
Induction Radiometry

In order to evaluate introduced technique model, a non-homogenous heat transfer problem is posed
including a double layer continuum and a transient heat generation term to simulate induction heating
signal. Heat generation term simulates electrical energy signal with modulated frequencies to thermally
excite the measured specimen. In addition, it captures skin effect which is a dominating phenomena of

induction heating process.
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Heat transfer equations were developed, using Greens functions approach, to solve temperature
response and to decouple the relationship between induction parameters, surface temperature and TBC
properties. Full analytical solution of the temperature evolution was completed to create a simulation
tool. Simple analytical expressions were derived, using Fourier Transform to capture direct relationship
between signal phase and thermal properties, to enable thermal properties recovery from

measurements.

Also, in the scope of this work, finite elements model is being developed to serve as another verification
method for this technique. Finally, research plan has an experimental stage, including an electrical circuit
design with induction coil set to verify analytical model and results. This process will additionally include

noise filtration and optimization process.
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Figure 2 — Temprature response of a modulated indcution heating energy signal
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Reliable, Comprehensive Al Powered Health Diagnostics and Prognostics of Turbo-Jet
Engines and Gas Turbines through Fusion of Hybrid Methodologies

Michael Grebstein
RSL Electronics

Traditionally conventional and conservative diagnostics methods were employed for health monitoring
of engines which provided an improved flight safety. However, it has resulted in limited effectiveness in
terms of availability of aircrafts. Under the conventional framework, any alarm during diagnosis calls for
withdrawal of the engines from service and carry out investigation. Such unscheduled engine
withdrawal, investigation and actions generally result in cost and time issues. A false alarm would result
in unnecessary effort for confirmation of fault and reduced availability of the aircraft.

RSL’s engine diagnostic and prognostic methodologies are based on information fusion, which allows
inter weaving of different methods with different effectiveness, to produce a reliable coverage of
diagnostics and prognostics which result with very low false alarms. It is a multidisciplinary domain
wherein, data from the various domains are blended together to arrive at a more reliable monitoring.
Decisions regarding the condition of a system are seldom based upon the output of a single
measurement parameter. More often, these decisions are made on the analysis of multiple parameters
either from the same type of sensor or from completely separate and different ones. A comprehensive
framework for diagnosis of aircraft gas turbine engines is attached hereafter.
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Combustion instability in swirl stabilized combustors

Nikhil Balasubramanian®, Dr. Dan Michaels?

Technion- Israel Institute of Technology, Haifa, Israel, 3200002

A major motivation for research in combustion science and technology is to reduce emissions from
power plants, large scale industrial furnaces, automobiles, aircrafts, etc. Using lean combustion to
reduce emissions have become the norm in the gas turbine power generation sector and is currently
introduced in to the latest jet engines. The allied negative of working in lean combustion is the onset of
thermoacoustic instabilities, caused by a coupling between the acoustics of the combustor and the
fluctuating flow field and an unsteady heat release. In lean premixed combustion prominent instability
mechanisms are flow-flame interaction and fuel to air ratio oscillations. Combustion instabilities can lead
to large pressure and heat release oscillations, which can permanently damage the combustor.

Flame stabilization in a premixed swirl combustor is realized by the formation of recirculation zones. An
inner recirculation zone (IRZ) is formed along the central axis of the combustor and a toroidal outer
recirculation (ORZ) is formed near the walls .Also, there exists two shear layers, which separate the high
velocity annular jet from their associated recirculation zones, respectively called the Inner shear layer
(ISL) and Outer shear layer (OSL). Although the influence of shear layers to define stable and unstable
combustion is well established, there is a certain lack of qualitative understanding of its fluid dynamic
properties when subjected to changes in Swirl number, Reynolds number and other operating
parameters.
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Figure 3: (a)Schematic of the flow field in a swirl-stabilized combustor followed
by a sudden expansion, showing the Inner recirculation zone (IRZ), Outer
recirculation zone (ORZ), and shear layers, taken from (b) Schematic representing the
various sources of combustion instabilities in gas turbine systems

