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Nomenclature 
 


CAA: Computational Aero-Acoustics 
CDR: Conceptual Design Review 
CLEEN: Continuous Lower Energy, Emissions, and Noise 
CMM: Coordinate Measuring Machine 
DDOF: Double Degree Of Freedom 
DDR: Detailed Design Review 
EPNL: Effective Perceived Noise Level (EPNdB) 
GFIT: Grazing Flow Impedance Tube 
MDOF: Multi-Degree Of-Freedom 
MRL: Manufacturing Readiness Level 
NASA: National Aeronautics and Space Administration 
NIT: Normal Incidence Tube 
OGV: Outlet Guide Vane 
PDR: Preliminary Design Review 
PWL: Power Level (dB) 
SDOF: Single Degree Of Freedom 
TRL: Technology Readiness Level 
UPS: Universal Propulsion Simulator 
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Section 1 Summary 
 


 Introduction 
The CLEEN II Program, like the prior CLEEN Program, is focused on reducing current levels of 
aircraft noise, greenhouse gas emissions, and energy use, and advancing alternative fuels for 
aviation use.  The Advanced Acoustics project was initiated at GE Aviation and focuses on the 
CLEEN objective to:  


“Mature previously conceived noise…reduction technologies for civil subsonic airplanes 
from Technology Readiness Levels (TRLs) of 3-5 to TRLs of 6-7 to enable industry to 
expedite introduction of these technologies into current and future aircraft and engines.” 


Ducted fan systems are trending toward shorter and slimmer inlets/nacelles and compact fan-outlet 
guide vane (OGV) systems which reduce the weight and drag of such systems but also have less 
available area for acoustic treatment. Reduced length nacelles require the acoustic efficiency, i.e., 
noise reduction per unit acoustic treatment area, to increase compared to current technology. 
Shorter fan-OGV spacings require fan noise source strength reduction concepts to reduce fan 
wake-OGV noise response. Also, shorter inlets may result in increased amount of in-flow 
distortion into the fan, increasing the fan source tonal and broadband noise content.  


This project aimed at designing, optimizing, and maturing novel acoustic liner and fan source 
strength technologies. When implemented in future engine designs, these concepts provide 
superior noise benefit without compromising on fuel burn and performance of the aircraft system. 
The Advanced Acoustic CLEEN II program is split into two noise reduction subtasks focused on 
the addressing the important features of next generation architecture trends:  


Task 1: Novel acoustic liners to increase acoustic efficiency of liners 


Task 2: Fan noise source strength reduction technology 


 Goals and Timeline 
The Advanced Acoustic CLEEN II project aimed at enabling future lower fuel burn engines while 
making progress toward the CLEEN II program goal of, “Certifiable aircraft technology that 
reduces noise levels by 32 EPNdB cumulative, relative to the FAA Part 36 Stage 4 limits, and/or 
reduces the noise contour area in absolute terms.” The innovative acoustic liners subtask had a 
goal of demonstrating 2+ EPNdB cumulative noise reduction relative to current Single Degree Of 
Freedom (SDOF) acoustic liners when introduced throughout an engine and nacelle. The fan noise 
source strength reduction task had a goal of reducing cumulative noise by 1 EPNdB cumulative 
on an engine without measurably impacting fan performance efficiency.  


The TRL/MRL maturation timeline for the technologies is summarized in Figure 1. The novel 
liner task consisted of modeling and testing activities that resulted in maturation of the technology 
from TRL/MRL 3 to TRL/MRL 4 through CLEEN II.  The fan source strength reduction tasks 
progressed through design reviews to TRL 3 with the subscale test hardware manufactured and 
ready for a TRL 4 wind tunnel test. Plans are also developed to continue the technology maturation 
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to TRL 6. The next major step is to test the source strength reduction hardware in a sub-scale wind 
tunnel test. Following that test, a static engine test would bring these technologies to TRL6.   


 


 
Figure 1: Project Timeline and TRL Levels 


 


Product designs involve significant trades and must balance many conflicting requirements such 
as customer requirements for noise, fuel burn, cost, TRL, MRL, producibility, maintainability, 
repairability etc.  Maturing these technologies through the CLEEN II program supports engine 
trade studies and provides a significant opportunity for future product incorporation. 
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Section 2 Advanced Acoustic Liners 
 


 Background and Previous Studies 
Figure 2 shows the basic parts of an acoustic liner.  The advanced acoustic liner project focused 
on developing novel liner cores in combination with the facesheet that could provide an acoustic 
benefit versus traditional SDOF liners. GE has experience designing, fabricating, and testing 
acoustic liners in many of its turbofan engine products. Liners are typically located throughout an 
engine and nacelle. An example of the typical areas of an engine that have acoustic liners is shown 
in Figure 3. 
 


 
Figure 2: Single Degree of Freedom Acoustic Liner Parts 


 


 
Figure 3: Typical Acoustic Liner Locations on an Engine and Nacelle 


 
Double Degree Of Freedom (DDOF) acoustic liners are also used to reduce fan noise in turbofan 
engines.  When optimized, these liners typically require a deeper depth, cost more, and weigh more 
than SDOF liners.  The benefit for these liners is that they provide enhanced attenuation bandwidth 
that typically results in greater cumulative EPNdB noise reduction when implemented. Integration, 
space, and weight constraints can limit the usability of DDOF liners through the engine/nacelle. 
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This project focused on developing a liner that provided acoustic benefit over an SDOF without 
the drawbacks of a DDOF. 
 


 Initial Novel Liner Ideas and Impedance Tube Testing 
The core of SDOF liners is typically a simple honeycomb structure that is relatively easy to 
manufacture and structurally efficient. Advances in additive technology’s availability and speed 
have removed some of the roadblocks for advancing the simple honeycomb core shape into 
something more complex and acoustically advantageous. This project studied several different 
core shapes to discover which could provide significant acoustic benefit relative to the standard 
honeycomb core.  
 
The Normal Incidence Tube (NIT) is a closed tube used to measure the normal incidence 
impedance of liners in static, no-flow conditions. It has drivers to generate acoustic waves that 
impinge on the liner sample and superimpose with reflections from the sample to create a standing 
wave pattern. Two microphones at prescribed distances from the sample are used to measure the 
complex acoustic pressures. The two microphone method is then used to compute the no-flow 
acoustic impedance as a function of frequency. A schematic of the NIT is described in Figure 4. 
Several initial concepts for novel core shapes were tested with a portable NIT. It is a relatively 
simple test performed on small panels (5” x 5” x 1” depth) that allows for measuring the bandwidth 
potential of novel acoustic cores concepts. All the measurements were carried out with a broadband 
source of noise. The measurements were in the frequency range 500Hz to 6000Hz. 
 


 
Figure 4: Schematic of the Normal Incidence Tube (NIT) 


 
Early in the NIT testing phase there were several ideas that showed potential. In parallel to these 
initial measurements, the GE team was developing analytical and numerical models of novel liner 
cores.  These models were used to mature understanding of the physics, guide design changes and 
new core ideas, and optimize the designs for product applications. 


 Modeling and Down-selection 
In the liner analysis and design work that follows, GE considered Multi-Degree-Of-Freedom 
(MDOF) liners comprised of single cavity resonators arranged in parallel. Acoustic impedance is 
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hence formed by linearly adding the individual cavity acoustic admittances (inverse of impedance) 
weighted by their treatment areas, i.e., 


𝑍net = ∑𝐴𝑖 [∑ (
𝐴𝑖


𝑍𝑖
)]


−1


 


The facesheets forming the flow-side surface of the liner cavities are modeled either as wiremesh 
or perforated sheet depending on the application and design intent. The acoustic resistance and 
mass reactance for perforated facesheets in grazing flow are modeled using [Syed 2002], whereas 
the acoustic resistance of wiremesh layers are simply specified (constant in frequency) with 
negligible mass reactance.  
 
For each individual SDOF resonator in a parallel array of acoustic cavities, acoustic reactance 
modeling for expanding or contracting cavity cross-sectional area distributions between the 
facesheet and cavity floor is obtained by solving Webster’s horn equation (below) analytically 
using the WKB method [Pastouchenko 2021].  


𝜕2𝑝


𝜕𝑦2 +
𝜕(ln 𝐴)


𝜕𝑦


𝜕𝑝


𝜕𝑦
+ 𝑘2𝑝̂ = 0, where  𝑘 =


𝜔


𝑐
, 𝑝 = 𝑝̂𝑒−𝑖𝜔𝑡 , 𝑣̂ =


1


𝑖𝜌𝜔
 


𝜕𝑝


𝜕𝑦
,  and  𝑍cavity = −


𝑝(ℎ)


𝑣̂(ℎ)
 


Note for straight walled SDOF cavities with constant cross-sectional area, the 1D solution to the 
classical Helmholtz equation is simply 𝑍 = −𝑖𝜌𝑐 cot(𝑘𝑦). 
 
Prediction validations for a representative MDOF design described in [Lin 2017] are shown in 
Figure 5 for normal impedance testing and Figure 6 for NASA’s Grazing Flow Impedance Tube 
(GFIT) test rig. The results show the model predicts similar qualitative behavior, but the measured 
absorption peaks are scaled to higher frequencies than predicted. Some of this scaling could be 
from reduced cavity depths associated with the as-built parts but there is interesting behavior 
between the first antiresonance frequency and the 2nd resonant mode, where the model singularity 
appears significantly damped. This could be the case because the prediction model does not include 
any mechanism for damping other than the resistance in the facesheet, nor does it include the 
potential for vibrational coupling between adjacent cavities.  


 
Figure 5: Measured normal impedance data 


Individual repeats in grey, average result in black, compared to model prediction (blue). 







  


 Page 10  
 


 
Figure 6: GFIT test data comparison at Mach 0.3. 


Average of test results in black (individual tests are grey dashed/dotted curves); nominal 
prediction in blue, reduced depth (accounting for finite wall thickness of as-built geometry) in 


green. Specific reactance spectra are denoted by solid curves, whereas resistance is shown by 
dashed curves. 


The key features of the liner impedance and absorption characteristics are clearly visible, leading 
to this model providing a useful means to enable design optimization studies.  
 
A number of optimization studies were performed on this liner concept using different styles of 
objective functions. First, the acoustic energy absorbed in a frequency range of interest to the 
application was used to guide the choice of favorable designs, as denoted by the circled designs in 
the left panel of Figure 7. 


  
Figure 7: MDOF tapered cavity liner design parametric sweep guided by selected frequency band 


integration absorption benefit. 


Next, absorption of the fan tone levels weighted by their tone PWL sensitivities to system EPNL 
was used to guide the optimal design (green absorption curve in Figure 8). The black curve 
corresponds to a straight SDOF cavity at the same depth for reference so as to show the improved 
bandwidth and low frequency coverage of the novel MDOF liners. 
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Figure 8: Sample impedance results from the MDOF cavity liner design optimization guided by 


tone level benefits 
Different representative acoustic conditions shown versus an SDOF (black). Note the change in 


absorption axis scale, while the frequency axis matches that of Figure 7. 
 
Validation of the design study summarized in Figure 9 shows qualitatively similar behavior to the 
predicted results with the frequency scaling issues observed in Figure 5 and Figure 6. The 
wideband absorption in the mid-frequency range of the design denoted by the blue curve is 
observed in the test data, further improving confidence that although there remain quantitative 
differences in the predicted impedance, the model can suitably be used to guide the liner design. 


 
Figure 9: Normal impedance test data validation corresponding to Figure 7. 


 
One consideration in using these tapered cavity liners comprised of parallel expanding and 
contracting resonators is that the expanding cavity used for low frequency attenuation is 
outnumbered by its neighboring high frequency contracting cavities. For the sample MDOF results 
presented here, one low frequency cavity is partnered with three higher frequency cavities, which 
can reduce the effective treatment area associated with the lower frequency resonators if one aims 
for higher frequency scaling relative to a straight SDOF resonant frequency.  
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When combined with a facesheet of low porosity, grazing flow effects result in an acoustic 
resistance behavior that varies nonlinearly with frequency (higher acoustic resistance at low 
frequencies). This results in a biasing high absorption towards higher frequencies at appreciable 
grazing flow velocity. Thus the core and facesheet designs must be modeled together during 
optimizations at the appropriate grazing flow conditions. An example of this effect is modeled 
using experimentally measured facesheet resistance curves over our model of the parallel MDOF 
liner of Figure 5 is presented in Figure 10 below: 


   
Figure 10: Predicted net absorption spectra  


Blue (individual cavities responses in gray prior to parallel impedance summation) for Mach 0 
(left), 0.3 (center) and 0.5 (right). 


 
Additional parallel, MDOF liners designs were considered which widened the design space that is 
used for optimization [Wood, 2019]. Similar modeling techniques were used to estimate the 
impedance of these liners. To assess the potential benefits of the additional liner concepts, the 
previous design study summarized in Figure 8 was repeated. Traditional 1-3DOF liners in series 
(using 0-2 septa) and the additional MDOF design were considered, and the results are summarized 
in Figure 11. The key finding was that the MDOF could attain nearly the maximum tone noise 
benefits of the other optimal configurations. Furthermore, additional degrees-of-freedom were not 
necessary to significantly improve the overall benefit. 
 


 
 


Figure 11: Summary of optimal designs  
Used EPNL weighted tone scaling sensitivities for various cavity configurations: 1-3DOF in series 


vs. MDOF resonators were considered. 
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The modeling and analysis described in this section was used to determine which liner concepts 
had the highest potential for acoustic benefit.   


 Grazing Flow Impedance Tube Testing and Results 
A grazing flow facility is used to measure the acoustic impedance with the influence of airflow 
over the facesheet of the liner, as well as with the noise source propagating over the liner (grazing) 
instead of normal to it as in the NIT tests. The method of source application and grazing flow 
influence are more representative of engine-like conditions and can significantly impact the 
impedance of the liner. 
 
GE collaborated with NASA Langley under a Space Act Agreement to test the CLEEN II acoustic 
liner coupons at their grazing flow impedance tube facility.  The facility layout is shown in Figure 
12.  22” x 1.5” coupons were manufactured and tested at several conditions including Mach 0, 0.3, 
and 0.5 grazing flow conditions.  Source sound pressure levels varied from 120 dB to 140 dB from 
400 to 3000 Hz. 
 


 
Figure 12: Grazing Flow Impedance Tube Duct (NASA LaRC) 
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More than 8 liner designs were designed, fabricated and tested in the GFIT. These included two 
baseline SDOF liners to establish baseline suppression levels and facility calibration. Figure 13 
shows an example of the liner coupons that were used for testing. 


 


 
Figure 13: Novel Liner 21.5” x 2.5” Coupons for the GFIT 


 
Through the grazing flow testing and associated modeling, a novel core design shape was selected 
as the final design. Once the core shape was selected, additional GFIT tests on 4 more coupons 
were performed to study the novel core with different facesheet properties. The facesheet 
resistance in these tests varied to cover the approximate optimal range of resistances for typical 
engine liners. 
 
With the test data from the GFIT and the basic novel liner definition complete, the focus of the 
project shifted to optimizing a design for a future full-scale demo static engine test. 
 


 Final Design 
A full-scale demo application for this technology was identified based on an existing engine 
product.  A noise prediction for the product was used to estimate the benefit of replacing SDOF 
liners with the novel liner studied in this product. The prediction estimated that the novel liner can 
achieve the goal of providing 2+ EPNdB cumulative noise benefit when the acoustic liners are 
changed from SDOF to the novel liner.   
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 Manufacturing Maturation 


2.6.1 Core Manufacturing 
Additive manufacturing is the enabling technology to open the design space for acoustic liners away 
from standard honeycomb cores used over the last 30 years.  With additive manufacturing, complex 
walls, wall features, and core geometry can be introduced into the design almost without bounds.   
 
The team assessed various additive manufacturing modality and materials to manufacture the cores. 
For a good summary of polymer additive modalities, see article from Sirrus, “Picking the most suitable 
additive manufacturing technology” (https://www.sirris.be/picking-most-suitable-additive-
manufacturing-technology). Some key criteria for down-select of the method and materials are the 
maturity level of the process, speed, build size, availability of service temperature capable materials, 
and adhesion capability. 
 
A challenge for manufacturing cores is the low wall thickness.  The wall thickness determines the core 
density and total core weight. With the widespread application of acoustic liners in the engine, there 
can be significant weight associated with the acoustic cores. Any trade-off with associated weight 
increase will be negotiated with system design and may limit application. Multiple manufacturing 
techniques for the final core design are still considered to widen the potential for use.  
 


2.6.2 Manufacturing and Assembly 
Facesheet structure and assembly of the sandwich structure liner can be changeable. Several 
manufacturing methods and trials on small coupons were performed as part of this project. A large 
two-foot circumference panel was manufactured as the final demo panel for the project. This panel, 
shown in Figure 14, represents a portion of a full-scale acoustic liner. Acoustic impedance 
measurements were taken on this demo panel that showed excellent quality and correlation to the 
prediction models. 



https://www.sirris.be/picking-most-suitable-additive-manufacturing-technology

https://www.sirris.be/picking-most-suitable-additive-manufacturing-technology
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 Test Plans and Future Studies 
The novel liner design has progressed to a TRL/MRL of 4 through testing in the GFIT and 
manufacturing of a demo liner panel which represents a portion of a full-scale acoustic liner.  The 
next step in the maturation process is to test the design on a full-scale engine static acoustic test.  
As community noise remains an important aspect of aircraft and engine design, this technology 
will remain in GE’s technology pipeline.   
 


 


 
 


Figure 14 Novel acoustic liner demo panel 


Liner Assembly Process Flow


Apply Tape on Core and Check 
Facesheet Fit


Apply Adhesive Film on 
Core Bond Backsheet
Surface and Place in 


Tool


Assemble Core and 
Facesheet on 


Backsheet in Tool and 
Autoclave


Bonded Novel Acoustic Liner
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Section 3 Fan Source Strength Reduction 
 


 Background 


The interaction between fan wakes and stationary Outlet Guide Vanes (OGVs) is an important 
noise source for modern high bypass ratio turbofan engines.  Traditional methods to reduce the 
interaction noise include spacing the guide vanes further from the fan and specifically designing 
the geometry of the guide vanes to produce a time lag for the arrival of the wake on different part 
of the vane (i.e. vane sweep and lean). Vane sweep and lean have been employed by GE to 
accomplish this phase lag and noise reduction in production engines. However, as OGVs become 
more optimized in engines, sweep and lean have become less ideal from a structural efficiency 
standpoint due to the weight and engine length implications to a simple swept or leaned design.  
For this reason, GE has been researching alternate fan and OGV designs that reduce fan-OGV 
interaction aero-acoustic sources without the system level drawbacks. 


 Advanced Fan Design 


The goal of the CLEEN II Fan Noise Source Strength Reduction Task is to achieve a total of 1.0 
EPNdB noise reduction relative to a baseline Fan-OGV design with negligible performance 
penalty. First, a sensitivity study was performed to identify the dominant component sources (i.e. 
tones vs. broadband) driving system level noise. The results of this study were used to establish 
weighting factors that drove the optimization and design approach for the fan and OGV system. 
  


3.2.1 Design Approach 


The first step is to identify a geometry that provides more acoustic benefit than the reference 
design. An existing, recent GE fan system design was used as a starting point. A simple model of 
the acoustic radiation from the fan and OGVs was used to guide airfoil shaping changes. At low 
frequencies noise radiated from the OGV is directly proportional to the unsteady sectional lift 
which in turn is proportional to the unsteady incidence caused by the fan wakes or gusts, see Figure 
15. These sectional lift dipoles vary in magnitude and phase over the span and project on to the 
duct acoustic modes to create in-duct noise (the equation in Figure 15 uses a circular duct mode as 
an example). The radial integration of these sources projected onto the dominant duct modes thus 
provides a surrogate for noise source levels which can be used to estimate the benefit of design 
changes.  
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Figure 15: Reduced order model for design guidance.  


Incoming velocity triangle from the fan shown where vgust is the perturbation velocity due to the 
wake in the OGV frame of reference. 


 
Design progression was guided by the reduced order model. Through the design stages of 
Conceptual Design Review (CDR), Preliminary Design Review (PDR), and Detailed Design 
Review (DDR) there were significant acoustic improvements as determined by GE calibrated 
Computational Aero-Acoustics (CAA) modeling as shown in Figure 16. 


 
Figure 16: Fan Design Evolution Increasing Noise Benefit 


 
From the optimal design for acoustics, detailed aerodynamic design changes were made to 
maximize smoothness and maintain similar efficiency as the baseline design. The trade between 
acoustic benefit and aerodynamic efficiency will be characterized in the next stages of the 
technology demonstration. Measured aerodynamic and acoustic data from a rig and/or full-scale 
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test under a future project will be used to inform the appropriate aero vs. acoustic trades needed 
for eventual technology insertion into a product.  


3.2.2 DDR Acoustic Status 


Full wheel CAA was used to predict the noise benefits of the DDR design. The predicted 
reductions in unsteady pressures support the substantial noise reductions that are expected from 
this design. The predicted noise reductions are also consistent with the lower order model used to 
guide design improvements in the early design phases. At some conditions, the CAA predicts 
increased noise benefits beyond that of the initial model. 
The predicted tone noise benefits were multiplied by the tone noise sensitivities to project an 
expected system level noise benefit with an expected technology realization factor consistent with 
previous fan noise technology programs. The resulting benefits are projected to meet/exceed the 
CLEEN II community noise goal for the Advanced Acoustics task, Figure 17. 
 


 
Figure 17: Predicted system level noise benefits for CLEEN II design derived from full wheel CAA 


 Mechanical and Manufacturing Assessments 


After the aero-acoustic PDR, and in preparation for rig testing, more detailed mechanical and 
manufacturing assessments were performed. A summary of the mechanical risk assessments and 
actions is shown in Figure 18. No major mechanical risks are expected. Previous testing of the 
baseline design allows for aeromechanical responses to be scaled to the current design and the risk 
is projected to be low. 
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Figure 18: Summary of mechanical risk assessment for rig scale aero design. 


 
Finally, a manufacturing assessment taking into consideration the geometric complexity, tolerance 
requirements, cost and schedule was performed to determine the best method of manufacturing the 
part.  Inspection with a Coordinate Measuring Machine (CMM) will be performed on the 
manufactured part to quantify deviations from design intent to accurately account for any debits 
to performance or acoustics.  
 


 Sub-scale Hardware Manufacture 


Manufacturing of a sub-scale part began after the design reviews and planning were complete. In-
process part inspection showed excellent quality. The reference design was already manufactured 
under a previous program. The new hardware fits into the same model rig as the reference design, 
allowing for a direct back-to-back noise comparison in a wind tunnel using a Universal Propulsion 
Simulator (UPS) rig. 
 


 Test Plans and Future Studies 


The fan source strength reduction design has progressed to a TRL/MRL of 3 through detailed 
design and analysis of several concepts.  The design is predicted to meet/exceed the initial CLEEN 
II goal for the project of 1 EPNdB cumulative noise reduction relative a baseline product design. 
The next step in the maturation process is to test the design on a sub-scale wind tunnel aero-
acoustic test to achieve TRL 4. A full-scale static engine test will then be used to bring the 
technology to TRL 6. As community noise remains an important aspect of aircraft and engine 
design, this technology will remain in GE’s technology pipeline.   
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1. Executive Summary  


 


 


In the Continuous Lower Energy, Emissions, and Noise II (CLEEN II) program, the GE Aviation Flight 
Management System (FMS) development group studied fixed-wing aircraft flight dynamics with the 
purpose of implementing new vertical control policies for Part 25 commercial aircraft to achieve the 
Federal Aviation Administration (FAA) goals of reduced fuel usage and emissions in the National Air 
Space (NAS). New vertical control policies are implemented in a unified manner that use high-
fidelity weather forecast data, as compared to legacy systems. The new controls include: 


• Variable-speed and variable-thrust climb. 
• Variable-speed cruise. 
• Cruise step-climbs and step-descents informed by high-fidelity weather forecast. 


See Figure 1 and Figure 2 for an example control profile and weather data collection. 


 


 


Figure 1. CLEEN optimized vertical flight. 


Optimized vertical flight has a fuel-efficient climb profile and cruise step-climbs and step-descents that track favorable 
weather. 


 


GE Aviation developed a TRL6 
Connected Flight 
Management System with 
real-time optimization that 
achieves over 1% fuel burn 
reduction compared to the 
Legacy product 
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Figure 2. Weather data for use in vertical path optimization. 


Weather data is automatically extracted from 4D high-fidelity weather sources. 


 


Optimization techniques are employed to find the maximum possible cost reduction for a full flight 
cycle. The methods developed are implemented in a TRL 6 real-time system and therefore 
constrained to follow the instrument flight rules. The software is implemented as an Electronic 
Flight Bag (EFB) application with bi-directional communication with the Flight Management System 
via an Aircraft Interface Device (AID); see Figure 3. To maintain safety, security, and support 
certification, GE’s approach uses the Connected Flight Management System (CFMS) Software 
Development Kit (SDK). This approach ensures that the FMS maintains full control authority, and 
the higher Design Assurance Level (DAL) maintains the ultimate responsibility for validating the 
control inputs prior to data exchange into the aircraft control domain. This approach provides a 
practical implementation with minimal operational impact for pilots and controllers and allows the 
technology developed to readily move into production. The TRL 6 implementation is constructed 
with modular optimization capabilities allowing reuse in other products (such as Air Traffic 
Management applications) and other use cases (such as community noise reduction and lateral 
planning).  
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Figure 3. System architecture. 
The System architecture enables communication between FMS and EFB-hosted CLEEN optimizer via AID 


 


Fast-time computer simulation is used to quantify a statistically significant benefit across a wide 
range of aircraft types, routes, weather, and passenger loading in a way that is infeasible without 
many months to years of revenue-service flight testing; see Figure 4. The goal of this assessment is 
to compare the CLEEN technologies with the best-in-class baselines without the impact of difficult-
to-quantify effects such as Air Traffic Control actions, sensor errors, and aircraft modelling errors. 
These effects are assumed to impact both the CLEEN and legacy baselines by the same amount and 
thus have no impact on the average benefit. In total, technologies developed under the CLEEN 
program reduce fuel burn by 1.02% against a typical in-service FMS (termed “Legacy” in this report), 
and 0.40% against an FMS with decision-aiding ground tools representative of today’s best-in-class 
technology (termed “Legacy++” in this report); see Figure 5. Note that fuel burn reduction is 
equivalent to Direct Operating Cost (DOC) reduction when the cost of time is considered irrelevant; 
see paragraph 3.1 for details on the distinction. 
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Figure 4. Computer simulation. 
20 different routes and 5 different aircraft models are assessed in fast-time simulation for a variety of conditions to 
produce an assessment of fleetwide benefit. 


 


 


Figure 5. Fuel burn comparison. 


Histogram of fuel burn savings for the CLEEN technologies shows up to 4% savings over legacy technologies. 


 


While most of today’s FMSs can construct a flight path to meet a Required Time of Arrival (RTA) 
constraint, these types of constraints generally lead to increased fuel consumption. The CLEEN 
algorithms calculate optimal control for minimal fuel consumption in the presence of RTA 
constraints at any location along the flight path. This feature enables FAA NextGEN Air Traffic 
Management policies without a large associated individual flight penalty. A large-scale assessment 
using Monte Carlo fast-time computer simulation shows fuel burn reduction by 0.81% against a 
typical in-service FMS (Legacy), and 0.47% against an FMS with decision-aiding ground tools 
representative of today’s best-in-class technology (Legacy++); see Figure 6. 
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Figure 6. Monte Carlo computer simulation. 
Histogram of fuel burn savings for the CLEEN technologies with Required Time-of-Arrival shows benefit can be 
achieved while meeting flight path constraints. 


 


The benefits of this technology provide a commercially viable introduction into service, and GE will 
continue to further develop this technology beyond conclusion of the FAA CLEEN II program with 
the goal of deployment for both retro-fit and new aircraft.  
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2. Introduction 
In 2015, the FAA awarded GE Aviation a contract to research 
and develop FMS technology. The work was jointly funded by 
the FAA and GE Aviation as part of the CLEEN II program. These 
concepts expand upon the CLEEN Climb Optimization 
technology to improve the vertical flight control function of an 
FMS to operate an air transport more efficiently and thereby 
achieve the goals of the CLEEN program. Specifically, this 
project focuses on optimal control algorithms and their benefit 
across a fleet of various aircraft types. The technology is 
implemented as a TRL 6 prototype that optimizes the entire 
climb, cruise, and descent flight cycle. 


2.1 CLEEN Goals 


According to the FAA’s CLEEN fact sheet available online*: 


“CLEEN is the FAA’s principal environmental effort to 
accelerate development of new aircraft and engine 
technologies and advance alternative jet fuels. The 
program is a key element of the NextGen strategy to 
achieve environmental protection that allows for 
sustained aviation growth. The FAA launched the initial 
CLEEN I in 2010. Over the five-year course of the program 
several technologies have been tested and are in use 
today. Based on that success, the FAA is currently in a 
second phase, CLEEN II, which runs from 2015 through 
2020.” 


Aircraft performance is largely tied to the route an aircraft 
takes to reach a destination way point. The GE FMS CLEEN II 
project has a focus on uncovering new technologies that will 
construct routes with lower direct operating cost (DOC). GE’s 
Connected FMS applications will be updated with the final 
version of these algorithms to enable decision support for end 
users (airlines) resulting in savings of 1% direct operating cost 
reduction over their fleet. 


A reduction in fuel burn means a reduction in the average 
thrust produced. A reduction in thrust yields a proportionate 
reduction in NOx emissions and noise. Thus, an adjacent 
benefit to the fuel savings is reduced emissions and noise. GE 
has statistically characterized the resulting flight profiles. 
Engineers at the Georgia Institute of Technology (on behalf of 
the FAA Ascent Project 037) will estimate the reduced 
emissions and noise for the fleet of commercial transports in 
the United States. 


2.2 Development Method 


The GE FMS CLEEN II development is performed in four 
generations (termed, “Generation A” through “Generation D”) 


 


 


* "Fact Sheet – Continuous Lower Energy, Emissions, and Noise 
(CLEEN) Program", FAA, 4 June 2019. [Online]. Available: 
https://www.faa.gov/news/fact_sheets/news_story.cfm?newsI
d=22534. 


as described below. Each generation has an up-front TRL 4 
analysis phase to determine the expected savings from a given 
algorithm. At the follow-on phases, the concept is matured to 
TRL 6. The final demonstration uses existing test equipment, 
when possible, to demonstrate how a pilot or user would 
improve the flight and complete a new flight plan update. The 
flight plan update, calculated on an EFB, is sent to the FMS via 
the Connected FMS. This approach requires minimal 
modification to the existing FMS. 


The development method is broken down into two phases such 
that the savings can first be quantified with enough certainty 
to decide if the benefit justifies maturation to a higher TRL. In 
the first phase, called the Concept Evaluation, the technical 
approach is researched and developed in a TRL 4 environment 
using mathematical models and a simplified simulation. At this 
decision gate, a determination is made on whether the 
incremental benefit warrants full-scale development. If so, then 
the second phase, called the Prototype Development and 
Demonstration, is performed. In the second phase, TRL 5 is 
achieved using a full-scale fleet-wide benefit assessment of a 
detailed fast-time computer simulation. After this assessment, 
TRL 6 is achieved by developing a prototype FMS and 
integrating it with a real-time simulation of the vehicle and the 
engines. 


The concept evaluations are preceded by the development and 
validation of models of the vehicle and engines called the 
Advanced Technology Test Bed.  


The following paragraphs describe the development process in 
terms of the work elements in the Statement of Work and the 
development phases.  


Work Element – Design 


The design process begins by defining and specifying 
requirements and performance objectives for the subject 
technology. A literature survey is performed to learn the 
current professional and academic design methods and 
technology developments. The best methods are applied or 
developed to design the algorithms and logic that are then 
modeled mathematically. The models are coded for computer 
simulation and integrated with the FMS model. The Simulink† 
modeling language is used for this analysis. Since performance 
improvements are defined relative to the performance of the 
legacy FMS, simulation trials are performed first using the 
legacy design and then using the modified design. A 
comparative analysis is performed to quantify the fuel savings. 
GE then performs a Preliminary Design Review (PDR) to 
demonstrate the high-level design met the system 


 


† Simulink is a registered trademark of MathWorks 
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requirements with acceptable risk and within cost and 
schedule constraints – to establish the basis for proceeding 
with the detailed design activity. 


If the performance benefit is sufficient to justify the 
development of a prototype design, high-level requirements 
are specified and allocated to implementation as software. The 
review shows that satisfactory design options had been 
selected, interfaces have been identified, and verification 
methods are defined. The software is then designed according 
to the requirements. When the design phase completes, GE 
performs a Detailed Design Review (DDR) to demonstrate the 
design is sufficiently mature to proceed with implementation, 
integration, and test. The DDR determines that the design and 
development are on track to complete the test-article 
hardware and software development in accordance with the 
performance requirements. 


The design and development is performed in accordance with 
GE Aviation’s model-based methods and best practices for an 
experimental system. GE Aviation uses these engineering and 
integration methods and tools to verify that the process and 
prototype system design comply with the schedule, cost, and 
technical requirements and applicable design assurance, 
safety, and airworthiness regulations that apply to TRL 6. 


Work Element – 
Fabrication/Implementation 


The Advanced Technology Test Bed consists of a computer 
simulation of the air vehicle, the engines, and the other vehicle 
systems that the prototype system interacts with to perform 
the vehicle-level function. The FMS and EFB hardware are 
integrated with the improved software to implement the test 
article, test equipment, and special tools required to install and 
test the prototype system in the laboratory. 


The implementation and integration process are compliant 
with GE Aviation’s model-based methods and best practices 
for an experimental system. Said methods and tools are 
applied to plan and perform the reviews, analyses, audits, and 
tests necessary to verify the prototype system complied with 
the function, performance, design assurance, safety, and 
airworthiness requirements and regulations that apply to TRL 
6. 


Work Element – Performance 
Demonstrations 


A fleet-wide benefit assessment is perfomed using the 
Advanced Technology Test Bed, and the assessment is 
validated using the real-time Flight Management Workstation 
(FMWorkstation) production simulation. The tests required to 
demonstrate compliance with key high-level requirements are 
performed in the laboratory using the FMWorkstaiton. In this 
environment, the test article (FMS + EFB) is integrated with a 
real-time computer simulation of the air vehicle, the engines, 
and the other vehicle systems that the test article interacts 
with functionally to perform the vehicle-level function or 
functions. The performance of the modified system is 
measured and compared to the performance of the legacy 
system. The test article is avionics hardware that GE Aviation 
produces for the Boeing 737. 


The methods and tools used for the demonstration comply 
with GE Aviation’s processes and best practices to ensure the 
work was performed in accordance with schedule, cost, and 
technical requirements. 


Work Element – Assessment and Reporting 


Finally, the system design and quantified benefits are 
summarized in monthly meetings with the FAA, bi-annual 
consortium presentations, design reviews, and within this final 
report.  


2.3 Purpose and Scope 


This document, prepared by GE Aviation Systems LLC (GE 
Aviation), provides a full report of work performed under 
DTFAWA-15-A-80013 for Flight Management System 
Technologies. This document is organized with an overview of 
the existing flight path optimization technology prevalent in 
FMS today, followed by several incremental generations of 
improvements and their associated benefit assessments.  
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3. Technology Overview 


3.1 Problem Formulation 


The primary objective of the CLEEN II program is to minimize 
fuel costs incurred by flights following an FMS-determined 
flight profile. The pursuit of an FMS design that produces flight 
profiles that consume less energy and produce less emissions 
while still permitting airlines to meet the operational mandates 
and incentives of Air Traffic Control (ATC) demands a solution 
that considers both time and fuel.  


