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\ . DEPARTMENT OF
Propulsion Branch AEROSPACE ENGINEERING Propulsion Branch

IMOD IAF
Turbo and Jet Engine Laboratory
Department of Aerospace EngineeringTechnion, Haifa

http://jet-engine-lab.technion.ac.il
THE 13™ (Bar Mitva) ISRAELI SYMPOSIUM ON JET ENGINES AND GAS TURBINES

Venue: Auditorium (room 235), Faculty of Aerospace Engineering, Technion

Thursday, November 6 2014 (9:00-17:00), Technion, Haifa
This year, as in the previous years, we plan to hold the Israeli Symposium on Jet Engines and Gas

Turbines. During the last few years there has seen a considerable expansion of activities in Isreal in turbo
jet propulsion. This is in addition to the serial production of small engines, increased electricty generation
using gas turbines and combined cycles, production of various engines' spare parts and maintenance work.
In Israel, many bodies are active in jet engines and gas turbine area, including: MAFAT (MoD), IAF, Israel
Navy, EL-AL, IAl, Beit Shemesh Engines, RAFAEL, TAAS, ORMAT, Israel Electric Corporation, R-Jet
& Becker Engineering, the Technion and more.

Improved engineering & technological innovations and new projects in Israel require continued
professional meetings for the exchange of information, for cross-pollination and for creating a fertile
seedbed for cooperation. During the previous twelve 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 13™ symposium is the Bar Mitsva one, already mature and established symposium. It includes invited
introductory lectures on selected subjects (from large engine manufacturers and Academia). In addition
there are also presentations that concern activities in different Israeli industrial firms, institutes and
universities as well as an open discussion and, upon request, a tour to the faculty's renovated Turbo and jet
Engine laboratory. This is also a good opportunity for professional meetings, exchange of ideas and
presentation of jet engine models and products from various companies.

During the symposium are opportunities to discuss all topics relevant to jet engines and gas turbines,
including aerodynamics of turbo-machines, combustion, heat transfer, structures and dynamics,
simulations, control, production processes and maintenance, combined cycles and more. Preference will be
given to subjects of interest in Israel. The first half of the symposia (till lunch time) will be held in English.

This year there is a special exhibition where different Israeli companies will present some of their products,
including complete Israeli made jet engines and associated components.

All presentations will be published in full, or as a "censored” version, after the conference on the
conference website.

Looking forward for a fruitful and enjoyable symposium!

Professor Yeshayahou Levy
Chairman of the symposium
levyy@technion.ac.il
http://jet-engine-lab.technion.ac.il
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Venue: The auditorium (room 235), Faculty of Aerospace Engineering, Technion
Thursday, November 6 2014 (9:00-17:00), Technion, Haifa
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Al
Trends in Advanced Engine Technology

James A. Kenyon
General Manager Next Generation Fighter Engine Programs Pratt & Whitney, Military Engines

Kenyon will discuss trends in advanced commercial and military engine technology, including
critical drivers and highlights of key programs at Pratt & Whitney. The presentation will
underscore common elements between commercial and military needs and how these translate into

opportunities to leverage technology across programs.



A2

Technology Impact On Future Products

Thurmond Senter
Manager, Military Operations & Systems Technology
Military Propulsion & Power Engineering

GE Aviation

GE Auviation has a proud history of products and technology innovation. Over the past 50 years,
continuously infusing technology into the product lines has yielded substantial improvements in
engine safety, fuel efficiency, thrust-to-weight, and noise. The technologies driving the current
revolution in commercial engine capability are maturing rapidly, and the next generation of
engines is entering fielded service now.

The Military Propulsion and Power Engineering department, led by Mark Pearson, provides one
engineering face to military customers for advanced technology development, new product
introduction, and fielded engine support. GE is investing heavily to address future combat
propulsion needs, and has a strong suite of commercial and military-specific technologies that can
be implemented into next generation applications for rotorcraft and fixed wing aircraft. GE is a
proud partner with our military customers, promoting and advancing cutting edge propulsion
technologies, and is prepared to deliver revolutionary capability to the warfighter at affordable cost
and acceptable risk.




A3.

Emissions and Ignition Trade Considerations for Small Engines Low Emissions Combustor Design

Richard Hausen

manager of the Honeywell Propulsion Engine Combustion group

There is a broad need to develop technologies that reduce criteria pollutants, namely oxides of
nitrogen, unburned hydrocarbons, carbon monoxide and smoke from aircraft propulsion engines .

The Single Annular ComBustor for Emissions Reduction (SABER) technology has been developed
and introduced into the Honeywell HTF7000 family of engines in order to provide significant
reduction in these pollutants. This presentation focuses on the combustor technology and processes
that are utilized to reduce the pollutants with particular emphasis on abating oxides of nitrogen
(NOXx).

The presentation describes the HTF7000 turbofan engine, the requirements and challenges for
small engines, and the selected strategy of Rich-Quench-Lean combustion. Analytical and
Experimental results are presented for the current generation of Honeywell combustion systems,
the Single Annular comBustor for Emissions Reduction (SABER). The analytical results match
well to the experimental results, and SABER has demonstrated roughly 23% margin to the CAEP/8
NOx emissions standard, while also meeting significant margins in the other criteria pollutants.
This paper further discusses the trades between altitude ignition, engine starting, smoke and
emissions and combustor metal temperatures. It also touches on the topic of using flame
visualization techniques and atomizer laser sheeting spray results in conjunction with analytical
predictions during the development process.