Vorticial structures emanating from the swirling flow at the dump plane can affect the
instantaneous flame surface area, causing unsteady heat release. The vorticial structures are
formed at the shear layer interface between the two recirculation zones are convected through the
flame. Small vortices proceed without affecting flame surface area, but if the vortices are large enough,
they will cause flame wrinkling or flame-roll up, depending on the size of the vortices. Flame roll-up or
flame wrinkling results in unsteady heat release, and if its frequency of oscillation is in phase with the
acoustics of the combustion system, combustion instability can occur. Flame thinning or widening is also
a phenomenon observed in swirling flows, and its root cause is slight modulation in swirl number.

' M.Sc. Student, Faculty of Aerospace Engineering, nikhil.b@campus.technion.ac.il

> Assistant Professor, Faculty of Aerospace Engineering, danm@technion.ac.il
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Vortices convected to the flame impact the instantaneous heat release significantly and thus flame-
vortex dynamics is a major contribution to combustion instabilities.

Experiments are being performed in the swirl combustor test facility at the Fine rocket propulsion center
to recognize the different instability modes. Flame shapes recorded in a high speed camera are
processed to obtain the heat release intensity, which along with pressure measurements will show the

modal frequencies.
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Figure 2: (a) Series of images depicting the standard deviation of the

chemiluminescence intensity signal; (b) Power spectral density contour plot
showing the excited frequencies

We observe two unstable regimes at ¢ = 0.59 to 0.62 , with a signature from 8-12Hz and another
unstable regime beyond ¢ = 0.74. The instability at leaner conditions is purely dominated by fluid
dynamic-heat release interaction, when the flame propagates into the ORZ thereby igniting the reactant
mixture. The intermittent filling and emptying of the ORZ causes large amplitude oscillations with an 8-
12Hz signature. The richer instability mode is thermos-acoustically triggered mode at a frequency of
250Hz. It was observed the instability was triggered by vortices impingement on the walls of the
combustor. The vortex shedding triggered heat release oscillations which coupled with the fundamental
mode of the combustion chamber  (calculated using a simplified acoustic model). Recognizing the
different instability regimes offers us a clear operating range for the experimental combustor setup. The
mechanisms of instabilities compared well with other articles published, which suggests there could be a
singularity parameter defining the transition from stable to unstable combustion.

References:

[1] 1. Huang, Ying, and Vigor Yang. "Dynamics and stability of lean-premixed swirl-stabilized
combustion." Progress in Energy and Combustion Science 35.4 (2009): 293-364.

[2] I. Chterev, et.al, Flame and Flow Topologies in an Annular Swirling Flow, Combustion science and
technology 186: 1041-1074, (2014)

[3] Timothy C. Williams, et,al, Idealized gas turbine combustor for performance research and validation
of large eddy simulations, Review of scientific instruments 78, 035114 (2007)

[4] Thibault F.Guiberti et al, Analysis of topology transitions of swirl flames interacting with the
combustor side wall, Combustion and Flame 162 (2015) 4342-4357.

[5] Soufien Taamallah, et.al, Transition from a single to a double flame structure in swirling reacting
flows: Mechanism, dynamics and effect of thermal boundary conditions, Proceedings of ASME Turbo
Expo 2015: Turbine Technical Conference and Exposition GT2015 June 15 — 19, 2015, Montréal, Canada.

45



F2
Extended operation load range of gas turbines as a tool to control electricity grid

equipped with renewable energy suppliers.
B. Chudnovsky, A. Lazenikov, I. Chatskiy
Israel Electric Corporation, Haifa

Over the past years there has been a dramatic increase in the global energy trends towards generation
from renewable sources. Gas turbines are becoming the most common generation equipment for
controlling electricity grid power fluctuations due to renewable energy nature of availability. The
traditional methods of reducing emissions in gas turbines are firing system operating in a lean premix
combustion mode and are equipped with DLN (Dry Low NOx) combustors. These combustors are very
expensive and are limited at partial load operation due significant increasing of CO and particulates
emissions. The DLN firing system design is optimized for NOx emissions below 20 ppm, while CO
emissions are usually negligible at base load while they increase exponentially with load decrease.