In the commercial aviation industry, Direct Operating Cost 
(DOC) is defined as:  


 


𝐷𝐷𝑂𝑂𝑂𝑂 [$] = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 [$] + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜 [$] 


 


To define DOC as a function of service time, it is expressed in 
integral form: 


 


� �𝑐𝑐𝑡𝑡 + 𝑐̇𝑐𝑓𝑓�𝑑𝑑𝑑𝑑
𝑡𝑡𝑓𝑓


𝑡𝑡0
 


 


where 𝑐𝑐𝑡𝑡  is the time-related cost rate to operate the airplane, 
𝑐̇𝑐𝑓𝑓  is the cost rate of fuel, 𝑡𝑡0 is the departure time from the 
origin, and 𝑡𝑡𝑓𝑓  is the arrival time at the destination. The cost rate 
of fuel, 𝑐̇𝑐𝑓𝑓 , in units of dollars per hour may be expressed as the 
product of fuel flow rate, 𝑤𝑤𝑓𝑓 , and the cost of fuel, 𝑐𝑐𝑓𝑓 . 
Substituting gives:  


 


𝐷𝐷𝑂𝑂𝑂𝑂 =  � �𝑐𝑐𝑡𝑡 + 𝑤𝑤𝑓𝑓𝑐𝑐𝑓𝑓�𝑑𝑑𝑑𝑑
𝑡𝑡𝑓𝑓


𝑡𝑡0
 


 


Historically, speed and altitude are how the pilot controls the 
longitudinal motion of the airplane in cruise. To formulate the 
problem using these control variables, the independent 
variable is changed from time to distance: 


 


𝐷𝐷𝐷𝐷𝐷𝐷 =  � �
𝑐𝑐𝑡𝑡 + 𝑤𝑤𝑓𝑓𝑐𝑐𝑓𝑓


𝑉𝑉𝑔𝑔
� 𝑑𝑑𝑑𝑑


𝑅𝑅𝑓𝑓


𝑅𝑅0
 


 


where r is along-track position, 𝑅𝑅0 is the position at 𝑡𝑡0, 𝑅𝑅𝑓𝑓  is the 
position at 𝑡𝑡𝑓𝑓 , and 𝑉𝑉𝑔𝑔  is ground speed. On most commercial 
transports today, the operator specifies the cost of time and 
the cost of fuel as a single parameter called the Cost Index, CI, 
that is defined as: 


 


 


𝐶𝐶𝐶𝐶 [100 𝑙𝑙𝑙𝑙ℎ𝑟𝑟] =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 � $


ℎ𝑟𝑟�


𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 � ¢
𝑙𝑙𝑙𝑙�


 


100 ∙ 𝐶𝐶𝐶𝐶 =
𝐶𝐶𝑡𝑡
𝐶𝐶𝑓𝑓


 


 


Re-arranging and substituting, 


 


𝐷𝐷𝐷𝐷𝐷𝐷 =  �
100 ∙ 𝐶𝐶𝐶𝐶 ∙ 𝑐𝑐𝑓𝑓 + 𝑊𝑊𝑓𝑓 ∙ 𝑐𝑐𝑓𝑓


𝑉𝑉𝑔𝑔
𝑑𝑑𝑑𝑑


𝑅𝑅𝑓𝑓


𝑅𝑅0
 


 


Dividing both sides by 𝑐𝑐𝑓𝑓  and defining a new cost function, 𝜓𝜓𝑐𝑐,  


 


𝜓𝜓𝑐𝑐 =
𝐷𝐷𝐷𝐷𝐷𝐷
𝑐𝑐𝑓𝑓


=  �
100 ∙ 𝐶𝐶𝐶𝐶 + 𝑊𝑊𝑓𝑓


𝑉𝑉𝑔𝑔
𝑑𝑑𝑑𝑑


𝑅𝑅𝑓𝑓


𝑅𝑅0
 


 


Thus, the problem is to find the speed and altitude that 
minimizes 𝜓𝜓𝑐𝑐. Note that the cost of fuel burned to traverse 
from 𝑅𝑅0 to 𝑅𝑅𝑓𝑓  depends on weight, altitude, Mach number, 
engine deterioration, atmospheric conditions, and aircraft trim 
(control surface deflections). For pure fuel minimization, the 
Cost Index is set to 0 (cost of fuel is infinitely more than the 
cost of time). 


3.2 Technology Iterations 


Throughout the CLEEN II program, vertical flight plan 
optimization technology to minimize direct operating cost 
proceeds in incremental development (see Figure 7). In each 
phase, three major steps are performed:  


• Algorithm development and initial testing – Optimization 
Algorithm deployed as standalone MATLAB module (TRL 4)  


• Integration with real FMS software in a fast time 
environment for benefit assessment – Flight Plan 
Predictions Driver (FPPD) in MATLAB (TRL 5) 


• Integration with real-time FMS and HMI in a laboratory 
prototype – FMS + EFB (TRL 6). 


This iterative development in each generation allows for 
technology tollgates rapid assessment of optimization features 
with increasing fidelity. For example, as described in 
subsequent sections, GE determined that Gen A and UCCD 
technology provide a solid foundation for further development, 
but do not provide enough benefit alone to be considered a 
stand-alone product. These features are paused at the TRL 4 
phase and assessed at higher TRL with the later technology 
generations. 
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Figure 7. Progression of CLEEN flight path optimization generational development. 
 


 


3.3 Legacy Methods 


It is well known in industry that the optimum cruising altitude 
for a transport aircraft generally increases as the aircraft 
weight decreases, due to varying aircraft performance at 
different altitudes. In an unrestricted airspace, the optimum 
cruise profile is a “drift-up” trajectory, where the cruise altitude 
steadily increases as fuel is burned throughout the cruise 
phase. However, this flight profile is not practical in crowded 
and controlled airspace where vertical spacing between 
aircraft is necessary for safety concerns. As a result, Air Traffic 
Control (ATC) generally requires that aircraft fly at intervals of 
either 1,000 or 2,000 feet (depending on flight direction or one-
way status of jetways). Furthermore, the pilots must request 
from ATC the clearance to change cruising altitudes in advance 
of doing so. 


These ATC considerations, and the lack of weather data at 
multiple cruise altitudes drive many legacy FMS solutions to 
consider only a constant cruise altitude for the entire flight 
(referred to as the Legacy system below). Some FMSs with 
multiple weather altitudes can perform a better constant 
cruise altitude selection (referred to as Legacy+), and finally, 
some aircraft perform “step climbs” at specified points in the 
cruise phase (Legacy++). Regardless of how the location of the 
step climb is selected (i.e., via manual entry from the pilot, a 
native function of the FMS, or an advisement from a ground 
operator), the process for the step climb is as follows: the pilot 
must request the climb and receive clearance from ATC, then 
the pilot manually sets the new cruise altitude and the FMS 
performs the climb at maximum thrust to capture the new 
cruise altitude. This process is repeated as necessary; on longer 
flights, the cruising altitude can change upwards of four to five 
times. Further steps may occur as ATC routes aircraft around 
particularly crowded airspace or to avoid dangerous weather 
patterns. However, these unique scenarios are unpredictable 
and not the subject of this technology.  


Two industry-standard methods exist for computing the 
location to initiate step climbs. For Flight Management 
Systems that do not provide a native computation of the step 
location, a ground tool may be used. The ground-calculated 
step points are either communicated to the pilot, who 
manually enters them into the FMS and executes it or are 
uplinked via datalink. The former has obvious concerns of pilot 
workload and each potentially sacrifices optimality – the 
aircraft and weather conditions may be different than those 
assumed in the ground performance tool. Some Flight 
Management Systems feature a simple computation of the 
optimal step location that includes weather data entered into 
the FMS; however, this function generally includes only the 


capability to compute one optimal step, which must be a step 
climb. These shortcomings in the industry standard solutions 
prompt the development of the Gen C technology. 


In order to determine the merits of the UCCD Gen C 
technology, two baseline legacy methods are used for 
comparison, titled Legacy and Legacy++ (with capitalization to 
distinguish them from the generic “legacy” term). The latter is 
titled to distinguish it from the Legacy+ method that was the 
basis of comparison for the Gen B technology. These methods 
are described in detail in paragraph 3.3. 


• The Legacy method is representative of a simple baseline 
FMS. This FMS does not compute step locations natively, 
and thus, no step climbs are performed in this method. The 
low fidelity cruise weather model contains tailwind data at 
only one altitude. This is meant to represent a less 
sophisticated method currently available in the market, 
and the benefit of Gen C relative to this method is 
expected to be higher. 


• The Legacy+ method (compared against in earlier 
generations of CLEEN software) is identical to the Legacy 
baseline, but with an extension of the weather data model 
to include more data points. This baseline is modeled upon 
a more advanced FMS optimization capability than the 
Legacy. 


• The Legacy++ method is representative of a more 
advanced FMS in conjunction with a nominal ground 
performance tool. The FMS computes one optimal step 
climb that accounts for weather. The weather model has 
slightly higher fidelity than the Legacy method, in that 
there is tailwind stored at four different altitudes in cruise. 
The ground tool computes the remaining three step climbs 
assuming standard atmosphere conditions and is based 
on GE’s best understanding of the capabilities of such a 
tool without having direct access to one. This combination 
is meant to represent the best method currently available 
in the market, and the benefit of Gen C relative to this 
method is expected to be lower. 


All methods use a maximum thrust climb profile and simple 
table lookups for optimum cruise altitude and speed. Neither 
method can produce a step descent during cruise.  


3.3.1 Legacy Approach for RTAs 


In general, the FMS supports the selection of a parameter 
called a Cost Index to determine the operational balance 
between fuel and time costs. This input is usually determined 
by the airline operator and requires comparing the price of fuel 
to costs of time such as crew wages. This Cost Index is then 


GEN D
Optimal RTA


GEN C
Optimal Cruise 


Steps


GEN B
High Fidelity 


Weather


UCCD
Unified Phases


Climb Speed and 
Thrust


GEN A
Optimal Cruise 


Altitude
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used by the FMS function7s to determine the flight speed that 
minimizes the Direct Operating Cost. In the lack of RTA 
constraints, the Cost Index essentially determines flight time 
as balanced with fuel cost. 


Now, a Required Time of Arrival constraint applied to a 
waypoint in the flight path specifies that the aircraft must 
arrive at that waypoint within a certain tolerance of the 
specified time. In general, RTAs are considered “at” constraints, 
as opposed to an “at or before” or an “at or after” constraint. 
The constraint time is usually specified by ATC in order to 
properly manage traffic flow through a congested airspace, 
such as the approach of an airport. However, the constraints 
may occur at any location in the flight.  


In the presence of an RTA constraint, the time of arrival at the 
waypoint of concern is specified. This means that the flight 
time for the RTA segment (from the aircraft’s present position 
to the RTA waypoint) will be a constant, specified value. The 
Cost Index that has been specified by the operator is irrelevant 
for this segment, as the cost of time will be fixed as well. Thus, 
the FMS uses the Cost Index as a mechanization to vary aircraft 
speed until the RTA has been achieved. Since the flight controls 
are optimal for any given Cost Index, it will be optimal for this 
selected RTA Cost Index as well; since time is fixed, this 
corresponds to a minimum fuel case. After the RTA constraint 
distance has been passed, the aircraft may return to normal 
operations, such as economy speed, using the True Cost Index 
as specified by the operator.  


Figure 8 provides a generic depiction of this process. Given 
different control speeds, the flight profile will arrive at the RTA 
location with varying time-of-arrival (on the x-axis) and fuel 
usage (on the y-axis). Varying the Cost Index and then looking 
up the tabulated economy flight data (cruise altitude and 
speeds) for that Cost Index will produce flights on the lower 
portion of this cloud, known as the Pareto Frontier. In the 
general case where this solutions cloud is convex, the eventual 
Cost Index that generates a flight that intersects the vertical 
RTA time line will be found.  


 


 


Figure 8. Legacy Cost Index loop. 
Various Cost Indices are trialed until the one that generates a flight that 
meets the RTA time (constant vertical dashed line) is found. 


 


There are a few shortcomings with this technique. The first is 
that the method can only modify aircraft speed, and not 
cruising altitude, to meet the RTA. The altitude profile is already 
set – whether it is a constant cruise altitude or contains step 
climbs. This eliminates the possibility to determine a more 
optimal altitude that allows cruising at more efficient speed to 
meet the RTA. This also means that the presence of different 
winds at different altitudes are not accounted for. Another 
major shortcoming arises when the solutions cloud in Figure 8 
is non-convex, which could be caused by weather patterns. 
These shortcomings in the industry standard solutions prompt 
the development of the Gen D technology. 


3.4 Benefit Assessment Methodology 


Measuring the benefit of the CLEEN technology over the Legacy 
baseline methods is accomplished through a comparison of the 
total Direct Operating Cost (DOC) throughout the flight, which 
includes the fuel burned and time burned. See paragraph 3.1 
for a detailed description of DOC calculations. 


Vertical Flight Plans are constructed using both the CLEEN 
technology and legacy methods, and these plans are flown 
through fast time aircraft simulations to compute fuel burn. A 
single metric benchmark for “fleet-wide savings” for 
comparison gives the general formulation of percent fuel 
savings for a given set of test cases as:  


 


% 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 =
∑ (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑖𝑖 − 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖)𝑖𝑖


∑ 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖
 ∗ 100  


 


where the summation happens over each case 𝑖𝑖 in the test set, 
and a positive value indicates saved fuel. Intuitively, this 
number indicates the sum of fuel saved over the sum of fuel 
burned, which is slightly different than simply taking the 
average of the percent cost saved for each case. 


The general philosophy of comparison throughout this program 
is to compare a candidate technology to the best possible 
profile the baseline FMS software can produce, and not to 
make comparisons to flights as they were flown using real 
recorded flight data. In practice, several unpredictable events 
can occur that reduce the optimality of the flight, including 
extra airspace constraints, ATC demands of cruise altitude, 
missed approaches, and so on. If a comparison occurs between 
an actual flight that experienced these events and an 
optimization technique that is not likewise constrained by 
them, much larger savings are reported. Several other studies 
performed by other parties compare their optimization 
methods to as-flown trajectories, artificially inflating the 
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reported benefit. To make a fair comparison, these types of 
unpredictable suboptimalities are removed from the equation‡. 


For a detailed description of the benefit assessment process 
for each TRL, including case setup and selection and omitting 
outliers, refer to Appendix B. 


3.5 Terminology 


Below is some standard terminology used throughout this 
document, and the corresponding definitions. 


• UCCD: Unified Climb, Cruise, and Descent, an iteration of 
CLEEN software that merges flight phase optimization 
(see Section 5) 


• Generation A (Gen A): Iteration of CLEEN software, 
including optimal constant cruise altitude for standard day 
(see Section 4) 


• Generation B (Gen B): Iteration of CLEEN software, 
including optimal constant cruise altitude with weather 
(see Section 6) 


• Generation C (Gen C): Iteration of CLEEN software, 
including optimal cruise altitude steps with weather (see 
Section 7) 


• Generation D (Gen D): Iteration of CLEEN software, 
including optimal cruise altitude steps for Required Time of 
Arrival (see Section 8) 


• Legacy: A baseline for comparison including legacy FMS 
constant cruise altitude technology  


• Legacy+: A baseline for comparison including legacy FMS 
constant cruise altitude technology with a more 
sophisticated weather model  


• Legacy++: A baseline for comparison including optimal 
steps calculated from today’s sophisticated ground tools  


• Standard Day: The set of atmospheric conditions with no 
winds and a temperature that varies as a function of 
altitude according to the 1975 International Standard 
Atmosphere model 


• Cost Index: A parameter used to determine the relative 
cost of fuel and cost of time to an airline operator for a 
single flight (see paragraph 3.1) 


• DOC: Direct Operating Cost, the sum of the cost of fuel 
and the cost of time (see paragraph 3.1) 


• TOC (T/C): Top of climb 
• TOD (T/D): Top of descent 
• EOD (E/D): End of descent 
• ETA: Estimated time-of-arrival 
• ATA: Actual time-of-arrival 
• ETG: Estimated time-to-go 
• RTA: Required time-of-arrival constraint on a waypoint in 


the flight plan 
• Altitude Quantization (Separation): The Air Traffic 


Control mandated vertical separation between aircraft 


 


 


‡ D. Lax, M. Darnell, O. O'Keefe, B. Rhone, N. Visser, R. Ghaemi and E. 
R. Westervelt, "Quantifying Operating Cost Reduction from Aircraft 


during the cruise phase, usually in increments of 1,000 or 
2,000 ft depending on the route 


 


 


Performance Optimization", in Integrated Communications, 
Navigation, Surveillance Conference (ICNS), Herndon, VA, 2018. 
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4. Generation A: Cruise-Only Optimization 


4.1 Executive Summary 


The primary objective of the CLEEN II program is to minimize 
fuel costs incurred by flights that follow an FMS-determined 
flight profile. To meet this objective, the Generation A Cruise 
Optimization technology is developed to generate a constant-
altitude, variable speed cruise profile that minimizes direct 
operating cost for the cruise flight phase by treating the mass 
of the aircraft as a state variable during the cruise phase 
calculation. This technology represents a direct improvement 
over the Legacy method using more accurate calculations with 
the available data and no new control policy or additional 
information. 


Testing conducted with a TRL 4 implementation on several 
variants of the optimization demonstrated cruise fuel savings 
on the order of 0.1% as compared to the Legacy methods, 
averaged over an array of flight distances and for different 
altitude separation constraints; see Figure 9. Implementation 
into TRL 5 Predictions software was not pursued for this 
generation due to the small savings. The Generation A 
optimizer serves as a basis for the further generations of cruise 
optimization technologies. 


 


 


Figure 9. Generation A optimization. 
Optimization results show that optimal altitude selection including effect 
of distance (and mass change throughout flight) result in small overall cost 
savings depending on altitude separation constraint. 


 


4.2 Development 


4.2.1 Optimal Constant Altitude, Variable 
Speed 


The goal of the Generation A Cruise Optimizer is to select 
constant cruise altitude and variable cruise speeds resulting in 
the minimum cost given the distance travelled in cruise phase, 
and an approximation of the cost to climb and descend from 
the cruise altitude. This method removes assumptions of trip 
distance (see Figure 10) and inaccuracies in tabulated Legacy 
economy data, replacing Legacy lookups of optimal control 


with live calculation using mass as a state variable. This 
framework provides the basis for all future generations of 
CLEEN software, with increasingly more available controls and 
higher fidelity input data. 


 


 


Figure 10. Cruise optimizer. 
Optimal cruise altitude (CLEEN) depends on cruising distance; versus 
Legacy approach based only on aircraft weight. 


 


As described in paragraph 3.1, this requires finding the altitude 
and velocity that minimize the cost function over the range 
[𝑅𝑅0,𝑅𝑅𝑓𝑓] in feet of the flight:  


 


𝜓𝜓𝑐𝑐 = �
𝐶𝐶𝐶𝐶 + 𝑊𝑊𝑓𝑓


𝑉𝑉𝑔𝑔
𝑑𝑑𝑑𝑑


𝑅𝑅𝑓𝑓


𝑅𝑅0
 


 


where 𝑊𝑊𝑓𝑓  is the aircraft fuel flow in pounds per second and is 
primarily a function of altitude and velocity in cruise, 𝑉𝑉𝑔𝑔  is the 
ground speed in feet per second, and 𝐶𝐶𝐶𝐶 is the Cost Index 
converted from the standard units of 100s pounds per hour to 
pounds per second by multiplying by 


100
3600


. Thus, the problem is 
to find the speed and altitude that minimizes 𝜓𝜓𝑐𝑐.  


Minimization of cruise DOC necessarily involves mathematical 
optimization methods. Several different optimization 
strategies were considered, and a qualitative analysis of 
available optimization software was performed. In one set of 
studies, speed was varied continuously through cruise at a 
constant Legacy recommended trip altitude. In another set of 
studies, constant altitude and variable speed are selected 
through live optimization. 


Using the cost function to optimize both altitude and speed is 
the most optimal, as expected, but also that altitude 
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optimization provides a much greater share of the benefit over 
Legacy or constant selection strategies than speed does. 
However, the benefit that speed optimization achieves is non-
zero, and thus the optimization of both values is pursued for 
the Gen A technology and beyond. 


The optimal cruise profile has been shown to not be sensitive 
to initial cruise weight; it is highly sensitive to cruise range. 
Figure 10 shows the effect of cruise range on the optimal 
altitude for the B737-800 airframe, operating at 160,000 
pounds gross weight. As is apparent from the graph, shorter 
flight profiles resulted in Gen A choosing optimal altitudes 
lower than that of the Legacy optimization and longer profiles 
lead to higher altitudes. This plot also provides evidence that 
the Legacy method is intentionally optimized for short to 
medium range flight profiles. For this scenario, a flight range of 
approximately 750 nmi appears to have been the design case. 


4.2.2 Optimization Algorithm 


In its final form, the Gen A optimizer is a trajectory optimizing 
utility that generates optimal control speed targets in a series 
of discretized steps at an optimum altitude, determined via an 
outer golden-section search loop.  


Inherent in the current design of the Gen A optimizer are 
several assumptions that limit the ability to determine the 
optimal solution. The current implementation of the optimizer 
does not include wind speed in the calculation of the aircraft 
true airspeed, which is equivalent to presuming a windless 
atmosphere. This shortcoming is addressed in Generation B – 
see Section 6. Also present in the current design are gross 
simplifications of the climb and descent distances and fuel 
burn, as well as an assumption that a single cruise altitude 
must be used for the entire cruise profile. This latter 
assumption is only the case for short range flights. Medium to 
long range flights often involve successful clearance to 
implement step climbs, thereby allowing multiple altitudes in a 
single cruise profile. This shortcoming is addressed in 
Generation C – see Section 7. 


4.2.3 Comparing with NLP Method 


Validation of the optimal profile produced by the Gen A 
optimizer is accomplished through the comparison with an 
independently generated non-linear programming method that 
uses commercially available optimization algorithms. More 
generic Non-Linear Programming (NLP) methods 
simultaneously optimize both speed and altitude, providing for 
an analysis of the coupled effect of adjusting each. This coupled 
analysis inevitably results in a more accurate optimal solution; 
however, their prohibitively long response times make them 
infeasible for implementing on an embedded FMS. 


See Figure 11 for an example comparison. Note the start and 
end regions of these plots are not representative of the cruise 
flight phase, and exhibit some transition effects between climb, 
cruise, and descent. A rudimentary analysis of this cruise region 
reveals that the largest difference in calculated optimal speed 
is 4.5 KTAS, or approximately 2.4 KCAS at altitude, and 
ultimately resulted in 0.036% more fuel consumed over the 
course of the cruise trajectory. This data implies that the Gen A 
optimizer is sufficient to extract all meaningful fuel savings 
from the cruise profile. 


 


Figure 11. Comparison of NLP and Gen A optimizer cruise profiles. 
The comparison shows zero distance as the top of climb for 1000-mile 
cruise. 


 


The initial version of Gen A involved dividing the cruise distance 
into the maximum number of discretized steps (200); however, 
longer than acceptable response times prevented such a small 
distance step. Further study demonstrated that the step 
distance has a small effect on the optimal solution and that 10 
discretized steps – as implemented in the final version of Gen A 
– is enough to derive the available fuel savings from flying the 
optimal solution.  


4.3 Benefit Assessment 


A MATLAB-based Cost Calculator Analysis (CCA) is conducted 
on a set of 468 flights of the B737-800 airframe to determine 
fuel savings. The test set sweeps through a representative 
range of aircraft initial gross weights, flight ranges, and 
mandated altitude separations (i.e., odd/even, flight level, or 
none). The Legacy and CLEEN II optimized cruise profiles are 
calculated and direct operating cost is roughly integrated to 
determine the cost of each flight.  


The cost calculator approach uses simplified flight dynamics to 
determine the fuel consumed by each method’s optimal 
solution. More specifically, the calculations simplify the model 
of fuel flow in that speed changes are assumed to be 
instantaneous. This simplification also assumes that slow 
vehicle dynamics dominate the behavior of the aircraft and the 
resultant forces and fuel flow. Given this formulation, the 
Legacy and CLEEN II optimized cruise profiles are compared in 
Figure 12, resulting in about 0.1% benefit (see Figure 13). 
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Figure 12. Median fuel savings of Gen A Cruise over Legacy. 


 


 


A brief survey of data on FlightAware§ reveals that 75% of 
flights traversing more than 2700 nmi involved step climbs, as 
did 50% of flights traversing around 1400 nmi. The same data 
indicated that no flights on the order of 900 nmi involved step 
climbs. The effect of step climb calculation is neglected in this 
Gen A analysis but will be handled in Gen C in Section 7.  


Figure 13 contains the calculated fuel savings associated with 
runs with different altitude rounding implementations that 
mimic the typical air traffic constraints for vertical separation.  


 


Altitude Rounding Median Savings 


0 ft (no rounding) 0.14% (20 lbs.) 


1000 ft 0.16% (20 lbs.) 


2000 ft 0.019% (1.7 lbs.) 


Figure 13. Effect of altitude rounding on fuel savings. 
 


 


This data, combined with that shown in Figure 12, demonstrate 
the sensitivity of fuel savings to altitude rounding and cruise 
distance. When a 2000-ft altitude separation is imposed, the 
fuel savings become insignificant. As can be seen in Figure 12, 
this imposed separation prevents fuel savings until flight 
ranges increase beyond 2,250 nmi, but savings then increase 
dramatically thereafter.  


The testing made apparent the relationship between initial 
weight and cost savings. Where lighter aircraft can fly relatively 
efficiently at a wider range of speeds, heavier aircraft require 


 


 


§ "FlightAware", FlightAware, [Online]. Available: 
https://flightaware.com/. 


larger deflections in flight surfaces to trim the aircraft at 
different speeds and this can have a pronounced effect on the 
forces on the aircraft and, consequently, its efficiency (see 
Figure 14). The more accurate optimum speed of Gen A drives 
higher fuel savings as compared to the more generically 
formulated Legacy optimizations. 


 


 


Figure 14. Relationship between weight and savings observed in 
testing. 


 


 


Figure 15 provides evidence that Legacy method is 
intentionally optimized for short to medium range flight 
profiles. For this test set, a flight range of approximately 750 
nmi appears to have been the design case, as demonstrated by 
the minimal fuel savings with little to no variation at the 750 
nmi flight distance. For every other flight distance, there is a 
strong observable direct correlation between the magnitude of 
fuel savings and the difference of flight distance and 750 nmi. 
This holds true even for shorter flights, where the cost of climb 
and descent have a larger impact on the ability of Gen A 
technologies to choose a profile optimized specifically for 
cruise. It is likely that these more restricted scenarios are what 
drive the higher variability in the observed savings, shown as a 
larger blue box. It also holds true for longer flights, where there 
appears to be a linear correlation between the observed 
savings and total flight distance. Given the generic formulation 
of the Legacy methods with a 750 nmi design case, there is 
reason to believe even longer flights (like those of transatlantic 
trips) will follow this same trend. 


 


 



https://flightaware.com/
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Figure 15. Relationship between flight distance and savings observed 
in CCA. 
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5. Unified Climb, Cruise, and Descent (UCCD) 


5.1 Executive Summary 


Previous technologies focused solely on the optimization of 
individual flight phases: CLEEN I on the climb profile, and 
CLEEN II Generation A technology on the cruise profile; see 
Figure 16. The work of the technology described in this section 
is to improve the climb phase optimization, investigate 
optimizations of the descent profile, and to unite their 
optimization of the different phases to produce a flight profile 
that minimizes the cost of the entire flight. Of note is the 
finding that maximum climb rated thrust does not provide a 
minimal fuel profile; that is, a reduced throttle improves life of 
the engine and reduces cost to operate. 


In its final form, the UCCD implementation is a trajectory 
optimizing utility that computes the best overall flight profile 
and provides the full-flight optimization framework for future 
technology generations. An impact assessment of the resulting 
vertical flight profile indicates that the new control calculations 
have some operational impact on air traffic management and 
pilot training. These new policies account for typical IFR and 
ride quality, and typically producing a longer time to cruise 
altitude than Legacy controls. The operational impact of this 
control should be further vetted with air traffic management 
authorities. 


TRL 5 testing described in paragraph 5.3.2 demonstrates an 
average 0.47% fuel savings for Cost Index 0 as compared to the 
Legacy method (the average is 0.33% across all Cost Indices 
evaluated). The effect of engine de-rate is studied and does not 
affect the resulting savings. Operationally, when larger vertical 
separation limits are used (2000 ft), the average savings is 
reduced by approximately 0.05%.  


While this savings is significant, it does not fully account for 
tailoring for specific weather patterns or a variable cruise 
phase control policy (for example, one that allows for altitude 
steps) achieved in Generation B, C, D. The initial UCCD 
algorithms and software provide a framework to further 
improve the vertical flight profile and take advantage of 
additional tailoring. 


5.2 Development 


5.2.1 Variable-Thrust Climb Optimization 


Unconstrained Legacy climb profiles are generated assuming a 
constant CAS/Mach pair flown at maximum climb thrust to a 
tabulated optimum cruise altitude. These Maximum-Thrust 
Constant-Speed (MTCS) profiles are a rough approximation of 
optimal control and provide for consistent and predictable 
aircraft performance that can be leveraged by air traffic control 


 


 


** H. Erzberger and H. Lee, "Constrained Optimum Trajectories with 
Specific Range", Journal of Guidance and Control, vol. 3, pp. 78-85, 
1979. 


and other airspace governing bodies to more easily control 
aircraft interactions.  


The intuitive sub-optimality of the maximum-thrust, constant-
speed climb profile motivates the investigation of how best to 
control a flight profile to better approximate optimal 
performance. Historical research** focuses on variable-speed 
profiles flown at maximum thrust and generally thought them 
to be the only significant source of increasing optimality. The 
work of the CLEEN I program sought to utilize this knowledge 
with modern processing power to compute a more optimal 
variable-speed (but still maximum-thrust, titled MTVS) climb 
profile that provided savings over Legacy constant CAS/Mach 
pair approach. See paragraph C.1 for a description of this work. 


 


 


Figure 16. Legacy and CLEEN climbing profiles. 
UCCD optimization technology automatically balances between climbing 
higher and resulting performance gains at cruise altitude 


 


However, the work of investigating unifying the climb and 
cruise phases lead to the conclusion that the maximum thrust 
profile leaves fuel savings to be extracted. The Legacy 
algorithm assumes engine operation at maximum climb thrust, 
which is substantially higher than the cruise thrust setting. This 
thrust transition from a high climb setting to a lower cruise 
setting is executed and controlled by the auto-throttle system 
during transition to the cruise flight phase. During this time, 
closed loop feedback within some auto-throttle systems 
targets the selected (cruise) altitude and the throttles dial back 
as necessary to achieve its vertical speed targets while still 
flying the constant Mach. This results in a throttle transition 
that is sub-optimal and motivates consideration of a variable 
thrust (or throttle) and speed profile. The three graphs in Figure 
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17 respectively depict the distance-based altitude, thrust, and 
fuel savings profiles for one flight.  


 


 


Figure 17. Variable thrust profile and savings impact. 
 


 


In each of the plots, the red line represents a variable thrust 
climb profile and the black line the Legacy maximum climb 
thrust profile. Approximately 25 nmi into this flight, the 
optimum variable thrust control (red line) deviates from the 
maximum thrust (black line). At this same point the bottom 
graph begins to show fuel savings, as the reduction in thrust 
inevitably leads to a reduction in fuel flow. Although variable, 
this comparative reduction in thrust (and fuel consumption) 
persists until the Legacy profile achieves the cruise altitude 
(around 90 nmi along-path) and the thrust is dialed back to its 
cruise setting (where thrust is equal to drag). From this point 
until the point at which the variable thrust profile reaches the 
cruise altitude, the Legacy profile is at a lower thrust setting 


and is consuming less fuel. This is reflected in the bottom plot 
that shows decreasing but still positive savings from 90 nmi 
until about 140 nmi when both profiles are flying at cruise 
thrust at the cruise altitude.  


A closer look at the altitude-based cost of different thrust 
settings further confirms the ability of a variable thrust profile 
to save fuel. Figure 18 is a contour map of the climb cost 
function evaluated as a function of altitude and thrust value. At 
each altitude, an ascending aircraft can achieve a positive rate 
of climb at a wide range of thrust settings. The cost of 
operation at each of the altitude and thrust combinations is 
represented by the contour lines that are shown on a 
temperature color scale with blue being lower costs and 
red/yellow higher.  


 


 


Figure 18. Contour map of climb cost function. 


 


 


Again, the black line represents a maximum thrust profile and 
the red the variable thrust climb profile. Though difficult to 
discern from the contour colors, the cost of each thrust and 
altitude combination tends to increase as each value is 
reduced. Similarly, at each altitude the instantaneous cost 
tends to decrease as the thrust increases to its maximum 
climb value. This holds true at all altitudes below approximately 
20,000 ft. Above 20,000 ft there is a minimum in the cost 
profile as a function of thrust that lies within the viable thrust 
region. These minima create the referenced “cruise buckets” 
whose minimums (at the top left apex of each curve) lie below 
the maximum thrust value, which makes them viable for use as 
optimal control. This indicates that an increase in thrust 
beyond this minimum results in an increase in instantaneous 
cost. This drives the optimal variable thrust profile to deviate 
from the maximum thrust value, which is exactly what is 
observed. As the profiles approach 20,000 ft the variable thrust 
profile (in red) begins to depart from the maximum thrust 
profile (in black) and does so to follow the apex of the cruise 
buckets as expected. This deviation near 20,000 ft was widely 
observed and correlates strongly with the thrust deviation in 
the middle graph of Figure 17.  
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Beginning with the previously formulated CLEEN I equations of 
motion in climb (paragraph C.1), the simple difference to create 
a variable-thrust climb profile is that thrust is now varied in the 
search for optimality rather than assumed constant at its 
maximum climb value. Thus, the direct operating cost function 
is minimized over values of speed and throttle (or equivalently 
thrust). In order to produce such a profile, an optimizer that can 
handle the optimization of more than one variable 
simultaneously is required. This new method of climb 
optimization is Variable-Thrust, Variable-Speed (VTVS) and 
unifies the climb thrust to the cruise thrust in an optimal 
transition. 


Each of the methods (CLEEN I MTVS and the new VTVS) are 
tested and compared with Legacy functionality (MTCS) to 
evaluate their efficacy for inclusion in the UCCD optimizations. 
Also compared is a Variable-Thrust Constant-Speed (VTCS) 
method, for sake of completeness. 


Each climb optimization method (including that of the Legacy 
software) is formulated in the TRL 5 environment and 
compared using simplified flight dynamics over a set of 156 
test cases for each optimization method (12 flight distances 
from 250 nmi to 3,000 nmi at an interval of 250 nmi and 13 
takeoff gross weights from 110 klbs to 170 klbs at an interval of 
5 klbs). For each test case, vertical flight plan states are 
generated (predicted) for both Legacy and CLEEN profiles, 
assuming a start in climb at 2,000 ft, flight up to the 
optimization method determined cruise altitude along a 
straight-line route, and an estimation of the Legacy descent. 
For all non-legacy methods, the cruise altitude was chosen via 


golden-section search based on the direct operating cost of 
each altitude (including the cost to climb to that altitude using 
the optimization method being evaluated). This approach 
differs from the final implementation that conducted a brute-
force search across a viable altitude range. Each flight 
prediction subject to physical and operational restrictions, 
including minimum and maximum vertical speed requirements, 
speed and thrust limits, and acceleration limits. 


The resulting profiles are evaluated using the CLEEN II 
Advanced Technology Testbed (ATT) to simulate how the 
actual aircraft would fly the predicted flight. The ATT calculates 
and records fuel burn, flight time, speed, altitude, thrust, and 
observed drag. Figure 19 presents the aggregate fuel and time 
savings for each method across the entire 156 test flights. 


Only three optimzation methods are shown on each graph – 
Maximum Thrust With Variable Speed (MTVS), Variable Thrust 
With Variable Speed (VTVS), and Variable Thrust With 
Constant Speed (VTCS). The fourth method, the Legacy 
Maximum Thrust Constant Speed (MTCS), is not shown 
because it is used as the control for comparisons, so each 
improvement or diminishment is made relative to the MTCS 
profile.  


Both multi-variable climb control optimizations made use of 
MATLAB’s fminseaerchcon function to produce the optimal 
control used in the profile generation. This function produces 
equivalent results to the Active Set method used in the final 
version of the solvers.  


 


 


Figure 19. Climb optimization method. 
This shows the VTVS method provides significant benefit. 
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5.2.2 Variable-Thrust Descent 
Optimization 


Analogous to the variable-thrust variable-speed climb, a study 
of the benefit of descent thrust optimization is performed. 
Descent optimization concludes that savings can be improved 
from 0.47% savings from the UCCD assessment in paragraph 
5.3.2 to 0.78%. However, implementation of the descent 
optimization in the TRL 6 software posed several challenging 
problems related to the handling of flight constraints and 
arrival procedures during descent and was determined to be 
out of scope for the CLEEN II project. 


5.2.3 Phase Unification 


Intuitively, it can be reasoned that the cruise altitude selection 
affects the cost of the climb and descent flight phases. 
Climbing to a higher altitude inevitably includes a longer climb 
phase that takes place at a higher thrust setting than that of 
cruise and demands more fuel. A similar effect occurs for 
descent due to the longer duration required to descend from a 
higher altitude. Does the cost to ascend and accelerate to the 
best cruise altitude and speed yield the lowest total cost or 
would a lower-cost climb to a lower, less-efficient cruise 
altitude be cheaper? The answer depends on range — how long 
the airplane operates at the more efficient cruise altitude. Keep 
in mind the adjacent effect of weight. A lower cost climb means 
a heavier airplane at cruise altitude and, as range increases, the 
required amount of fuel increases and the airplane gets 
heavier. 


The problem formulated here must either be solved iteratively 
or simultaneously to find the best combination of climb, cruise, 
and descent controls. To minimize the total cost, then, the cost 
of the climb, cruise, and descent must be solved 
simultaneously — either analytically, iteratively using numerical 
methods, or a hybrid mix of both approaches. 


The UCCD software design solves this problem through 
exchange of planning information and optimal control results 
between individual optimizers for each phase. Convergence 
loops and brute force search over cruise altitude is used to find 
the overall optimal solution. 


The profiles generated by the UCCD technologies are 
traditional flight trajectories; that is, they include the three 
standard phases of flight – a climb followed by a cruise and 
then a descent. The cruise and descent phases are essentially 
identical to that of the Legacy profile, only differing in the 
altitude and speeds chosen to fly. The climb profile used in the 
UCCD technologies has a deviation from the Legacy climb 
profile in that both speed and thrust were optimized as 
variable aircraft controls.  


Figure 20 depicts the impact of the UCCD technology on the 
flight profile of two example flights. In both graphs, the black 
line is the trajectory produced via Legacy profile prediction 
methods and the red is that of the UCCD technologies. The 
graph on the top shows that the UCCD methods choose a 
lower cruise altitude for shorter duration flights while the 
graph on the bottom shows its tendency to pick higher 
altitudes on longer flights. Intuitively, this makes sense. While 
turbofan engines tend to operate better at higher altitudes, the 


cost to climb to that higher altitude may outweigh the 
efficiency savings, as is the case in the left graph. When the 
aircraft can maintain that higher altitude for a substantial 
duration, the efficiency savings from a higher altitude 
accumulate and provide for a lower total flight cost, including 
the cost to climb to that higher altitude, and drive the selection 
of that higher altitude as the optimum cruise altitude.  