LES model of Honeywell’s low emissions SABER-1 combustor



A4.
A new approach to map prediction of radial compressors
M. V. Casey,

PCA Engineers, Lincoln, England and Institute of Thermal Turbomachinery, University of
Stuttgart, Germany

An important requirement during the preliminary design of a centrifugal compressor stage is the
ability to estimate the performance map as a guide to the expected operating range and the
sensitivity to speed variations when the design is completed. This is a difficult task as the final
detailed geometry and many aspects of the aerodynamic design have not been finalised at this
point. An additional issue is that the estimated performance map is needed very quickly, typically
during engineering discussions on a proposed new development.

The most accurate methods of determining a map to assess competing design solutions are to
complete the detailed design and then to make CFD simulations, or even test measurements, and
these are not suitable in the preliminary design time-frame. The most common alternative to these
approaches is to use empirical correlation-based methods which use separate correlations for
different sources of loss. Such methods, however, require fairly detailed information of the stage
geometry, at least on a one-dimensional (1D) basis. In addition, experience with such methods also
shows that they often require fairly tedious tweaking of coefficients in the empirical models to
generate a satisfactory performance map over the whole operating range, and that the characteristic
curves still often have unreliable shapes. This lecture describes a new engineering approach to
rapidly estimate reliable performance maps.

Measured performance maps of many well-designed radial stages have been analysed to produce
non-dimensional characteristic curves for each case (that is, polytropic efficiency, work coefficient
and pressure coefficient as a function of tip-speed Mach number and flow coefficient). These show
that well-designed stages for a particular duty tend to have fundamentally similar shapes of their
non-dimensional characteristics. For these good stages, which of course are the ones of most
interest to designers, the map appears to be essentially a consequence of the duty and the type of
stage rather than subtle details of the design. From this knowledge, the maps from nearly 100 cases
have been analysed to derive a generic set of analytic equations that approximate the variation of
efficiency and work input with flow coefficient and tip-speed Mach number. These equations
include empirical constants which have been adjusted to match the available experimental data on
a wide range of stages, including subsonic and supersonic impellers, open or shrouded impellers,
impellers with and without splitter vanes, impellers with and without an inducer, stages with vaned
and vaneless diffusers, and turbocharger stages with heat transfer. An example is shown in figure
1.

In this new method, the map is characterised by four pieces of non-dimensional information at the
design point; the expected design point efficiency, the values of the non-dimensional flow
coefficient and work coefficient, and the design tip-speed Mach number of the stage. Additional
information is also needed to characterise the size, the impeller type and the diffuser system so that
different values of the empirical coefficients in the equations can be selected to model the
characteristics for different types of compressor stage. Figure 2 shows a map of a stage with a
vaned diffuser predicted by this method compared to test data, whereby the small white circle on
10



the high-speed line is the design data specified by the user and the map is predicted from the design
data at this single point.

The method works well for stages with vaneless and vaned diffusers. For stages with a vaned
diffuser the key aspect is the matching of the vaned diffuser to the impeller. Special consideration
has to be given to the relative size of the impeller and diffuser throats as this ratio determines
which component chokes at different speeds. A new theory of the impeller-diffuser matching
shows that this ratio is a function of the tip-speed Mach number, the impeller work input, the
impeller mean inlet diameter and the impeller efficiency. A 1D matching equation is derived from
this theory and its validity is confirmed by comparison with a wide range of compressor stages
from the open literature and with extensive proprietary data. This matching information can then
be simply incorporated into the map prediction method.

The method is a useful addition to the armoury of a compressor designer. It allows a reasonable
estimate of the stage performance map to be obtained almost instantaneously at a very early point
in the design process and, as it is based on test measurements with many stages, it is reliable and
conservative. The equations have been incorporated into a preliminary design code (Vista CCD), a
through-flow code (Vista TF) for radial compressor design and into a stage-stacking procedure for
multistage industrial compressors (Vista CCM). They are also suitable for inclusion in
performance codes for whole-engine analysis systems.
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Figure 1: Normalized polytropic efficiency versus Figure 2: Map predicted by the map prediction method
normalized flow coefficient for a range of tip-speed (lines) compared to test data (triangles). The design
Mach numbers for test data (symbols) and analytic point at a tip-speed Mach number of 1.6 is shown as a
equations (lines). small white circle.
References:

Casey, M., and Robinson, C.J., (2013), “A Method to Estimate the Performance Map of a Centrifugal Compressor
Stage”, ASME Journal of Turbomachinery, March 2013; Volume 135 (2): 021034-1 - 021034-10. doi:
10.1115/1.4006590

Casey, M., and Rusch, D., (2014), “The Matching of a Vaned Diffuser with a Radial Compressor Impeller and its
Effect on the Stage Performance”, Proceedings of ASME Turbo Expo 2014: June 16 — 20, 2014, Dusseldorf, Germany,
GT2014-25003, to be published in the Journal of Turbomachinery.

11



Ab5.
Turbomachinery Blade Vibrations: Causes, Opportunities and Challenges
Damian Vogt,

University of Stuttgart, Professor in Thermal Turbomachinery, Stuttgart, Germany

Vibrations of turbomachinery blades are a major problem as they potentially harm the integrity of
machines. A well-designed turbomachine does not only feature a high efficiency, but also provides
safe operation over the entire operating range. Safe operation implies that the static and dynamic
loads are kept within allowable ranges. Vibrations that lead to dynamic loads can be of various
types. A common approach is to characterize them depending on the cause of vibration as an
answer to the question “why does it vibrate?” (self-excitation, forced excitation) as well as
depending on the type of damping as an answer to the question “how does it vibrate?” (positively
damped vibration, negatively damped vibration, limit-cycle oscillations). The latter types are
exemplary depicted in Figure 1.