The main driver for the CO increase is the decrease in flame temperature. Therefore, in order to
minimize CO flame temperature should be as high as possible while providing low NOx emission.
Constant load but higher flame temperature can only be achieved by reducing the air mass flow to the
burners. Hence, every measure that reduces the air mass flow to the burners while keeping the load
constant will increase flame temperature and, as a consequence, result in a reduction of CO. However,
for DLN firing systems, the reduction of air flow is a very complicated task and strongly depends on the
minimum compressor capacity and in order to allow operation at this minimal flow a significant
reduction in compressor efficiency is expected. Therefore, gas turbines equipped with lean premixed
combustion systems are limited in wide load range operation. In opposite, diffusion combustion of
alternative fuel with low heat capacity (adiabatic temperature), fuel mixing with steam or water enables
wide load range operation while achieving low NOx and CO emissions. Diffusion combustion takes place
in a thin layer or “skin” of the flame where the concentration of oxidants is at stoichiometric conditions.
This combustion mode is allowing the oxygen to penetrate deep into fuel zone and accelerate the
combustion rate. Increasing the oxygen diffusion rate of the surrounding air into the diffusion flame
reduces the burning and residence time of hot nitrogen and oxygen, thus diminishing NOx production. At
the same time, the accelerated rate increases combustion efficiency such that CO and hydrocarbons are
burned as completely as possible. Therefore, one of the attractive choices may be burning alternative
fuels or fuel mixed with steam or water in diffusion mode.

For example, existing experience has shown that with minor system modifications in existing diffusion
combustors, methanol is easily burned and is fully feasible as an alternative fuel. The experiments
performed on gas turbines at wide range of loads following the conversion to methanol burning has
clearly showed that with minor cost of fuel system retrofit, methanol firing leads to a significant NOx,
SO2 and particulate emission reduction relative to LFO. NOx emissions were reduced by more than 75-
80% and were equal to 90-100 mg/dNm3 at 15% 02. SO2 emissions were reduced to zero following the
conversion to methanol firing. Particulate emissions vary from 1.3 to 1.6 mg/dNm3 at 15% 02 with
methanol firing. Another example of alternative fuel (which contained CO2 and nitrogen) is blast furnace
gas. Also, when blast furnace gas is burned in diffusion combustion systems, NOx, CO and particle
emission is considerably lower than regulation requirements. Steam-fuel mix burning reduces NOx and
CO emissions below 3 ppm without DLN or SCR. However, for combined cycle operation, steam injection
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taken as an extraction leads to steam turbine capacity reduction and GT capacity increase with increase
in unit heat rate. The other possibility of providing wide load range of GT operation while maintaining
low NOx and CO emissions is fuel mixing with flue gas being recirculated from the exhaust (FGR). The
present paper discusses the effect of burning fuel mixed with FGR flow on GT performance and
emissions in diffusion combustors. For the prediction of the combustion behavior of fuel mixed with FGR
and its consequent impact on performance and pollutant emission from gas turbine calculations that are
based on a methodology that combines experimental work and computational simulations was
performed. Given the fact that due to the increase in renewable energy introduction into the grid,
operation at partial and low loads of conventional power generation facilities becomes very significant.
Hence, the problem of reducing of CO and unburned carbon emission at partial loads is challenging and
should be resolved.
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F3
Lagrangian Injection Simulation of a Slinger Combustor

Ariel Cohen
Bet Shemesh Engines Ltd

Historically, gas turbine combustor CFD simulations have been challenged to correctly predict the flame
location. In particular, the use of gas-phase fuel injection, whilst greatly simplifying the calculation
procedure, results in an unwanted smoothing of the fuel-air ratio in the critical regions.