 


 


Figure 20. Examples of UCCD profile impact. 
 


 


Although these modifications to the flight trajectory are driven 
by aircraft control that drives a mathematically optimal profile, 
there is concern about their ability to be adopted into 
commercial airspace. Operators in FAA control centers use well 
established dead reckoning techniques to coordinate the flow 
and order of airspace traffic and any changes in aircraft 
behavior must gain the acceptance of all stakeholder 
communities to avoid resistance to the purchase and use of 
the UCCD optimizations. In addition, the variable-thrust climb 
profiles extend the aircraft’s time and distance in climb. This 
can lead to a climb profile occurring through more than one 
ATC sector, which drives the need for cruise entry coordination 
across control centers. This is a change to the standard 
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operating procedure. However, there is a large variation today 
in aircraft type, weight, and wind profiles that can drive 
substantially different climb profiles, possibly on the order of 
the changes driven by the variable thrust profiles. It is 
recommended that further research is conducted, in 
coordination with ATC representatives, to investigate the 
difficulty in adopting these extended climb UCCD profiles. 


5.2.4 Optimization Algorithm 


In the final design, the UCCD problem is solved by iterating 
through potential cruise altitudes, solving the climb problem 
for each, generating a constant-altitude cruise profile, and 
appending the descent trajectory. Upon completion of this 
process, the full flight profile that yields the overall lowest cost 
is selected. In this formulation, the fuel flow rate and 
consequently the fuel cost is calculated via solving the system 
equations for the most optimal climb thrust and velocity and 
cruise altitude and velocity.  


After the optimal data is determined valid, the produced 
optimal control is incorporated into the flight plan along with 
all applicable constraints via the execution of an FMS 
prediction event. At this point the entire flight profile has been 
optimized in a unified fashion and the means of controlling the 
aircraft to the optimal trajectory is stored and available for 
access through aircraft model functions.  


5.3 Benefit Assessment 


5.3.1 Test Methods 


The UCCD trajectory optimization technologies are validated 
through execution of an extensive test set of aircraft flights. 
Aerodynamic, thrust, drag, and fuel flow data for the Boeing 


737-800 airframe with CFM International LEAP-1B engines is 
used to construct straight-line flight profiles beginning at 12 
different distances ranging from 250 nmi to 3,000 nmi at an 
interval of 250 nmi. Eleven different test sets each consisting of 
combinations of these 12 distances and 13 gross weights 
(ranging from 110 klbs to 170 klbs at 5 klbs intervals) are 
predicted, simulated, and analyzed to assess the fuel savings 
available through the UCCD optimizations.  


Cost Index, engine de-rate, and altitude quantization were 
varied across the nine test sets to allow for the assessment of 
their impact on the ability of the optimization methods to 
extract fuel savings. Figure 21 contains the mapping of each of 
the inputs varied across test sets. The same set of distance and 
gross weight conditions are used for each test set. 


Each test flight is predicted using point mass integrations of 
both the UCCD and Legacy flight optimization methods. Both 
prediction methods begin with the aircraft in climb at 2,000 ft 
and 250 KCAS, fly up to their respective optimum altitudes, and 
descend to destination altitude. These predicted profiles are 
then input into the CLEEN II ATT to simulate the flight of a 
physical aircraft along the predicted flight profile, tracking 
control outputs of the predictions and performing integrations 
of “real-time” aircraft states.  


Note that this assessment process differs from TRL 5 
assessments performed for subsequent technology 
enhancements. In later generations, ss the technology gets 
more sophisticated, considering more specific flight plan 
tailoring (and thus extracting more benefit) it is impractical to 
enumerate and run all possible scenario variations. For this 
initial UCCD assessment, all full sweep of all cases is practical, 
and is performed. 


 


 


 


Test Set 1 2 3 4 5 6 7 8 9 


Cost Index 0 0 0 100 100 0 100 0 25 


Derate 1 0 0 0 0 0 1 1 0 0 


Derate 2 0 0 0 0 0 0 0 1 0 


Altitude 


Quantization (ft) 0 1000 2000 0 2000 0 0 0 0 


Figure 21. Varied inputs in UCCD test sets. 
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5.3.2 Test Results 


The UCCD and Legacy simulated flights are compared to assess 
the achieved fuel savings, using the direct operating cost 
formulations described in paragraph 3.1. Figure 22 depicts the 
aggregate cost of each test set relative to the Legacy profile, 
with positive percentages indicating savings over the Legacy 
profile prediction method. The aggregate savings across all test 
sets is approximately 0.33% of the fuel used without UCCD 
optimizations.  


 


  


Figure 22. Cost savings of UCCD method over Legacy method for each 
test set. 


 


 


The available flexibility of control in the optimization directly 
effects the achievable benefit. This correlation can be seen in 
test sets whose only uncommon input is Cost Index (for 
instance, test sets 1, 9, & 4 or 6 & 7). By definition, when the 
Cost Index is zero the time spent in flight has no impact on the 
total flight cost. A non-zero Cost Index serves as a conversion 
factor between time and fuel, providing a way to factor the 
time cost in the total direct operating cost. Consequently, the 
aircraft must fly faster to reduce the cost (time and fuel) of the 
flight, which forces unfavorably high speeds that drive engine 
operation in inefficient regimes. Cases with a zero-valued Cost 
Index demonstrated approximately 0.46% fuel savings that 
corresponded to an average of about 56 lbs. of fuel, or 8.3 
gallons of Jet-A1 Fuel.  


Commercial airline flights cruise at discretized flight levels, with 
east-bound flights utilizing odd flight levels and evens for west-
bound flights. Test sets 2 and 3 address the effect of this limit. 
The effect of altitude quantization is small, but significant, 
reducing the savings by approximately 10% for each additional 
1000 ft.  


Engine de-rates are a common method of commercial airlines 
to reduce takeoff and climb thrust in order to extend the life of 
the engines and potentially reduce the fuel consumed. Many 
airlines implement two engine de-rate settings, so test sets 6, 
7, and 8 are run to assess their impact on savings in typical 
commercial operation. In these sets, the Legacy profile 


prediction is generated assuming the de-rate reduced engine 
thrust. Test sets 1, 6, and 8 result in the same percentage of 
fuel savings, demonstrating that the engine de-rate setting has 
no effect on the ability of the UCCD algorithms to extract fuel 
savings.  


Figure 23 provides insight into the source of the cost savings 
and the additional benefit of the UCCD technologies not 
reflected in the Cost Index 0 sets – time. With the exception of 
test set 3, the zero-valued Cost Index test sets not only saved 
fuel, but also reduced the time required to complete the test 
flight as compared to the Legacy method. Operationally the 
reduced flight time from origin to destination can lead to 
significant monetary benefit and a reputational boost. Many 
business customers of the commercial airline industry simply 
require the quickest way to get from point A to point B and 
actively seek to book flights with the shortest flight time. Using 
the UCCD technologies serves to satisfy these customers 
without compromising fuel savings in this test set. In fact, with 
few exceptions, all test sets showed both time and fuel savings. 
Figure 24 collects the time, fuel, and cost savings, grouping the 
test flights by their input Cost Index value. It serves to highlight 
the unaccounted-for benefit. 


 


 


Figure 23. Fuel, time, and cost savings of UCCD method over Legacy 
method for each test set. 


 


 


 
Cost Savings Fuel Savings Time Savings 


CI = 0 0.47% 0.47% 0.47% 


CI = 25 0.27% 0.34% 0.09% 


CI = 100 0.27% -0.03% 0.26% 


Figure 24. Cumulative UCC savings. 
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There is also substantial variation across flight groupings 
within each test set. The test set numbers are indexed in such 
a way that each group of 12 consecutive test cases 
corresponds to a single gross weight and an increasing flight 
distance. Thus, as can be seen in Figure 25, at lower weights, 
the shorter distances save more fuel than the longer flights, 
but the opposite is true at the higher weights. This is indicative 
of the optimizer ability to account for both off-average aircraft 


weight and cruise distance in its calculation of the optimum 
cruise altitude. As the aircraft increasingly deviates from the 
nominal condition documented in the database tabulated 
optimal control, its deviation from the true optimum increases. 
This leads to a higher savings margin achieved by the UCCD 
technologies. 


 


 


 


Figure 25. Test Set 1 fuel savings. 
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6. Generation B: Weather-Optimized UCCD 


6.1 Summary 


The work of the Generation A and the initial UCCD 
developments focused on using engine and aerodynamic 
models to produce a unified optimal flight profile when 
operating at standard day conditions. The work of the 
Generation B technology described in this section is to 
incorporate non-standard day weather data and produce an 
optimal flight profile that harnesses favorable weather 
conditions. 


Current methods used by Flight Management Systems to 
account for weather effects on flight profiles rely upon the 
assumption that the known weather data poorly reflects what 
will be experienced throughout the flight. As such, many 
airlines pursue overly simplified wind and temperature models 
for use in profile predictions. This “bad data in, bad data out” 
approach drives performance predictions that deviate 
substantially from the observed performance. These imprecise 
predictions have a cascading effect on Required Time of Arrival 
performance and descent profile predictions, driving frequent 
updates to each that confuse operating crews and increase 
pilot workload. The Generation B technology described in this 
section incorporates high-fidelity data for both wind and 
temperature (see Figure 26) into the existing Unified Climb, 
Cruise, and Descent (UCCD) framework. 


In its final form, the Generation B technology performs the 
following steps: 


1. Collect weather data along a 2D grid (altitude and 
distance) that follows an approximation of the lateral path 
associated with the entered flight plan  


2. Conducts a brute force cruise altitude search – with an 
embedded multi-variable climb path optimization and 
Legacy descent path estimation at each altitude – to 
determine the optimum altitude and control commands 
that produce a profile with the lowest flight cost for any 
origin and destination combination.  


3. Predict the flight plan using the optimal control. 


 


 


Figure 26. High-fidelity wind and temperature example.  


High fidelity wind and temperature along the path enables more accurate 
cost calculations. 
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In TRL 5 benefit assessment testing (described in paragraph 
6.4), Generation B demonstrates that an operator can achieve 
0.54% fuel savings as compared to the Legacy method and 
0.44% as compared to Legacy+ method (Figure 27). The 
Generation B technology produces an optimal flight profile that 
accounts for weather and minimize direct operating cost in 
compliance with all requirements, providing an ability to 
extract substantial cost savings. As with the Generation A and 
UCCD developments, the Generation B technology serves as a 
development step towards future generations of the optimizer.  


 


 


Figure 27. TRL 5 benefit assessment testing. 
Monte Carlo study in TRL 5 simulation testbed shows significant savings 
from Generation B technology. 


 


6.2 Development 


6.2.1 Weather Data Source 


Several publicly available weather data sources exist, each 
providing a 4-dimensional model (latitude, longitude, 
altitude/pressure, and time) of observed and forecasted 
weather. Data is available in various resolutions depending on 
the data source and region, with higher fidelity typically 
available in higher traffic regions. 


The NOAA National Operational Model Archive and Distribution 
System (NOMADS) is a network of data that accesses and 
integrates models and other data stored in geographically 
distributed repositories into heterogeneous formats. Initially, 
the Rapid Refresh system (RAP) forecast from NOAA is 
selected for use with the CLEEN program; later replaced by 
NOAA with the High-Resolution Rapid Refresh (HRRR) forecast. 


Both RAP and HRRR are regional weather forecast models of 
North America, with separate sub-grids (with different 
horizontal resolutions) within the overall North America 
domain. These models produce forecasts hourly with time 
resolution of one hour out to 18 hours in the future. Refer to 
NOAA publications for more information. 


RAP data is stored as a 4-dimensional grid (latitude, longitude, 
pressure altitude, and time) and can be retrieved from an 
online archival system for each of the 365 days that precede 
the retrieval date. Once downloaded, this data can be stored 
on a local hard drive and queried by a weather server and a 
client user. This historical cache of weather data is used for 
CLEEN analysis purposes, where live data would be used in 
operational practice. 


From the weather subscriber’s perspective (in this case the 
optimization algorithm’s perspective), the weather service 
provides weather information extracted from a specified day’s 
weather record/forecast on a point-by-point basis. The service 
provides this information properly transformed to the 
requested local point’s latitude, longitude, and altitude, and 
doesn’t require any additional manipulation or interpolations 
(other than units conversion depending on your requirements).  


6.2.2 Weather Data Processing 


Figure 28 shows a map of wind speed data across the United 
States at an arbitrary selected altitude for display purposes. 
The bold line represents a sample flight path. 


 


 


Figure 28. Weather data after extraction example. 


 


 


An initial estimate of the flight profile is used to extract 
weather data resolved along two-dimensions: along-path 
distance and altitude. These data include wind speed and 
temperatures (color mapping), and wind direction (shown as 
vectors in Figure 28).  


Along this two-dimensional grid of distance and altitude, the 
weather data is retrieved for equally spaced points at 10 nmi 
distance increments and 50 equally spaced altitude levels from 
1000 ft to 42000 ft. The grid method was chosen as opposed to 
using some “tube” strategy around the initial predicted profile 
as it demands only a slightly higher amount of data and 
guarantees coverage of all possible flight paths. Figure 29 
depicts an example of this weather grid for one flight profile, as 
is used within the Gen B optimization. Compared to the Legacy 
methods of weather data retrieval and entry (see paragraph 
3.3), this method produces a much higher-fidelity 
representation of the weather conditions. 
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Figure 29. CLEEN weather model - equally spaced 2-dimensional grid. 


 


 


Figure 30 shows the wind and temperature models used within 
the Gen B optimizer (top-most graphs), as extracted along the 
route depicted in the two lower figures. The tailwind shown in 
the lower graph becomes substantially larger at higher 
altitudes. This data agrees with expectation for a westward 
flight that has the possibility of exploiting the jet stream.  


6.2.3 Optimization Algorithm 


The optimization algorithm of Gen B is nearly identical to the 
previous UCCD algorithm. The only changes made were 
inclusion of the weather data in all aircraft model calculations. 
Following collection and extraction of this weather information, 
the data is available for use throughout the optimization and 
predictions calculations. Unlike Gen A that assumed standard 
day conditions, the fuel flow and time of flight parameters in 
the direct operating cost function use calculated groundspeed 
and temperature deviation. The 4D state predictions similarly 
use the weather information. Most of the changes for the Gen 
B optimization software is the inclusion of weather data 
gathering in predictions, which is a part of the TRL 5 software 
design.  


6.3 Algorithm Validation Testing 


This section describes analysis of direct operating cost savings 
and robustness of the Gen B optimizer using contrived weather 
scenarios designed to stress the system using the TRL 4 
MATLAB implementation of the optimization algorithms. 


 


 


Figure 30. Raw weather data (top) and extracted along-path weather 
data (bottom). 


 


 


6.3.1 Test Methods 


Both the legacy systems (Legacy and Legacy+) and Gen B 
algorithms are implemented in a TRL 4 MATLAB test suite using 
simplified point-mass integration of the trajectory. Once a 
planned control trajectory is calculated, separate point-mass 
simulation is performed to compute the cost of each profile. 
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See paragraph B.1 for a detailed description of the TRL 4 
testing method. 


The eight test sets shown in Figure 31, totaling 13,584 flights, 
are developed to evaluate the technologies. In all, these flights 
drive 4,528 comparisons between the three vertical flight 
planning methods (Legacy, Legacy+, and CLEEN). 


 


# Description Cases 


1 Constant Wind 840 


2 Constant DISA 1008 


3 Ramp Wind 1512 


4 Wind “Jet Stream” 2880 


5 DISA “Jet Stream” 2880 


6 Wind Sine Wave 2304 


7 Weather Days (No Error) 1296 


8 Weather Days (Real Error) 864 


Figure 31. TRL4 test set flight breakdown. 


 


 


Test sets 1 through 6 represent the contrived weather 
scenarios. These scenarios use relatively simple mathematical 
formulas to drive weather patterns that have clear effects on 
the optimal solution. For instance, test set 4 simulates large 
tailwinds at arbitrary altitudes, like the effect of the Jet Stream. 
Test set 5 tests an analogous scenario to test the effect of large 
temperature deviations from standard day atmosphere. These 
scenarios were generated with the understanding that the 
CLEEN and Legacy+ optimization implementations should 
choose cruise altitudes close to the most favorable tailwind.  


Test sets 7 and 8 use actual weather data for several specific 
dates. The weather source described in paragraph 6.2.1 is used 
for these test sets. Test set 7 demonstrates the entitled benefit 
when the forecast weather matches exactly with the 
experienced/simulated weather. Test set 8 is designed to be 
more representative of real-use scenarios, in that it drives 
discrepancies between weather used to generate the optimal 
profile (forecast) and what is experienced during the simulation 
of the flight. This real-use scenario is intended to reveal the 
impact of forecast error on the benefit of the Gen B 
technologies as compared to existing optimization methods. 


6.3.2 Test Results 


The relative benefit achieved by the Gen B technology for each 
test set (1 - 7) is presented relative to the Legacy 
implementation (on bottom) and the Legacy+ (on top) in Figure 
32. The savings achieved compared to the Legacy are 
significantly greater than that compared to the Legacy+ 
method. Intuitively, this makes sense. If correctly implemented, 
a method of optimization that accounts for an average tailwind 
throughout cruise should provide a relatively substantial 
benefit as compared to one that does not. Accordingly, the 
Legacy+ method uses substantially less fuel than the Legacy 
method and the relative Gen B benefit is reduced.  


 


 


Figure 32. Gen B fuel savings for test sets 1 – 7. 
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Comparing the relative benefit of the CLEEN technology in test 
set 2 versus that of 1 demonstrates the impact of harnessing 
tailwinds as compared to temperature deviations. The 
increased benefit achieved through the harnessing of tailwind 
implies that wind is a larger factor in optimal profile 
calculations than temperature deviation, however these 
parameters are different units so they may not be the same 
relative scale of deviation. 


Also interesting in Figure 32 is the magnitude of savings 
achieved in test set 4, especially as compared to set 7. This may 
be partially due to the large magnitude of wind speed used for 
analysis. Chosen discretely at -100 and 100 knots, these values 
and their invariance with distance drive large penalties to the 
Legacy profile when the headwind “jet stream” aligns with the 
Legacy optimal altitude (that does not consider wind). While 
100 knot winds are not unreasonable for flights that encounter 
the jet stream, their presence is known and accounted for by 
dispatching operations that select cruising altitudes that favor 
tailwinds.  


Test set 8 is not shown in Figure 32 due to its fundamentally 
different nature. Breaking the data out in greater detail does 
well to illustrate the relevance of the test set. Test set 8 
explores the effect of weather error and how it erodes the 
savings that the Gen B method achieves over the Legacy and 
Legacy+ methods. In this set, all three methods (Gen C, Legacy, 
and Legacy+) are given the same weather data, which is 
designed to be inconsistent with the actual weather 
experienced in the simulation of the flights. In this section, 
“predicted weather” refers to the data passed to the 
optimization techniques and “observed weather” refers to that 
used for simulation. To measure the effect of producing a flight 


profile with predicted weather that is a measurable amount 
different than the observed weather, the Mean Absolute Error 
(MAE) statistic is used.  


For a given set of predicted weather and observed weather, the 
MAE between the two is calculated along the flight path. It is 
computed from absolute differences between the predicted 
and observed values of both tailwind and DISA at points along 
the flight path.  


In order to generate differing predicted and observed weather 
for this test, “forecast lead time” is used. For example, given a 
flight that is scheduled to depart at 6 pm, a 4-hour lead time 
weather forecast means that the predicted weather used to 
generate the flight profile comes from the weather from 2 pm 
that same day. Note that a forecast lead time of 0 hours 
indicates that the predicted and observed weather are 
identical. 


In Figure 33, the boxplots are colored to represent the 
scatterplot data from the right. The left subplot shows how the 
savings erode with an increasing staleness. The right subplots 
show the same data but expanded as plots against the tailwind 
and DISA MAE. As expected, a more stale weather data 
corresponds to a larger MAE. Observe, for instance, the violet 
scatter points on the right edge of the upper right subplot. In 
these cases, a 12 hour staleness can result in tailwind MAE of 
about 15 kts and loses up to 1.5% relative to the 0 hour 
staleness case. This implies that if the Gen B optimizer saved 
2% over the Legacy+ method in this case, the weather error 
has the potential to erode those savings to 0.5%. In some 
cases, this results in the Legacy+ algorithm performing better 
than Gen B. 


 


 


Figure 33. Test set 5. 


Test set 5 shows how error in weather can erode savings. 
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To highlight data trends, an exponential curve is fitted to the 
data in the scatter subplots. The boxplots also help identify 
trends. For instance, if the weather staleness is eight hours or 
less, then the yellow boxplot shows that the 25th to 75th 
percentiles of savings erosion are 0 to 0.2%. If the forecast lead 
time is restricted to four hours (red box), the savings erosion is 
almost always less than 0.3% except for in extreme outlier 
cases, and the median is less than 0.1%. The scatter plots also 
generally convey this trend. In addition to being more tightly 
grouped, data for the 4 hour forecast lead time have lower 
MAEs (appear closer to the y-axis) and savings losses lower 
than that for the 8 hour forecast lead time. 


Figure 34 shows how the MAE changes as a function of 
forecast lead time for a given example day. Generally, as the 
lead time increases, so does the MAE. For this day, when the 
forecast lead time is less than 6 hours, the MAE of tailwind is 
less than 3 kts and the DISA MAE is less than 0.7 deg C. 
Combining this data with the exponential trends shown in 
Figure 33 reveals that the expected savings erosion is minimal. 
This may vary for different weather patterns. For instance, a 
convective stormy weather pattern may be less predictable 
than a calm day. However, it is assumed that airline operators 
utilize weather data that is constructed from data receied 
within the last hour. As such, a forecast 6 hours in advance 
represents a flight whose weather model is populated with a 
realistic operational worst case scenario.  


 


 


Figure 34. MAE and forecast lead times. 


Impact of forecast lead time on observed weather mean absolute error. 


 


Figure 35 depicts an example of the climb profile for one flight 
predicted to the optimum cruise altitude as calculated by three 
methods: Legacy, UCCD and Gen B. The grey line represents the 
flight profile as predicted by Legacy. The red line is the profile 
generated by UCCD technologies without consideration of 
weather data. The large difference in climb profile results 
largely from use of variable thrust command. Also noticeable is 
the slightly higher cruise altitude chosen when the cost of 
climbing and descending are considered in the cruise altitude 
selection. The green line shown in Figure 35 is the profile 


generated by Gen B technology that accounts for weather. The 
climb profile harnesses the available tailwinds that extends the 
distance in climb, but it also chooses a higher cruise altitude.  


 


 


Figure 35. Climb profile from three methods. 
Impact of accounting for weather on climb profile and cruise altitude. 


 


6.4 TRL 5 Benefit Assessment 


A TRL 5 Monte Carlo test set is run using the CLEEN II ATT to 
assess the benefit of the Gen B technology. This test set 
consists of many cases with varying aircraft type, weight, 
weather, and route. See paragraph B.2.1 for a detailed 
description of the case setup. 


6.4.1 Fuel Savings (Cost Index 0) 


For cases where Cost Index is set to zero, the total direct 
operating cost (DOC) is weighted to be entirely fuel cost 
(weighting of time cost is zero). 


Outliers and unflyable path cases are omitted from this 
aggregate analysis. When removed, cumulative fuel savings of 
0.53% and 0.43% are observed over the Legacy and Legacy+ 
methods, respectively. This metric represents the total fuel 
savings from all flights as a percentage of the total fuel burn for 
all flights. The savings over Legacy 99% confidence interval is 
0.49% - 0.57%. In other words, there is a 99% chance that the 
true mean fuel savings lies in the interval 0.49-0.57%. The 99% 
confidence interval for the Legacy+ FMS is 0.38% - 0.48% fuel 
savings. Histograms for savings are shown in Figure 36. 
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Figure 36. Histogram of DOC savings for Cost Index 0. 
 


 


In practice, an operator would compare the output of the 
CLEEN algorithm with their Legacy approach and choose the 
control that produced the lowest cost. In other words, the 
cases where the CLEEN algorithm fails to save fuel over the 
Legacy methods would not be flown by the aircraft operator, 
and instead, the Legacy profile would be used, obviously 
resulting in a 0% savings over the Legacy method. Thus, the 
true fleetwide benefit an operator would observe is calculated 
by replacing the negative savings trial cases from the TRL 5 
assessment with zeros. The resulting histograms and mean 
savings for the operator fleetwide benefit is presented in Figure 
37. From this modified dataset, the cumulative fuel savings of 
CLEEN Generation D technology for Cost Index 0 are 0.54% and 
0.44% over Legacy and Legacy+, respectively.  


 


 


Figure 37. Gen B operational savings for Cost Index 0. 


Cases with negative predicted savings would use Legacy control, 
considered as zero savings 


6.4.2 Cost Savings (Cost Index 25) 


With outliers and unflyable paths removed, cumulative Direct 
Operating Cost savings of 0.44% and 0.36% are observed over 
Legacy and Legacy+, respectively. This metric represents the 
total direct operating cost savings from all flights as a 
percentage of the total direct operating cost. The savings over 
Legacy 99% confidence interval is 0.41% - 0.48%. The 99% 
confidence interval for the Legacy+ FMS is 0.32% - 0.39% direct 
operating cost savings. Histograms for the data set with 
outliers removed are shown in Figure 38. 


 


 


Figure 38. Histogram of DOC savings for Cost Index 25. 


 


 


The true fleetwide benefit an operator would observe is 
calculated by replacing the negative savings trial cases from 
the TRL 5 assessment with zeros. The resulting histograms and 
mean savings for the operator fleetwide benefit is presented in 
Figure 39. From this modified dataset, the cumulative cost 
savings of CLEEN Generation D technology for Cost Index 25 
are 0.46% and 0.37% over Legacy and Legacy+ respectively. 
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Figure 39. Gen B operational savings for Cost Index 0. 
Cases with negative predicted savings would use Legacy control, 
considered as zero savings. 


 


6.4.3 Example: Detailed Analysis 


In this section, individual cases that both saved and lost fuel 
are examined to determine the root source of benefit (or loss). 


Figure 40 and Figure 41 depict altitude profiles of flights and 
the resulting cumulative fuel savings as a function of distance. 
The savings buildups represent a case where CLEEN saves fuel 
and a case where CLEEN loses fuel respectively. These specific 
cases were selected to illustrate how savings are developed or 
lost throughout a flight. 


 


 


Figure 40. Example of flight that saves fuel. 


 


 


To understand how savings are generated, it is important to 
look at each phase of flight individually as well as the combined 
effect of all flight phases. In the case that saved fuel (Figure 40), 
it is shown that CLEEN saves fuel throughout the climb phase. 
The reason for this is twofold. First, a variable speed and thrust 
climb allow for more efficient climbing flight compared to a 
max thrust constant speed climb. Second, in this case, CLEEN 
selects a lower cruising altitude that has the benefit of a 
shortened high-thrust climb phase and a more optimal cruising 
altitude. For each case, the CLEEN technology assesses many 
different altitudes and determines the optimal altitude based 
on many factors including weather, performance, and the 
tradeoff of the altitudes with other flight phases (i.e., climb and 
descent). When combining climb, cruise, and descent, an 
overall most optimal flight profile is generated that results in 
the lowest cost flight possible given the implemented 
constraints.  


 


 


Figure 41. Example of flight that loses fuel. 


 


 


Even though CLEEN should always find the optimal path, there 
are still cases that lose fuel (shown in Figure 41) due to 
unaccounted aircraft effects. The reasons for this include 
difference between observed and predicted weather and 
neglecting higher order terms in the simulation or optimizer 
algorithms. Investigation reveals that in most cases that lost 
fuel, descent is the primary culprit. As seen in Figure 41, in both 
Legacy and Legacy+ comparisons, CLEEN saved fuel through 
the point that all flights were descending. Once in descent, 
CLEEN had reversion logic activated (note the spikes in fuel 
saved) that lost fuel until it no longer provided any cumulative 
savings. This is generally caused by neglection of the higher 
order wind effects in the simulator physics. Given a proper 
descent path without these thrust reversion spikes, it is 
expected that CLEEN would have saved fuel in this example 
flight. 
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6.4.4 Sensitivity Study 


While parsing through the benefit assessment data, various 
trends can be observed in the data based off aircraft type, 
route, weight, weather, and altitude quantization; this section 
summarizes those trends.  


By combining the savings for route length and aircraft type 
groups, some trends can be seen in savings based on flight 
distance. This data is show in Figure 42. The greatest percent 
cost savings for CLEEN flights compared to Legacy come from 
the shortest and longer flights; the most benefit over Legacy+ 
is gained during shorter flights. Benefit in short flights is 
generated mostly from UCCD and variable speed and thrust 
climb. This effect is discussed in more detail in paragraph 6.4.3.  


By separating the flights by relative route length and then 
sorting those routes by aircraft, the effect CLEEN has on each 
flight length with respect to aircraft type can be observed. For 
short flights, narrow and wide body aircraft benefit the most 
from CLEEN technology. This can be attributed to the lower 
cruise altitudes selected for shorter cruise distances – a direct 
result of the unification of climb, cruise and descent. Cost 
savings increases with the altitude delta between CLEEN and 
Legacy flights. Short flights have a large altitude delta and 
therefore greater savings. This trend is also due to climb 
efficiencies. For shorter routes, climb is larger portion of the 
flight, causing the fuel saved in climb to have a larger impact on 
the overall percent fuel savings. 


Another apparent trend is clear for long flights, where the 
savings increase with the increase in aircraft size. Wide body 
aircraft save the most while regional aircraft save the least. The 
length distribution of wide body flights causes this trend, which 


includes routes up to 7000 nmi in length. The long distance 
allows for significant savings to accumulate throughout cruise 
when different altitudes are picked as compared to those of 
the Legacy method. 


By creating a correlation matrix between percent savings, 
absolute value of altitude difference between CLEEN and 
Legacy profiles, and route length, relationships between the 3 
can be observed; see Figure 43. The diagonal of the plots are 
histograms of each individual comparison element and the rest 
of the plots are correlations of the x and y specified elements. 
For example, the top right plot contains a comparison of route 
length versus savings. 


By analyzing the plots, a few trends can be observed. First, 
short and long routes have the largest altitude discrepancies 
between Legacy and CLEEN flights. Additionally, short and long 
flights tend to save more fuel than the mid-range flights. For 
short flights, this is achieved mainly due to the UCCD 
technology; CLEEN assesses the tradeoff between cruising and 
climbing and decides to cruise at a lower altitude. This altitude 
is suboptimal for just the cruise phase but is less so than the 
cost of climbing to that cruise altitude. For long flights, the 
larger fuel savings are mainly achieved by selecting a 
significantly more optimal cruising altitude. Finally, matching 
the other trends discussed, larger altitude differences typically 
result in higher cost savings. Note that there are cases where 
these relationships do not hold but the trend exists for most 
flights. 


Analysis of the savings as a function of passenger loading (PAX 
factor), weather day, and minimum vertical separation limit 
reveals no correlation. 


 


 


Figure 42. DOC percent savings separated by aircraft type, colored by route. 
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Figure 43. Correlation matrix. 
Correlation plot of savings, route length, and absolute value of cruise altitude difference between Legacy and CLEEN. 
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7. Generation C: Step Climbs and Descents 


7.1 Summary 


Current methods used by Flight Management Systems to 
compute optimal cruise step locations are deficient in at least 
one of several ways: they do not exist in the native FMS 
functions and require the pilot to manually enter and execute 
them; or if they do exist they are overly simplistic in their 
calculation and produce only one optimal step that must be a 
climb or they do not account for known weather data or use a 
low-fidelity representation of the weather. The CLEEN 
Generation C technology provides a method to compute more 
than one optimal step, including step climbs or descents of 
varying magnitude, all optimized with respect to high-fidelity 
weather data; see Figure 44. Multiple steps enable tracking of 
both aircraft performance changes with weight and favorable 
weather patterns, such as tailwinds at different cruise 
altitudes. This Generation C technology is built on the 
Generation B technology that incorporates high-fidelity data of 
both wind and temperature into the CLEEN Unified Climb, 
Cruise, and Descent (UCCD) framework.  


In its final form, the Generation C technology performs the 
following steps: 


1. Collect weather data along a 2D grid (altitude and 
distance) that follows an approximation of the entered 
flight plan’s lateral path  


2. Conduct a brute force cruise altitude search to determine 
the optimum control commands that produce a profile 
with the lowest flight cost for any origin and destination 
combination using the following process: 


(a) Calculate a multi-variable climb path 
optimization to the initial cruise altitude, and 
generate a Legacy descent path estimation so 
that cruise distance is known 


(b) Perform a graph search for optimal cruise step 
climbs and descents throughout the cruise phase, 
including an integration of the final cruise 
trajectory (this is the heart of Generation C 
technology) 


(c) Combine the three phases to determine the 
profile cost  


3. Predict the flight plan using the optimal control 


TRL 5 benefit assessment testing (described in paragraph 7.4) 
demonstrates that with the Generation C technology, an 
operator can achieve 1.02% fuel savings as compared to 
Legacy and 0.40% as compared Legacy++ (see paragraph 3.3 
for a description of these baseline methods). This result is 
shown in Figure 45. This technology is implemented in a real-
time TRL 6 prototype described in later sections of this 
document. 


 


 


 


Figure 44. Generation C profile. 


This features multiple optimal climbs and descents among weather patterns to produce cost savings. In this example, the large headwind during the early cruise 
phase is avoided by stepping down to a lower cruise altitude. 


 







  


34 of 90 GE Designated: -NONE-  Subject to the restrictions on the cover or first page 


 


Figure 45. TRL 5 benefit. 


Monte Carlo study in TRL 5 simulation testbed shows significant savings 
from Generation C technology 


 


7.2 Development 


7.2.1 Variable Cruise Altitude and Speed 


The Gen C Cruise Step problem is solved with Dijkstra’s 
algorithm, a shortest path-finding algorithm similar to what 
Google Maps†† uses to determine an optimal route between 
two locations. The traditional application of the algorithm is to 
consider distance as the cost function, thus indicating that the 
algorithm should find the shortest path between vertices. 
However, any measurement of cost can be used, including the 
Direct Operating Cost (DOC) of flying each edge. 


Dijkstra’s algorithm is exhaustive, which means all search 
paths are expanded and it is guaranteed to find the lowest-cost 
path, given enough execution time. Given 𝑉𝑉 vertices and 𝐸𝐸 
edges in a graph, the total run time of the algorithm is at worst 
𝑂𝑂(𝑉𝑉 log𝑉𝑉 +  𝐸𝐸 log𝑉𝑉). This is true for the specific variant of 
Dijkstra’s Algorithm used in UCCD Gen C; namely, that where a 
min-priority queue is used to store the vertices. 


In order to set up Dijkstra’s Algorithm to solve the Gen C Cruise 
Step problem, it is necessary to define a graph of vertices and 
edges that represents the problem. To begin, consider the 
simple distance-altitude grid that represents the vertical and 
longitudinal flight path of the aircraft, like that of Figure 46. 


 


 


 


†† Google Maps is a trademark of Google 


 


Figure 46. Simple representation of vertical flight path grid. 


 


 


This grid depicts distance on the x-axis and altitude on the y-
axis. Shown overtop the grid are potential cruise paths through 
the vertical space, most of which show step climbs and/or 
descents at certain distances. For our application, the grid 
intersection points (distance-altitude pairs) are considered the 
graph vertices. The edges are the set of segments that connect 
a given vertex (the parent node) to the set of connected 
vertices (the child nodes) that all are one “distance step” more 
than the parent and have a variety of different altitudes. The 
initial node is the Top-Of-Climb (TOC) point, and the final node 
is the Top-Of-Descent (TOD) point. A path between the initial 
and final node is formed by connecting several nodes together 
with cruise segments that monotonically increase in distance.  


For instance, for a parent node at distance 𝑋𝑋 and altitude 𝐴𝐴, 
and assuming the distance step is parameter 𝑑𝑑𝑑𝑑 and the 
altitude separation is 𝑑𝑑𝑑𝑑, the set of child nodes is: 


 


{ (𝑋𝑋 + 𝑑𝑑𝑑𝑑,𝐴𝐴), (𝑋𝑋 + 𝑑𝑑𝑑𝑑,𝐴𝐴 + 𝑑𝑑𝑑𝑑), (𝑋𝑋 + 𝑑𝑑𝑑𝑑,𝐴𝐴 + 2 ∗ 𝑑𝑑𝑑𝑑), … , (𝑋𝑋
+ 𝑑𝑑𝑑𝑑,𝐴𝐴 + 𝑛𝑛 ∗ 𝑑𝑑𝑑𝑑), 


(𝑋𝑋 + 𝑑𝑑𝑑𝑑,𝐴𝐴 − 𝑑𝑑𝑑𝑑), (𝑋𝑋 + 𝑑𝑑𝑑𝑑,𝐴𝐴 − 2 ∗ 𝑑𝑑𝑑𝑑) … (𝑋𝑋 + 𝑑𝑑𝑑𝑑,𝐴𝐴 − 𝑛𝑛
∗ 𝑑𝑑𝑑𝑑) } 


 


Where 𝑛𝑛 controls the number of steps above and below the 
current altitude that are considered in the search. Thus, in this 
simple example, if 𝑛𝑛 is 3, then each node has 7 child nodes: 3 
above, 3 below, and the original altitude indicating no step 
climb or descent is required, all at distance 𝑋𝑋 +  𝑑𝑑𝑑𝑑. 