Positively damped vibration | Negatively damped vibration Limit-Cycle Oscillation
(LCO)

Figure 1. Various types of vibrations featuring different damping behaviour

With respect to possible failure mechanisms, it is the stress situation resulting from the vibration
that determines the failure mode; on the one hand, self-excited and negatively damped vibrations
usually lead to material failure due to overload in a very short period of time. Flutter and Non-
Synchronous Vibrations (NSV) are two examples of such types of vibrations. On the other hand,
forced excited and positively damped vibrations or Limit-Cycle Oscillations (LCO) can lead to
material failure due to High-Cycle Fatigue (HCF). It is thereby the combination of static mean
stress and alternating stress that affects whether a component will fail or not. Commonly, Haigh
Diagrams as the ones shown in Figure 2 are employed to assess the HCF tolerance and to conclude
on eventual integrity issues.

12
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Figure 2. Example of a Haigh Diagram used for assessing the HCF tolerance

The causes of vibrations are manifold. In the planned talk, excitation sources stemming from the
aerodynamics only are taken into account. These range from excitation due to adjacent devices
(blade rows, diffusers, struts, bends, etc) that all result in speed-synchronous excitation over
rotating stall and surge to flutter and NSV. Designing a turbomachinery component for vibration-
tolerant operation implies that all of the aforementioned vibration causes are investigated in detail,
be it numerically or by means of tests, and remedied in case non-tolerable vibration behaviour is
encountered. Possible remedies include modifications of the structural properties of the critical
component, modifications of the excitation and/or damping behaviour or use of alternative HCF-
tolerant materials.

The key challenge when assessing turbomachinery blade vibrations is to produce accurate and
reliable prediction results in a design process at affordable computational costs. As the phenomena
of aerodynamically induced vibrations include both structural dynamics as well as aerodynamics,
the corresponding analyses must be of multi-physics type covering both the fluid and the structure
domains that results in so-called Fluid-Structure Interaction (FSI) analyses. There is a clear trade-
off between computational costs and accuracy, which without proper calibration of analysis models
easily can feature uncertainties of several 100 percent.

The proposed talk will give an overview of the physical mechanisms involved in turbomachinery
blade vibrations, elucidate opportunities to remedy vibrations and discuss challenges commonly
encountered when performing analyses in this field.

13



ABb.
Vectoring Nozzle and Afterburner — students' project

Group mates: Dorin Avsaid, Alon Dahan, Tomer Yehezkeal, Dor Shitrit, Tamir Ben
Nachum, Yonit Zaslavsky, Michael Presman, Maor Schkolnik. Technion, faculty of
aerospace Engineering

Advisor: Prof. Yeshayaou Levy, Technion, faculty of aerospace Engineering

Part 1: Afterburner

The objective of the Afterburner and Vectoring Nozzle project was to experience the process of
designing, building and proving of both products. The motivation for creating an afterburner and a
vectoring nozzle for a small jet engine is to enhance the performance of a small jet-powered UAV
in terms of velocity and maneuverability. The objective of the afterburner segment of the project
was to design, build and test an afterburner with a performance goal set to an additional 100N of
thrust (approx. 35% increase) with a minimum of pressure loss.

In the first part of the project a theoretical study of all the stages along the afterburner was
conducted. General Principals of operation and equations were compiled. Using data from the
engine, the afterburner could be designed in more detail. An electric spark plug was chosen for the
purpose of igniting the air-fuel mixture arriving at the flame holders, the design of the fuel
injection system was made with 12 injectors by taking into consideration thermal expansion. The
flame-holder configuration was chosen to be a profile of V-gutter and a comparison between one
and two rings of flame holders, considering pressure loss and engine length, was conducted. The
results of the comparison lead to the choosing of the two rings configuration. Evaporation and
combustion lengths were calculated to give a total length to the after burner, and thus a conceptual
model for the afterburner was made.

Fuel injection

‘A/// St 7 Flame holders system

Figure I- Afterburner stations and parts

At the second part of the project, a stress analysis of the flame holder parts was performed and
materials were chosen for each part. In order to test the performance of the model, a prototype of
the flame holders and a combustion chamber was constructed. By using the testing facility in the
lab, the following parameters tested: temperature increase, combustion efficiency, pressure losses
in the afterburner, and flame holder stability.

14



Figure 2- testing the flame holder configuration Figure 3- manufactured flame holder

Using pitot tubes, thermocouple and gas analyzer we were able to gather the results.

The results show a great efficiency of up to 90% in the combustion process and an increase in
temperature that will provide the goal of 35% increase in thrust.

A second experiment was devised in order to verify the accuracy of the depth of penetration
equation. The experiment system consisted of: laser to illuminate the droplets, pitot tube, pressure
measurement, injection needle, as can be seen in figure 4. Measurements of the penetration depth
were done by image-processing. Average penetration depth measurements were taken in a number
of points along the stream and were compared to the values given by the theoretical calculation.