Thus, in order to accurately predict the flame location in a non-premixed combustor, the Lagrangian
method must be utilised to model, statistically, the transport of the fluid-phase fuel through the
combustor primary zone. Primary and secondary breakup should be modeled along with fuel droplet
evaporation.

In the present work, this approach is applied to a slinger combustor. Results are compared with previous
simulations which assumed a gas-phase fuel injection, with the latter demonstrating significantly worse

correlation with experimentally measured results.
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F4
A New Tunnel for Ignition Research

Iker Laso, Natali Rozin, Joél van der Lee, Joseph Lefkowitz
Faculty of Aerospace Engineering, Technion — Israel Institute of Technology

I. INTRODUCTION. Ignition is a fundamental stage in every combustion process, regardless of the nature
of the engine. It becomes a particular challenge in the field of aerospace for cases like —but not limited
to— ramjet and scramjet engines, where some attributes (e.g. ignition probability, kernel growth rate,
etc.) are determined by both the ignition device and the scenario in which the ignition is intended to
happen. Specifically, in these engines, this process takes place at high subsonic or supersonic velocities in
the combustor, resulting in short flow residence times and highly turbulent flow fields in the flame-
holder. Thus, ignition needs to be established on the order of milliseconds, and quenching of the kernel
in the turbulent environment must be avoided. However, laws that govern and explain ignition behavior
in this scenario are not yet well understood.

In the last years, nanosecond-pulsed high-frequency discharge (NPHFD) plasmas have been pointed out
as an optimal ignition method in flowing mixtures [1,2]. The re-application of nanosecond pulses in a
repetitive fashion offers further advantages as compared to a long duration DC discharge [3,4,5,6].

In recent experiments by Lefkowitz and Ombrello [1,2], inter-pulse coupling —defined as the ability for
multiple pulses in a burst of nanosecond discharges to amplify the plasma volume— was explored in a
well-controlled wind tunnel where parameters that foster ignition were studied for flowing mixtures of
methane and air. Trying with different values for the relevant variables (pulse repetition frequency, total
deposited energy, equivalence ratio, flow velocity and gap distance), three different groups were found:
fully-coupled, partially-coupled and decoupled ignition regimes. Each of them —mainly defined by the
pulse repetition frequency (PRF), but also dependent on the remaining parameters— provides a different
ignition probability and kernel growth rate.

II. NEW DESIGN. Despite the significant progress of NPHFD ignition in flowing mixtures, experiments
carried out so far have been constrained to certain scenarios in which the temperature and the velocity
were limited to 300 K and 10 m/s, respectively [1,2]. In addition, methane is the only fuel implemented
until now.

Having enhanced previous designs, the innovative ignition tunnel —located in the Combustion &
Diagnostics Laboratory at the Technion— goes one step further approaching real scenarios in high
subsonic or supersonic jet engines. Being able to handle more extreme conditions, such as temperatures
above 1,000 K, velocities up to 100 m/s and Reynolds numbers (Re) up to 240,000, it allows to explore
the effects of the following on ignition phenomena:

a) Increasing the temperature,
b) Increasing the velocity, and
c) The different turbulence regimes.

In order to permit these, the system is composed of:
» A mass flow control system combined with heaters which provide, together, air flow rates up to
790 m>/min at 1,000 K,
» An expanded test section (5 cm x 5 cm) which allows to reach Reynolds numbers (Re) up to
240,000,
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» A plasma pulse generator which provides 10 ns FWHM pulses with peaks up to 20 kV at a
maximum PRF of 200 kHz,

» A high-speed schlieren imaging system which is able to take up to 50,000 frames per second at
high image resolution, and

» A high-speed infrared camera capable of taking images up to 5,000 frames per second in the
spectral range of 1-5.5 um.