This example has only one control variable: altitude. However, 
this idea can be extrapolated to an extra dimension so airspeed 
can also be a control variable. This can be done by imagining 
that a third axis comes out of the page in Figure 46, on which 
Mach is selected. Then, the graph vertices are distance-
altitude-speed tuples, where altitude and Mach are the control 


Legacy DOC Savings - Mean = 1.02%


0 0.5 1 1.5 2 2.5 3 3.5 4


Percent Savings


0


200


400


600


Legacy++ DOC Savings - Mean = 0.40%


0 0.5 1 1.5 2 2.5 3 3.5 4


Percent Savings


0


200


400


600


800







  


35 of 90 GE Designated: -NONE-  Subject to the restrictions on the cover or first page 


variables and thus each child node is a variation in both 
altitude and speed at the next distance step. This expands the 
number of child nodes per parent node multiplicatively: if 13 
speed steps are analyzed (6 above and below the current 
speed, and one at the current speed), then each node has 13 ∗
7 =  91 child nodes. These parameters can be set to control 
the size and resolution of the search problem. The Gen C 
optimizer technology uses this two-control variable approach 
that is referred to as the 2D Dijkstra when distinguishing from 
the 1D (altitude only) counterpart (described above).  


Throughout the rest of the document, this 2D application of 
Dijkstra’s algorithm to the cruise step problem is generally 
called the Dijkstra cruise step optimizer or Dijkstra optimizer. 


7.2.2 Cost Function Calculation 


The graph definition above provides the lists of edges and 
vertices for the cruise optimization problem, leaving the “cost” 
of each vertex-connecting edge as the only parameter requiring 
calculation. This cost is that of the cruise segment cost, defined 
by the cost to fly the aircraft from one distance-altitude-speed 
tuple (parent node) to a sequential distance-altitude-speed 
tuple (child node). If the child node has the same speed and 
altitude as the parent node, then the cost is simple – it is a 
cruise segment of constant speed, and the cost is easily 
calculated using aircraft model functions to determine the fuel 
flow required to produce thrust that counteracts the aircraft’s 
drag. 


If the child node demands an altitude change, then a step climb 
or step descent must be calculated. Step climbs are generally 
computed at maximum climb thrust and step descents at idle 
thrust. For a cruise segment that specifies an altitude change, 
the climb or descent is performed starting at the parent node’s 
location and at the appropriate thrust level. The distance of the 
climb or descent is calculated using the equations of motion, 
and then the remaining distance of the segment is performed 
in cruise mode with required thrust. This is diagrammed 
notionally in Figure 47, where node A is the parent node and 
nodes B, C, and D are child nodes. Speed changes at each node 
are assumed to be instantaneous and occur at the end of the 
segment; thus, the speed for the entire segment is the Mach 
specified at node A.  


 


 


Figure 47. Climb and descent calculation. 
Cruise segment for a step climb (A to B), no change (A to C), and step 
descent (A to D). 


 


As with the rest of the UCCD features, the cost of any given 
flight segment is the combination of the cost of fuel and the 
cost of time, which are related via the Cost Index.  


Several design considerations were performed during the 
development phase of the Gen C optimizer. This included 
determining how many iterations of the graph search algorithm 
were necessary to generate an optimal path and determining 
the grid resolution used in each graph search. 


7.2.3 Optimization Algorithm 


The implementation of Gen C: Step Climbs and Descents builds 
on the previous implementation of Gen B software, described 
in paragraph 6.2.3.  


In the few examples below, the prototype Dijkstra cruise step 
optimizer is used to optimize the flight path through different 
weather patterns. The first example in Figure 48 shows a 
“contrived weather” scenario, where the weather data is faked 
to produce a checkerboard pattern of tailwind pockets. The 
goal of this case is to observe that the Dijkstra optimizer 
follows the obvious best route and avoids heavy headwinds in 
favor of heavy tailwinds. As expected, the optimal path from 
TOC to TOD in this case is to perform step climbs and descents 
when appropriate to keep the aircraft in the tailwind regions. 


The second example case is shown in Figure 49, and contains 
real weather data, including tailwind and DISA. Again, the 
optimal path includes step descents to track a favorable 
tailwind between 1000 nmi and about 1400 nmi, and then 
returns to a higher altitude when the second half of the flight 
encounters heavy headwinds throughout the altitude profile 
(due to a turn in the flight path).  
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7.3 Algorithm Validation Testing 


7.3.1 Test Methods 


Both the legacy systems (Legacy and Legacy++) and Gen C 
algorithms are implemented in a TRL 4 MATLAB test suite using 
simplified point-mass integration of the trajectory. Once a 
planned control trajectory is calculated, separate point-mass 
simulation is performed to compute the cost of each profile. 
See paragraph B.1 for a detailed description of the TRL 4 
testing method. 


 


 


 


 


 


 


 


 


 


Figure 48. Contrived weather cruise profile example. 


The cruise profile (white line) is shown with contrived weather, where blue is beneficial weather pattern. 


 


 


Figure 49. Real weather cruise profile example. 
The cruise profile (white line) is shown with real weather, where blue is beneficial weather pattern. 
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The four test sets shown in Figure 50, totaling 6540 flights, 
were developed to evaluate the Gen C technology. In all, these 
flights drove 2180 comparisons between the three 
optimization methods. 


 


# Description Cases 


1 Standard Atmosphere 420 


2 Vary Algorithm Resolution 1152 


3 Contrived Weather Pockets 1512 


4 Real Weather 3456 


Figure 50. TRL4 test set flight breakdown. 


 


 


Within each test set is a nominal variation of more basic flight 
parameters that is shown in Figure 51. Note that each test set 
has a subset of this variation according to the purpose of the 
test set, and not the complete variation. For instance, test set 2 
only contains flights of 4000 nmi in order to determine the 
effect of distance step on cost and computation time. 


 


Parameter Nominal variation in each test set 


Takeoff Weight 110 – 170 klbs 


Flight Distance 500 – 4000 nmi 


Altitude Quantization 1000, 2000 ft 


Cost Index 0, 25, 50, 100 


Figure 51. Nominal variation of basic flight plan parameters in each 
test set. 


 


 


 


 


Each test set is designed to either exercise a certain aspect of 
the optimizer, or determine the sensitivity of the cost savings 
to various external effects: 


1. Test set 1 is the basic test set that is designed to show the 
general concept of step climbs. Large savings over Legacy 
are expected; but performance may be close to Legacy++ 
that makes step climbs similar to UCCD Gen C when 
weather is not a factor. 


2. Test set 2 is designed to analyze the algorithm sensitivity 
to distance step length and minimum cruise distance 
parameters. 


3. Test set 3 is a contrived weather scenario designed to 
stress the optimizer. Each case has fake weather data with 
“pockets” of tailwinds and headwinds in a “checkerboard” 
pattern. The Gen C optimizer is expected to track the 
tailwind patterns and produce a profile that utilizes them 
as best as possible. An example weather pattern from this 
set is shown in Figure 48.  


4. Test set 4 is the benchmark test set used to report final 
savings numbers. It includes the largest number of cases 
with a variety of six different real weather days and is 
expected to be representative of the benefit achieved in 
service. 


7.3.2 Test Results 


7.3.2.1 Overview 


The benefit achieved by the CLEEN technologies for each test 
set is presented relative to the Legacy and Legacy++ 
implementations. For each test set, cases where the aircraft 
total weight dropped below 95 klbs were filtered out – the 
reasoning being that the operating empty weight of a standard 
single-aisle transport is about 91.3 klbs, and some fuel must be 
left for reserves. Figure 52 summarizes the results. 


As expected, the savings achieved compared to the Legacy 
method are greater than that compared to the Legacy++. Test 
set 4 in the chart above is important as the primary numbers 
reported for the benefit of this technology in TRL 4. Test set 3 
savings are omitted from the chart as that test set is used only 
for verification that the Gen C profiles follow the expected 
path. 


Test set 1 shows that, with a lack of weather variation, the 
Legacy++ method performs remarkably close to the Gen C 
method. This indicates that the Legacy++ method of calculating 
step climb locations based solely on the decreasing weight of 
the aircraft is sufficient in the presence of standard 
atmosphere. Test set 2 shows large savings over Legacy 
because this set contained only long flights of 4000 nmi, but 
the data from this test set will be used later to perform more 
algorithm resolutions analyses. Finally, test set 4 shows 
expected savings in real-weather scenarios, assuming perfect 
forecast. 
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Figure 52. Gen C Fuel Savings for Test Sets 1 - 4 (not including 3). 
 


 


7.3.2.2 Test Set 4 (Real Weather) Results 


In this section, the results from test set 4 are broken out in 
more detail. Figure 53 and Figure 54 show histograms of the 
percent savings over each stated method, with the histograms 
separated by flight distance. The translucent bars in the graph 
show the histogram data itself overlapping each other, while 
the bold lines represent a notional fit of a gamma distribution 
to the data. This helps to reveal more clearly the trends present 
in the data. The dashed lines indicate the mean of each 
histogram, which is useful for observing how the savings 
correspond to flight distance in each subset.  


 


 


Figure 53. Savings over Legacy. 
Test set 4 savings data over Legacy and correlation to flight distance. 


 


It is first worth noting that, when reporting cost savings 
numbers in a percent, the flight distance plays an important 
role. The same absolute savings corresponds to different 
percent values for different length flights. For instance, for a 
short flight and a long flight, savings of 100 lbs. corresponds to 
a larger and smaller percent, respectively. This effect is present 
in all the following results. 


 


 


Figure 54. Savings over Legacy++. 


Test set 4 savings data over Legacy++ and correlation to flight distance. 


 


As seen in Figure 53, the average savings over Legacy generally 
increase significantly with increasing flight distance. This 
makes sense, as with longer flights the cruise phase becomes 
the dominant portion of the longer flight and the Legacy 
method does not utilize step climbs to adjust the cruise 
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altitude. Accordingly, the Legacy method has a very suboptimal 
altitude at the end of long cruise phases, when a good portion 
of the aircraft fuel weight has been burned off. The one 
exception to this generality is that the 500 nmi routes show 
more savings than the 800 nmi. This is due to the UCCD 
optimizer choosing an altitude lower that the Legacy altitude 
(an altitude that is technically more suboptimal) because the 
UCCD framework determined that it was not cost effective to 
burn the climb fuel to get to a higher altitude where little time 
was to be spent cruising. Figure 55 shows that this not solely 
the effect of flight distance inflating percent values as 
mentioned in the above paragraph – indeed, the shorter 500 
nmi flights save more absolute cost than the 800 nmi flights. 
This effect has been known since Generation A and is 
document in Section 4. 


For the savings over Legacy++ (shown in Figure 54), the trend is 
opposite: longer flights generally result in the Gen C optimizer 
saving less percent over the Legacy++ method. There is an 
opposite effect at work here from the savings over Legacy: for 
shorter flights, the climb phase dominates, and the cruise 
phase of Gen C is similar in many cases to the cruise phase of 
Legacy++ as both perform step climbs. This effect prevents the 
benefit from accumulating throughout cruise. Instead, the 
variable-thrust variable-speed climb phase provided by the 
UCCD framework generates the majority of the savings for the 
flight. Thus, longer flights result in a smaller percent saving 
number.  


Figure 55 provides the same mean cost savings data as shown 
in Figure 53 and Figure 54 but in absolute terms (converted to 
pounds) instead of percentages. The absolute cost savings over 
Legacy is most extreme at the longer flight ranges, where the 
Gen C technology takes advantage of step climbs and descents. 
On the other hand, for the savings over Legacy++, the 90-100 
lbs. of savings on the shorter flights is a larger percent than the 
140-200 lbs. of savings on the longer flights, resulting in the 
percentages seen in Figure 54. 


 


Distance (nmi) 500 800 2500 3500 


Mean savings (lbs.) over 
Legacy 79.1 74.1 308.1 701.8 


Mean savings (lbs.) over 
Legacy++ 94.2 92.7 143.6 214.2 


Figure 55. Test set 4 mean savings in pounds instead of percent. 


Figure 55 shows one unexpected trend. For shorter flight 
distances, the absolute savings over Legacy++ are greater than 
the savings over Legacy, indicating that Legacy outperforms 
Legacy++ on average for those distances. Investigation shows 
that this trend is due to two inaccuracies in the Legacy++ 
algorithm. The first is that, in some cases, the Legacy++ 
algorithm chooses a different initial cruise altitude than Legacy 
to harness potential benefits from wind. However, in a subset 
of those cases, the different altitude is suboptimal, due to 
either the short duration of cruise or poor modeling of the 
weather – the true weather may be different in between the 
data points that were entered into the Legacy++ algorithm. The 
second inaccuracy is that some cases show the Legacy++ 
commanding a step climb at a distance partway through the 
short flight, with the intention of accumulating fuel savings at 
the more optimal altitude. However, the Legacy++ step climb 
algorithm does not consider the remaining distance available 
to cruise at the new altitude. The resulting altitude switch is 
suboptimal because there is not enough distance over which to 
accumulate the savings, and the savings are offset by the cost 
of making the step climb. Both shortcomings are deficiencies in 
the current market method of computing step climbs. 


7.3.2.3 Test Set 2 (Algorithm Resolution) 
Results 


Test set 2 contains flights exclusively of 4000 nmi, with the 
intention of further understanding the effect of step length in 
Dijkstra’s algorithm in terms of optimality and computation 
time. This set also provided for studying the optional minimum 
cruise distance parameter that specifies how long the aircraft 
is required to stay at a certain cruise altitude before being 
allowed to step. This parameter had minimal effect on the 
outcome, and thus is ommitted from the plot below. 


Each boxplot in Figure 56 contains a variation in takeoff weight 
and weather day. The red bar on each boxplot indicates the 
median of the data, while the blue box covers the 25th to 75th 
percentile and the dashed whiskers extend to the furthest data 
point not considered an outlier. As can be seen from the top 
subplot, an increase in step length decreases the computation 
time; but the bottom subplot shows that there is a 
corresponding loss of optimality (measured as savings over 
Legacy++ here). It is notable that decreasing the step length to 
a value smaller than about 125 nmi does not significantly 
improve the optimality (savings improve from about 0.19% to 
0.21%, but more than doubles the computation time. This 
suggests that an acceptable value for the distance step length 
parameter is between 100 and 125 nmi. 
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Figure 56. Test set 2 results. 


Test set 2 boxplots show how distance step length affects computation time and optimality. 


 


7.4 TRL 5 Benefit Assessment 


7.4.1 Fuel Savings (Cost Index 0) 


With outliers removed from the dataset, the cumulative fuel 
savings of CLEEN Generation C technology for Cost Index 0 are 
1.00% and 0.39% over Legacy and Legacy++ respectively. This 
metric represents the total fuel savings from all flights as a 
percentage of the total fuel burn from all baseline flights. The 
99% confidence interval for Legacy savings is 0.96% - 1.05%. 
This means that there is a 99% confidence that the true mean 
will fall within the range specified. The 99% confidence interval 
for Legacy++ is 0.34% - 0.44%. The histogram in Figure 57 is the 
distribution of percent savings for all Cost Index 0 cases. 


 


 


Figure 57. Gen C cost savings histogram for Cost Index 0 with outliers 
removed. 
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In practice, an operator would compare the output of the 
CLEEN algorithm with their Legacy approach and choose the 
control that produced the lowest cost. In other words, the 
cases where the CLEEN algorithm fails to save fuel over the 
Legacy methods would not be flown by the aircraft operator, 
and instead, the Legacy profile would be used, obviously 
resulting in a 0% savings over the Legacy method. Thus, the 
true fleetwide benefit an operator would observe is calculated 
by replacing the negative savings trial cases from the TRL 5 
assessment with zeros. The resulting histograms and mean 
savings for the operator fleetwide benefit is presented in Figure 
58. From this modified dataset, the cumulative fuel savings of 
CLEEN Generation D technology for Cost Index 0 are 1.02% and 
0.40% over Legacy and Legacy++ respectively.  


 


 


Figure 58. Gen C operational savings for Cost Index 0. 
Cases with negative predicted savings would use Legacy control, 
considered as zero savings 


 


7.4.2 Cost Savings (Cost Index 25) 


With outliers removed, the cumulative cost savings for cases 
with a Cost Index of 25 are 0.89% and 0.37% over Legacy and 
Legacy++ respectively. This metric represents the cumulative 
cost savings as a percentage of the sum of all baseline costs. 
The 99% confidence interval for savings over Legacy is 0.85% - 
0.94%. For Legacy++, the 99% confidence interval is 0.33% - 
0.41%. The histogram in Figure 59 is the distribution of percent 
savings for all Cost Index 25 cases. 


 


 


Figure 59. Gen C DOC savings for Cost Index 25 cases with outliers 
removed. 


 


 


The true fleetwide benefit an operator would observe is 
calculated by replacing the negative savings trial cases from 
the TRL 5 assessment with zeros. The resulting histograms and 
mean savings for the operator fleetwide benefit is presented in 
Figure 60. From this modified dataset, the cumulative cost 
savings of CLEEN Generation D technology for Cost Index 25 
are 0.91% and 0.38% over Legacy and Legacy++ respectively.  


 


 


Figure 60. Gen C operational savings for Cost Index 25. 
Cases with negative predicted savings would use Legacy control, 
considered as zero savings 


 


 


Legacy DOC Savings - Mean = 1.02%


0 0.5 1 1.5 2 2.5 3 3.5 4


Percent Savings


0


200


400


600


Legacy++ DOC Savings - Mean = 0.40%


0 0.5 1 1.5 2 2.5 3 3.5 4


Percent Savings


0


200


400


600


800


Legacy DOC Savings - Mean = 0.89%


-2 -1 0 1 2 3 4 5


Percent Savings


0


100


200


300


400


Legacy++ DOC Savings - Mean = 0.37%


-2 -1 0 1 2 3 4 5


Percent Savings


0


100


200


300


400


500


Legacy DOC Savings - Mean = 0.91%


0 0.5 1 1.5 2 2.5 3 3.5 4


Percent Savings


0


200


400


600


800


Legacy++ DOC Savings - Mean = 0.38%


0 0.5 1 1.5 2 2.5 3 3.5 4


Percent Savings


0


200


400


600


800







  


42 of 90 GE Designated: -NONE-  Subject to the restrictions on the cover or first page 


7.4.3 Execution Time 


For Gen C, long flights can cause the computational complexity 
of the graph search to exponentially increase due to the 
increased number of nodes in the search. However, the 
execution time of the algorithm is quick enough to satisfy 
operator desires. Figure 61 shows a histogram of execution 
time of the CLEEN algorithm for the full TRL 5 test set, 
indicating a maximum execution time of just under 15 seconds. 
Furthermore, the mean execution time is under five seconds, 
and the 95th percentile is just under 9 seconds. Thus, the 
optimization algorithm execution time will satisfy operator 
desires for real-time applications or for batch processing 
across a fleet of aircraft. 


 


 


Figure 61. Execution time histogram of the Gen C algorithm in TRL 5 
software. 
 


 


7.4.4 Example: Detailed Analysis 


In contrast to previous sections, where the aggregate results of 
all cases combined has been examined, this section details the 
savings of individual flights and examines the root causes of 
CLEEN fuel savings. Figure 62 displays a comparison of flight 
path with the cumulative fuel savings throughout the flight.  


Gen C software is developed as an improvement to the 
previous generations that continue to exist within Gen C. The 
increasing slope of the CLEEN Savings over Legacy line 
confirms that each CLEEN step reaches an increasingly optimal 
altitude, with the sawtooth pattern emerging from the cost to 
climb to the new altitude. 


It is less obvious from this case study that the altitude 
selection of CLEEN is better than the Legacy++ profile. Since 
both technologies climb at separate times, savings goes up and 
down based on which one has climbed most recently; a step 
climb initially burns more fuel but switches to a more optimal 
altitude. By correctly assessing the tradeoff between the cost 
of climbing and the benefit of a more optimal cruise altitude, an 
optimal profile is created. CLEEN’s correct assessment is 
proven by the net fuel savings over Legacy++ at the end of the 
flight.  
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Figure 62. Detailed flight comparison. 
 


 


7.4.5 Sensitivity Study 


Akin to the previous discussion of correlation between CLEEN 
savings and aircraft type, there is a clear trend that large 
aircraft benefit significantly more than smaller aircraft from the 
addition of steps in the Gen C technology. This effect is more 
drastic when comparing against Legacy flights where the mean 
savings for B777 is more than double that of smaller aircraft. 
Figure 63 shows this effect. The savings of each test case is 
plotted as a point above the aircraft type, and boxplots 
summarize the data for each aircraft. The red marks for each 
aircraft represent the mean percent savings with the outliers 
removed. Finally, the mean values are annotated beneath each 
boxplot. The greater benefit for larger aircraft is due to the 
route lengths flown; larger aircraft fly longer routes allowing for 
more opportunity to benefit from steps. A mean of over 2% fuel 
savings – the largest mean observed – can be achieved for the 
B777 aircraft model over Legacy. 
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Figure 63. DOC Savings by aircraft. 
Percent savings by aircraft type, with mean for each aircraft marked by a 
red dot. 


 


For Legacy comparison flights, the percent savings is the 
highest for the heaviest aircraft. These heavier aircraft have 
long flights with higher takeoff weights and thus more step 
climbs and descents during cruise, resulting in more fuel 
savings. The suboptimality of a constant altitude (Legacy) flight 
worsens with longer flight distance and becomes increasingly 
detrimental. 


This high percent savings for heavy aircraft has a large effect on 
the overall mean savings shown in paragraph 7.4.1. Generally, 
large aircraft have more leverage on the mean savings due to 
having an overall higher aircraft weight which typically results 
in more fuel burn. E175 has low leverage, due to its low weight, 
when calculating the overall mean savings so it has a small 
effect on the mean. Wide body aircraft have higher leverage, 
due to a larger weight, and therefore, have a high influence on 
the mean. Since wide body aircraft have a higher savings 
relative to the other aircraft types, the mean is increased due 
to that influence. The leverage plot of aircraft weight versus 
fuel savings is shown in Figure 64 for Cost Index 0.  


 


 


Figure 64. Legacy DOC savings. 


Leverage plot for Cost Index 0 shows three distinct aircraft groups 
(regional, narrow, and wide) and their savings. 


 


Twenty routes were chosen to represent average operable 
routes flown by aircraft operators. The routes were then 
chosen to represent trends in historical data for each aircraft.  


The greatest percent cost savings for CLEEN flights compared 
to Legacy come from short and long flights; the most benefit 
over Legacy++ is gained during short flights. Benefit in short 
flights is generated mostly from UCCD and variable speed and 
thrust climb. This effect is present in the previous Gen B and is 
discussed in more detail in paragraph 6.4.3. Long flights benefit 
greatly from Gen C steps. Since Legacy++ technology has step 
climbs, the benefit of CLEEN is reduced when compared to the 
benefit for the same flights over Legacy technology. By splitting 
the flights up by aircraft type, the trend is observed for each 
subset of aircraft (see Figure 65). 


 


E175 B737 A320 A330 B777


Aircraft


-3


-2


-1


0


1


2


3


4


5


Pe
rc


en
t S


av
in


gs
DOC Savings by Aircraft - Legacy - CI = 0


Mean:


0.67%


Mean:


0.67%


Mean:


0.78%


Mean:


0.71%


Mean:


2.20%


E175 B737 A320 A330 B777


Aircraft


-2


-1


0


1


2


3


Pe
rc


en
t S


av
in


gs


DOC Savings by Aircraft - LegacyPP - CI = 0


Mean:


0.11%


Mean:


0.56%


Mean:


0.31%


Mean:


0.25%


Mean:


0.30%


0 100 200 300 400 500 600 700


Weight [klbs]


-2


-1


0


1


2


3


4


5


6


7


Pe
rc


en
t S


av
in


gs


Legacy DOC Savings


0 100 200 300 400 500 600 700


Weight [klbs]


-2


-1


0


1


2


3


4


5


6


7


8


Pe
rc


en
t S


av
in


gs


Legacy++ DOC Savings







  


45 of 90 GE Designated: -NONE-  Subject to the restrictions on the cover or first page 


 


Figure 65. DOC percent savings separated by aircraft type, colored by 
route. 


 


 


Observe that in Legacy flights, short and long routes save the 
most fuel (with exception of the regional Legacy short flights). 
CLEEN benefits from short routes the most over Legacy++ 
technology. The same trend, while not displayed here, is 
observed for Cost Index 25 cases. 


Legacy methods have an a priori assumed distance baked into 
the calculations used to generate the economy tables. This 
assumed distance falls into the medium length flight range, 
meaning that the tables providing economy data should 
perform the best for those flight distances. This is another 
reason why CLEEN technologies save the most over Legacy 
flights for short and long routes. CLEEN technologies work for 


all flight lengths allowing the most optimal profile to be found 
in all flight scenarios. This further emphasizes the need and 
opportunity of a non-tabular based approach to flight 
optimization. 


Weight plays a vital role in aircraft dynamics for determining 
operating limits. Therefore, the initial weight of the aircraft has 
one of the largest impacts on flight profile. Legacy profiles are 
forced to one altitude (that can be optimal for the given initial 
weight) while Legacy++ and CLEEN profiles change altitudes, 
adapting to changing weight as flight distance increases. Due 
to this effect, savings over Legacy profiles are also correlated 
with the number of steps the CLEEN flight takes (see Figure 
66). 


 


 


Figure 66. Legacy DOC savings by step number. 
Average savings over Legacy generally increases with the number of steps 
performed. 


 


Observe that as the number of steps increase, cost savings 
generally increases as well. The number of steps is correlated 
to the weight of an aircraft. For heavier aircraft, aircraft start at 
more efficient lower altitudes. Then as fuel weight is burned off 
throughout the flight, CLEEN profiles step to account for the 
changing weight. More steps tend to occur for heavier aircraft 
as shown in Figure 67. 


Each grouping of points corresponds to a different aircraft 
class; red is regional, green is narrow body, and orange is wide 
body. Within each grouping, as weight increases, so do the 
number of steps that occur. This corresponds with the trend in 
Figure 64 that shows savings increasing with aircraft weight. 


Some flights have as many as 24 steps. This large number of 
steps only happen in very long flights. This effect can be seen 
by overlaying the flight on the weather data as is done in Figure 
68. 
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Figure 67. Effect of weight on number of steps. 


 


 


 


Figure 68. Flight path overlaid on weather profile. 


 


 


While this case study doesn’t always show the nuances that 
cause each step descent and climb, by analyzing the 
temperature and wind patterns associated with each descent, 
it can be seen that descents typically occur to mitigate 
headwinds. Lower headwinds often allow for a more optimal 
flight profile; however, it should be noted that the optimizer 


picks the most optimal profile based off many factors. 
Therefore, it can’t be assumed that the optimal flight path is 
guaranteed to track wind or temperature patterns along the 
flight path. 
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For the Legacy++ comparison, the difference in number of 
steps can be used to infer how number of steps affects savings 
(see Figure 69). 


 


 


Figure 69. Legacy++ DOC savings by step number. 


Average savings over Legacy++ does not show a consistent trend with the 
number of steps performed but is always positive. 


 


Note that negative numbers mean that CLEEN had fewer steps 
than Legacy++. Generally, the difference in number of steps is 
not a primary factor on the amount of savings generated when 
compared to Legacy++ cases. As can be concluded from the 
range of step deltas, CLEEN technologies not only could step 
more to follow weight changes and weather patterns but can 
also eliminate unnecessary steps that are not beneficial to 
perform. The difference in number of steps between CLEEN 
and Legacy++ is not dependent on weight except for heavier 
weights where large positive differences in number of steps 
happen frequently; Figure 70. 


 


 


 


 


 


 


 


 


 


 


 


 


Figure 70. Number of steps by weight for Legacy++. 
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8. Generation D: Required Time of Arrival Constraint 


8.1 Summary 


As the national airspace becomes increasing filled with 
commercial flights, improved air traffic management is 
becoming an increasingly important issue. To make flying safer, 
more efficient, and more predictable, the FAA has encouraged 
the development of several technologies and processes under 
the banner of The Next Generation Air Transportation System, 
or NextGen. This initiative, which began rolling out 
improvements in 2007, and plans to have all major 
components in place by 2025, encompasses dozens of 
innovative technologies and processes, including those focused 
on air traffic management and decongestion. As the FAA 
continues to implement the NextGen procedures, Required 
Time of Arrival (RTA) capabilities will see increased use as a 
tool to assist with this effort; see Figure 71. According to the 
FAA’s NextGen‡‡: 


“Expanding the use of Time-Based Metering and advancing 
Required Time of Arrival (RTA) capabilities will enable a 
new level of predictability that will greatly enhance 
collaborative planning.” 


 


 


Figure 71. RTA constraints. 


RTA capabilities will see increased use with the continued implementation 
of NextGen. 


 


RTA capability allows ATC to schedule aircraft arrivals in 
specified intervals to decongest the airspace around airports 
and prevent overlapping arrival times. In addition to the use of 
RTA constraints at destinations, RTA constraints may be 
applied at any waypoint in the flight. Effective RTA capabilities 
produce many desirable effects: an increase in airspace 
capacity allowing higher traffic volumes, improved flight 
efficiency with less controller involvement, more flexibility in 
traffic deconfliction options, and precise flight predictions for 
trajectory synchronization and negotiation. 


Current methods used by Flight Management Systems to 
compute RTA profiles are deficient in at least one of several 
ways: they lack the ability to vary the altitude to meet the RTA, 
they do not account for known weather data or use a low-
fidelity representation of the weather, or they rely on ATC-
specified manual lateral offsets of the flight path to slow down 
arrival time. The Generation D technology developed provides a 
method to compute a flight profile that can meet a wider range 
RTAs with modifications to both cruise speed and altitude 
(such as step climbs and descents), while taking advantage of 
favorable weather patterns, such as tailwinds at different 
cruise altitudes; see Figure 72. This ability is accomplished 
primarily through augmenting the graph search described in 
Generation C to keep track of time-of-arrival predictions during 
the optimization to select a path that meets the RTA.  


The existing means of profile optimization to which Generation 
D is compared are Legacy and Legacy++. These methods are 
similar to those tested against in Generation C and are 
described in paragraph 3.3, but both are augmented with the 
Legacy method of meeting RTAs, described in paragraph 3.3.1.  


 


 


 


 


 


 


 


‡‡ "FAA NextGen", January 2010. [Online]. Available: 
https://www.faa.gov/nextgen/media/FAA_TASKFORCE_RESPO
NSE_1-31-2010.pdf. 
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Figure 72. CLEEN Generation D technology. 
This technology uses altitude and speed changes to optimize profile and achieve an RTA target – top right subplot shows the time-of-arrival difference at a given 
distance between CLEEN and Legacy (blue) and CLEEN and Legacy++ (red). 


 


In the TRL 5 benefit assessment testing, Generation D 
demonstrates that an operator can achieve 0.81% fuel savings 
as compared to Legacy and 0.47% as compared to Legacy++. 
This result is shown in Figure 73. In addition, the benefit of 
Generation D technology extends beyond cost savings. Several 
other metrics of improvement can be considered when dealing 
with flights containing RTA constraints, as indicated in Figure 
74. TRL 5 testing demonstrated that the Generation D 
technology performs about 2.7 times fewer re-predicts than 
the Legacy methods, improving profile precision and increasing 
efficiency of trajectory synchronization and negotiation with 
Air Traffic Control (ATC). Generation D also demonstrated a 
52% wider range of achievable RTA constraints, allowing 
more flexibility for flight arrival times and thus improving ATC 
ability to schedule flights. Figure 74 indicates that Generation D 
has a greater than 93% success rate of meeting the RTA 
constraint in simulation. This rate can be improved via 
modifications to the algorithm that will increase computation 
time. 


 


 


Figure 73. TRL 5 benefit assessment testing. 
Monte Carlo study in TRL 5 simulation testbed shows significant savings 
from Generation D 
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Metrics Value 


Mean DOC savings over Legacy method 0.81% 


Mean DOC over Legacy++ method 0.47% 


Maximum cost savings over Legacy method Up to 3.5% 


Percentage of cases with improved RTA 
accuracy AND fuel (over Legacy) 67% 


Percentage of cases with improved RTA 
accuracy OR fuel (over Legacy) 98% 


Improved solution stability measured in 
reduction in re-predicts 2.7x 


RTA failure rate Less than 7% 


Increased RTA window 52% 


Figure 74. Key takeaways from the Generation D TRL 4 testing and 
TRL 5 benefit assessment. 


 


8.2 Development 


The TRL 4 implementation of Gen D builds on the previous TRL 
4 implementation of Gen C software.  


In the example below, the Gen D optimizer is used to optimize 
the flight path subject to an RTA constraint and with real 
weather data. In this example, the RTA location is set around 
2200 nmi, as indicated by the vertical dashed line in the upper 
right plot of Figure 75. The left two plots show the selected 
speed and altitude profiles for each method. Observe that the 
Gen D profile performs a step descent about halfway through 
the cruise, then climbs up again before reaching the top of 
descent. Accordingly, the Gen D profile uses a lower speed 
during this segment.  


The top right plot shows the time accumulation of the Gen D 
profile compared to both Legacy methods. This is done by 
treating each Legacy method’s distance-time profile as a 
“schedule”, and determining if Gen D is ahead or behind 
(positive indicating ahead). The dashed line crosshairs indicate 
the RTA constraint in both distance and time. Finally, the 
bottom right plot shows the accumulated cost savings for Gen 
D over each method. This example shows that all three 
methods meet the RTA within the specified tolerance of 10 
seconds, while the Gen D method does so with 0.94% savings 
over Legacy and 0.64% savings over Legacy++. In this example, 
a part of these savings come from the step descent that saves 
91 pounds of fuel by harnessing the larger tailwind at 36,000 ft 
(Figure 76), during which the Gen D profile cruises at a slower 
speed of Mach 0.74 (that is more efficient) while maintaining 
the ability to reach the RTA. The majority of the remaining 
savings come from the optimal climb phase.  


 


 


Figure 75. CLEEN achieves more optimal flight while maintaining ability to hit an RTA. 
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Figure 76. Weather overlaid on CLEEN profile shows tracking to favorable winds. 


 


 


8.3 Algorithm Validation Testing 


8.3.1 Test Methods 


Both the legacy systems (Legacy and Legacy++) and Gen D 
algorithms are implemented in a TRL 4 MATLAB test suite using 
simplified point-mass integration of the trajectory. Once a 
planned control trajectory is calculated, separate point-mass 
simulation is performed to compute the cost of each profile. 
See paragraph B.1 for a detailed description of the TRL 4 
testing method. 


The single test set shown in Figure 77, totaling 2880 flights, is 
developed to evaluate the Gen D technology. The test set 
performs a sweep of all combinations of several parameters, as 
shown in the table. 


 


Parameter Variation of Parameter 


Takeoff Weight 110, 130, 150, 170 klbs 


Flight Distance 
500, 800, 2500, 3500 nmi (both 
directions) 


Altitude Quantization 2000 ft 


Cost Index 0 


Weather Days 4 normal and 2 inclement 


RTA Distance 60% of CRZ, 90% of CRZ, 50% of DES 


RTA Time 10%, 25%, 50%, 75%, 90% of window 


Figure 77. Variation of basic flight plan parameters in the test set. 


The weather data for TRL 4 testing comes from the NOAA 
National Operational Model Archive and Distribution System 
(NOMADS); specifically, the Rapid Refresh System (RAP) 
format. The weather system utilized throughout CLEEN work 
was established during Gen B development (see paragraph 
6.2.1 for more details). The tested weather days are identical to 
those selected in Gen C TRL 4 testing, in Test Set 4 (paragraph 
7.3.1). They are 06/23/16, 03/08/16, 05/24/16, 10/28/16 
(normal days), and 3/17/16, 4/15/16 (inclement days). 


As indicated in Figure 77, the RTA distance and time 
parameters are determined by a percent value of the distance 
travelled in a Legacy++ computed profile. See Figure 78 for a 
visual depiction of this process. 


 


 


Figure 78. Visualization of RTA Distance parameter in test set. 


 


 


Further Legacy++ profiles are generated with a minimum Cost 
Index (-30) and again with the maximum Cost Index (200) to 
give a full window of arrival time at the chosen RTA location, 
where the maximum Cost Index gives a minimum arrival time 
(the fastest flight), and vice versa. By treating the maximum 
arrival time (from the minimum Cost Index and thus a slow 
flight) as 100% and the minimum arrival time (from the 
maximum Cost Index and thus a fast flight) as 0%, the RTA 
constraint time for the case is set according to the RTA Time 
parameter. This is depicted in Figure 79.  
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Figure 79. Visualization of RTA Time parameter in test set. 


 


 


8.3.2 Test Results 


The Gen D optimizer is judged on four main criteria: 


1. Optimality: Average percent savings over the Legacy and 
Legacy++ methods. Note that metrics in this TRL 4 
assessment are only relative to one another and do not 
accurately represent true savings in service due to descent 


angle assumptions used to calculate benefits at this early 
development stage. Later TRL 5 benefit assessment 
(paragraph 8.4) provides a more accurate measure of true 
savings. 


2. Computation Time: Both average and maximum 
execution time of the optimization algorithm 


3. RTA Success: The percent of cases for which the 
optimizer returns a solution that meets the RTA within a 
certain tolerance 


4. Cost Improvement Success: The percent of cases for 
which the optimizer returns a solution that saves cost 
compared to the Legacy method 


Figure 80 and Figure 81 collectively summarize the benefits 
using these four metrics, as well as show the development 
history and how certain features and improvements 
contributed to these benefits. 