&=

LI

Figure 5- the injected droplets, illuminated by

Figure 4- fuel injection experiment system ) the laser o
Theoretical and Experimental values of the mean jet trajectory

30
Experimental
— Theoretical
25
As seen in figure 6, the theory matches the experimental results B 44//
very well, with maximal error of 8%. Thus we can conclude that 2 _—
the equation is indeed reliable. The results that were achieved % 7
show the effectiveness of the designs, and give an incentive for T g
further development and optimization of the product in the future. 0
5
00 20 40 60 8 100 120 140 160 180 200
X[mm]

Figure 6- a comparison of the theoretical and
the experimental mean jet trajectories
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Vectoring Nozzle and Afterburner — students’ project (Cont.)

Part 2: Vectoring Nozzle

The project's aim was to design a vectoring nozzle fit for a small jet engine, placed after an
afterburner designed in part 1. With the ultimate goal being the enhancement of jet propelled
UAVs, the nozzle was to be a convergent one, seeing as it would only operate in subsonic
conditions. The objective of the vectoring nozzle is twofold. The first is to allow for an increased
mass flow while an afterburner is operational, by controlling the size of the exit cross-sectional
area. The second is to enable thrust vectoring to a required angle in any direction around the
original thrust axis. The advantages the vectoring nozzle would provide are improved
maneuverability, reduced usage of the aerodynamic controls, and the enabling of the use of an
afterburner.

The first part of the project consisted of coming up with a preliminary conceptual design for the
nozzle. The process involved four stages, in which various concepts were studied and compared.
First of all, several concepts were thought of, with only the ability to perform the basic functions of
a vectoring nozzle as a limitation. After the initial stage, the concepts' viability and functionality
were examined, narrowing the choice to four selected concepts. The third stage, after further study
of the four concepts, was a more detailed comparison that included parameters such as pressure
loss, dimensional increase of the original engine, and added weight. At the end of the third stage,
two concepts remained. The fourth stage in the concept selection was comprised of an in-depth
study of the two finalists, which included force analysis on the parts and actuators of the concepts,
and time analysis of the vectoring process.

In the end, the “Exotic Fire” concept was chosen for further development in the second part of the
project. It should be mentioned that the CAD program SolidWorks has been used throughout the
process of design in order to visualize it and make sure of its logical and structural integrity.

After the conceptual design was Engine pipe Actuating rod
done, the second part of the project

could begin: detailed design of the o '

chosen concept. The main focus N Inner leaf

was designing the parts so that they ‘
could operate under the loads i
acting on the nozzle caused by the e A
pressure and extreme temperature - 1 B

of the air flow. v .\$(”» “va

Outer leaf

Initially, a force analysis in the Actuating ring
nozzle, based on the engine data

from Gasturb simulations, was done in two segments:
one for the symmetric scenario - opening and closing Figure 2- Exotic Fire. Three linear actuators control the

of the exit cross section (no thrust vectoring), and the actuating ring which determines the leaves thus the
nozzle position.

16



other for the asymmetric scenario of thrust vectoring.

After finding the most extreme forces acting in the system, the geometric dimensions of the load
bearing parts could be more accurately determined. Some of the determinations required balancing
between two contradicting effects on the system, such as the diameter of the actuating ring and the
number of leaves that would form the nozzle. A larger ring would reduce the forces required from
the actuators, but would increase the diameter of the engine. Similarly, a larger number of leaves
would result in a rounder cross section, but would increase the complexity of the system.

Along with the parts that constitute the main body of the nozzle, the actuators that would provide
the movement had to be selected. Along with the forces that they were required to provide, the
actuators had to withstand the temperatures around an active afterburner, and for that purpose a
temperature distribution study was conducted. Taking into consideration heat transfer from
radiation and convection, the temperature distribution
around the afterburner was found, and the type of the
actuators along with their required distance from the
afterburner were determined.

After finalizing the dimension and location of the
various parts, a simulation of the nozzle was made in
MATLAB. The algorithm simulated the connection ™
between the movement of the actuators to the movement

of the leaves, thus allowing to assess the direction of the
thrust vector and the effective exit cross-sectional area

at different configurations of the actuators. The results
were gathered and displayed as a map of the operational
limits of the nozzle, and an approximated mathematical Figure 3-MATLAB model of the nozzle
control law for the actuators was found.

In this part of the project a Gasturb simulation of the engine was also used to study the effects of
changing the exit cross-sectional area on the performance of the engine.

Finally, after all the computer simulations and studies, a 3D model of the nozzle was printed and
built in order to test the dynamics of the design and to make sure any assumptions\approximations
along the way were valid.

For future research, a metallic prototype, that couldn't be manufactured within the timeframe of the
project, should be constructed and be tested in the lab facilities in hot flow conditions according to
the experiment plan that has been designed.
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A7

The Fuel Choices Initiative — Pushing Towards Alternatives

J Fuel Dr. Anat Lea Bonshtien
Choices

Initiative Senior Manager of Technology and Regulation
Fuel Choices Initiative, Prime Minister's Office

The world has a dependency problem; a dependence on oil. It stems mostly from oil’s massive and
growing use in transportation and its monopoly as an energy source for transportation. Israel's main
effort in addressing this global challenge is the national program for alternative fuels in
transportation - The Fuel Choices Initiative. The Initiative has been budgeted for ten years in order
to create regulatory stability and an investment horizon for market stakeholders, and includes tools
to strengthen basic scientific and applied research in the field, simplify bureaucracy, and strengthen
entrepreneurship and industry. Nine government ministries are partnered in the initiative and the
activities of the Initiative are led, managed and coordinated by a designated administration in the
Prime Minister’s Office. Our mission is to serve as a catalyst for the reduction of global
dependence on crude oil by establishing Israel as a center of knowledge and industry in the field of
fuel alternatives. Our strategy is based on:

. Reduce the share of crude oil in Israel's transportation sector by 30% by 2020 and by 60% by 2025
while supporting green growth. The process will build industry knowhow, position Israel as a
center for industry and knowledge in the field, and serve as an example and catalyst for other
countries. In addition, cheaper prices, lower carbon emission, and the developing industry in the
field will support green growth. To accelerate the process, the Israeli government supports several
pilots and demonstration of various technologies .