In addition, this ignition tunnel is designed to be run with other gaseous fuels (e.g. hydrogen, ethylene
and propane), as well as heavy hydrocarbon fuels. To accommodate liquid fuels, a high-temperature
vaporizing system will be integrated prior to the fuel injection location. The liquid fuel system can raise
the temperature of the fuel independent of the air temperature. Higher temperature fuel can reduce the
ignition energy according to Arrhenius reaction rate equation. Eventually, high temperature cracking of
hydrocarbon fuels will be explored. In addition, a spray injection nozzle will also be incorporated to
explore fuel injection in the liquid phase.

e

Figure 1. Schematic model of the new ignition tunnel.

Ill. RESULTS. Results of previous research by Lefkowitz and Ombrello [1,2] show on Figure 2 that, for
each set of conditions, ignition probability is always close to 1 in the fully-coupled regime (short inter-
pulse time) and significantly poorer at longer inter-pulse times. However, the transition from the
decoupled (long inter-pulse time) to fully-coupled regime is a non-linear function of flow velocity, with a
general trend of increasing power with increasing velocity in order to achieve high ignition probability.
This indicates that a significant increase in energy deposition will be required at the 100 m/s flow
velocity the present tunnel is designed to achieve.
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Figure 2. Probability of ignition as a function of inter-pulse time.
Reproduced with permission from Lefkowitz et al [1].

Figures 3 and 4 present how the velocity influences the kernel development dynamics showing that, for
high PRF in the fully-coupled regime, the kernel is larger due to the bigger volume of gas exposed to the
discharge. Figure 4 proves that the kernel growth rate increases with the flow velocity and suggests that
there is a lot of value in going above 10 m/s.
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Figure 3. Schlleren images of ignition at different flow velocities and inter-pulse times.
Reproduced with permission from Lefkowitz et al [1].
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Figure 4. Kernel area as a function of time at different flow velocities.
Reproduced with permission from Lefkowitz et al [2].

During the presentation, preliminary results of experiments run in this new ignition tunnel will be shown.
In them, three timescales will be taken into account: flow residence time of the gas in the electrodes,
plasma timescale, and timescale of the outwardly propagating flame front. However, at velocities higher
than 10 m/s the latter is expected to be negligible and the kernel growth rate is likely to be determined
by the flow velocity and plasma duration (among other forenamed parameters) [2]. Results obtained
from experiments in this new ignition tunnel are intended to provide a better understanding of ignition

phenomena and contribute to its optimization in the previously mentioned engines.

IV. REFERENCES.

(1]

(2]

(3]

(4]

(5]

(6]

J. K. Lefkowitz, T. Ombrello, An exploration of inter-pulse coupling in nanosecond pulsed high
frequency discharge ignition, Combust. Flame 180 (2017) 136-147.

J. K. Lefkowitz, T. Ombrello, Reduction of flame development time in nanosecond pulsed high
frequency discharge ignition of flowing mixtures, Combust. Flame 193 (2018) 471-480.

M. Nagulapally, G. V. Candler, C. O. Laux, L. Yu, D. Packan, C. H. Kruger, R. Stark, K. H. Schoenbach,
Experiments and simulations of dc and pulsed discharges in air plasmas, 31st Plasmadynamics and
Lasers Conference (2000) 2417.

A. P. Yalin, R. N. Zare, C. O. Laux, C. H. Kruger, Temporally resolved cavity ring-down spectroscopy
in a pulsed nitrogen plasma, Applied physics letters 81 (2002) 8 1408-1410.

S. V. Pancheschnyi, D. A. Lacoste, A. Bourdon, C. O. Laux, Ignition of propane—air mixtures by a
repetitively pulsed nanosecond discharge, IEEE T. Plasma Sci. 34 (2006) 6 2478-2487.

D. A. Xu, D. A. Lacoste, C. O. Laux, Ignition of quiescent lean propane—air mixtures at high pressure
by nanosecond repetitively pulsed discharges, Plasma Chem. Plasma P. 36 (2016) 1 309-327.

51



52



53