 


 


Figure 80. Gen D development history. 
This shows an iterative approach to reduce computation time and improve optimality and RTA success rate. 


 


 


Figure 81. Gen D development history (zoomed in). 
This shows that Algorithm 9 provides the best computation time. 
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Figure 80 shows each algorithm version, numbered in order of 
development. Each algorithm is plotted on the chart with the 
savings over Legacy, maximum computation time (on a 
logarithmic scale), and each is colored by RTA failure rate. As is 
shown by the green arrow, overall algorithm improvement is 
indicated by proximity to the lower right edge of the chart, and 
lighter blue color – higher savings, lower computation time, 
lower RTA failures.  


Observe that the original attempt for solving the Gen D 
problem, is listed first as Algorithm 1 and had an undesirably 
large RTA failure rate of above 5%.  


The goal for maximum computation time, under 3 minutes, is 
called out with a dashed red line on the plot, and as can be 
seen, the latest improvements to the Gen D optimizer achieve 
that goal. In the final form, a solution is produced in under 1.5 
minutes for all cases, while only sacrificing about 0.13% 
optimality compared to the highest performing option studied.  


Figure 81 shows results for the same algorithms as Figure 80, 
but with a few changes: focus is given to the final five 
iterations, the y-axis is switched from maximum to mean 
computation time, and the algorithm boxes are now colored by 
cost improvement failure rate. This figure shows the trade-off 
between optimality and computation time for various sets of 
features in the Gen D optimizer.  


For the remainder of this analysis, the low computation time is 
prioritized and thus Algorithm 9 is considered the final Gen D 
method. The distribution of savings over each method is 
indicated in Figure 82 and Figure 83. In these plots, a positive 
number indicates that the Gen D optimizer outperformed the 
relevant Legacy method. The cases where Gen D 
underperformed are indicated by red highlighting. 
Theoretically, a perfect implementation of the optimization 
techniques used in Gen D should not produce a profile worse 
than the Legacy profile. However, in practical applications, 
losses can still occur. There are a few causes of these 
anomalies, such as algorithm discretization or prior 
simplifications made to speed up execution time. However, in a 
TRL 6 implementation with the EFB and Connected FMS, these 
cases will be mitigated: If Gen D underperforms the current 
Legacy profile, the Gen D solution is not sent to the FMS, and 
the Legacy profile continues to be used by the FMS, resulting in 
no savings or losses.  


Histograms separated by flight distance, weight, and RTA time 
reveal more clearly the trends present in the data. The dashed 
lines indicate the mean of each sub histogram that is useful for 
observing how the savings correspond to the indicated 
parameter in each subset.  


 


 


Figure 82. Gen D savings over Legacy. 


Savings averages 1.41%, with most cases saving fuel. 


 


 


Figure 83. Gen D savings over Legacy++. 


Savings averages 0.67%, with most cases saving fuel. 


 


It is first worth noting that, when reporting cost savings 
numbers in a percent, the flight distance plays an important 
role. The same absolute savings corresponds to different 
percent values for different length flights. For instance, for a 
short flight and a long flight, savings of 100 pounds of fuel 
corresponds to a larger and smaller percent, respectively. This 
effect is present in all the following results. 


The average savings over Legacy generally increase 
significantly with increasing flight distance (Figure 84). This 
makes sense, as with longer flights the cruise phase becomes 
the dominant portion of the longer flight and the Legacy 
method does not utilize step climbs to adjust the cruise 
altitude. Accordingly, the Legacy method has a very suboptimal 
altitude at the end of long cruise phases, when a good portion 
of the aircraft fuel weight has been burned off.  


Histograms of Savings over Legacy (avg: 1.41%)
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The one exception to this generality is that the 500 nmi routes 
show more savings than the 800 nmi. This is due to the Gen D 
optimizer choosing an altitude lower that the Legacy altitude 
(an altitude that is technically more suboptimal when viewed in 
isolation) because the UCCD framework determined that it was 
not cost effective to burn the climb fuel to get to a higher 
altitude where little time was to be spent cruising.  


For heavier aircraft, the savings generally increase. This 
correlation is essentially the same effect as the correlation 
with distance, due to the filtering applied to the cases.  


For the savings over Legacy++ (shown in Figure 54), the trend is 
opposite and not near as strong: longer flights generally result 
in the Gen D optimizer saving slightly less percent over the 
Legacy++ method. There is an opposite effect at work here 
from the savings over Legacy: for shorter flights, the climb 
phase dominates, and the cruise phase of Gen D is similar in 
many cases to the cruise phase of Legacy++ as both perform 
step climbs. This effect prevents the benefit from accumulating 
throughout cruise. Instead, the variable-thrust variable-speed 
climb phase provided by the UCCD framework generates the 
majority of the savings for the flight. Thus, longer flights result 
in a smaller percent saving number.  


 


 


Figure 84. Savings over Legacy. 


Heavier aircraft travelling longer range exhibit more CLEEN Gen D savings over Legacy. 
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Figure 85. Savings over Legacy++. 


CLEEN Gen D savings over Legacy++ are not strongly correlated with weight or distance. 


 


8.3.3 Ancillary Benefits 


Unlike in prior generations of the CLEEN software, cost savings 
is not the only benefit that Gen D exhibits. When dealing with 
flight profiles containing RTAs, RTA achievement accuracy, 
profile predictability, and achievable RTA range are key 
operational concerns. These benefits are assessed using an 
early version of the Gen D optimizer. The analysis has not been 
repeated for the final version of the optimizer, but the same 
general trends and magnitude of benefits are qualitatively 
observed in both. 


In general, a prediction (from either the Gen D optimizer or 
from a Legacy method) that successfully meets the RTA within 
the required tolerance of 10 seconds does not necessarily 
meet the RTA in simulation (due to unknown environment or 
aircraft parameters at the time of control calculation). If the 
given method had a poor representation of the true tailwinds, 
then the true tailwinds combined with the profile controls from 
predictions of inaccurate tailwinds might cause the actual 
arrival time to be different than the ETA that was predicted.  


To quantify this, Figure 86 shows fuel burn and RTA accuracy 
benefits in a consolidated view. On the x-axis is the fuel savings 
that Gen D produces in pounds of fuel, where a positive 
number indicates Gen D saved fuel. On the y-axis is the RTA 
accuracy improvement that Gen D provides, characterized as 
the difference between Gen D and Legacy in absolute RTA 
error, where RTA error is the difference between the RTA time 
and the actual arrival time computed from cost calculator 
simulation. The location of each data point in the scatter plot 
indicates if Gen D improved fuel consumption compared to 


Legacy, improved RTA accuracy compared to Legacy, improved 
both, or improved neither. All data points in the top right 
quadrant showed a Gen D improvement in both fuel and RTA 
accuracy, corresponding to 67% of the data when comparing to 
Legacy and 56% of the data when comparing to Legacy++. 
Likewise, only a small handful of cases (2% and 3% 
respectively) showed an improvement in neither. The green 
and gray arrows on the axes demonstrate what each quadrant 
implies about that data point. 


 


  


Figure 86. Fuel burn and RTA accuracy. 


Majority of cases against both Legacy and Legacy++ show CLEEN 
improvement in both fuel savings and RTA error. 


Histograms of Savings over Legacy++ (avg: 0.67%)
Correlation to Distance (below) and other correlations (right)
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In service, the Legacy methods rely upon frequent re-prediction 
(that update control targets) to adjust the profile to meet the 
RTA while in the presence of unexpected winds. If the initial 
flight profile that is predicted is untrustworthy and will require 
a re-predict at some point enroute, that places a burden on 
pilot to inform ATC of the adjusted profile. In turn, ATC will 
need to revise local estimates of aircraft locations and 
schedules, causing potential conflicts that will need to be 
addressed by negotiating new schedules with nearby flights. 
This process, known as trajectory synchronization and 
negotiation, will be made inefficient by the variability in the 
flight profile caused by frequent re-predicts. In a crowded 
airspace, the impact of this inefficiency may be significant. 
However, if the flight profile that the crew initially filed with 
ATC is more predictable, stable, and trustworthy, then work 
performed by ATC to ensure adjacent trajectories are 
synchronized will be more efficient. This will effectively 
minimize controller workload. The Gen D optimizer achieves 
this level of predictability mainly by the high-fidelity weather 
model that is much more accurate than models in the Legacy 
methods. 


In practice, the FMS utilizes a rate logic to determine when a 
re-predict of aircraft profile is necessary to meet the RTA. The 
logic is shown in Figure 87: for the flight time until the RTA is 
encountered (in minutes on the x-axis), the function shows the 
RTA error tolerance (in seconds on the y-axis) that is allowed 
before a re-predict is triggered. Typical limits are shown at 15 
seconds on one end and 120 seconds on the other, and the 
essential rate is one second of RTA error tolerance per minute 
of flight time until the RTA. 


 


 


Figure 87. Legacy logic determining when to trigger re-predicts. 
 


 


Under this logic, the FMS would attempt to re-predict the 
profile to meet the RTA if the error between the ETA and the 
RTA becomes larger than 15 – 120 seconds, depending on the 
distance away from the RTA. Taking a more stringent 30-
second rule as a constant, it is possible to determine how many 
cases from each method would require at least one re-predict 
during the flight. Figure 88 provides counts for the number of 
cases where the RTA was met successfully in predictions 


(within a 10 second tolerance), and then how many of those 
cases failed the RTA in simulation (more than 30 seconds of 
error). Using these data, the final column shows the percent of 
cases that would require at least one re-predict for each 
method. As seen in the final column of Figure 88, the Gen D 
optimizer requires around five to six times fewer re-predicts 
than both Legacy methods. This is under the assumption that 
only a single re-predict would be needed to realign the 
inaccurate profile to meet the RTA, which might not be the 
case when the weather model in the Legacy method is 
especially inaccurate.  


 


Method 


Predictions 
RTA Success 
(10 sec) 


Simulation 
RTA failure 
(30 sec) 


Cases 
needing re-
predicts (%) 


Legacy 2865 1033 36.1% 


Legacy++ 2863 942 33.9% 


Gen D 2717 181 6.6% 


Figure 88. RTA successes. 


Gen D flights are 5-6x less likely to require a speed optimization 
recalculation during flight than Legacy approaches. 


 


Another benefit Gen D brings about is an increased range of 
available RTAs. In practice, the ultimate range of achievable 
RTAs is limited by the aircraft flight envelope, especially on the 
fast side: typical commercial transport aircraft cannot travel 
much faster than Mach 0.8. However, within those limitations, 
the flight path generation process is responsible for creating 
profiles that meet the selected RTA. Because of the Legacy 
method’s limitation to only vary speed to meet RTAs, the range 
of achievable constraints is rather limited.  


In the case where the RTA time constraint requires the aircraft 
to slow down (hereafter called a slow constraint), the Legacy 
method may reduce speed; however, that solution can only go 
so far before reaching the lower end of the flight envelope. If 
the RTA is still not achievable, operators will create 
modifications to the lateral path in order to arrive at the 
correct time. These path-lengthening solutions create many 
inefficiencies, as would be expected in any solution where the 
distance traversed is increased from optimal. According to a 
baseline test by The MITRE Corporation, each additional minute 
of flying time created by a lateral offset results in an additional 
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71 pounds of fuel consumption§§. Furthermore, these solutions 
require intervention from ATC and thus increase pilot and ATC 
workload. 


The ability to meet RTAs outside of the traditional Legacy range 
without modifications to the lateral path is highly desirable. 
While earlier arrivals may seem to be the most important given 
the desires of passengers, the ability to create later arrival 
times and meter traffic flow in just the vertical path and 
aircraft speed is certainly attractive to operators and 
controllers, especially in congested airspace. 


To determine this benefit, a separate test set was created with 
RTAs outside of the 0-100% RTA time window described in 
paragraph 8.3.1. This test set utilizes the same weather days, 
true Cost Index (0), and altitude separation (2000 ft). However, 
only the route distance of 1000 nmi with weight of 135 klbs is 
tested. The RTA distance parameter is fixed at the 90% of 
cruise location. Finally, the RTA time ranges are set outside of 
the usual window, to the ranges depicted in both the faster and 
slower regions in Figure 89. The RTA time parameter is varied 
in 10% increments; thus, the test range of RTA times is [-40, -
30, -20, -10, 110, 120, 130, …, 240, 250] %. The left limit of -40% 
was chosen experimentally: with RTA times faster than that, 
none of the three methods were able to meet it. The range 
extends out far into the slow end, with 250% chosen by 
engineering intuition. 


 


 


Figure 89. Test range for RTA time window expansion. 
 


 


For this analysis, the allowable search range for the RTA Cost 
Index in the two Legacy methods is expanded to match the 
Gen D range of [-50, 500], ensuring that all methods have an 
equal opportunity to reach the RTA. The results of the analysis 
are depicted in Figure 90 that shows the percent of cases that 
successfully met the RTA for each of the selected RTA times, 
with the three methods side-by-side in separate colored bars.  


 


 


 


§§ P. Ostwald, "Impacts of ATC Related Maneuvers on Meeting a 
Required Time of Arrival", The MITRE Corporation, Egg Harbor 
Township, NJ, 2007. 


 


Figure 90. Successes in RTA. 
Improvement in available RTA range for Gen D (truncated at 140%) shows 
52% wider RTA achievable range. 


 


This shows that on the faster end, the Gen D method can meet 
a handful of RTA times that neither Legacy method can meet, 
in the -30% and -40% area, while all three methods can meet 
an equal number of -10% RTA times. This is expected, as the 
RTA time of 0% is already near to the aircraft flight envelope 
limits, and there is not much room available for the aircraft to 
speed up any further. The slower end of the spectrum is where 
the Gen D optimizer brings a major improvement. Without the 
need for costly lateral offsets, the Gen D optimizer can meet 
most slow RTAs. While the plot in Figure 90 is truncated at 
140% for the sake of clarity, the trend continues onwards 
towards the 250% RTA time value. Gen D is able to create 
profiles that meet a whole host of slow RTAs, while both legacy 
methods can go no slower than 120% without the need for a 
lateral offset. To determine the increased range, the mean RTA 
time value for all the cases with RTA successes for each 
method is shown in Figure 91. 


From the data, the average value for achievable RTA time for 
the Legacy methods is not much more than 10% outside of the 
usual window. However, the Gen D optimizer improves that 
range to -19.2% on the fast end, and 171% on the slow end. 
Comparing the size of these intervals, it can be seen that the 
Gen D optimizer has a 52% wider range of available RTAs, the 
majority of which are on the slow end.  
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Method Fast  Slow 


Legacy -12.5% 112.5% 


Legacy++ -10% 114.3% 


Gen D -19.2% 171.1% 


Figure 91. Mean of RTA time of success cases for each method. 
 


 


8.4 TRL 5 Benefit Assessment 


8.4.1 Fuel Savings (Cost Index 0) 


With outliers removed from the dataset, the cumulative fuel 
savings of CLEEN Generation D technology for Cost Index 0 are 
0.74% and 0.39% over Legacy and Legacy++ respectively. This 
metric represents the total fuel savings from all flights as a 
percentage of the total fuel burn from all baseline flights. The 
99% confidence interval for Legacy savings is 0.68% - 0.81%, 
meaning that there is a 99% chance that the true mean will fall 
within the range specified. The 99% confidence interval for 
Legacy++ is 0.32% - 0.45%. The histogram in Figure 92 shows 
the distribution of percent savings for all Cost Index 0 cases. 
This analysis includes all test cases where both the CLEEN and 
baseline sets of optimal control result in a flight plan that 
meets the RTA. While a rare occurrence, cases where either set 
of controls miss the RTA are excluded from this analysis. 


 


 


Figure 92. Cost Index 0 savings. 
Gen D technology saves significant fuel over Legacy and Legacy++ 
baselines. 


 


 


In practice, an operator would compare the output of the 
CLEEN algorithm with their Legacy approach and choose the 
control that produced the lowest cost. In other words, the 
cases where the CLEEN algorithm fails to save fuel over the 
Legacy methods would not be flown by the aircraft operator, 
and instead, the Legacy profile would be used, obviously 
resulting in a 0% savings over the Legacy method. Thus, the 
true fleetwide benefit an operator would observe is calculated 
by replacing the negative savings trial cases from the TRL 5 
assessment with zeros. The resulting histograms and mean 
savings for the operator fleetwide benefit is presented in Figure 
93. From this modified dataset, the cumulative fuel savings of 
CLEEN Generation D technology for Cost Index 0 are 0.81% and 
0.47% over Legacy and Legacy++ respectively.  


 


 


Figure 93. Gen D operational savings for Cost Index 0. 
Cases with negative predicted savings would use Legacy control, 
considered as zero savings. 


 


8.4.2 Cost Savings (Cost Index 25) 


With outliers removed from the dataset, the cumulative fuel 
savings of CLEEN generation D technology for Cost Index 25 are 
0.54% and 0.20% over Legacy and Legacy++ respectively. This 
metric represents the total fuel savings from all flights as a 
percentage of the total fuel burn from all baseline flights. The 
99% confidence interval for Legacy savings is 0.49% - 0.60%. 
This means that there is a 99% confidence that the true mean 
will fall within the range specified. The 99% confidence interval 
for Legacy++ is 0.14% - 0.25%. The histogram in Figure 94 is the 
distribution of percent savings for all Cost Index 25 cases. As 
expected, the benefit is lower for Cost Index 25 than Cost Index 
0, because the time component of the flight is fixed for both 
CLEEN and Legacy methods. With Cost Index 25, this 
represents a large portion of the overall DOC equation. 
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Figure 94. Cost Index 25 savings. 
Gen D technology reduces DOC over Legacy and Legacy++ baselines with 
Cost Index 25. 


 


It should also be noted that Cost Index has no factor on the 
flight profile prior to the RTA. Normally, without an RTA 
constraint, Cost Index is the mechanism for relating the cost of 
time to the cost of fuel. For a case under the presence of an 
RTA constraint, time is fixed; therefore, prior to an RTA, only 
fuel matters. For that reason, cases where the RTA waypoint 
location is located at the end of descent are only run for a Cost 
Index of 0. This means that Cost Index 25 analysis only includes 
cases where the RTA is located at the last waypoint in cruise. 


The true fleetwide benefit an operator would observe is 
calculated by replacing the negative savings trial cases from 
the TRL 5 assessment with zeros. The resulting histograms and 
mean savings for the operator fleetwide benefit is presented in 
Figure 95. From this modified dataset, the cumulative cost 
savings of CLEEN Generation D technology for Cost Index 25 
are 0.60% and 0.28% over Legacy and Legacy++ respectively.  


 


 


 


Figure 95. Gen D operational savings for Cost Index 25. 
Cases with negative predicted savings would use Legacy control, 
considered as zero savings. 


 


8.4.3 Execution Time 


For Gen D, long flights or difficult-to-meet RTAs can cause the 
computational complexity of the graph search to exponentially 
increase due to the increased number of nodes in the search. 
Work is performed to improve the execution time of the 
algorithm during development to keep it below a desired 
maximum time of three minutes.  


In the TRL 5 software, compiled code improves execution time 
over the MATLAB prototype, meaning that even longer flight 
distances (beyond the 3500 nmi maximum distance tested in 
TRL 4) will execute relatively quickly. Figure 96 shows a 
histogram of execution time of the CLEEN algorithm for the full 
TRL 5 test set, indicating a maximum execution time of just 
under three minutes. Furthermore, the mean execution time is 
under seven seconds, and the 95th percentile is just over 13 
seconds, meaning that execution times longer than several 
seconds are outliers, occurring less than 5% of the time. Thus, 
the optimization algorithm execution time will satisfy operator 
desires for real-time applications or for batch processing 
across a fleet of aircraft. 


 


Legacy Direct Operating Cost Savings - Mean = 0.54%


-3 -2 -1 0 1 2 3 4


Percent Savings


0


50


100


150


200


Legacy++ Direct Operating Cost Savings - Mean = 0.20%


-3 -2 -1 0 1 2 3 4


Percent Savings


0


50


100


150


200


Legacy DOC Savings - Mean = 0.60%


0 0.5 1 1.5 2 2.5 3 3.5 4


Percent Savings


0


100


200


300


400


500


Legacy++ DOC Savings - Mean = 0.28%


0 0.5 1 1.5 2 2.5 3 3.5 4


Percent Savings


0


100


200


300


400


500







  


60 of 90 GE Designated: -NONE-  Subject to the restrictions on the cover or first page 


 


Figure 96. Execution time histogram of the Gen D algorithm in TRL 5 
software. 


This shows the x-axis limited to remove outliers. 


 


8.4.4 Example: Detailed Analysis 


An example of a Gen D flight is shown in Figure 97. Note that 
the bottom plot in the figure shows the difference between the 


simulated time of the Legacy and the CLEEN flights at each 
distance. The CLEEN flight saves fuel by continually varying 
altitude and airspeed to meet the RTA, rather than a constant 
speed with a pre-defined altitude profile. Through this method, 
the CLEEN technology takes advantage of favorable 
environmental factors to meet the RTA.  


The same benefit-extracting path modifications from previous 
generations can be seen above; that is, the elongated climb 
path from Gen A and the speed profile and steps determined 
by Gen B and Gen C lead to cost savings. In addition, time now 
has a significant effect on the final trajectory. The bottom plot 
shows how the CLEEN flight time typically compares to the 
Legacy flight time throughout the flight. The CLEEN flight has a 
slower climb time and therefore must make up the time 
through the cruise phase of flight such that the RTA is 
achieved. Once passing the RTA distance (the vertical dashed 
line), the CLEEN flight is no longer constrained to a time and 
can fly whatever is most optimal for the remainder of the flight. 
Overall, an optimal profile that meets the RTA is achieved. 


 


 


Figure 97. Example RTA flight with Cost Index 0 and RTA location at the end of cruise. 
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8.4.5 Sensitivity Study 


The Gen C benefit assessment reveals that shorter and longer 
routes saved considerably more cost over Legacy than the 
middle-distance routes. For the Gen D assessment, these 
route-based increased savings are only present for longer 
routes over Legacy; shorter routes savings are varied over both 
Legacy and Legacy++. The significant cost savings observed 
over Legacy in longer routes are not attained over Legacy++. 
Since the Legacy++ technology includes step climbs, the margin 
of benefit for longer flights is reduced. This trend is further 
supported by the route-based savings for each aircraft shown 
in Figure 98. 


 


 


Figure 98. Route-based savings by aircraft. 


Gen D performs better for longer routes over Legacy, but this trend does 
not hold for Legacy++. 


 


As discussed in paragraph B.2.1.6, the Gen D assessment adds 
the complication of a relatively equal number of fast and slow 
RTAs with varying distributions at two separate distinct 
locations. The cost savings results for each flight varies based 
off the RTA location and what time the RTA is relative to the 
nominal flight time. The top and bottom histograms shown in 
Figure 99 depict the savings for the RTA waypoint located at 
the end of cruise and end of descent, respectively.  


 


  


Figure 99. RTA waypoint savings. 
End of cruise (top) and end of descent (bottom) RTA location-based savings 
show no correlation between performance and RTA location. 


 


When compared to Legacy flights (shown on top), the savings 
for end of cruise and end of descent RTA location are 0.74% 
and 0.75% respectively; Legacy++ flights saved 0.35% and 
0.43% respectively. The data shows that CLEEN technologies 
generally perform better when compared to Legacy 
functionality for RTAs located at the end of descent. 


Figure 100 separates the results according to fast and slow 
RTAs. Recall that a fast RTA requires faster flight (less time 
enroute to the RTA waypoint) than the nominal flight time and 
vice versa for a slow RTA.  
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Figure 100. Slow (top) and fast (bottom) RTA based savings for CI 0. 


These histograms show increased benefit for fast RTA against Legacy.  


 


When compared against Legacy flights, the cost savings for 
slow and fast RTAs for Cost Index 0 is 0.62% and 0.86% 
respectively. The CLEEN technologies for fast RTAs perform 
significantly better than Legacy flights. While not as 
substantial, the trend is strong and opposite when compared 
to Legacy++ flights, where slow and fast RTAs save 0.41% and 
0.36% respectively.  


8.4.6 Ancillary Benefits 


In addition to the significant cost savings extracted by the 
CLEEN technologies, fewer re-predicts are also required to 
meet the RTA. This means that the original profile 


prediction/estimation of Gen D is more accurate than that of 
both Legacy technologies. Figure 101 displays various re-
predict and RTA metrics from the benefit assessment results.  


 


 Legacy Legacy++ CLEEN 


Number of 
Flights 2881 2870 2893 


RTA Met 2682 (93%) 2556 (89%) 
2677 
(93%) 


Number of 
Re-predicts 
(For cases 
that met RTA) 


2964 (~1.1 
per flight) 


2783 (~1.1 
per flight) 


1111 (~0.4 
per flight) 


Figure 101. Ancillary benefits. 


CLEEN re-calculates the control trajectory to meet the RTA 2.6x more often 
than Legacy and Legacy++ algorithms. 


 


CLEEN flights performed significantly better in terms of 
number of re-predicts needed to meet the RTA, as a re-predict 
occurred around less than half of the number of times 
compared to both Legacy technologies. The rate of 1111 re-
predicts over a total of 2677 flights results in about a 2.7 times 
reduction over the Legacy and Legacy++ re-predict rates.  


CLEEN and Legacy performed similarly in terms of meeting the 
RTA but Legacy++ flights performed noticeably worse. The 
altitude profile for Legacy++ flights is determined outside of the 
RTA speed calculation. Higher altitudes give access to a smaller 
speed envelope meaning that a smaller range of RTAs can be 
achieved compared to flying at a constant lower altitude; recall 
that the RTA range is determined by Legacy ETA extremes. Due 
to this effect, Legacy++ flights have trouble meeting some of 
the more extreme RTA cases. This effect is shown in Figure 102. 


Note that the plot represents only flights that ran without 
error. The plot shows how Legacy++ (middle bar chart) meets 
significantly fewer RTAs than CLEEN and Legacy flights as the 
RTA becomes more extreme.  


Additionally, while not tested as part of this benefit 
assessment, CLEEN technologies can meet a wider range of 
RTAs than Legacy technologies due to having the freedom to 
step up and down while utilizing the full speed envelope. This 
effect is analyzed in TRL 4 in paragraph 8.3.3. 
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Figure 102. Percent RTA met for each technology. 
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9. TRL 6 Real Time System Implementation 


9.1 TRL 6 System Design 


The TRL 6 system implementing the CLEEN technologies 
consists of a Flight Management System (FMS) and an 
Electronic Flight Bag (EFB). The FMS is the flight hardware that 
executes the modified Operational Flight Plan (OFP) software, 
responsible for creating a flight plan and producing guidance 
outputs. The EFB is a tablet executing the CLEEN optimizer. 
Running the optimizer on the tablet provides the greater 
hardware performance required to generate an optimal control 
within an acceptable amount of time. Having the optimizer 
outside of the OFP software also provides the ability to have 
the software at a lower Design Assurance Level (DAL) that 
leads to lower cost and more rapid development and updates.  


When deployed in the field, the system will be as shown in 
Figure 103. The FMS (top left) executes the OFP software that 
follows the optimal controls generated by the optimizer in the 
EFB (bottom left), by transmitting them as commands to the 
other flight hardware via ARINC 429. The EFB communicates to 
the FMS wirelessly through the Aircraft Interface Device (AID, 
middle), where the protocol is converted to ARINC 429 and 
routed through the Communications Management Unit (CMU, 
top right) to the FMS. The lab environment that simulates the 
field equipment shown is known as FM Workstation and is 
used for verification and validation of GE’s production flight 
management systems. 


 


 


Figure 103. TRL 6 system design. 
 


 


 


*** GE Aviation Systems LLC, "Flight Management System Weather 
Input Optimizer Final Report", FAA CLEEN, 2013. 


 


Figure 104 shows normal operation of the TRL 6 system. 
Operation begins with the pilot enabling pairing in both the EFB 
and the FMS. The EFB displays a key that is used to encrypt the 
communication between the units. After the pilot enters the 
key into the FMS, optimization can be enabled, and the FMS 
sends the flight plan and state data required for optimization 
to the EFB. Depending on the optimization type selected in the 
EFB, (Gen B, C, or D) the TRL 5 optimizer will generate a profile 
and compare that to the Legacy profile to produce a displayed 
estimate of the cost savings of the optimized profile over the 
Legacy.  


To provide the best weather to be used in the lower fidelity 
model within the FMS, a weather augmenter processes the 
high-fidelity weather data in the EFB to produce a best-fit 
representation of the data using the FMS’s lower fidelity model. 
The weather augmentation process is based on "Flight 
Management System Weather Input Optimizer Final Report" ***. 


If the estimated savings are desirable, the pilot can have the 
optimal profile, control, and augmented weather data sent to 
the FMS for review before accepting it in the higher DAL 
system. The software used to establish the link and 
communicate between the FMS and EFB is the Connected FMS 
Software Development Kit (CFMS SDK). It provides an API that 
handles the pairing, encryption, and communication protocol 
used. 


Figure 105 shows the closed-loop guidance of the system, 
including the guidance when under an RTA constraint. As the 
aircraft travels along the predicted path using the optimal 
control, it will deviate from the predicted time of arrival due to 
errors propagated as it flies along the path. When the FMS 
performs re-predicts during the flight, the optimal control is 
adjusted ensuring that the RTA is met. The adjusted control is 
then used by the guidance to issue targets that the auto pilot 
will track to control the plane. To inform the pilot of the current 
savings following the adjusted controls, the controls are fed 
back to the EFB and used to calculate the savings of the 
controls that are currently being used by the FMS. This allows 
the pilot the ability to check the savings of the current controls 
against controls generated by a new optimization run. 
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Figure 104. TRL 6 system operation diagram design. 
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Figure 105. RTA closed loop guidance. 
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9.2 TRL 6 Benefit Assessment 


9.2.1 Methodology 


A fundamental chicken or the egg problem arises when 
considering benefit assessment for performance optimization 
technologies. The benefit of these technologies must be proven 
before expending significant effort to produce a flight-worthy 
certified system, and the most accurate way to assess the 
benefit is to collect data from a fielded fleet of aircraft. 


A solution to the problem of demonstrating benefit would be to 
perform a small number of controlled flight tests comparing 
outputs of pre-production versions of the new technology 
against the Legacy production system. In these tests, the 
aircraft is equipped with an advanced sensor package and all 
variables are held at prescribed values during the test interval 
(on the order of minutes). In engine testing for fuel efficiency, 
even the physical position of crew members aboard the aircraft 
is fixed to ensure the aircraft center of gravity doesn’t shift 
during the test. Despite efforts to control the aircraft 
environment, small variations arise due to factors outside of 
crew control (wind gusts, turbulence, etc.). The uncertainty in 
test results caused by these effects is further compounded by 
sensor measurement errors, making it very difficult to measure 
a benefit around 1% with statistical significance. 


The aircraft trajectory optimization benefit assessment cannot 
be performed over a short, highly controlled experiment. To 
measure the benefits of this technology, one must look at an 
entire flight, end-to-end. The experiment must be statistically 
significant over conditions relevant to a fleet of aircraft for their 
service life. 


The total fuel burn and time of arrival (the direct operating 
costs) are dependent on environmental conditions and aircraft 
performance. In this type of experiment, issues arise when 
attempting to duplicate flight conditions between two flights.  


In an experiment, one could fly the same aircraft with the same 
weight and balance, flying the same filed flight plan between 
the same two cities within a window of several hours. Even in 
this scenario, weather patterns vary, in addition to 
discrepancies due to the timing of air traffic control clearances. 
Another option would be to fly two aircraft (one with new 
technology and one with old) simultaneously along the same 
route. In this hypothetical experiment, slight differences 
between engine performance and aerodynamics would 
introduce fuel and time differences between the flights. 


Statistical hypothesis testing may be used to estimate the 
number of flight trials (observations) required to demonstrate 
fuel savings. The concept is to use an estimator for fuel burn 
and pose the detection of fuel burn improvement as a 
statistical hypothesis testing problem. If there is fuel burn 
reduction with the improved FMS technology (relative to the 
Legacy), the estimator applied to a set of flight trials with the 
improved FMS will have a different mean error than the 
estimator applied to a set of flight trials with the Legacy FMS.  


The problem may be formulated as follows: let 𝜇𝜇0 be the mean 
of the estimator error when applied to trials with the Legacy 


FMS and 𝜇𝜇1 be the mean of the estimator error when applied to 
trials with the GE FMS. Then, to show at least δ benefit, the 
following null and alternate hypotheses may be formulated: 


• 𝐻𝐻0:  𝜇𝜇1 < 𝜇𝜇0 + 𝛿𝛿 
• 𝐻𝐻1:  𝜇𝜇1 ≥ 𝜇𝜇0 + 𝛿𝛿 


In words, the null hypothesis is that at least δ amount of cost 
isn’t saved and the alternate hypothesis is that at least δ 
amount of cost is saved. Several assumptions are made: 


• The estimator error is normally distributed 
• The standard deviation of the estimator error, 𝜎𝜎𝑒𝑒, is known 


and is the same when the estimator is applied to either set 
of trials 


• The observed difference between the means is: 𝐷𝐷 ∶= 𝜇𝜇1 −
𝜇𝜇0 > 𝛿𝛿 


Note that the 𝐷𝐷 must always be strictly greater than 𝛿𝛿; that is, 
it can never be shown that more cost is saved than was 
observed. Moreover, the closer δ is to 𝐷𝐷 the more trials that 
will be required. 


Currently, the estimation methods are accurate within 0.4% - 
1.0% standard deviation, including modelling and sensor 
measurement errors. We optimistically assume the 𝜎𝜎𝑒𝑒 ≔
0.4 % standard deviation case for the remainder of this 
analysis. 


TRL 5 Benefit Assessment of the Generation C (non-RTA) 
optimization technology shows a mean of 1.00% fuel savings 
over the Legacy system (see paragraph 7.4.1). Further 
processing of the fuel savings data reveals that the savings 
distribution has a standard deviation of 0.82%. Estimation 
methods suggest errors in estimation of tail-specific 
performance variation of 0.3%. Statistically combining error 
sources and reframing into the hypothesis testing framework 
results in a population mean of 𝜇𝜇𝐷𝐷 ≔ 1.00%, and standard 
deviation of the 𝜎𝜎𝐷𝐷 ≔ √0.822 + 0.32 =  0.87% of the 
experimental results population 𝐷𝐷. 


In a flight test experiment, consider each flight trial as random 
draws from the distribution described above. As such, there 
will be flights that exceed the mean savings, and some that do 
not. There may even be observations where the new 
technology is costlier than the Legacy system. Figure 106 
shows that the probability that the experiment is successful in 
proving a benefit at least as large as 𝛿𝛿 given a specified number 
of flights, defined as showing a 0.75% benefit with statistical 
significance (simply chosen as three quarters of the estimated 
benefit from simulations). The figure shows that on the order of 
tens to a hundred flight trials are required to achieve above a 
50% chance of success of such an experiment and up to a 
thousand flight trials will not improve the success rate above 
60%. This large number of trials is an economically infeasible 
proposition. To perform a flight trial of this scale, the trials 
would need to be performed as part of normal commercial 
revenue flight, which leads back to the original problem of 
incurring cost to produce a certified system without proof of 
benefit. 
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Figure 106. Likelihood of statistical significance. 


 


 


Based on this analysis, the TRL 5 fleet-wide benefits presented 
in paragraphs 7.4 and 8.4 for Gen C (no RTA) and Gen D (with 
RTA), respectively, provide the most realistic estimate of DOC 
savings. To validate these savings, a benefit assessment in the 
TRL 6 system is performed. The TRL 6 Benefit Assessment is 
run on a small subset of cases from the TRL 5 Benefit 
Assessment to ensure that the results from the large-scale 
Monte Carlo assessment hold without any unexpected 
deviations due to real-time processing aspects. See paragraph 
B.3 for a full description of the testing methodology.  


9.2.2 Results 


A comparison of Gen C benefit cases between TRL 6 and TRL 5 
is presented in Figure 107. In the figure, the bars show the 
Direct Operating Cost savings achieved by the CLEEN method 
over the Legacy method for the given case, in pounds (both on 
the y-axis and annotated in each bar). Note that, in cases 
where the Cost Index is non-zero, the savings achieved from 
the cost of time is converted to the equivalent pounds using 
the Cost Index and added to the fuel savings, resulting in a 
Direct Operating Cost in pounds that includes the cost of time. 
Each case number is noted on the x-axis; this number is an 
identifier for each case and has no intrinsic meaning. Important 
input variables and observed cost savings for each case are 
detailed in Figure 108. 


Six of the nine TRL 6 runs exhibited cost savings greater than 
those of the TRL 5 runs. The three cases that saved less than 


their TRL 5 counterparts all were within 15 pounds of fuel (or 
equivalent, as defined by the Cost Index) and are considered 
very close matches. In total, six of the nine flights matched very 
closely between TRL 5 and TRL 6 (cases 137, 222, 931, 1318, 
2723, and 3885). The three flights that were not close matches 
showed TRL 6 savings that exceeded 15 pounds more TRL 5 
(see cases 1477, 1969, and 2287). This is indicative of either 
minor improvements made in the development of the TRL 6 
system or of the CLEEN control profile performing better in the 
dynamic TRL 6 simulator than in the TRL 5 one. The mean 
absolute error over all nine cases is 17.2 pounds. 