. Turn Israel into a center of knowledge and industry of fuel alternative technologies by building
infrastructure for development and implementation of the next generation of fuel alternative
technologies. This goal is being achieved through investment in research infrastructure, including
the establishment of multidisciplinary R&D and implementation centers, investments in start-ups
and industry, and a “one-stop shop” for stakeholders in the field. The program emphasizes field
experiments and demonstrations of significant scope that will reduce the technology's time-to-
market. To complement these tools, we support innovation events and conferences, including a fuel
alternatives summit meeting in which the Prime Minister’s Prize for Innovation in Fuel
Alternatives will be presented .

. Raise the world’s awareness of alternative fuels choices and of Israeli activity in the field and build
a global partnership network from around the world in order to accelerate the process of finding
solutions. The network will establish working contacts with various governments, research centers,
NGOs, and business partners, with the assumption that in order to find substitutes for fuel, the
world must join forces .

The presentation will provide a brief overview of the Fuel Choices Initiative goals and description
of the program including the systematic approach for implementation of new fuels and
technologies (starting from promoting basic research to supporting both regulatory and financially
pilots and demonstration alongside providing a regulatory envelope for new fuels and vehicle
types). It will then focus specifically on alternative jet fuel - on the growing demand for alternative
in that sector and Israel's efforts in that arena.
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Thermal Management Ramifications of Acoustic Resonances in Turbine Blade Internal Cooling
Channels

Beni Cukurel,

Turbomachinery and Heat Transfer Laboratory, Technion — Israel Institute of Technology, Haifa,
Israel

Throughout the years, various cooling techniques have been developed to keep the turbine vane
and blade metal temperatures below allowable limits. Internal cooling techniques route the
compressor air, introduced from the blade root, through intricate serpentine passages inside the
airfoil. Extracting heat from the rectilinear internal channel walls, the gas is eventually discharged
into the main stream from the film cooling holes, trailing edge slots and blade tip.

To promote heat exchange, passage walls are commonly lined with repeated geometrical
disturbance elements, which yield improved mixing with the free stream and induce high levels of
turbulence to the core flow. This approach is effective in raising the heat transfer to considerably
higher levels, at the expense of an inevitably enlarged pressure drop penalty. The common types of
such protrusions include a sequence of rib-shaped turbulators which induce periodic tripping of the
boundary layer, unbounded shear layer formation and consecutive separation, followed by an
eventual flow reattachment and wall-bounded shear layer development.

In an attempt to investigate the acoustic resonance effect of forward and aft serpentine passages on
internal convection heat transfer, the present work examines a typical high pressure turbine blade
internal cooling system, based on the geometry of the NASA E3 engine. In order to identify the
associated dominant acoustic characteristics, a numerical FEM simulation (two-step frequency
domain analysis) is conducted to solve the Helmholtz equation present and absent of source terms.
Mode shapes of the relevant identified eigenfrequencies (in the 0-20kHz range) are studied with
respect to induced standing sound wave patterns and the local node/antinode distributions. An
example of leading edge cavity resonance mode for frequency 9013Hz is shown in Figure 1. It is
observed that despite the complexity of engine geometries, as a first order approximation, the
predominant resonance behavior can be modeled by a same-ended straight duct.

Therefore, capturing the physics observed in a generic geometry, the heat transfer ramifications
have been experimentally investigated in a scaled wind tunnel facility at a representative resonance
condition. Focusing on the straight cooling channel’s longitudinal eigenmode in the presence of an
isolated rib element, the impact of standing sound waves on convective heat transfer and
aerodynamic losses have been demonstrated by liquid crystal thermometry, local static pressure
and sound level measurements. The corresponding mode shape patterns of the facility are predicted
numerically and verified experimentally by local SPL measurements. For a squared fence obstacle
of 7.5% passage blockage ratio, subjected to passage Reynolds number of 134,000, a longitudinal
standing wave is excited by harmonic forcing at 120Hz (St=0.17) and 131dB source SPL.

Contrasting the numerically predicted resonance behavior of a generic turbine blade cooling circuit
with experimentally investigated rib flow heat transfer in the presence of a standing sound wave,
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there appears to be a strong indication of internal heat transfer modulation associated with the
serpentine pass resonance modes. The findings of the numerical simulation indicate the existence
of distinct acoustic resonances in the excitation range relevant to typical turbine environment (0O-
20kHz). Exciting distinct eigenmodes in the serpentine pass give rise to longitudinal standing
sound waves, which obey the base and higher harmonic acoustic behavior of straight resonance
tube geometry. The experimental heat transfer investigation on the isolated rib obstacle indicates a
significant influence on the local flow field and Nu distributions. Although the global heat transfer
effect reduces gradually further downstream, the presence of a subsequent rib perturbator would
likely counteract this gradual diminution — as encountered in practical applications for typical rib
pitch-to-height ratios of ~10-20. Moreover, since the integral pressure drop penalty remains
constant, it can be inferred that an augmentation of rib-roughened thermal performance via
periodic forcing is conceivable.

The Nusselt number and static wall pressure distributions indicate the flat plate boundary layer
ahead of the rib to be entirely impervious to resonance excitation, whereas the separated flow in
the wake of the rib is notably affected. Reaching an earlier reattachment, the extent of the
recirculation bubble is reduced: shifting the centerline maximum heat transfer location upstream by
3.5 rib heights, or 37%, and inducing a spanwise straightening of the initially curved reattachment
line, shown in Figure 2. As the bell-shaped Nu curve shifts upstream with respect to the unexcited
case, the heat transfer is locally enhanced by the earlier point of reattachment. The static wall
pressure measurements support the previous observations, indicating earlier recovery in the prior
separation region. On the other hand, the integral pressure drop penalty remained unaffected by the
standing wave excitation.

The present findings demonstrate the influence of standing waves on turbine blade internal heat
transfer, which can be a potential mechanism conducive to thermal performance enhancement.
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Figure 4: Leading edge cavity Resonance Mode  Figure 5: Nu Distribution; Baseline and Excited

References:

Schiele, R. and S. Wittig, Gas Turbine Heat Transfer: Past and Future Challenges. Journal of
Propulsion and Power, 2000. 16(4): p. 583-589.

Han, J.C., S. Dutta, and S.V. Ekkad, Gas Turbine Heat Transfer and Cooling Technology. 2000,
London, UK: Taylor & Francis.

Cukurel, B., C. Selcan, and T. Arts, Film Cooling Extraction Effects on the Aero-Thermal
Performance of Rib Roughened Cooling Channel Flow. ASME Journal of Turbomachinery, 2013.
135(2).

Selcan, C., B. Cukurel, and J. Shashank, “Heat Transfer Implications of Acoustic Resonances in
Turbine Blade Internal Cooling Channels”, ASME Turbo Expo 2015, GT2015-43142.

20



B2.
Identification and Treatment of Separation Phenomena during the CFD Design on Turbomachinery

Blades
Zvi Gorelik,
Bet Shemesh Engines Ltd, Westeren Industrial Park, Bet shemesh,

The first step in the aerodynamic design of turbomachinery blades/vanes is a 2-D or through flow
calculation of the flow to obtain velocity triangles and build initial airfoil sections geometry.

Following this step CFD analysis is conducted in order to identify eventual problems and to fix
them. Most of the problems are cases of flow separation.

The presentation will include in it an explanation about the nature of flow separations and some of
the changes in design in use to eliminate such case. To complete the presentation, a case of a
separation which was revealed by the CFD analysis of the flow in the last stage stator of an
existing two stages axial compressor will be discussed. In this case the usual changes in design
were implemented and CFD verified without any success. Finally the problem was solved by an
unusual (and normally not recommended) change which created a vane root clearance, where it did
not exist previously. To conclude the presentation an explanation of the influence of this change on
the flow will  be
proposed.
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B3.
Optimization using CFD: methods and tools for engineers

Dr. Khosid Savely,

Manor, Rafael
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Cl1
Alternative Fuels for Gas Turbine and Jet Engines
Prof. Yeshayahou Levy
Head, Turbo and Jet Engine Laboratory, Faculty of Aerospace Engineering, Technion

Typically, the fuel driving turbo jet and turbo shaft engines is kerosene. Further advancements in
turbomachinery has lend to the adoption of the technology for the development of turbo generators
as well as turbo shaft units for marine and land transportation. All types of engine use similar
combustion chamber and operate using similar principles. Turbo jet engines and turbo shaft
engines for aeronautical applications make use only kerosene based jet fuel while the turbo shaft
for marine application and land based applications operates also on Diesel oil. However turbo
generators operates mainly on Natural Gas (NG) while few plants still make use of kerosene (jet
fuel) and Diesel oil and several units are designed to operate on either fuel. The world concern
about global warming has led to the demand for zero (CO2) emission and as a result, to the
development of biofuel that are supposed to be "drop in" fuels, i.e. to perform with 100%
compatibility with respect to the original fossil based jet fuel. In addition, recent discovery of NG
in Israel has pointed out to the possibility of producing economically methanol out of NG which is
mainly composed of methane. The methanol, which is liquid fuel, can be used to
drive turbomachinery of either kind, however it has only about 50% of the energy density as
compared to conventional jet fuel and therefore twice as much fuel has to be burn in order to
produce an equivalent amount of heat.

The presentation focuses on the combustion characteristics of the different alternative fuels and the
consequent requirement for the design modifications while converting a unit from one fuel to
another. Two examples will be discussed; the first being the conversion of a gas turbine from
operating on kerosene based jet fuel to operation on methanol, see preliminary results in Figure 1,
and the other refers to conversion of a turbofan engine into a turbo generator while changing its
fuel from kerosene to NG.
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Figure 1. Droplets distribution and diameter during kerosene and methanol combustion in a generic
swirl stabilized burner at equivalent thermal power
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C2.