One case (2287) exhibits a much larger difference between TRL 
5 and 6 than any of the other cases. Investigation revealed that 
this is caused by the simulated guidance in the descent phase 
of flight; namely, thrust reversion logic in the lower TRL system. 
For this case, the TRL 5 CLEEN method performed more thrust 
reversions during descent than the TRL 5 Legacy method, in 
order to track the descent speed. This caused a larger fuel burn, 
and thus lower savings numbers. Comparing this case at top of 
descent instead of bottom (excluding the difference caused by 
this reversion) resulted in a close match of TRL 6 and TRL 5 – 
about 10 pounds. The reason for the initial discrepancy is 
described more in paragraph B.3.2. 


This analysis concludes that the CLEEN software is sufficiently 
consistent between TRL 5 and TRL 6 implementations to 
validate the TRL 5 fleet-wide benefit assessment results. 
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Figure 107. Chart comparing cost savings (in lbs.) between TRL 5 and 6 for a subset of cases. 
 


 


Case 
# 


Route 
(nmi) 


Weight 
(klbs) 


Cost 
Index 


Altitude Sep. 
(ft) 


Weather 
Day 


TRL 5 Cost Savings 
(%, lbs.) 


TRL 6 Cost Savings 
(%, lbs.) 


137 300 113.8 0 1000 10/28 1.46% 69 1.32% 60 


222 800 135.6 0 2000 4/10 (incl) 0.52% 56 0.61% 66 


931 1000 137.4 25 1000 8/19 0.05% 12 0.06% 14 


1318 800 130.9 0 2000 3/8 0.40% 31 0.22% 17 


1477 2500 147.0 0 1000 2/19 0.80% 192 0.93% 222 


1969 1000 138.5 0 1000 12/9 0.58% 88 0.71% 109 


2287 1500 134.1 25 1000 6/23 0.12% 34 0.31% 88 


2723 600 118.7 25 1000 8/13 -0.11% -12 -0.19% -22 


3885 500 126.0 0 1000 4/15 (incl) 0.63% 37 0.72% 42 


Figure 108. Case parameters and cost savings used in producing TRL 5 to 6 comparison. 
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9.2.3 Example TRL 6 Result 


In this section, an example case (number 1969) from the Gen C 
TRL 6 testing is analyzed and compared to the corresponding 
results from TRL 5 testing. Figure 108 shows the relevant 
parameters for the example flight shown, as well as the cost 
savings the CLEEN flight provides over the Legacy flight in TRL 5 
and TRL 6, for comparison. Each plot depicts four flights, CLEEN 
and Legacy for both TRL 5 and 6. For clarity, the CLEEN flights 
are colored red and orange and the Legacy flights with blue and 
teal. Dashed lines indicate predicted values, and solid lines 
indicate actual values.  


The altitude profiles are compared in Figure 109. As expected, 
the Legacy flight in TRL 5 and 6 have the same cruise altitude, 
and the CLEEN flights have the same cruise altitude step 
locations. During the last portion of the climb phase for the 


CLEEN flight, the TRL 5 flight more closely follows the initial 
predicted altitude-distance profile than the TRL 6 one does. 
This is due to the more accurate weather in the prediction of 
TRL 5, which is explained more fully in paragraph B.3.2.  


The descent paths in TRL 5 (for CLEEN and Legacy) are nearly 
identical, and the TRL 6 descent paths are likewise nearly 
identical, but they do not match each other exactly – the TRL 6 
methods deviate from their initial prediction and begin their 
final descent earlier, whereas the TRL 5 simulator is designed 
to follow the prediction exactly and does not deviate from the 
initial prediction. This is not concerning, as the TRL 6 simulator 
has a more robust descent system, and furthermore any fuel 
saving effects caused by this would cancel out, as the Legacy 
and CLEEN perform the same descent path.  


 


 


 


 


 


 


 


 


 


 


 


Figure 109. Altitude comparison of TRL 5 and 6 example case. 
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Figure 110 through Figure 112 compare the lateral track of the 
case that reveal that the lateral profile is nearly identical in all 
methods. A slight difference between the profiles’ turn radii 
can be observed in Figure 111 and Figure 112 that is caused by 


small foreseeable speed variations during climb and descent. In 
addition to small differences in weather models between the 
systems, the TRL 5 simulation uses a simulated version of the 
high-fidelity lateral function that exists in the TRL 6 simulation.  


 


 


Figure 110. Lateral comparison of TRL 5 and 6. 


The example case shows nearly identical match. 


 


 


Figure 111. Lateral comparison (zoomed in on departure) of TRL 5 and 6 example case.  


Differences in lateral path curve radius due to difference in commanded airspeed. 
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Figure 112. Lateral comparison (zoomed in on arrival) of TRL 5 and 6 example case. 
 


 


Figure 113 compares the speed profiles of each method for this 
example case, in CAS, TAS, and Mach versus distance. The CAS 
profiles show that the CLEEN Climb Optimizer is producing a 
variable-speed climb profile that is being tracked by the 
simulation. The Mach plot is zoomed in to more clearly show 
the cruise phase. Observe that the Legacy profiles (in blue 
shades) in TRL 5 and 6 have a similar Mach, as do the CLEEN 
profiles.  


Figure 114 compares the thrust and drag. The CLEEN profiles 
show a lower thrust at the end of the climb phase (between 50 
and 150 nmi) than the max-thrust Legacy profiles, indicating 
the proper execution of the variable-thrust profile that the 
Climb Optimizer generates. Small dips and bumps in the thrust 
are shown during the cruise phase, occurring whenever the 
CLEEN profiles perform a step climb or step descent, or when 
either method performs speed changes. The drag plots show 
erratic drag during climb and descent, as is to be expected with 
the changing angle of attack during those phases. 


 


 


Figure 113. Speed comparison of TRL 5 and 6 example case. 
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Figure 114. Thrust and drag comparison of TRL 5 and 6 example case. 
 


 


Figure 115 shows the weather data for the case, both 
simulated (solid lines) and predicted (dashed lines). The CLEEN 
TRL 5 test has the most accurate predicted weather when 
compared with its actual, simulated weather. The reason for 
this is described in detail in paragraph B.3.2. The weather used 
in both simulations – the "actual" or experienced weather in 
the test flight – are consistent between TRL 5 and 6. This is 
appropriate given that all flights are following the same lateral 
track and have similar altitude profiles. 


Finally, Figure 116 compares the aircraft weights, fuel flow, and 
fuel savings. For this case, the Cost Index is 0, meaning that the 
cost savings are entirely comprised of fuel savings, and time 


has no cost. The top two plots show that all four aircraft began 
at the same weight and the last plot shows fuel flow during the 
cruise phase that tracks well with the thrust (shown 
previously).  


The Fuel Saved plot (second from bottom) shows an 
accumulation of fuel saved, measured as the difference in total 
fuel burned between each flight and the CLEEN TRL 6 flight. The 
dark blue line represents the Legacy TRL 6 flight and serves as 
the best measure of the benefit achievable with the CLEEN 
technologies. The annotated point at the right end indicates 
that 109 pounds of fuel were saved. 


 


 


Figure 115. Weather comparison of TRL 5 and 6 example case. 
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Figure 116. Weight and fuel comparison of TRL 5 and 6 example case. 
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10. Conclusion and Recommendations 
In conclusion, large, fleet-wide simulation of the GE CLEEN II 
technology demonstrates significant fuel burn reduction over 
both the Legacy system in service today and a representation 
of best-in-class ground tools. Beyond GE’s work on CLEEN and 
CLEEN II, the field of flight path optimization is crowded with 
many similar technologies and tools proposed by various 
industry and academic teams. Each team has their own 
baseline for assessment leading to operator confusion and 
often over-inflated benefits metrics. GE proposes the method 
described within this document as a standardized means for 
assessment to provide an “apples-to-apples” comparison 
removing uncontrollable effects such as air traffic control 
vectoring, the effect of weather forecast inaccuracy, and the 
quality of vehicle model, and compares against the best a 
legacy system can do in the absence of external errors. Each of 
these external effects is important and can be improved, but 
ultimately are outside of the control of a flight path 
optimization algorithm. 


As flight optimization tools continue to mature and enter 
service, GE recommends further engagement with airline 
operators and OEMs in partnership with the FAA to promote 
the benefits of the technology and ensure minimal operational 
and training impact. To facilitate a smooth transition to new 
optimal vertical control policies, GE recommends deployment 
of high-accuracy 4D physics-based prediction capabilities (such 
as those deployed on the Electronic Flight Bag in this project) 
within Airline Operation Center (AOC) ground tools and Air 
Traffic Control (ATC). With these capabilities mirrored, the 
airborne and ground infrastructure will “see” the same picture 
of the overall airspace; providing a means of trajectory 
synchronization with reduced trajectory negotiation. 


GE recommends continued development to exploit the benefits 
of the flight path optimization tools described in this report to 
include additional control parameters (such as lateral path 
planning) and cost functions (such as community noise, aircraft 
scheduling, traffic, throughput, etc.). This work should be 
performed in conjunction with advancing core optimization 
technology for run-time and memory improvements that allow 
for practical implementation of optimization.  


GE recommends the work performed for the CLEEN II program 
is complimented with future work in airspace optimization, 
improved weather forecasting, and adaptive modelling 
technology to provide better inputs to the optimization engine, 
and thus produce better results with lower variation in benefit. 
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Appendix A Summary of Benefits Metrics 


A Benefits Metrics 


% Cost Savings  


Gen B – 
Constant 
Altitude / HiFi 
Weather 


Gen C – Cruise 
Steps / HiFi 
Weather 


Gen D – Cruise 
Steps / HiFi 
Weather with 
RTA 


Cost Index 0 25 0 25 0 25 


Legacy 0.53% 0.44% 1.00% 0.89% 0.74% 0.54% 


Legacy+ 0.43% 0.36% N/A N/A N/A N/A 


Legacy++ N/A N/A 0.39% 0.37% 0.47% 0.20% 


Figure 117. Summary of benefits including negative savings cases. 


 


 


% Cost Savings 
(Operational) 


Gen B – 
Constant 
Altitude / HiFi 
Weather 


Gen C – Cruise 
Steps / HiFi 
Weather 


Gen D – Cruise 
Steps / HiFi 
Weather with 
RTA 


Cost Index 0 25 0 25 0 25 


Legacy 0.54% 0.46% 1.02% 0.91% 0.81% 0.60% 


Legacy+ 0.44% 0.37% N/A N/A N/A N/A 


Legacy++ N/A N/A 0.40% 0.38% 0.47% 0.28% 


Figure 118. Summary of benefits when operationally negative savings are set to zero. 
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Appendix B Benefit Assessment Methodology 


This section describes the benefit assessment methodology introduced in paragraph 3.4. 


B Benefit Methodology 


B.1 TRL 4 
In a TRL 4 environment, all Legacy systems and the proposed generations of CLEEN algorithms are coded in MATLAB along with all 
inherent limitations imposed by commercial flight (i.e., horizontal and vertical speed restrictions and acceleration limits). Simplified 
point-mass integrations and entitled instantaneous performance are used to produce a flight profile, following each method’s optimal 
control. Once produced, separate higher-fidelity point-mass integrations are used to accurately simulate the trajectories resulting from 
the previously calculated control. These simulated trajectories produce the data required to compute the cost of each profile. See 
paragraph 3.1 for a formulation of the cost of each integration step in climb and cruise. These costs are combined with an estimated 
cost of descent to compute an overall flight cost.  


The MATLAB suite used to simulate the flight resulting from the optimum control is collectively referred to the Cost Calculator (CC), as it 
simultaneously computes the cost of each flight and stores important information. Each simulated optimal profile is compared to that 
of the Legacy method, with calculations beginning at the same distance and takeoff gross weight.  


The cost calculator approach does not simulate any actual aircraft dynamics, but rather makes use of simplified integrations to 
determine the fuel consumed by each method’s optimal solution. More specifically, the calculations simplify the model of fuel flow in 
that speed changes are assumed to be instantaneous. This permits the calculation of the fuel flow for one segment of the discretized 
cruise profile as the optimal fuel flow at the step start multiplied by the ratio of step distance to optimal speed at the step start. This 
simplification also assumes that slow vehicle dynamics dominate the behavior of the aircraft and the resultant forces and fuel flow.  


The TRL 4 Assessment is conducted for each generation of technology using a multitude of test sets. Within each test set is a nominal 
variation of basic flight parameters, mainly including takeoff weight, flight distance, altitude separation, weather day, and Cost Index. An 
example variation of these parameters is shown in Figure 119. Note that each test set has a subset of this variation according to the 
purpose of the test set, and not the complete variation. Furthermore, for each generation, custom-tailored test sets are employed to 
either exercise a certain aspect of the optimizer or determine the sensitivity of the cost savings to various external factors. These test 
sets are described more fully in their corresponding sections. 


 


Parameter Nominal variation in each test set 


Takeoff Weight 110 – 170 klbs 


Flight Distance 500 – 4000 nmi 


Altitude Quantization 1000, 2000 ft 


Weather Day 


Normal: 06/23/16, 03/08/16, 05/24/16, 10/28/16 


Inclement: 3/17/16, 4/15/16 


Cost Index 0, 25, 50, 100 


Figure 119. Nominal variation of basic flight plan parameters in each test set. 
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B.2 TRL 5 


B.2.1 Monte Carlo 
Historically for Part 25 transports, the air vehicle manufacturer designed and specified the performance and management of the aircraft 
via database tables. These data and algorithms were then delivered to a supplier (such as GE) for inclusion in an embedded FMS. These 
legacy functions are widely used throughout the commercial airline industry and are included on all aircraft types with advanced flight 
management systems. 


The work of the CLEEN II program sought to create new technologies that utilize data available within the FMS to improve the capability 
to produce an optimized profile using real-time optimization software rather than a tabulated approach. Proving the viability of this 
technology over such a wide application range requires a large selection of simulated test flights. As such, test flights are chosen with 
differing combinations of aircraft type, takeoff gross weight, lateral routes, and other typical operational demands (for instance, flight 
level must be at 2000ft intervals).  


A Monte Carlo method is employed to generate scenarios for the individual test flights, beginning in Generation B (paragraph 6.4) and 
onward. This random sampling of probabilistic distributions allows for a relatively small number of test flights to be representative of 
the target fleet, as opposed to an exhaustive set of all combinations of variability.  


B.2.1.1 Aircraft 
The CLEEN II technology is an algorithm improvement that can be employed on any airframe model. Five different aircraft are chosen for 
this assessment to be characteristic of the commercial airline fleet in service today. Figure 120 contains an estimated fleet breakdown 
for the top eight largest passenger airlines of North America in terms of enplaned passengers, fleet size and number of destinations. 
These fleet estimates classify over 70% as narrow-body, 14% as wide-body, and 13% as regional carriers†††.  


 


SIZE 
Rank Airline 


Number 
Narrow 


Number 
Wide 


Number 
Regional 


Total 
Number 


% 
Narrow 


% 
Wide 


% 
Regional 


1 American  720 146 77 943 76% 15% 8% 


2 Delta 410 150 272 832 49% 18% 33% 


3 Southwest  722 0 0 722 100% 0% 0% 


4 United  561 179 0 740 76% 24% 0% 


5 Air Canada 72 70 25 167 43% 42% 15% 


6 Alaska  218 0 67 285 76% 0% 24% 


7 JetBlue  155 0 100 255 61% 0% 39% 


8 WestJet 115 4 0 119 97% 3% 0% 


 
Totals 2973 549 541 4063 73% 14% 13% 


Figure 120. Representative fleet airframe classifications. 


 


 


††† GE Aviation Systems LLC, "Flight Management System Weather Input Optimizer Final Report", FAA CLEEN, 2013 



https://en.wikipedia.org/wiki/Delta_Air_Lines

https://en.wikipedia.org/wiki/Southwest_Airlines

https://en.wikipedia.org/wiki/United_Airlines

https://en.wikipedia.org/wiki/Air_Canada

https://en.wikipedia.org/wiki/JetBlue_Airways

https://en.wikipedia.org/wiki/WestJet





  


B-3 of 90 GE Designated: -NONE-  Subject to the restrictions on the cover or first page 


Collectively, these three aircraft categories represent the vast majority of all commercial aircraft in operation today. To that point, the 
Boeing 737 series (a narrow body transport) is the best-selling jet commercial airliner in history‡‡‡. There are over 2,000 Boeing 737s 
airborne at any given time, with one departing or landing somewhere every two seconds§§§. The Airbus counterpart to the 737 – the 
A320 – is ranked as the world's fastest-selling jet airliner family according to records from 2005 to 2007, and as the best-selling single-
generation aircraft program (also a narrow body transport)****††††. There are more than 6,000 Boeing 737 and Airbus 320 aircraft in 
today’s service mainline fleets§§§. 


Similarly for the wide bodies, the Boeing 777 has received more orders than any other wide-body airliner with over 1900 ordered and 
1500 delivered, and the A330 is not far behind with over 1600 orders placed and over 1300 delivered and in operation‡‡‡‡. 


For this benefit assessment, the Boeing 737-800 and Airbus A320-200 are chosen in the narrow body category, the Boeing 777-300 and 
Airbus A330-200 as wide bodies, and the Embraer 175 AR as a regional jet. The test set consists of routes flown by aircraft types that 
match the fleet breakdown percentages of Figure 120, with a slight preference given to the 737 for narrow-body flights based on 
distribution of these aircraft in service.  


An analysis of test results confirms that the airframe distribution matches that described above. Figure 121 depicts the percentage of 
test runs ascribed to each airframe. 


 


 


Figure 121. Airframe distribution as percentage of total cases. 
 


 


Performance and physical characteristics for each aircraft are contained within a Model Engine Database. 


 


 


‡‡‡ "Plane Spotters", 2019. [Online]. Available: https://www.planespotters.net. [Accessed 10 March 2017]. 


§§§ M. Kingsley-Jones, "6,000 and counting for Boeing’s popular little twinjet", FlightGlobal, 22 April 2009. [Online]. Available: 
https://www.flightglobal.com/news/articles/pictures-6000-and-counting-for-boeings-popular-little-325472/. [Accessed 10 March 
2017]. 


**** "Boeing 737 Facts", Boeing, April 2014. [Online]. Available: http://www.boeing.com/farnborough2014/pdf/BCA/fct%20-
737%20Family%20Facts.pdf. [Accessed 18 October 2018]. 


†††† "Airbus steals the Paris air show", Hellocompany.org, 19 June 2007. [Online]. [Accessed 7 March 2017]. 


‡‡‡‡ "Airbus orders and deliveries", Airbus S.A.S., 31 January 2017. [Online]. [Accessed 7 March 2017]. 
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B.2.1.2 Routes 
There are over 20,000 flights occurring daily within the United States traversing an immense number of unique routes. World-wide, that 
estimate grows to over 100,000 flights covering distances as long as 8,600 nautical miles and as short as a few miles.  


An analysis of the daily flights by each chosen airframe is conducted to determine what distances are representative of in-service 
operation. Figure 122 contains a summary of this data. Note that the minimum and maximum distances are not absolute, but rather 
represent the observed extrema found in the selected date range.  


 


Airframe Minimum (nmi) Median (nmi) 
Maximum 
(nmi) 


Boeing 737-800 25 1125 3325 


Airbus A320-200 25 975 2775 


Boeing 777-300 100 3500 10900 


Airbus A330-200 50 1750 6650 


Embraer 170 AR 25 600 2075 


Figure 122. Flight distance statistics. 
 


 


The final route length distribution in the Monte Carlo analysis is generated to match those observed in the historical data. The test set is 
discretized into twenty routes, with distances varying from 200 to 7000 nautical miles. Each route is created by selecting origin and 
destination airports whose separating distances fall within the ranges of Figure 122. Jepsen-documented airways and navigable 
waypoints are then chosen between airports to elongate paths and create realistic lateral tracks for simulation; several routes also 
included standard instrument departures and standard terminal arrival routes. Figure 123 depicts the lateral path of several planned 
routes.  


Limited weather data availability demands that all routes be constructed within the United States. In order to prevent the effective 
cancellation or stabilization of weather, routes are constructed that traverse large latitude and longitude spans. Traveling around large 
portions of the contiguous US increases the technologies exposure to varying weather types and severity.  


Route distances for each test flight are chosen via random sampling of a probability distribution function that is constructed to fit the 
historical data. Once a length is chosen, the closest matching discretized route is selected for the flight. This Monte Carlo methodology 
ensures a test set that matches that to be expected in commercial operation. Route direction was randomly selected to provide more 
variance in weather effects. 
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Figure 123. Benefit Assessment Route Mapping.  


Stars along each route represent the waypoints used in their creation – no direction is shown, as routes were flown both ‘forward’ and ‘backward’. 


 


An additional consideration when choosing airport pairs is each’s frequency of use. Preference is given to airports that are considered 
“hubs”. Figure 124 summarizes the airport combinations for each route. Runways are selected for each airport to ensure takeoff and 
landing into the wind. Where appropriate, each runway also has an associated standard instrument departure, possibly with an enroute 
transition, and a standard terminal arrival with relevant approach and transition.  


 


Route Origin Destination 


200 NMI KJFK KDCA 


300 NMI KJFK KBUF 


400 NMI KORD KMEM 


500 NMI KLAX KSFO 


600 NMI KORD KLGA 


800 NMI KDFW KORD 


900 NMI KORD KMCO 


1000 NMI KORD KMIA 
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Route Origin Destination 


1500 NMI KORD KDFW 


2500 NMI KJFK KSEA 


2600 NMI KSEA KMIA 


3000 NMI KJFK KSFO 


3500 NMI KSEA KORD 


4000 NMI KSEA KDFW 


4500 NMI KSEA KORD 


5000 NMI KJFK KJFK 


5500 NMI KSEA KSFO 


6000 NMI KSEA KORD 


6500 NMI KSFO KSFO 


7000 NMI KSEA KORD 


Figure 124. Airport pairings for routes flown “forward”. 


 


 


B.2.1.3 Weights 
A weight range for each aircraft is chosen to represent the in-service operational range and an estimate of the rate of occurrence of 
each weight. This is accomplished using the following equation:  


 


𝑊𝑊𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑊𝑊𝑜𝑜𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑊𝑊𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑃𝑃𝑃𝑃𝑃𝑃 ∗  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 ∗ 𝑊𝑊𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  


 


subject to the limitation of maximum takeoff weight. 


A survey of publicly available data is conducted to determine each airframe’s number of available seats. Piano source data provided 
operational empty weight and maximum takeoff weight. FAA advisory circular AC120-27E provides for estimation of the average 
passenger weight to be approximately 200 lbs.  


Fuel weight is determined for each airframe through simulation of several flights for each of the above-specified routes, with a range of 
aircraft weights. Analysis of this data provides for an accurate estimation of the average fuel required to fly each route. After estimating 
the fuel weight, predictions are completed for the flight and iterated upon until fuel weight converges on an unchanging value. The 
amount of fuel necessary to fly a 200 nmi flight is then added as an estimate for the required reserve fuel.  
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The passenger load factor (PAX) is the independent variable used to create a gross weight range representative of in-service operation. 
A random passenger weight between 0% PAX and 100% PAX is selected from a truncated normal distribution centered at 80% 
[N(80,20)]. This weight is then used in conjunction with the route, aircraft type, and weather to determine the overall weight of the 
aircraft. 


An analysis of aircraft passenger loading confirms the normal distribution about each's mean of 80% loading. Figure 125 depicts the 
final PAX loading with the truncated normal distribution overlaid on each plot.  


 


 


Figure 125. PAX weights in kilo-pounds for test runs with truncated normal distributions overlaid. 
 


 


B.2.1.4 Weather Conditions 
The NOAA National Operational Model Archive and Distribution System (NOMADS) is a network of data that accesses and integrates 
models and other data stored in geographically distributed repositories into heterogeneous formats. One such format, the Rapid 
Refresh system (RAP), is chosen to provide data for the benefit assessment due to its collection from multiple data sources, including 
commercial aircraft weather data, balloon data, radar data, surface observations, and satellite data.  


Several representative days are chosen around climate phenomena observed in 2016 to be used in the benefit assessment. RAP data 
for these days exists as actual observed data (recorded every hour) and as forecasted data (as predicted at each hour, for the next 18 
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hours). The PPDriver generates predicted flight profiles that utilize the freshest forecast data relative to the takeoff time and date. 
Random takeoff times between midnight and noon are chosen, which ensures all flights begin and complete in a single day, thereby 
limiting the processing required for gathering weather data. The simulation of each of the flights utilizes only the ‘actual’, simulated 
truth weather data, which updates from the RAP forecast for every hour the flight progresses. 


A subset of 7 ‘normal’ and 3 ‘inclement’ weather days were used for random selection, with approximately 87% of the days being 
‘normal’ and 13% ‘inclement.’  Figure 126 contains the listing of weather days and their classification.  


 


Day in 2016 Classification & Reasoning 


February 19 Normal 


March 8 Normal 


March 17 Severe Storm in Central Plains 


April 10 Severe Winter Weather in Central Plains 


April 15 Severe Winter Weather in Central Plains 


June 23 Normal 


August 13 Normal 


August 19 Normal 


October 28 Normal 


December 9 Normal 


Figure 126. Weather selections. 


 


 


The effect of inclement weather phenomena is regional. As such, many of the flown routes are only partially affected while still others – 
the 200, 300, 400, 500, 600, 900, 1000, 2500, 5000, and 5500 nmi flights – are too distant to be significantly affected.  


B.2.1.5 Additional Parameters 
Several other parameters are varied as part of the CLEEN Benefit Assessment. ‘Altitude quantization’ or ‘minimum vertical separation’ is 
used to assess the impact of complying with FAR 14 CFR 91.159 and 91.179, which requires cruise at flight levels that are multiplicative 
by 1000. To assess the full range of impact, quantization is selected from 1000 and 2000 feet to represent one-way and two-way 
airways in both the East and West primary directions. Only 2000 ft intervals are used for the RTA benefit assessment since past 
assessments have shown that altitude quantization does not have a large impact on cost savings. 


Carriers use cost indices to account for the cost of the aircraft operating crew by specifying the relation between the cost of time and 
fuel. Every generated case is conducted with cost indices of both 0 (fuel cost only) and 25 (typical fuel and time blend) to assess direct 
operating cost. 
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B.2.1.6 RTA Time and Location 
CLEEN technologies are assessed using a randomly generated RTA assigned at a specified waypoint for each test flight. This additional 
constraint is only applied to flights when judging the benefit of the Gen D technology; all other test efforts are executed without time 
constraints. For this assessment, two waypoint locations are chosen where the arrival time is controlled; the last waypoint in cruise and 
the first waypoint below 10000 ft in descent.  


Each test flight’s required time of arrival is determined by first calculating a nominal flight time as the time it takes to fly the profile to 
the constrained location at a Cost Index of 25. After determining the nominal flight time, an RTA type is randomly drawn (uniformly) as 
either ‘fast’ or ‘slow’. A fast RTA is any time constraint that requires a flight time that is less than the nominal time, and a slow RTA 
requires more time. 


With the RTA type selected, the magnitude of deviation from the nominal flight time is chosen using two, truncated normal 
distributions, each truncated at the nominal flight time. The final RTA is determined using the pre-selected takeoff time, the RTA type, 
and the time deviation. The distribution for determining the RTA deviation is shown in Figure 127. 


 


 


Figure 127. RTA time constraint distribution. 
 


 


Note that the min, max, and nominal ETAs are determined by a Legacy profile generated using Cost Index limits defined by the Legacy 
system. This distribution changes with every different weight, aircraft type, and route combination. An example of what the distribution 
might look like for one combination of those parameters is shown in Figure 128; the red line represents the nominal ETA. 
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Figure 128. Possible RTA distribution. 


 


 


The RTAs to the left of the red line are fast RTAs and to the right are slow RTAs. While the general shape of this distribution will remain 
the same for different cases, there are variations in min, nominal, and max ETA for every case based on the values derived from Legacy 
Cost Index. Generally, the range of fast RTAs will always be significantly smaller than the range of slow RTAs; that is, faster RTAs will 
have a smaller standard deviation than slow RTAs. 


B.3 TRL 6 


B.3.1 Description 
The full TRL 5 Benefit Assessment described in paragraph B.2 of this document is performed in a TRL 5 development environment, using 
the ATT to perform fast-time simulations to assess the expected fleetwide benefit of the CLEEN technologies. This assessment is 
thorough in describing the expected fleet-wide benefit through analysis of many possible operating conditions and aircraft types, but it 
does make some simplifying assumptions about performance in the embedded avionics OFP (Operational Flight Plan) software with a 
real-time laboratory simulator. These assumptions include simplifications of lateral and vertical systems, descent path, re-predictions, 
etc., and are listed in paragraph B.3.2. 


In the TRL 6 environment, the CLEEN Optimizer is implemented in a CFMS (Connected FMS) application on an Electronic Flight Bag (EFB) 
that communicates with the FMS hosted on an ADE processor via a network. See Section 9 for details on the EFB. A real-time simulator 
(FMWorkstation) is used on a lab PC to simulate the aircraft flight and provide an interface for pilot inputs to the FMS. A tool called 
AutoTestUtility automates the process of entering flight data into the FMS through the FMWorkstation interface and controls the CFMS 
app. A representation of the TRL 5 and TRL 6 environments are shown in Figure 129 and Figure 130. 
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Figure 129. TRL 5 system for benefit assessment. 


This assessment uses simulated FMS functions not central to optimization performance. PPDriver is a portion of the OFP, rehosted for desktop system. 


 


 


Figure 130. TRL 6 system for benefit assessment. 


The EFB contains the PPDriver from Figure 129. All FMS functions are hosted in embedded avionics (real-time). 


 


Due to the TRL 6 Benefit Assessment being performed on a real-time simulator, it is practically infeasible to simulate all the same cases 
that were performed in TRL 5 assessment. Thus, the TRL 6 Benefit Assessment contains only a small subset of the cases from TRL 5 and 
has a primary goal of validating the benefit numbers shown in the TRL 5 assessment. Therefore, the general strategy for the assessment 
is as follows: 


1. Select a well-distributed subset of cases from the TRL 5 Benefit Assessment, using only the Boeing 737 aircraft model 
2. For each case: 


− Use the input parameters (aircraft weight, route, weather day, Cost Index, etc.) to set up a flight in FMWorkstation via the 
AutoTestUtility 


− Fly the real-time simulation using Legacy control software and record relevant flight data such as speed, fuel burn, distance 
travelled, etc. 


− Fly the real-time simulation using the CFMS application to optimize the flight profile and record relevant flight data such as 
speed, fuel burn, distance travelled, etc. 


− Process the data into the format used for TRL 5 Benefit Assessment, and use the same methods performed for TRL 5 to 
calculate the cost benefit of the CLEEN profile 


3. Compare the cost benefit calculated in TRL 6 for each case to the corresponding TRL 5 benefit for the same case 
4. Analyze each case individually, compare the observed benefit, investigate any significant discrepancies, and assess whether the 


benefit can be extrapolated to make conclusions about expected total benefit in a TRL 6 environment. 


Flight Plan
Generate 
Optimal 
Control


Prediction Guidance


Navigation


Aircraft


ATT
PPDriver


Flight Plan
Optimal 
Control
Storage


Prediction


Display


Guidance


Navigation


Auto Pilot


Aircraft


FM 
Workstation


FMS


Generate
Optimal
Control


EFB







  


B-12 of 90 GE Designated: -NONE-  Subject to the restrictions on the cover or first page 


This assessment is performed in two parts: testing of the cost savings from the Gen C software and testing of the RTA capabilities of the 
Gen D software. Based on this assessment, the fleetwide expected TRL 5 benefit is reliable and holds in a TRL 6 environment, and thus it 
is reasonable to assume the observed benefit will be maintained as the technology matures beyond TRL 6. 


In this report, the TRL 6 Benefit Assessment is performed for only Generation C. See paragraph 9.2 for the results of this assessment. 


B.3.2 Differences Between TRL 5 and TRL 6 
The benefit achieved using the TRL 5 system is not identical as the TRL 6 system for the following reasons: 


1. Predicted Weather:  The predicted weather constitutes the largest difference between TRL 5 and 6. While each system uses the 
same weather gathering tool to gather data for predictions, the amount of data gathered the location and time from where the 
data is gathered, and its subsequent use varies. For the TRL 6 systems, the weather population method is designed to reflect how 
the process would occur in operation for each system. The predicted weather could have a large effect on the descent phase, where 
no optimal controls are generated, and instead the Legacy FMS computes the proper descent speed and angle (given the weather 
prediction) in both the CLEEN and Legacy methods. The details of each system regarding weather is described below. 


− TRL 5 CLEEN:  The predictions query weather data from the weather gathering tool that are stored in each prediction block for 
its exact 4-D location (latitude, longitude, altitude, time). Additionally, the cruise segment is predicted using a purposefully 
higher density grid of prediction blocks (one approximately every 10 nmi), each of which contributes to a weather model 
resolution higher than would otherwise be available. This results in the most accurate predicted weather. 


− TRL 5 Legacy:  The predictions query weather from the same source data as the CLEEN technology but are forced to store that 
weather in a much lower resolution model, with data only being stored at each waypoint in the prediction. This results in less-
accurate predicted weather than TRL 5 CLEEN. 


− TRL 6 CLEEN:   The flight profile is generated by the same system used in TRL 5, but the TRL 6 FMS is incapable of entering 
weather data at every prediction block. In an operational TRL 6 system, only the following weather data are enterable: top-of-
climb wind and temperature, four winds of varying altitudes and one temperature at each waypoint in cruise, and three 
descent winds along with a descent temperature. The high-fidelity weather model used to generate the optimal control was 
reduced by an internally developed Weather Augmenter that determines the weather entries that result in a best-fit 
representation of the true full weather from the Optimizer. The FMS then uses the reduced model to predict the test case's 
flight profile.  


− TRL 6 Legacy:  The predictions in this system utilize the most rudimentary weather model that is populated using an 
automated system (the AutoTestUtility) that mimics the methods a pilot would use to enter data. The utility queries the high-
fidelity online model for data that is directly above the departure and destination airports, at the cruise altitude. For the 
departure airport, the data retrieved is that at the top-of-climb altitude, forecasted at the time of its sequence. Similarly, the 
destination airport data is retrieved at the top-of-descent altitude, as forecasted at the time of its sequence. The cruise data is 
limited to a single wind entry at each waypoint (not each prediction block). No temperature entries are available, so the top-of-
climb temperature is propagated throughout the entire cruise phase. This results in the lowest-accuracy predicted weather 
that is confirmed by the data shown in Figure 115. 


2. Re-predictions:  In TRL 5 Gen C, the ATT simulation is designed to track the initial predicted path and does not perform any re-
predictions of the path. In TRL 6 Gen C, the Legacy flight may perform a re-predict during flight, and produce new speeds if the true 
aircraft weight or experienced weather vary from what was initially predicted. Technically, the CLEEN flight may perform a re-
predict as well, but it will not result in new speeds (or cruise altitude steps) as those are not re-optimized, and the flight will still 
follow the original optimal controls. The expected impact of these re-predicts in Gen C TRL 6 Legacy is small. In Gen D, re-predicts 
are performed in all TRL 5 and 6 systems, in order to adjust the profile to meet the RTA constraint. 


3. Optimizer Inputs/Outputs:  The Optimizer code base is the same PPDriver used in TRL 5 and 6. In TRL 5, the PPDriver directly 
produces the prediction that the ATT simulates. In TRL 6, the PPDriver is hosted in the cFMS App, and generates a prediction and 
optimal controls that are transmitted to the FMS. Ideally, the identical case produces the same inputs to the optimizer in TRL 5 and 
6; however, there are slight numerical discrepancies that can arise due to the dynamic nature of the TRL 6 simulator. 


4. Controls:  The TRL 6 simulation (FMWorkstation) has a different control source than the ATT does. In TRL 5, the predicted path is 
used directly as the source of controls. In TRL 6, the FMS produces flight commands to the Autothrottle model that in turn 
generates commands for the engine model. The effect is that the TRL 6 system has more realistic lags in commands.  


5. Descent:  Descent paths can vary between TRL 5 and 6. This is partially due to different weather predictions, but also different 
thrust reversion logic between the real FMS guidance and the simulated version in TRL 5. 


6. Lateral/Vertical:  The ATT has less-advanced lateral and vertical tracking than the full FMWorkstation simulation does. Generally, 
this results in a minor difference in things like turn radius or angle of attack. However, this effect is essentially negated as it affects 
CLEEN and Legacy in the same magnitude, resulting in an offset. 
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Appendix C Previous Work 


C GE’s Previous Work 


C.1 GE CLEEN I Climb Optimization 


C.1.1 Summary 
The Flight Management Systems in service today determine constant climb speed, constant cruise speed, and constant descent speed 
to minimize DOC based on takeoff weight and range and assuming maximum thrust for climb and idle thrust for descent. Typically, 
software look-up tables derived from flight trials or simulation define the control that is then limited to comply with performance and 
airspace requirements.  


On some high-performance airplanes, the optimization method is derived from the calculus of variations and Pontryagin’s minimum 
principle. The most common methods determine variable climb and descent speeds to achieve performance closer to optimum relative 
to the constant speed method. However, many simplifying assumptions have been applied to enable a practical design. These 
assumptions — motivated by the computer technology available at the time the methods were developed — introduce errors and thus 
yield suboptimal performance.  


Accordingly, the problem was reformulated for climbing flight without these assumptions, and modern numerical methods were applied 
to achieve a control closer to optimum. Since the pilot has more discretion controlling the airplane during the climb phase, the study 
focused on climbing flight to prove the concept.  


Relative to the legacy constant speed method, the following improvements were implemented:  


1. Higher order equations of motion that include mass as a state variable and a model of the installed performance of each engine.  
2. Since transient motion is a small share of the flight time, the fast dynamics have a negligible effect on fuel savings. Thus, the fast 


dynamics may be eliminated from the system equations. The result is a set of differential algebraic equations (DAE) that represents 
only the slow vehicle dynamics that enables a larger time step for integration.  