Long Term Experience of Methanol Firing in Utility Gas Turbine

! B. Chudnovsky, M. Reshef, ®> M. Keren, °S. Baitel

YIsrael Electric Corporation (IEC) Engineering Division
?Israel Electric Corporation (IEC), Generation Division, P.O.B 10, Haifa, Israel, 31000,
*DOR Chemicals, POB 10036 Haifa, Israel, 26110

Recently methanol's use as a fuel is becoming more attractive. This is significantly being influenced by
recent trends in the global energy market. Firstly, prices of oil and its related products have been at a record
high recently. This has prompted consideration of other alternative energy sources that are not oil
dependent. A second key issue has been growing global concern for environment and emphasis being
placed on the use of fuels with lower SO,, NOx and particulates emissions. Methanol offers these
advantages, being a derivative of natural gas which is partly de-linked from oil, and is a clean burning fuel.

In this manner in Israel Electric Corporation full scale test of methanol firing of a Pratt & Whitney FT4C
TWIN PAC 50 MWe GT was performed. The obtained results clearly show that with minor low cost fuel
system retrofit methanol firing leads to significant NOx, SO2 and particulates emission reduction. NOx
emissions were reduced by more than 80% and are equal 100 mg/dNm3 at 15%02. It is less than the
required standard even with water injection operation mode (the standard is 120 mg/dNm3 at 15%02 of
NOx emission). SO2 emissions were reduced to zero with methanol firing. Particulate emissions vary from
1.3 to 1.6 mg/dNm3 at 15% O2 with methanol firing, while with LFO this parameter was 13-37 mg/dNm3
at 15% O2.

However, it should be noted that methanol has a significantly lower calorific value, which is, for example,
half of diesel oil and requires therefore some specific modification in gas turbine equipment. First, the
existing fuel nozzles are too small for the higher volumetric methanol flow and should be replaced by high
flow fuel nozzles. The existing fuel supplying pump also should also be upgraded to the higher methanol
flow. Modulating valve was also replaced due to the same reason.

The paper first gives an overview of some of the key technical considerations of the gas turbine conversion
from diesel oil to methanol firing, and results of long term operation of gas turbine fired by methanol.

Based on the obtained results one may concluded that methanol is an attractive alternative fuel for meeting
the energy needs of niche markets in an economic and environmentally sustainable manner, utilizing
existing and/or new power generation units.
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C3.
Performance Monitoring of IEC Industrial Gas Turbines,
V. Litinetski, O. Weiss, A. Gutman.

Israel Electric Corp.

The paper describes an actual approach to continuous performance monitoring of 250MW-class industrial
gas turbines (GT). This approach was gradually developed in Generation Division of Israel Electric
Corporation (IEC) and successfully used for more than 10 years in actual gas turbines operation.

The paper underscores that the main goal of the performance monitoring is a detailed analysis of GT
operation events, providing a basis for solution of operational problems and decision making as well. Such
analyses could effectively be performed only by highly educated personnel having strong knowledge in GT
theory, equipment and operation. In fact, this goal could only be achieved with reliable, specially selected,
pre-processed and verified operational data that must be properly collected and preliminary evaluated by
specially trained personnel.

This monitoring approach is exemplified with several case studies demonstrating results of sophisticated
analyses and actual solutions that were required in the course of continuous performance monitoring. The
case studies include the following events: Compressor failure; Control System problems (Temperature
Control Curve anomalies); optimization of compressor off-line washings; multistage air filter choice and
operation. The text is illustrated with actual performance monitoring results.

The paper materials have a general importance; it could be helpful for other gas turbine operators and used
in actual performance monitoring of other gas turbine types.
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D1.
Cold Spin Test (CST) of Silicon Nitride Discs for Jet-Engine Applications
Ido Koreshl, Shimshon Bar-zivl, Ahron Halevy2, Anat Shenarl, Shlomit Zamirl
Advanced Materials Department, MANOR, RAFAEL.
Jet Propulsion Department, MANOR, RAFAEL.
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Additive Manufacturing for Jet Engine Applications
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D3.
Numerical and Analytical investigation of cracks in Turbine Exhaust Case Struts of F100 engine
Cap. Shani Eitan,
IAF, Propulsion Branch

High number of crack findings have occurred on IAF F100 engines' Turbine Exhaust Cases' Struts.
Crack lengths were above technical manual's limits. Findings led to many engine removals. Repair
procedure that was in the manual was never done before by other worldwide fleets.

Decrease in exhausts availability and increase in amount of findings have led to an analytical
investigation that examined the mechanical margin of safety of cracked struts.