3. Flight path angle (instead of speed) and throttle lever position (thrust) are the control variables to minimize the cost function.  
4. Because the arrival time is free to vary, the length of the state trajectory is unknown. To avoid solving a mixed-integer programming 


problem, the independent variable is changed from time to altitude and is a known boundary condition.  


The problem was formulated using a Non-Linear Programming (NLP) method, and an optimization solver developed by GE Global 
Research for model-predictive control was used to solve the problem numerically. However, because the cost surface is not smooth, the 
convergence time and robustness of the algorithm are unsatisfactory. Therefore, a simpler approach based on§§§§ was developed as an 
alternative method. In this approach, called the Energy State Approximation (ESA):  


1. The independent variable in the cost function is changed from time to energy.  
2. The control variable is simplified to be just speed (thrust is added as a control variable during later development; see paragraph 


5.2.1).  
3. The vehicle state is approximated by specific energy.  
4. The Golden Search method is used to find the minimum cost. 


Because the vehicle state is approximated, the ESA method is suboptimal relative to the NLP method. However, the solver is more 
robust and converges in a shorter time, which makes the ESA method more suitable for embedded applications. Accordingly, the fuel 
savings achieved by both methods (relative to the Legacy method) was compared to validate the theory and to quantify the penalty 
introduced by the ESA method.  


Relative to the Legacy constant-velocity optimization method and based on a small number of simulation trials, the NLP method 
reduces the fuel required (in the climb phase only) to climb to a specified cruise altitude by 1%. The ESA method reduces the amount of 
fuel required by 0.81%. Both the NLP and ESA methods were implemented in a prototype FMS. Due to superior robustness and 
convergence time, the ESA method is the best method for an airworthy design.  


 


 


§§§§ H. Erzberger and H. Lee, "Constrained Optimum Trajectories with Specific Range”, Journal of Guidance and Control, vol. 3, pp. 78-85, 1979. 
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C.1.2 Technical Summary 
In commercial Aviation, Direct Operating Cost (DOC) is defined as: 


 


𝐷𝐷𝐷𝐷𝐷𝐷 [$] = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 [$] + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 [$] (1) 


 


Past work of the CLEEN program has utilized a variation of this definition within a flight profile optimization algorithm, which leads to 
the following of climb cost: 


 


min𝑉𝑉 𝐽𝐽𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = min𝑉𝑉 � 𝜌𝜌(𝜋𝜋,𝑉𝑉,ℎ)𝑑𝑑𝑑𝑑
𝑡𝑡𝑓𝑓


𝑡𝑡0
, (2) 


 


Where 𝑡𝑡𝑓𝑓  is the time the climb terminates, called the top of climb, given the system equations: 


 


𝐸̇𝐸 =
𝑉𝑉
𝑚𝑚
𝑓𝑓𝑥𝑥𝑠𝑠(ℎ,𝑉𝑉,𝜋𝜋) 


ℎ̇ = 𝑉𝑉𝑉𝑉 


𝑥̇𝑥 = 𝑉𝑉 + 𝑉𝑉𝑊𝑊 


𝑚̇𝑚 = −𝜎𝜎(ℎ,𝑉𝑉,𝜋𝜋) (3) 


0 = 𝑓𝑓𝑧𝑧𝑠𝑠(ℎ,𝑉𝑉,𝜋𝜋) −𝑚𝑚𝑚𝑚 


0 = 𝜏𝜏𝑦𝑦𝑏𝑏(ℎ,𝑉𝑉,𝜋𝜋) 


 


In eq. (2),  𝜌𝜌(𝜋𝜋,𝑉𝑉, ℎ) : = 𝑐𝑐𝑓𝑓𝑤𝑤𝑓𝑓(𝜋𝜋,𝑉𝑉, ℎ) + 𝑐𝑐𝑡𝑡 , where 𝑤𝑤𝑓𝑓  is the fuel flow rate, 𝑐𝑐𝑓𝑓  is the cost per pound of fuel, and 𝑐𝑐𝑡𝑡 is the cost rate (i.e., the 
cost of time). See "Optimal Variable-Speed Climb for a Fixed-Wing Aircraft"***** for a more thorough description of this climb formulation 
and its derivation.  


C.2 GE CLEEN I Vertical Path Optimization 
The basis for the Generation C technology is described in a previous GE CLEEN technology called Vertical Path Optimization. This work 
analyzes a few methods of computing optimally stepped cruise profiles, only considering cruise altitudes (not speed). The method 
focuses on using the GE Approximate Global Optimizer (GEAGO) to optimize steps. Dijkstra’s algorithm is also implemented with a fine 
grid as an entitlement method with GEAGO and is referred to as a Dynamic Programming solution in that report.  


While the report concludes that the GEAGO solution produces a profile within 0.1% of the cost of the entitlement Dynamic 
Programming/Dijkstra method in a much faster computation time, the GEAGO is not pursued for the Gen C technology due to the 
complexity of its code base, and substantial software memory and run-time improvements since the original implementation. Dijkstra’s 
algorithm is very simple and can be implemented in only a few lines of code; this is desirable from both a developer and a certification 
standpoint.  


 


 


***** R. Ghaemi, D. Lax, E. Westervelt, M. Darnell and N. Visser, "Optimal Variable-Speed Climb for a Fixed-Wing Aircraft”. in AIAA Aviation Forum, 
Dallas, TX, 2019. 
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C.3 MIT-LL CASO  
MIT Lincoln Laboratories produced a similar technology to the Gen C Optimizer and performed a similar study in a project they called 
CASO (Cruise Altitude and Speed Optimizer). The report can be found in "Optimal Variable-Speed Climb for a Fixed-Wing Aircraft"†††††. 
The study develops several implementations of cruise step optimization, distinguished by how the cruise altitude steps are performed. 
Namely, a drift-up cruise climb pattern, 1,000 and 2,000 ft increment step climbs (that is akin to the Legacy++ method), and what they 
call Flexible VNAV (that is akin to the Gen C optimization technology, providing for step climbs and descents).  


Their report indicates a savings aggregate of 1.96% for Flexible VNAV, and 1.75% for 2,000 ft Step Climb. These numbers are concerning 
because they are much higher than the savings deemed achievable with Gen C. However, the MIT report’s basis of comparison is to 
compare the methods with an as-flown trajectory, using radar track data from real flights and a fuel weight estimator. As mentioned in 
paragraph 3.4, this artificially inflates fuel savings. A more astute observation is that the difference between the Flexible VNAV and 
2,000 ft Step Climb methods is 0.21% that is much closer in magnitude to the 0.38% the Gen C technology saves over the Legacy++ 
method.  


The Gen C optimization technology implements several enhancements beyond the CASO design: variable speed/variable thrust climb, 
unified climb cruise design, and accounting for step cost in cruise. These advances provide additional cost savings over alternate 
modern step optimization methods proposed in competing products. 


 


 


 


 


 


 


 


 


††††† R. Ghaemi, D. Lax, E. Westervelt, M. Darnell and N. Visser, "Optimal Variable-Speed Climb for a Fixed-Wing Aircraft”, in AIAA Aviation Forum, 
Dallas, TX, 2019. 
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1 INTRODUCTION 


1.1 Scope 


This data item compiles the Final Report for the CLEEN II MESTANG system. 


 


1.2 Acronyms and Abbreviations 


The acronyms and abbreviations shown in Table 1-1 are used within this document.  
 


Table 1-1 – Acronyms and Abbreviations 


Acronym Meaning 


CPL Constant Power Load 


CAI Cowl Anti Ice 


DAQ Data Acquisition 


DC Direct Current 


ECS Environmental Control System 


EPB External DC Power Source Circuit Breaker 


GCB Generator Circuit Breaker 


GCU Generator Control Unit 


HPSG High Pressure Spool Starter/ Generator 


IDG Integrated Drive Generator 


LC Load Contactor 


LPS Low Pressure Spool 


LP SRC Low Pressure Source 


MEA More Electric Aircraft 


MESTANG 
More Electric System and Technologies for Aircraft in the Next 


Generation 


OEW Operational Empty Weight 


PCU Power Conversion Unit 


PDP Power Distribution Panel 


POR Point of Regulation 


RL Resistive Load Bank 


RTD Resistance Temperature Detector 


SFC Specific Fuel Consumption 


SGMC Starter/ Generator/ Motor Controller 


TRU Transformer Rectifier Unit 


WAI Wing Anti Ice 


 


 


  







 


 


2 BACKGROUND AND GOALS 


2.1 BACKGROUND 


The Federal Aviation Administration is seeking to establish an effort, on a cost share basis, to develop continuous 
lower energy, emissions and noise (CLEEN) II technologies for civil subsonic jet airplanes to help achieve the Next 
Generation Air Transportation System (NextGen) goals to increase airspace system capacity by reducing significant 
community noise and air quality emissions impacts in absolute terms and limit or reduce aviation greenhouse gas 
emissions impacts on the global climate. The CLEEN II program is focused on reducing current levels of aircraft noise, 
air quality and greenhouse gas emissions, and energy use, and advancing alternative fuels for aviation use. The focus 
of this effort is to: (I) mature previously conceived noise, emissions and fuel burn reduction technologies from 
Technology Readiness Levels (TRL) 5-6 to enable industry to expedite introduction of these technologies into current 
and future aircraft and engines, and (2) assess the benefits and advance the development and introduction of 
alternative "drop in" fuels for Aviation, with particular focus on renewable options, including blends. 
 
2.2 Customer Objectives 


More Electric Systems and Technologies for Aircraft in the Next Generation (MESTANG), is an integrated aircraft 
power system designed to support future “more-electric” aircraft architectures that reduce fuel burn by up to 3 
percent for single-aisle aircraft while improving performance at equivalent cost 
 
2.3 Definition: 


MESTANG lab demonstration program integrates key General Electric Aviation Systems technologies into a dual  


channel, split, 300 kW Electric Power Generation System for Next-Generation Narrow-Body aircraft. 


 
2.4 MESTANG Goals and Objectives 


The main objectives of the MESTANG lab demonstration program is to integrate key General Electric Aviation 


Systems (GEAS) technologies into a dual channel, split, 300 kW (150kW per channel), Electric Power Generation 


System (EPGS).  This represents one half of a 600 kW More Electric Aircraft (MEA) Electric Power Generation System.  


The voltage of the 300kW EPGS will be described as ±270 Vdc when the positive or negative power conductors are 


referred to ground or neutral and will be described as 540 Vdc when the power conductors are referred to each other.  


All loads are connected between the 540 Vdc power conductors. 


• Prove ±270 VDC primary power system feasibility through lab demonstration and modeling 


• 150kW ±270 VDC High Pressure Spool Starter / Generator (HPSG), including Power Conversion Unit (PCU) 


• Demonstrate all-SiC based Starter / Generator / Motor Controller (SGMC) 


• Demonstrate dual spool equivalent power extraction 


• Prove up to 3% fuel savings by performing aircraft + engine + power system aircraft modeling 


• Limited TRL 6 rating by 2020 at EPISCENTER 
 


  







 


 


3 SYSTEM DEVELOPMENT 


3.1 System Block Diagram 


 Figure 3-1 represents outline diagram of 300 kW of Electrical power generation system which represents one 
half of the MESTANG 600 kW More Electric Aircraft (MEA) power generation system. 
 
 


 
Figure 3-1 – 300 kW Aircraft Architecture 


 
Since the EPS system is symmetric and split isolated for the left- and right- side channel, a 300 KW single-sided 
architecture is used for the key MESTANG demonstration architecture components. 
 


• The MESTANG EPGS shall extract mechanical power from both the Low-Pressure Spool (LPS) and the High-


Pressure Spool (HPS) of the engine, then convert it to (+/-270) 540 V DC electric power. 


• Each of the LPS and HPS channels shall be capable of providing 150 kW of (+/-270) 540V DC power at its 


associated output terminal. 


  
The MESTANG EPGS consists of the following components within the system under test: 


• 150 kW High Pressure Spool DC Starter/ Generator (HPDCSG) 


• Starter/Generator Motor Controller (SGMC) 


• Standard Aviation Electromechanical DC Contactor 


• Electromechanical 3-Phase AC Switch 


• GE Technology DC Circuit Breaker (DCCB) 


• DC Main BUS 1 


• DC Main BUS 2 


• TIE Bus 
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• Power Distribution Panel (PDP) 


• PDP Interface Board 


• Power Conversion Unit (PCU) 


• DC Power Feeders 


• AC Power Feeders 


The MESTANG EPGS testing is supported by the following components external to the system under test: 


• 150 kVA Low Pressure Spool DC Power Source (LP SRC) 


• SWITCH & STATUS PANEL 


• External DC Power Source 


• ECS Motor 1 (ECS1) 


• ECS Motor 2 (ECS2) 


• Resistive Load Bank (RL1) 


• Constant Power Load Bank (CPL1) 


• Resistive Load Bank (RL2) 


• Constant Power Load Bank (CPL2) 


 
3.1.1 System Operation 


MESTANG EPGS operation is divided into four major functions after initialization, which are summarized as follows: 


 


Initialize 


Upon receiving 28 Vdc aircraft power, the SGMC initializes, then awaits commands to perform system operations. 


 


Engine Start 


The SGMC receives a command to Start the engine.  The SGMC positions SW1 and SW2 as needed to provide AC 


Start power to the HPSG.   


 


Generate Power 


The SGMC produces 540 Vdc power when the HPSG shaft speed is in the proper speed range, automatically.   


 


Bus Controller Operation 


The SGMC is the System Bus Controller, applying 540 Vdc power as commanded.  The SGMC also applies AC power to 


ECS1 and ECS2 when commanded. 


 


Faults / Protections 


Upon detection of a fault condition, the MESTANG EPGS is able to take the actions under SGMC control for protection. 


 


3.1.2 System States, Modes, and Transitions: 


The MESTANG System can be in one of three states:  OFF State, OPERATIONAL State, or FAULT State.  Upon entering 


the OPERATIONAL State, the System enters INITIALIZE Mode.  Upon successful completion of INITIALIZE Mode, the 


System simultaneously enters three Modes:  PROTECTION Mode, BUS CONTROLLER Mode, and IDLE Mode.  Failure to 


successfully complete INITIALIZE Mode results in the System to enter the FAULT State. 


 


3.1.3 System Modes 


The MESTANG System can be in the Modes described below.  It is possible for the MESTANG System to be in several 


Modes simultaneously. 







 


 


• INITIALIZE Mode:  Upon entering INITIALIZE Mode, the MESTANG System SGMC powers up and prepares for 


system operation.  Upon successful completion of INITIALIZE Mode, the MESTANG System enters three 


modes:  PROTECTION Mode, BUS CONTROLLER Mode, and IDLE Mode. 


• IDLE Mode:  In IDLE Mode, the MESTANG System is providing BUS CONTROLLER Mode and PROTECTION Mode 


functions.  In IDLE Mode, the MESTANG System is awaiting instructions to provide START, ECS OPERATION, 


and GENERATION Mode functions. 


• START Mode:  The MESTANG System enters START Mode when commanded and the HPSG speed is in the 


proper starting range.  In START Mode, the MESTANG System configures the PDP to the Start Engine Mode.  


The MESTANG System then provides the starting torque and power at the output shaft of the HPSG, as 


described in the following paragraphs.  Upon completion of Start Mode, the MESTANG System automatically 


transitions to IDLE Mode. 


 


  







 


 


4 AIRCRAFT LEVEL MODEL 


The purpose of the aircraft level model is to evaluate the benefits of a More Electric Aircraft as part of the CLEEN II 


project and the associated results.  Two aircraft have been modeled, as follows: 


• A Baseline Aircraft: A ‘traditional’ aircraft, with several bleed air/pneumatic systems. 


• A More Electric Aircraft: A next generation ‘More Electric Aircraft’ (MEA) with electric systems replacing some 


of the bleed air systems. 


These models are used to assess differences in Specific Fuel Consumption (SFC) between the two aircraft. 


The modeling effort focuses on the following systems, which differ between the two aircraft as follows: 


• Anti-Icing Systems.  The Nacelle Cowl Anti Icing (CAI) System provides ice protection for the engine cowl 


(nacelle) inlet and is pneumatically powered on both aircraft.  The Wing Anti-Ice (WAI) system, providing 


protection of the wing leading edges, is pneumatically powered on the baseline aircraft but electrically 


powered on the MEA.       


• Environmental Control Systems.  The Environmental Control System (ECS) is pneumatically powered on the 


baseline aircraft, but electrically powered on the MEA. 


• Electrical Systems.  The primary Electrical System is based on 115VAC on the baseline aircraft, but +/- 


270VDC on the MEA. 


• Propulsion Systems.  Both aircraft are based same engine to allow a meaningful comparison of the two 


aircraft systems.  The baseline aircraft engine has a single main electrical generator, whereas MEA engine has 


two main electrical generators; one driven from the high-pressure spool and the other from the low-pressure 


spool.  


 


4.1 Summary Breakdown of Fuel Savings 


Based on the analysis, the fuel savings can be summarized to show the contribution of ECS, WAI and Dual-Spool 


system changes and the weight and drag impact 


 
Figure 4-1 – Breakdown of System Impact on Fuel Savings (500 NM, Icing Conditions) 







 


 


4.2 Summary of Findings and Discussion Points 


Results presented are based on the standard Pace-generated flight profile.  Results would differ with a different 


profile (e.g. more gradual rate of climb/descent). 


• Extracting Power from Shaft rather than compressor bleed results in higher fuel efficiency. 


• Extracting Power from LP spool rather than HP spool results in higher fuel efficiency during engine-idle 


operations. 


• Engine-Idle cases provide most significant savings 


• Savings are Significantly Lower During Cruise 


• Fuel savings will increase if MEA weight is reduced – e.g. accepting a lower estimate or offsetting weight 


gains. 


 


4.3 Further Advantages of More Electric Aircraft 


The modeling work is focused on assessing the benefits of a More Electric architecture on fuel consumption.  


However, there are other potential benefits of changing from bleed-based to electric systems.  This section simply 


provides a summary of other areas which may benefit from a more electric architecture. 


• Reliability 


• Built-In Test and Maintainability 


• Composite inlet lip skin and improved aerodynamic performance.   


• Emissions  


• Cabin Air Quality 


• More efficient engine design due to elimination of bleed air. 


 


  







 


 


5 DYNAMIC MODEL 


5.1 System Model Overview  


The CLEEN II MESTANG systems dynamic simulation is focused mainly on the HPSG and the PCU, and the 


development of the control laws for the SGMC. Models of the HPSG and PCU as well as controllers for the different 


mode of operation were developed and executed using PLECS Block set in MATLAB Simulink.  


 


5.2 Model Design Descriptions 


This section contains a brief description of the different parts of the dynamic model that were developed, namely: 


• HPSG Circuit 


• PCU Circuit 


• Generator Mode Controller 


• Starter Mode Controller 


 


5.2.1 HPSG Circuit 


The HPSG circuit model is comprised of the models of the following physical components: 


• Exciter machine 


• Full-wave rotating rectifier 


• Main machine 


 


5.2.2 PCU Circuit 


The PCU is needed to convert the AC to DC power 


 


5.2.3 Generator Mode Controller 


When the HPSG is in Generator mode, only one controller is required. The Voltage Controller is a customized block in 


PLECS that host the control algorithm and provides the gate signal to the PLECS MOSFET blocks that model the 


Exciter Inverter circuit and regulates the DC bus voltage as desired. 


 


5.2.4 Starter Mode Controller 


When the HPSG is in Starter mode, two controllers are required. The Exciter Current Controller is a customized block 


in PLECS that host one part of the control algorithm and provides the gate signal to the PLECS MOSFET blocks that 


model the Exciter Inverter circuit and produces the desired Exciter current as the speed of the HPSG increases. The 


Main Current Controller is also a customized block in PLECS that host the other part of the control algorithm and 


provides the gate signal to the PLECS MOSFET blocks that model the Main Inverter circuit, and produces the desired 


starter current to the main machine as the speed of the HPSG increases as well as the generated torque. 


 


5.3 Model Verification and Validation 


The dynamic model is verified by comparing the results of the simulation in MATLAB Simulink with the results from 


the FEA model and by test.  


 


  







 


 


6 LRU DESIGN AND TESTING 


6.1 High Pressure Spool Starter/ Generator (HPSG) 


The 150 kW High Pressure Spool Starter/ Generator (HPSG) produces AC power when acting as a generator and 


consumes AC power when acting as a starter. The HPSG generator’s rating was computed based on the power factor 


and losses in the PCU to meet the power requirements at POR. 


 


6.1.1 HPSG Detail Design 


The HPSG is three stage Generator with main stage, exciter stage and PMG stage.  


 


 
Figure 6-1 – HPSG generator 


 


6.1.2 Cooling System 


The thermal stress on the electrical machines is created by the losses dissipated in the system which will heat different 


components of the machine, like windings, rotor cages, magnets, and they must get dissipated in an efficient manner 


though efficient, low cost cooling design.  The cooling design is expected to minimize and control temperatures the 


overall system consisting of various components to maintain for its long life, durability and safety operation. 


 


The cooling oil pats are designed in the stator and the rotor to ensure cooling of the all the windings, electromagnetic 


cores, rectifier and the bearings. Once the oil cooled the critical heat generation path, the hot oil is collected back to 


tank using oil adopters and manifolds.  


 


The PID diagram of the oil system for generator operation is given in Figure 6-2. 







 


 


 
Figure 6-2 – PID diagram of HPSG generator cooling  


 


6.1.3 HPSG Thermal and Structural Analysis 


FE analysis of all the components and subassemblies were done to satisfy operating conditions at all corner points 


with satisfactory safety margins.  


 


6.1.4 HPSG Component Testing 


Open loop load testing is done on HPSG to check electrical performance and mechanical integrity. HPSG showed 


stable mechanical performance with full load. 


 


         
Figure 6-3 – HPSG Component Testing  


 


6.2 Power Conversion Unit (PCU) 


Power Conversion Unit (PCU) is a downstream component of HPSG in HPDCSG. It converts the AC voltage from 


HPSG/INV to a DC voltage. 


6.2.1 PCU Mechanical Design and Packaging 


The PCU circuit is packaged inside a enclose and designed to meet the mechanical and thermal requirements. The 


assembly as shown in the Figure 6-4 consists of following parts and has the following major parts 


1. Enclosure 


2. Heat Sink 


3. Fan 


4. Electronic Components 







 


 


 
Figure 6-4 – PCU Assembly 


 


6.2.1.1 Enclosure 


Enclosure is aluminum box which contains all the PCU devices and it has two compartments top and bottom. Both the 


compartments are separated by aluminum sheet. Top compartment contains two transfer switches and bottom 


compartments has rest of all the PCU components. The enclosure also carries six AC connectors, two DC connectors 


and five connectors for instrumentation.  


 


6.2.1.2 Heat Sink 


PCU has aluminum bonded fins type heat sink for cooling the Electronics components. To enhance the cooling, four 


fans are directly fastened on the heat sink as shown. All the heat dissipating devises are mounted on the heat sinks. It 


also has three RTDs for temperature measurement.  


 
Figure 6-5 – Heat Sink with fans 


 


6.2.2 PCU Thermal Management and Analysis 


PCU is designed to meet the temperature limits on each component. A details thermal analysis is done using Ansys 


ICEPAK. It is ensured that the maximum temperature from thermal analysis is not exceeding the limiting temperature 


of the diode junction temperature, switch casing, inductor cores and winding insulation.  


 


6.3 Starter Generator Motor Controller (SGMC) 


As the main DC and AC electrical power converter in CLEEN II MESTANG electrical system, the Starter/Generator 


Motor Controller (SGMC) has below major four functions: 


• Start the 150kW electrical machine, High Spool Starter Generator (HPSG), by converting +/-270Vdc bus 


DC power to AC power.  


• Drive the Environment Control System (ECS), two separate channel PM machine, by converting +/-270Vdc 


bus DC power to AC power.  







 


 


• Control HPSG exciter, by exciting and regulating HPSG’s excitation field, for a 150kW +/-270Vdc power 


generation. 


• Provide power bus main contactor control for the lab demonstration system, including High Speed DC 


Contactors, standard aviation electromechanical DC contactors, and the AC switches. 


 


6.3.1 SGMC Overview and Specification  


SGMC is a 150kW DC/AC inverter. The SGMC prototype’s picture and its specifications are listed below.  


 


 
Figure 6-6 – 150kW SGMC Prototype 


 


6.3.2 SGMC Mechanical Design 


The SMGC unit is a high-power density and production intent TRL-5 level design. Therefore, each component 


mechanical design and their packaging have been designed as compact and dense as possible. 


  


The main power stage takes a significant portion of SGMC total weight and size and is also the main path conducting 


150kW power flow under a starter working mode. Therefore, the power stage component packaging and layout not 


only drive SGMC system density, but also determine the SGMC’s thermal, EMI and even power output performances. 


 


6.3.3 SGMC Hardware Validation Testing 


Before SGMC and HPSG system integration, all SGMC hardware has gone through necessary validation testing. There 


were three major subsystem tests: 1) CCA integration testing 2) 150kW dual channel power stage power testing, and 


3) Exciter Inverter Generation Control Testing.  


 


 


  







 


 


7 INTEGRATION & SYSTEM TESTING 


7.1 Objective 


The functional requirements for the CLEEN II MESTANG are defined by the System Requirements section. The 


objective of system testing is to meet the functional and performance requirements defined in System Requirements 


section. By performing requirements-based testing, the various verification matrices outlined in this plan show 


verification evidence. 


 


7.1.1 Integration Control 


Mentor-graphics Capital tool environment is used to design and manage the logical connectivity designs (signals), 


and physical wiring designs (wires & harness) for the integration of Sub-systems and test equipment. It Provides 


platform level electrical design and visualization, helping early stage platform layout, which allows to inspect 


difficulties in sub-system and equipment installation and serves better handling for changes in Integration design and 


maintenance. 


 


7.2 Test Cell Set-up 


The MESTANG system LRU’s and associated test equipment were installed in Test Cell at the GE Aviation EPISCenter 


in Dayton, OH. The Figure 7-1 shows the layout of the LRU’s and Test Equipment within the test cell and the control 


room as well as the basic types of interconnections for hydraulic oil, AC and DC power. 


 


 
Figure 7-1 – Test Cell Setup 


 


7.3 Test Equipment Set-up 


7.3.1 Power Distribution Panel 


The Power Distribution Panel (PDP) contains the following devices:  PDP Interface Board (PDPIB), High Speed DC 


Contactors, the Electromechanical DC Contactors, DC Main BUS 1, DC Main BUS 2, and the TIE Bus. These contactors 
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allow the MESTANG system power flow to several load banks or power transfer from SGMC to HPSG to perform 


engine start function. 


 


PDP Interface circuit board has a CAN communication interface to the SGMC.  It provides actuation and status 


circuits for Electromechanical DC Contactor, Electromechanical 3-Phase AC Switches, and DCCB hybrid circuit 


breakers. Control of these switches and contactors can also be achieved manually using GUI on the Data Acquisition 


system. 


            
Figure 7-2 – PDP Schematic 


 


7.3.2 Power Distribution Panel Interface Board & Data Acquisition Test Rack 


The Power Distribution Panel Interface Board (PDPIB) & Data Acquisition System (DAQ) are built on the National 


Instruments PXI computer. 


 
Figure 7-3 – PDPIB & DAQ Rack 


 


7.3.2.1 Power Distribution Panel Interface Board 


PDPIB Provides Actuation for Electromechanical DC Contactor in PDP, Electromechanical 3-Phase AC Switches in PCU 


which are controlled by SGMC. And provide feedback on Status of Contactor/Switches to SGMC. Capable of 


communicating with SGMC through CAN communication interface for Power flow control. 







 


 


 


7.3.2.2 Data Acquisition System 


The MESTANG Data Acquisition rack contains National Instruments PXI system designed to monitor and control the 


MESTANG system. The rack also contains various power supplies to provide control power for the bus system and 


excitation for instrumentation sensors. The rack utilizes a custom LabVIEW Graphical User Interface (GUI) developed 


by the Automation team at GE’s EPISCenter site. The GUI allows the user to view live data in the system as well as 


control the follow of power through the bus system. 


The National Instruments PXI chassis contains the I/O modules used to monitor and control the MESTANG system. 


 


7.3.3 Hydraulic System 


A hydraulic oil cart is used to supply conditioned oil to the stator cooling jacket and rotor cavity and bearings of the 


HPSG simultaneously. These oils flows are controlled independently using separate variable speed pumps fed from 


the same reservoir. Pressure is monitored at the oil cart and the HPSG to maintain a limitation The Data Acquisition 


system measures the oil flow rate, temperature and pressure of the oil before it enters the stator and rotor 


independently as well as the return oil temperature. After cooling or lubricating the HPSG, the oil becomes 


unpressurised and falls into a collection tank where it is pumped back to the oil cart. Figure 7-5 shows the collection 


tank and pump. This oil returns into a heat exchanger on the oil cart to be cooled if needed before entering the 


reservoir where it is heated if needed and pumped back to the HPSG. 


 


 
Figure 7-4 – Hydraulic Cart 


 







 


 


 
Figure 7-5 – Scavenge Cart 


 
7.3.4 SGMC Control Panel 


SGMC Control Panel consists of manual switches to control HPSG Starter mode, Generator modes, ECS loads and 


Emergency stop for the system. 


It also contains LED lights to indicates fault flags raised during HPSG or System operation and faults in ECS loads. 


 
Figure 7-6 – SGMC Control Panel 


 


7.3.5 HPSG/ ECS Sensor Box 


There are two sensor boxes built each for: 


• Instrumentation of AC High power signals from HPSG to PCU, and Exciter power signals to HPSG 


• Instrumentation of AC High power signals from PCU to ECS. 


 


Each sensor box contains the circuitry for measuring the voltage and current values. It also contains circuitry for 


measuring the voltage and current values which is used for instrumenting the Exciter power signals to HPSG in the 


case of HPSG Sensor box. 


These two sensor boxes send the sensor signals to Data Acquisition System, so that the voltage and current values 


can be monitored on GUI for testing and for data recording. 


 







 


 


 
Figure 7-7 – HPSG/ECS Sensor Box  


 


7.3.6 Loads 


The MESTANG system utilizes a load bank to provide the capability to fully load the HPSG in generation mode. The 


load bank is rated to 300kW in either 270VDC or 540VDC configuration. The 300kW rating can be achieved in steps as 


small as 5kW. These steps can be added or subtracted such that any load between 5 and 300 kW can be achieved in 


5 kW increments. The load bank is controllable remotely by an operator in the control room.  Our load bank is shown 


Figure 7-8.  


 
Figure 7-8 – Neptune Load bank 


 


7.3.7 Automatic System Protection Circuit 


In order to protect the system in case of a problem, an automatic safety relay was implemented into the HPSG 


excitation circuit.  The safety relay was integrated with the Data Acquisition system to break excitation should any 


limit of a measured value be surpassed. These values can be selected in the Data Acquisition system and have their 


limits set depending on the expectations of test being run. Typical values that are monitored during testing include: 


• Over/Under output Voltage and Current of the HPSG 


• HPSG Over/Under speed 







 


 


• Bearing and Stator Temperature 


• Oil Supply and Return Temperature 


• Oil Flow Loss 


• Oil Over Pressure 


• Vibration 


The relay can also be opened manually by the test director should they see any value approaching limits or a 


dangerous situation developing.  


 


7.4 HPSG and PCU Open Loop Testing 


To verify full functionality of the HPSG it is connected to the PCU and the rest open loop system as shown in Figure 


7-9 “Open Loop” testing refers to HPSG and PCU testing without the aid of controller action. Hence in open loop 


configuration, the HPSG is manually excited using a AC power supply where the excitation voltage is adjusted by a 


Technician to maintain a constant output from the main. 


 


In “Closed Loop” configuration the SGMC is integrated to the test, whose control algorithm automatically senses load 


on the HPSG and adjusts the HPSG excitation through SGMC inverters to maintain a constant output. 


 


The below Figure 7-9 shows the Open Loop Test block diagram. The AC output from HPSG is transferred to PCU via 


HPSG Sensor box. The Rectified DC output from PCU is connected to Power Distribution panel, which intern supplies 


power to DC loads.  


 


HPSG Sensor box is used for instrumentation whose output is connected to Data Acquisition system (DAQ), to 


measure the performance of the HPSG. 


High Pressure 
Spool Starter 


Generator 
(HPSG)


Power Conversion 
Unit (PCU)


HPSG Sensor Box


Power Distribution Panel (PDP)


Main DC Bus1


Anti-Ice Resistive 
Load Bank 1


B&K Vibration 
Monitoring 


System


AC Power 
Supply for 


Exciter


Lubrication/
Cooling Oil (Oil 


Cart)


Data Acquisition 
System (DAQ)


3 Phase 
Contactor


AC Power


DC Power
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Figure 7-9 – HPSG and PCU Open Loop Test block diagram 
 


7.5 RESULTS 


 MESTANG EPGS in Generator mode was the focus of the system integration testing and the test results described 


throughout this section are mainly for that configuration.  


• Steady State Testing 


• Transients Testing 


 







 


 


7.5.1 Steady State Testing 


The steady state operating conditions listed in Table 7-1 were conducted. The output voltage was nicely regulated to 


(+/-270) 540 Vdc at the different loads, and all the monitored data such as windings temperatures; oil flow; 


temperature and pressure; vibration level; electrical voltages and currents were within limit. 


 


Table 7-1 – Steady State Operating Conditions 


Step Load (kW) 


1 0 


2 40 


3 60 


4 80 


5 100 


6 120 


7 150 


 


7.5.2 Transients Testing 


The transients operating conditions were conducted. The system was capable of sustaining the different load 


transitions and all the monitored data such as windings temperatures; oil flow, temperature and pressure; vibration 


level; electrical voltages and currents were within limit. Particularly, the captured DC bus voltage data was post-


processed in MATLAB and compared with the Transients Specification in from the Systems Development to verify it’s 


within the transient limit.  


 


 


 


  







 


 


8 CONCLUSION 


The fuel consumption analysis conducted for MEA aircraft is 6% less compared to the Baseline aircraft as per the aircraft 


model analysis. 


 


• Simulation performed to show MEA technology is feasible 


• Prototype design for component, sub-system, and/or system to be used for TRL5-6 testing environment 


completed 


• Component, sub-system and/or system represent behavior in an operational environment representative of 


full scale 


• Design drawings drafted for system incorporating finalized system requirements such that it supports 


prototype creation with fidelity to meet TRL6 testing requirements 


• Representative System or prototype demonstrated in a laboratory environment 


• Test results verify performance predictions for simulated operational environment Operating limits for 


components/Subsystems/applications determined  


• Relationships between components and subsystems understood and satisfactory component, sub-


component &/or system integration demonstrated 


• Individual components, modules, subsystems tested to verify that the components, module, sub-systems 


and/or functions work together 


• Prototypes have been tested in a relevant environment under simulated conditions and scaling issues, if any, 


identified and rationalize 


• Prototype able to demonstrate all features and of eventual final product in a simulated operational 


environment 
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TAPS III Combustor Technology 


Final Report 


1 Summary 
 
In accordance with the FAA CLEEN II goals for Landing and Take-Off (LTO) NOx 
emissions reduction, the TAPS III Combustor Technology Program developed and 
matured a lean-burn combustion system design and multiple new fuel/air premixer 
concepts in an effort to achieve NOx emissions commensurate to 75% below CAEP/6 at 
30 overall engine pressure ratio (OPR).  The TAPS III combustor design is being 
developed for the GE9X engine, which will enter service on the Boeing 777X aircraft 
with the highest overall pressure ratio of any commercial engine and a projected 10% 
SFC improvement over the GE90-115B.  The LTO NOx goal results in a target emission 
of 65% of CAEP/8 (35% reduction below CAEP/8) at a projected 55 OPR cycle.  The 
TAPS III combustor technology and new fuel/air premixer concepts proceeded from 
CFD-based design through single cup evaluation rigs.  The baseline design was further 
validated in a high-pressure sector rig test and 2 different full annular rig combustor 
tests.  Outside of the CLEEN II program, the technology maturation of the TAPS III 
combustor was further confirmed during the GE9X First Engine to Test (FETT), 
including engineering emissions measurements, demonstrating TRL6 capability for 
TAPS III technology.  Through this testing, the baseline TAPS III design and the CLEEN 
II new technology concepts were shown to demonstrate >42% reduction below CAEP/8 
LTO NOx when projected to a 55 OPR cycle (vs. the goal of 35%), while achieving <12 
EINOx and 99.9% efficiency at cruise.  The technology also resulted in LTO Smoke and 
particulate (nvPM mass concentration) <40% of CAEP/8 and CAEP/10, respectively, 
and LTO CO and unburned hydrocarbons with acceptable margin to CAEP/8.   
  