The loads on the strut (aerodynamic forces due to gas flow, and high temperature) were calculated
analytically. Margin of safety was calculated in 3 different methods: 1. Theory of elasticity classic
method — calculation based on bending and shear loads in critical section. Cross section with a
crack loses its geometric rigidity and therefor increases stresses. 2. Fracture mechanics —
calculation using stress intensity factor K1C. 3. Finite Elements Method. Stress analysis using a
FEM software and modeling the strut using CAD software.
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El
Improvements in Cooling of Gas Turbines
I3 MPaMe Sw Mpa 0w
Dr. david Lior,
R-Jet Engineering
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Heat Exch. 0
Gener=te = FW_gen = 0.0 kW
Spool mech Eff 0.59850 Nom Spd 0 rpm Pe/ES = 0.9230
hum [%] warl FHV Fuel
60.0 0.00644 49.73¢6 Natural Gas
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Station kg/s E kPa kg/s PWSD = 40.0 kW
amb 288.00 101.350
1 0.307 288.00 101.350 PSFC 0.2059 kg/ (kW*h)
2 0.307 288.00 99.323 0.314 Heat Rate= 10242.0 kJ/ (kW*h)
3 0.298 420.73 253.003 0.125 Therm Eff= 0.3515
31 0.258 420.73 253.003 WE = 0.00225 kg/s
35 0.267 578.59 288.608 B35/P3 = 0.58500
4 0.270 1310.00 277.063 0.211 B7/B6E = 0.58000
41 0.300 1277.43 277.063 0.232 s NOx = 0.596085
45 0.300 1051.59 106.230 incidence= 0.00000 °
5 0.300 1051.59 106.230 0.550 XM8 = -0.3556
6 0.300 1051.59 105.487 28 = 5.573E-4 m?®
7 0.300 516.59 103.377
a8 0.300 516.59 103.377 0.35%6 P8/Ps8 = 0.50455
Bleed 0.009 288.00 95.323 WBld/W2 = 0.03000
-—= p2/p1 = 0.58000
Bs0-P2= 2.027 PsB-Ps0= 103.377 P=8 204.727 kPa
Efficiencies: isentr polytr ENI B/P W NGV/W2 =  0.10000
Compressor 0.7800 0.8103 0.981 2.950 WCL/W2 = 0.00000
Burner 0.9500 0.9¢60 Loading = 100.00 %
Turbine 0.8550 0.83%7 0.47% 2.608 e45 th = 0.85232
Heat Exch. 0.8800
Generator 0.0000 PW_gen = 0.0 kW
Spool mech Eff 0.5850 Nom Spd 0 rpm BG/B5S = 0.9930
hum [%] warl FHV Fuel
60.0 0.00644 45.736 Natural Gas
Exhaust
‘— ol
- A
Recuperator
> —
Combustor
\
=  inlet c T
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E2.
A View of the Future of Civil Transport Aircraft Propulsion Systems

llan Berlowitz
Israel Aerospace Industries
Bedek Aviation Group/Aircraft Programs Division

Civil transport aircraft are designed to meet the requirements of airlines that operate them, in
particular; performance and operating costs. However, the environmental impacts, particular the
global warning, and the huge increase of fuel cost, have substantial effects on passenger aircraft
design.

Modern propulsion systems have reached a high level of performance and efficiency. However, it
is clear that both turbine entry temperature (TET) and overall pressure ratio (OPR) of aircraft gas
turbine engines will keep increasing, leading to a further improvement of specific fuel consumption
(SFC) and specific thrust. Consequently, there will be an increased use of bleeds, variable stator
vanes and turbine clearance. This in turn will result in increased control systems complexity and
enhanced safety schemes to prevent turbine overheat and rotor over-speed.

Beside the propulsive efficiency, which is in direct correlation to specific thrust or bypass ratio of
an engine, the second main contributor to reduced fuel consumption and emission is the
thermodynamic efficiency.

The presentation outlines the new technologies expected to be incorporated in futuristic civil
transport aircraft propulsion systems contributing to low emissions products and fuel efficiency.
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E3

Twin Spool Engine Control Using Partial Engine Model
Dr. Michael Lichtsinder
Bet Shemesh Engine LTD
Bet Shemesh Westeren Industrial Park, 99000

o

Two strategies are usually used for gas turbine engines control:
1) Referred fuel flow versus referred speed limitation,
2) Referred rate of change of speed (NDOT) versus referred speed limitation.

For twin spool engines, these control strategies are complex, and do not provide precise and
optimal control as result of reciprocal influence of the two spools in transient.

Most gas turbine engines employ the modern computers for digital control systems. Using the fast
computers, it is possible to solve the "partial engine model” equations in real time. For precise
control, we don't include the compressor maps and don't use the measured high temperatures in the
partial engine model. This idea with use of N, or combustor temperature as controlled parameter

(instead of N,, ), enable to create precise and fast control systems.

The following ten principles for precise and fast control of twin spool engines are presented in the
lecture:

1. To use effective control algorithms including the partial engine models corresponding to
modern computers.

2. Do not to use compressor maps ( HPC, LPC, IPC) in the partial engine models because the
maps are vary from engine to engine.

3. In the control algorithms, do not use functions calculated from simulations or tests on an
individual engine

(functions as G, ., = f (N, )or (jj_’?l“": f(Ng,))-

4. In the control algorithms, do not use measured high temperatures (T,,T,) because the
sensors lag and temperature distortion.

5. To use the corrected control parameters (K, ..., K, ... Tser cor ) TOr adaptive control which is
less dependent on flight conditions.

6. Do not use low pass filters for controlled parameters (PLA). This practice increases settling
time.

7. To determine the order of priorities for danger protection (LPC, IPC, HPC stalls or

maximal combustor temperature...). The controlled parameter (PLA) is chosen according to the
dominant danger.
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8. For example, combustor temperature has to chosen as controlled parameter for following
order of priorities:

a) maximal combustor temperature,

b) LPC stall,

C) IPC stall,

d) HPC stall.

9. For optimal time control, a command (PLA) has to be maximal at acceleration and minimal

at deceleration (bang-bang), the combustor temperature has to be close to maximal, stall margins —
close to minimal at acceleration.

10. To represent the controller model in the discrete form (z-transform).

11.  Acontrol has to include protection from sensor failures.

Examples for twin spool engine control are presented in the lecture. The control is based on the
formulated principles. In the 1% example, the controlled parameter (PLA) is N, , inthe 2" example
it is combustor temperature. In these controls the settling time is 35-40% of the conventional one.

The closed loop engine simulations of the twin spool engine are executed in real time using code
Simulink.
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