In addition to the maturation of the TAPS III combustor and fuel/air premixer concepts, 
the CLEEN II program also advanced modeling tools and mitigation strategies for high 
frequency combustion dynamics.  Unmitigated, such combustion dynamic pressures 
can cause hardware damage.  The advanced modeling tools included dynamics spray 
modeling, Large Eddy Simulation (LES)-based flame transfer function model 
development, 3D acoustic modeling, and LES-based dynamics computations.  The 
validated modeling tools were then utilized during the TAPS III program to perform pre-
test predictions and prioritize concept designs during the down-selection process prior 
to hardware being released.  By mitigating high frequency combustion dynamics, the 
operation of the combustor could be optimized towards low emissions, operability, 
durability, and efficiency.  Combustion dynamics can also be mitigated through passive 
damping techniques.  As an additional CLEEN II dynamics strategy, passive dynamic 
dampers were designed and validated in a single-cup screening rig.  Conceptual 
damper designs were also laid out for a multi-cup combustor application; however, the 
low measured combustion dynamics in the CLEEN II TAPS III program did not require 
these additional mitigation measures. 
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Because of the demonstrated emissions capability of the baseline design through rig 
component testing (and the separate FETT engineering emissions test), exceeding the 
LTO NOx reduction goal for the CLEEN II program, technical work on the program was 
ceased following the TRL3 review of the new technology fuel/air premixer concepts.  
This decision was taken under agreement between GE and the FAA.  The best of the 
new technology premixer concepts were anticipated to yield only slightly better NOx 
(~2%) relative to the baseline design, while also providing incremental improvements in 
cruise efficiency (~0.03%).  The program technology objectives have been successfully 
demonstrated. 
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2 Introduction 
 
GE Aviation is a world leader in low emissions combustor designs and their integration 
into low fuel burn engine systems while balancing flight safety and durability.  GE has 
extensive experience with low emissions rich burn combustion systems, and more 
recently lean burn systems.  The 25+ year journey of proven innovation in combustion 
science, materials, and manufacturing is highlighted in Figure 1.  The following presents 
GE’s combustion systems and historical perspective, with the intent of explaining how 
CLEEN II combustion technologies fit into GE’s program plans. 


 


Figure 1:  25+ Year Journey to Low NOX Technology 


Most production aviation combustion systems are rich burn designs.  Optimization of the 
quench air in a rich burn design can lead to modest NOx reductions, and GE Aviation 
has experience with these Rich Quench Lean (RQL) systems.  The CFM56 tech 
insertion (2005) and CFM56 DAC (2006) are RQL designs that had Landing and Take-
Off (LTO) cycle NOx levels 26% and 35% below CAEP/6, respectively, at an engine 
pressure ratio of 26.  However, more significant NOx reduction, particularly at higher 
engine pressure ratios (pressure ratio >35), requires lean burn combustion technology. 
 
GE has demonstrated the ability to take lean-burn, low NOx technology from concept, to 
demonstration, to a fielded product; providing a breakthrough in NOx emission levels 
compared to RQL designs.  Twin Annular Premixing Swirler (TAPS) I development 
initiated more than 21 years ago with NASA AST mixer studies and included a 
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technology demonstration on a CFM56 engine.  The basic TAPS mixer concept is 
depicted in Figure 2.  The design consists of two independently controlled, swirl 
stabilized, annular flames for low power (pilot) and high power (cyclone) operation.  The 
central pilot flame provides good low power operability and low CO and HC emissions.  
The cyclone or main flame is concentric with the pilot flame and is designed to produce 
low NOx emissions during high power operation. 


Air
Fuel injection
Premixing flame
Pilot flame zone


Cyclone 
mixers


Pilot


TAPS Mixer Concept GEnx TAPS I Cross Section


 


Figure 2:  TAPS Mixer Concept 


GE has continued to advance the TAPS combustor design into multiple platforms, with 
each generation driving additional emissions performance and building on prior 
learnings.  The evolution of combustor and fuel/air premixer technology features has 
continued during the CLEEN II program, with close integration to the GE9X engine that 
has now received Part 33 Certification as of 9/25/2020. 
 
The GEnx TAPS I combustor, flying on Boeing 747 and 787 aircraft, demonstrated LTO 
NOx 64% and 43% below CAEP/6 requirement at 35 and 45 pressure ratios.  TAPS II, 
developed for the LEAP engine in partnership with FAA CLEEN, is scaled down and 
enhanced for narrow-body applications.  The TAPS II combustor entered service in 
LEAP engines on the Airbus A320neo (2016) and Boeing 737max (2017); and is 
projected on the COMAC C919 (2021).  It met the NASA N+1 NOx goal of 60% below 
CAEP/6 requirement at a 45 overall engine pressure ratio during the CLEEN program. 
 
TAPS III development for the GE9X engine was undertaken to meet anticipated future 
CAEP requirements with a target LTO NOx emission of 65% CAEP/6 at 55+ overall 
engine pressure ratio.  The GE9X engine will enter service on the Boeing 777X by 
2022, with the highest overall pressure ratio of any commercial engine and a 10% SFC 
improvement over the GE90-115B.  This program has benefited from early 
demonstration of key design features under Phase 1 of a NASA N+2 funded effort.  In 
that program, high-pressure sector test results with innovative fuel/air mixing 
technologies and advanced materials exceeded the LTO NOx emissions reduction 
goals of 75% below CAEP/6 without any compromise to unburned hydrocarbons and 







 
 


 
 5 


 


CO emissions, and also demonstrated cruise NOx 76% lower than 2005 best-in-class 
with >99.9% combustion efficiency. 
 
The GE9X engine application brings unique challenges to TAPS III technology 
development.  While the GE9X maintains a similar cup size as the GEnx, therefore 
minimizing scaling, the high 55+ OPR cycle requires new features to balance all of the 
key combustion criteria:  LTO and cruise NOx, combustion dynamic pressures, 
durability, operability, and cruise efficiency.  Fuel nozzle design and additive 
manufacturing techniques leverage the significant development under the CLEEN TAPS 
II program.  While all aero features of the fuel nozzle had to be scaled and reconsidered 
to meet the high OPR cycle for CLEEN II TAPS III, the mechanical, thermal, and 
manufacturing design processes learned and matured during the TAPS II program were 
key to enabling the successful capability advancement for TAPS III.   
 
During the CLEEN II TAPS III Combustor Technology Program, GE has partnered with 
the FAA to advance the development of the next generation low NOx TAPS III 
combustor.  The baseline GE9X technology was pushed even further, leveraging 
additional N+2 learnings/concepts where needed, to achieve even lower CLEEN II NOx 
emissions targets while continuing to maintain overall engine SFC performance.  The 
CLEEN II effort developed and matured new combustion technologies to TRL3, on the 
original path to a TRL6 demonstration through core testing. 
 
The specific Goals and Performance Objectives of the CLEEN II TAPS III program were 
as follows: 
 
Program Goals: 


✓ TRL6 demonstration of CLEEN II fuel-air mixer technology and NOx 
capabilities in a GE9X Product Core; implementable as Technology 
Program for GE9X as early as 2025 


✓ Technology development to mitigate combustion dynamics at high OPR 
and facilitate concept evaluation/down-select:   


➢ Passive damping & design tools; implement in high-TRL vehicles 
as required 


➢ Advanced modeling techniques for combustion dynamics;  
application to concept evaluation & decision points for CLEEN II 


✓ Evaluation of alternative fuels & fuel blends via FAR and Core testing 
(*CLEEN II – Alt Fuels program) 


 
Key Performance Objectives:  


➢ LTO NOx emissions (FAA Goal):           35% margin to CAEP/8 @ 55 OPR 
➢ Cruise NOx emissions (GE Goal):              < 12 g/Kg fuel at average cruise 
➢ Solid Particulate Matter (GE Goal):    60% margin to CAEP/10 (based on Smoke) 
➢ Efficiency (GE Goal):                Maintain combustor > 99.9% at cruise 


 
The relationship of the CLEEN II TAPS III program LTO NOx reduction goal to the FAA 
CLEEN II goal of 70% margin to CAEP/8 NOx is depicted in Figure 3.  Recent CAEP 







 
 


 
 6 


 


stringencies have maintained the slope of DP/Foo vs OPR for OPR >30; this slope is 
presumed for future CAEP targets, and thus the commensurate CLEEN II objective for 
LTO NOx reduction at the TAPS III 55 OPR cycle conditions is 35% relative to CAEP/8. 
 


 


Figure 3:  CLEEN II LTO NOx Goals 


 
During the CLEEN II program GE has advanced the TAPS III technology toward the 
Goals and Objectives through the following series of activities: 


• Starting with the GE9X baseline fuel/air premixer design, new concepts were 
developed to further reduce LTO NOx emissions and maintain/improve cruise 
efficiency and cruise NOx.  These concepts underwent conceptual aero, thermal, 
and mechanical design and analysis.  Early screening hardware was created for 
some low-TRL concepts and was tested at elevated T3/P3 conditions to evaluate 
flame shape and emissions.  The prime concepts were fabricated for single-cup 
testing at full engine T3/P3 cycle conditions, and the resulting test data 
contributed to a completed TRL3 review.  Multiple new concepts, as well as the 
baseline design, were demonstrated to be on track to meet / exceed the CLEEN 
II TAPS III objectives. 


• The baseline TAPS III combustor and fuel/air premixer design was validated 
through a series of component rig tests to advance its TRL and provide a 
reference dataset for comparison of additional CLEEN II new technology fuel/air 
premixer concepts.  Single cup testing was used to evaluate durability, screen 
emissions, and characterize combustion dynamics.  A High Pressure Sector test 
provided emissions derivative data up to climb conditions (85% rated thrust, one 
of the LTO NOx emissions certification points).  Finally, two different Full Annular 
Rigs validated operability, emissions, thermal pattern / profile, and combustion 
dynamics.   
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• Multiple modeling methods for combustion dynamics were developed, validated 
against test data, and applied for pre-test predictions at various stages of the 
combustor development program. 


• Passive damping methods for mitigation of combustion dynamics were designed, 
tested and validated in single-cup rigs, and extended to conceptual designs for 
full annular combustor architectures. 


 
Through these activities, the TAPS III combustor demonstrated the CLEEN II TAPS III 
program goals and objectives.  Beyond the successful TRL3 review (and outside of the 
CLEEN II program workscope) the baseline TAPS III combustor design has achieved 
TRL6 during GE9X development engine testing.  An early emissions test on the GE9X 
First Engine to Test (FETT), and now the official engine certification tests, have 
demonstrated LTO emissions reduction that exceeds the CLEEN II TAPS III program 
objectives. 
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3 Executive Summary of TAPS III Combustor Technology 
 
3.1 TAPS III Combustor Technology 
 
Starting with the legacy GEnx TAPS I design, the GE9X baseline TAPS III fuel/air 
premixer had achieved TRL3 prior to the start of the CLEEN II program, on plan to meet 
the GE9X engine program requirements.  The CLEEN II performance objectives for 
LTO NOx are even more challenging than the GE9X engine program targets, and 
therefore new innovations were expected to be required to meet CLEEN II objectives.  
Through the CLEEN II effort, the baseline TAPS III has been validated through high 
TRL component rig tests and new concept fuel/air premixer designs have been 
designed, analyzed, tested, and reviewed to achieve TRL3.  In support of reducing risk 
and ensuring achievement of the CLEEN II performance objectives, significant work and 
advancements were also made in combustion dynamics predictive modeling and 
dynamics mitigation methodologies.  This section summarizes the key outcomes of the 
CLEEN II technology development activities relative to the Goals and Performance 
Objectives. 
3.1.1 Conceptual Aero and Mechanical Design 


3.1.1.1 Concept groups 
In building off the TRL3 validated TAPS III baseline design, 4 new fuel/air premixer 
concept groups were evaluated.  These concepts are, in order of maturity from most- to 
least-mature: 


1. Concept group 1:  GE9X variant fuel nozzle 
2. Concept group 2:  GE9X variant mixer + fuel nozzle 
3. Concept group 3:  Advanced premixer concept (NASA N+2) 
4. Concept group 4:  Low TRL concept (new) 


All 4 concept groups were evaluated and optimized via CFD modeling.  The least 
mature concepts were released for early hardware builds in order to conduct screening 
for air flow, fuel spray characterization, and combustion testing of flame shape and 
emissions.  GE9X variant designs were released for single cup test hardware 
fabrication. 
3.1.1.2 Concept analysis and selection for emissions, efficiency, and dynamics 
3.1.1.2.1 GE9X variants (concept groups 1 and 2) 


A summary of the GE9X variant designs and their predicted benefit to Takeoff NOx and 
Cruise CO is provided in Figure 4.  Designs in the green & black box look to have 
benefit in cruise efficiency with similar NOx. 
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Figure 4:  Concept Groups 1 & 2 - NOx and CO (efficiency) predictions 


 
Following an aero design review, the fuel nozzle and swirler designs were down-
selected for thermal/mechanical design & manufacturing release, based on predicted 
NOx and cruise efficiency. 
 
The concept down-selection review was held prior to the completion of combustion 
dynamics pre-test predictions.  The dynamics predictive modeling methods, advanced 
through the CLEEN II program, were then used to evaluate the GE9X variant concepts 
to rank them for combustion dynamics risk, and 3 were recommended for testing. 
 
3.1.1.2.2 Additional concept group 3 


Concept Group 3 was originally evaluated during the NASA N+2 program.  Several new 
versions of this advanced premixer were designed, optimized, and screened in early rig 
tests.  Two early Concept Group 3 fuel/air premixers were fabricated and tested at the 
GE Research Center.  Initial testing in an optically-accessible single cup combustion 
test rig was executed.  Combustion dynamics measurements were collected, indicating 
a steady tone at an amplitude greater than that observed for the baseline premixer 
design at similar conditions.  This test result indicated that these concepts should 
undergo further assessment via the combustion dynamics analysis predictive tools. 
 
The Group 3 rig hardware fabrication was stopped mid-process, once the GE9X variant 
concept groups had generated sufficient test and analysis evidence of meeting the 
CLEEN II performance objectives with their higher TRL, lower-risk designs. 
 
3.1.1.2.3 Additional concept group 4 


An early Concept Group 4 low-TRL premixer, designed prior to the start of CLEEN II, 
was built and spray tested.  Based on these early results, and taking into consideration 
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the mechanical constraints of the GE9X combustor geometry, a full design study was 
performed to evaluate various parameters for the concept.  Three designs from this 
study were built for flow testing, and 2 of these were chosen for a combustion screening 
test along with the original concept design.  
  
NOx and CO emissions data were obtained and compared with the baseline TAPS 
configuration.  The data indicate that, overall, higher NOx and CO was observed for the 
concepts in comparison to the baseline TAPS.  Following this initial concept testing, the 
group 4 concept was dropped from consideration for higher T3/P3 single cup testing.  
The potential advantages of the concept remain; however, the initial test results, the low 
TRL of this concept, the significant optimization required to advance TRL, and the 
favorable performance expectations of Concept Groups 1 & 2 all drove the decision to 
remove this from consideration and focus on the prime concepts in meeting the 
emissions target for CLEEN II. 
 
3.1.2 Baseline TAPS III component rig testing 


3.1.2.1 Single cup rig tests 
The Tunable Combustion Acoustics (TCA) test rig is used for combustion dynamics 
screening at high pressure and temperature conditions.  In this task, a validation study 
of the low dynamics operating region of the baseline mixer/nozzle sets was performed 
using the TCA3 rig.  Dynamic amplitudes and frequencies were then assessed over a 
wide range of combustor inlet conditions.  The results of this sub-task validate baseline 
TAPS III combustion dynamics capability over specific conditions of interest to engine 
operation and serve as a baseline for CLEEN II alternate technology concept design 
down-selection. 
 
GE also conducted a validation study of emissions and durability capability of the 
baseline fuel nozzle / mixer.  The single-cup High Temperature and Pressure (HTP) rig 
was used to evaluate the designs at high OPR operating conditions.  The results of this 
sub-task confirm that the hardware meets GE9X emission and durability requirements.  
The results also serve as a baseline for CLEEN II new technology design down-
selection. 
3.1.2.2 High Pressure Sector tests 
The GE9X High Pressure Sector (HPS) rig was utilized to gather combustion data for 
the baseline fuel nozzle/mixer configuration, over a range of operating conditions.  In 
this test campaign, the rig was successfully run up to inlet conditions approaching 85% 
rated thrust (representing climb, one of the LTO NOx emissions certification points).  
Data of interest included combustion dynamics, combustion emissions and efficiency, 
and thermal exit profile.  The rig proved valuable in confirming measured characteristics 
and comparison to behaviors of other rigs and the FETT engine. 
3.1.2.3 Full Annular Rig tests 
In two different full annular rigs, a 22-cup FAR1 and a 28-cup GE9X-scale FAR2, the 
GE9X TAPS III baseline design was tested to demonstrate emissions, combustion 
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dynamics, operability (lightoff and lean blow-out), durability (component temperatures), 
and performance (pressure drops and combustion efficiency).  The results provide 
baseline data for comparison of new CLEEN II alternate concept hardware design and 
down-selection. 
 
3.1.3 Single Cup Testing and TRL3 Review 


Single-cup HTP rig-based emissions data was collected to assess cruise combustion 
efficiency and NOx as well as high-power NOx for four CLEEN II new technology 
configurations from Concept Groups 1 & 2 and compared to the GE9X baseline.  
Durability assessment was also conducted on the HTP rig.  Based on this testing, the 
durability capability and emissions outcomes of all configurations relative to engine 
requirements and CLEEN II program targets have been projected. 
 
Results indicate: 


• All tested designs demonstrated required durability capability for the GE9X NPI 
cycle, via either analysis or test.    


• Projection for cruise efficiency show three configurations, including GE9X 
baseline, are 99.9%.  Projection based on correlations to 55 OPR cycle indicates 
that 99.9% will be achieved 


• Engine projection for NOx emissions suggests all tested configs will achieve the 
CLEEN II target of <65% CAEP/8 @ 55 OPR 
 


The new fuel nozzle/mixer configurations designed and tested under the CLEEN II 
program have also demonstrated acceptable combustion dynamics behavior compared 
to the baseline design.  This result was also predicted by the advanced dynamics 
models, developed and executed under Tasks B.1.4 through B.1.7.   
 
The measurements in this task are a key metric in the validation of the new main mixer / 
fuel injection designs and contribute to the achievement of TRL3.  Following the single 
cup testing of the CLEEN II new technology designs, a TRL3 review was conducted 
with the Chief Engineer.  The summary report and decisions from the review indicate 
that the primary TRL3 goals for the CLEEN II program were met. 
 
3.1.4 CLEEN II TAPS III Final Results 


3.1.4.1 Emissions data 
The status of the projected LTO emissions for the CLEEN II new technology concepts is 
determined based on the single cup data described above.  The baseline GE9X 
emissions have been determined in prior HTP, HPS, FAR1A, and FAR2 testing (as part 
of the CLEEN II program).  Outside of the CLEEN program, the GE9X program 
executed the First Engine To Test (FETT) and collected preliminary emissions data on a 
baseline GE9X design.  With this set of data, the preliminary baseline GE9X emissions 
capability is fully established, and a Landing/Takeoff (LTO) emissions can be calculated 
relative to CAEP/8 requirements, with appropriate uncertainties and applied margins for 
the state of the NPI program. 
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Emissions data from the HTP testing of the CLEEN II new technology concepts are then 
utilized to determine a relative change in NOx and other pollutants for the new concepts 
vs. the GE9X baseline.  (As mentioned above, cruise emissions were also assessed, 
and a comparison can be made in order to validate this CLEEN II Key Performance 
Objective.) 
 
Based on the discussion above, the HTP emissions data indicates that all 
configurations, including the GE9X baseline design, meet the FAA CLEEN II target of 
65% CAEP/8 assessed at a 55 OPR cycle (Figure 5).  The GE9X baseline, at its current 
OPR, is projected to achieve roughly 46% of CAEP/8 (54% reduction below CAEP/8).  
For cycle conditions scaled up to 55 OPR, per the original program objectives, the 
baseline design capability is projected at 58% of CAEP/8.  The best CLEEN II new 
technology concept achieves slightly lower NOx at 56% CAEP/8.  
 


  


Concept: 
    A      B   C  D 


    


Figure 5:  Projected NOx emissions capability of all tested configurations - Concept Groups 1 & 2. 


 
3.1.4.2 Combustion dynamics assessments 
The LTO NOx emissions capability of new concept designs is only valid when other key 
combustor criteria for performance, operability, and durability – including management 
of combustion dynamics – also meet requirements.  The baseline TAPS III design 
meets all product requirements for the GE9X engine program.  The CLEEN II new 
technology concepts were analyzed and tested in comparison to this baseline design.  
For combustion dynamics assessment, the single cup TCA rig data was utilized, along 
with the advanced modeling methodologies.   
 
Pre-test predictions were performed using 2 different dynamics modeling methods Task 
B.1.5 + Task B.1.6 and Task B.1.7.  The predictions were conducted at one specific 
condition (T3, P3, Fuel/Air ratio, and fuel split) for a large set of potential configurations 
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as well as the baseline, as part of the down-selection/prioritization process.  All CLEEN 
II configurations are noted to have acceptable combustion dynamics amplitude as 
measured in the TCA3 rig.  The model predictions fairly represent the outcomes of the 
new configurations, relative to the baseline. 
 
3.1.4.3 Status against CLEEN II Performance Objectives 
The summary of CLEEN II emissions and performance status for TAPS III technology is 
provided in Figure 6.  TAPS III combustor technology has been validated to 58% 
CAEP/8 (as projected to a 55 OPR cycle) based on TRL6 testing in GE9X FETT.  The 
best new technology concept indicates as low as ~56% of CAEP/8 @ 55 OPR, with 
incremental improvements in efficiency and combustion dynamics behavior relative to 
the baseline (based on TRL3 test validation). 


 


Figure 6:  Summary of CLEEN II emissions and performance status for TAPS III 
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4 Technical Workscope Task Reports 
 
 
4.1 Task B.1.1 – Fuel Nozzle and Mixer Aero Design 
 
4.1.1 Summary 


In this task, a variety of fuel nozzle/mixer concepts were evaluated and optimized via 
analytical and experimental processes.  The new concepts are intended to provide 
additional benefit toward the major CLEEN II TAPS III technology goals for emissions 
and performance, above and beyond the initial baseline concept – the GE9X NPI TAPS 
III fuel nozzle/mixer.  Four major concept groups were considered, including GE9X-
variant premixers (Concept Groups 1 and 2) and two lower TRL designs, Concept 
Groups 3 and 4.  First, the mixer aero features were sized and optimized; and then fuel 
injection design studies were performed to determine the best configurations to meet 
the combined goals of low LTO NOx and high cruise efficiency, where inefficiency was 
modeled as cruise CO.  The various concepts were also constrained to meet certain 
geometric and system interface requirements for the GE9X engine.  The lowest TRL 
concepts were also released for early prototype builds and screening combustion rig 
tests.  These combustion tests were conducted in a lower T3/P3 test rig at GE-GRC.  
Through continuing analysis, learnings from the rig testing of the baseline configuration, 
and early screening tests, a down-selected set of configs is initially identified for engine-
style fuel nozzle fabrication and eventual high temperature/pressure single cup testing.  
Those configurations include three premixers from Concept Groups 1 & 2, and four 
Concept Group 3 fuel nozzles.  With further learnings from the GE9X baseline rig 
testing and the screening tests, the Concept Group 3 configurations were eventually 
stopped in order to focus efforts on the higher-TRL Group 1 & 2 designs. 
 
4.1.2 Introduction 


The initial concept design (and baseline configuration for the CLEEN II program) is the 
GE9X NPI TAPS III fuel nozzle/mixer, which was evaluated to TRL3 prior to CLEEN II.  
In addition to validating and advancing the TRL for the baseline configuration (Tasks 
C.1.1-C.1.4 and D.1.1-D.1.5), GE Aviation concurrently evaluated ~4 alternate concept 
architectures as a part of Tasks B.1.2 and B.1.3.   The concepts varied in their potential 
advantages and maturity at the start of the CLEEN II program, but each represented 
unique potential to address key challenges for high-OPR lean combustion and improve 
upon the baseline GE9X TAPS III capability. 
 
All the concepts were initially sized and optimized using analytical tools (CFD) in single 
cup models.  The focus was on LTO NOx (calculated at Takeoff conditions) and cruise 
efficiency performance (using calculated CO from the CFD results at cruise).  The 
results were directly compared against model results for the baseline design.  Concept 
groups 1-3 were reviewed internally at GE in August 2016 and with the FAA shortly 
thereafter; and the down selected concepts were prioritized for manufacturing release to 
complete detailed drawings and begin fabrication of the single cup rig hardware (Task 
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C.1.5) for initial screening of emissions, efficiency, and dynamics (Tasks D.1.6 and 
D.1.7). 
 
Following this aero review and over the next few months, additional analytical studies 
were completed, evaluating durability risk and combustion dynamics screening.  The 
GE9X-variant designs (Groups 1 and 2) were found to have acceptable durability risk, 
while the Concept Group 3 needed additional mixer design work in order to show 
adequate capability.   
 
Analytical combustion dynamics screening utilized the modeling tools developed in 
Tasks B.1.4 through B.1.7.  These pre-test predictions were completed only for Groups 
1 and 2 and were utilized to further confirm the prioritization of the configurations for 
testing.   
 
The Concept 3 designs were taken through the initial sizing and optimization CFD 
analyses, and down-selected designs were chosen for fabrication.  Due to the low 
maturity of this concept, the team decided to produce simpler rig test hardware for an 
early screening test in late 2016.  Those tests were conducted in an optically accessible 
rig at the GE Global Research Center, at sub-cruise conditions.  Results of those early 
screening tests are summarized in Section 4.1.4.3, where the flame shape and 
operational characteristics were observed.  In mid-2017, the concepts’ priority was 
decreased, and fabrication of HTP/TCA rig hardware was stopped following the initial 
additive fuel nozzle tip build.  There were several rationales for this, including:   


i. Low maturation of the design, relative to the TRL3+ designs 
ii. Emissions success of the initial concept (GE9X baseline design) meeting CLEEN 


II objectives 
iii. Expected further improvements in NOx and acceptable cruise efficiency for 


concept Groups 1 & 2 
iv. Predicted thermal/durability risks of the design 
v. Observed combustion dynamics in screening tests, relative to the baseline 
vi. Desire to limit program scope and spending 


 
Concept 4 was the lowest maturity design but held promise for unique opportunities in 
terms of addressing risks.  A series of concepts were heavily evaluated in CFD, early 
concept fuel nozzle/mixer hardware was built, and screening tests performed by mid-
2016.  The emissions for this concept did not show adequate capability relative to the 
baseline concept, and it was removed from consideration due to its low maturation and 
expected development timeline. 
 
The following sections describe the concepts, sizing and optimization activities, and 
down-selection information for each of the various concept groups.  In addition, 
summaries of early screening results are provided for the Concept Groups 3 and 4. 
 
All the concepts were initially evaluated using a common strategy and set of modeling 
tools.  The designs were typically analyzed at 2 conditions; first, at takeoff to assess 
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NOx, and second, at cruise to assess unburned CO (as an indicator of cruise 
efficiency). 
 
The concepts were constrained by certain physical and flow requirements.  To fit into 
the GE9X combustor and case without modification of those structures, all concepts had 
to meet certain envelope criteria.  Essentially, because of the synergy of using test rigs 
and a Core engine from the GE9X, new concepts were targeted to be drop-in 
replacements for the GE9X hardware.  If any geometric or systems interface 
characteristics would need to deviate from the NPI design, the feature would need to 
move in a favorable direction for the engine system. 
 
4.1.3 Concept Group 1 & 2:  GE9X-variant 


4.1.3.1 Mixer and Fuel Injection Development 


The GE9X NPI combustor main mixer and variations of an alternative mixer design 
were evaluated, in combination with variations in fuel nozzle injection design.  CFD 
simulations were conducted to evaluate mixing and eventually NOx and CO predictions.  
An example output is shown in Figure 7, the equivalence ratio distribution in the CFD 
domain.  The flame tube model indicates that the overall similarity to the GE9X 
baseline. 
 


 


Alt mixer 1 Alt mixer 2 


 


Baseline Group 2 concept Group 2 concept 


 
 Low High 
 


Figure 7:  Equivalence ratio distribution in CFD domain 


 
A summary of the designs and their predicted benefit to Takeoff NOx and Cruise CO is 
provided in Figure 8.  Designs in the green box look to have benefit in cruise efficiency 
with as good or better NOx. 
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Figure 8:  Concept Group 1 & 2 - NOx and CO (efficiency) predictions 


 
Following an aero design review the fuel nozzle and swirler  designs were down-
selected for thermal/mechanical design & manufacturing release. Eventually, selected 
configs were prioritized for testing based on dynamics pre-test predictions. 
 
4.1.4 Concept Group 3 


Concept Group 3 was originally evaluated during the NASA N+2 program, where it 
demonstrated the potential (in high T3/P3 single-cup testing) to achieve NOx below 
25% of CAEP/6 at an engine cycle similar to GE9X. 
 
4.1.4.1 Group 3 mixer aerodynamic design 


The first objective was to design mixers meeting key criteria including effective area, 
swirl number, velocity and turbulence in the mixer.  Fuel injection patterns were then 
further optimized, using mixers that meet the initial design criteria, looking for optimal 
fuel-air mixing and thereby NOx emissions. 
 
The concept premixers were then evaluated on a GE9X FETT 1-cup combustor model 
to assess mixing, thermal field and NOx predictions.  Figure 9 depicts the NOx 
reduction on the Group 3 concepts from the 1-cup combustor model CFD. 
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Figure 9:  Group 3 NOx reduction relative to the baseline (1-cup combustor CFD results) for three 
different concept designs 


 
Figure 10 depicts examples of fuel mass fraction distributions for one of the Group 3 
configurations, as a comparison to the baseline design.  In all, 26 injector configurations 
were run in CFD. 
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Figure 10:  Examples of fuel mass fraction distributions:  baseline (left); Group 3 (right) 


 
4.1.4.2 Initial aero down select for thermal/mechanical/dynamics evaluation: 


The CLEEN II mixer/fuel nozzle down select is based on both NOx and cruise efficiency 
predictions.  Figure 11 shows the CO & NOx percentage improvement relative to the 
baseline for the Group 3 designs evaluated.  Designs inside the green box are of 
interest, as they show benefit on CO (cruise efficiency) without negative impact on the 
NOx.  These results and the analysis were reviewed by the combustion aero design 
team at GE. 


Low High 
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Figure 11:  Group 3 Concepts - NOx and CO (efficiency) predictions 


 
4.1.4.3 Concept Group 3 preliminary hardware & test 


As part of the premixer design and screening activity for the CLEEN II technology 
development program, the GRC team built two premixers.  The purposes of this 
workscope included:   


• perform a trial build/manufacture of the fuel nozzle/mixer 
• check air and fuel flow characteristics 
• conduct preliminary combustion tests in an optically-accessible rig 


The aero features of the fuel nozzle and mixer are very close to the design intent; but 
the mechanical features of the nozzle and mixer are simplified to ease manufacturing 
and enable assembly into GRC’s optical rig. 
 
4.1.4.3.1 Group 3 Combustion Visualizations 


The test rig employed for the combustion characterization of the Group 3 nozzle is 
shown in Figure 12.  The combustor configuration consists of a rectangular flat dome 
with optical windows on the side walls for flame visualization.  Test conditions were 
limited in this campaign to sub-cruise conditions.  Therefore, fuel 
atomization/evaporation, flame behavior and stability cannot be expected to be 
representative of typical cruise or high power operation. 
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Flame images of the baseline premixer and a Group 3 premixer are highlighted in 
Figure 13. 
 


 


Figure 12:  Test rig employed for Group 3 nozzle combustion visualizations.  Flow is from right to 
left, to match the flame images below. 


 


   


Figure 13:  Flame images for the baseline configuration (left) and Group 3 configuration (right) 


 
While there were no emissions measurements available during these screening tests, 
combustion dynamics were evaluated.  A small self-excited combustion dynamics tone 
was observed for the baseline, while a stronger tone at a different frequency was 
observed for the Concept 3 configuration.  Further advancement of this concept will 
need to focus on understanding the combustion dynamics challenges and contributing 
features. 
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4.1.5 Concept Group 4 


4.1.5.1 Summary 


Fuel injector concepts were designed and screened using Computational Fluid 
Dynamics (CFD) simulations.  Concepts that showed favorable fuel-air mixing were 
down-selected for detailed large eddy simulations (LES) to study turbulence enhanced 
fuel-air mixing, flame structure and NOx emissions.  Two Group 4 premixers were 
identified as the best performing designs based on fuel-air mixing, NOx, and aero flow 
criteria; and were consequently down-selected for 3D printing and combustion 
performance testing.   
 
A combustor rig was assembled at GE Global Research Center - Niskayuna (GRC-N) 
for concept screening.  NOx and CO emissions were obtained and compared with the 
baseline TAPS configuration.  Overall, higher NOx and CO was observed for all the 
Group 4 concepts in comparison to the baseline TAPS.  Following this initial concept 
testing, the Group 4 concept was dropped from consideration for higher T3/P3 single 
cup testing.  The potential advantages of the concept remain; however, the initial test 
results, the low TRL of this concept, the significant optimization required to advance 
TRL, and the favorable performance expectations of Concept Groups 1 & 2 all drove the 
decision to remove this from consideration and focus on the prime concepts in meeting 
the emissions target for CLEEN II. 
 
4.1.5.2 Concept Design 


Key fuel nozzle and mixer requirements & constraints are based on the intent to 
leverage the GE9X combustor development and learnings through TRL3, and the 
expectation that any alternate concepts would integrate seamlessly into existing 
component test rigs and Core engine hardware.  A key program requirement was that 
the concept fuel nozzle and mixer hardware fit within the existing envelope of GE 9X 
NPI combustor. Since the pilot geometry and the bulk combustor geometry was 
unchanged, the aero flow field was required to be consistent with that of the baseline 
TAPS design. 
 
4.1.5.3 Experimental Screening  


Due to the low TRL of the Group 4 concept, it was determined that it would be an 
advantage to perform early experimental screening of the concepts.  This would permit 
a design iteration and 2nd round of screening prior to the aero concept review and down-
selection for single cup hardware fabrication. 
 
4.1.5.3.1 Test Rig 


The test rig described below was utilized for baseline, Group 3 and Group 4 screening 
tests.  The test article consists of a single-cup combustor placed inside an optically 
accessible pressure vessel. Figure 14 shows a cross-section of the test rig. Figure 15 
shows the rig assembled for this study and located inside the combustion cell in GE 
Global Research’s combustion test facility. 
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Figure 14. Cross-Section of rig. The cross section of optically accessible combustor test article is 
shown along with the location of the sampling probe. 


 


 


Figure 15. The assembled rig installed in the test cell.  Flow is from right to left. 


The test rig was designed to enable combustor nozzle concept screening, emissions 
measurements, and flame visualization. 
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4.1.5.3.2 Emissions Sampling 


The gas sampling cart is a portable gas analysis cart used in combustion testing. The 
emissions cart houses gas analyzers, sample and calibration gas flow controls, and 
pressure gauges, as well as a gas cooler. The gas analyzers support the measurement 
of volumetric concentrations of oxygen, carbon dioxide, carbon monoxide, nitric oxide, 
nitrogen dioxide, and methane.  In addition to their use in back-to-back emissions 
comparisons, the species concentrations are used to back-calculate and corroborate 
equivalence ratio and combustion product temperature.  
 
4.1.5.4 Concept Evaluation and Comparisons 
For each of the concept hardware, main mixer air flow path effective area 
measurements were performed in the rig.  Initial combustion tests provided flame 
visualization and early emissions data. 
 
4.1.5.4.1 Flame visualizations 


Example flame images from the baseline premixer and a Concept 4 premixer taken at 
the same conditions are shown in Figure 16. 
 


  


Figure 16:  Flame images obtained with the baseline premixer (left) and a Group 4 concept (right) 


 
4.1.5.4.2 Emissions Characterization 


CO and NOx emissions, O2 and CO2 concentrations in the sample gas were read using 
gas analyzers integrated into a portable gas analyzer cart.  Shown in Figure 17 is the 
raw NOx concentrations observed from one of the Concept Group 4 tests.  The NOx 
emissions are much higher than the baseline.   
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Group 4 Concept 1 


Group 4 Concept 2 


  


Figure 17. Comparison of raw NOx emission data among baseline and two Group 4 designs 


 
4.1.5.5 Conclusions 
NOx and CO emissions data for multiple Group 4 concepts obtained and compared with 
the baseline TAPS configuration indicate that, overall, higher NOx and CO was 
observed for all these concepts in comparison to the baseline TAPS.  Following this 
initial concept testing, the Group 4 was dropped from consideration for higher T3/P3 
single cup testing.  The potential advantages of the concept remain; however, the initial 
test results, the low TRL of this concept, the significant optimization required to advance 
TRL, and the favorable performance expectations of Concept Groups 1 & 2 all drove the 
decision to remove this from consideration and focus on the prime concepts in meeting 
the emissions target for CLEEN II. 
 
4.1.6 Results and Down-Selection of Fuel-Air Mixer Aero Designs 


Following the aero assessments, 7 fuel nozzle configurations (three from Groups 1 & 2 
and four from Group 3) and 6 mixer designs (three from Groups 1 & 2 and three from 
Group 3) were released for detailed design/drawings and fabrication. 
 
4.1.7 Conclusions 


Via analytical and test screening, a group of concepts with high probability to meet or 
exceed program targets for NOx, cruise efficiency, and other product criteria were 
evaluated.  Of the major Concept Groups, the Group 1 & 2 and Group 3 premixers 
indicate potential for achieving the desired benefits in both high power NOx and cruise 
efficiency and were released to the mechanical and thermal teams for further 
assessment and manufacturing.  The Group 4 configuration is at a much lower TRL, 
and in early screening tests did not show positive behaviors for NOx and CO.  While it 
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may be a concept of interest in the future, it was removed from consideration for the 
remainder of the CLEEN II program.  
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4.2 Task B.1.2 – Fuel Nozzle & Mixer Mechanical Design 
 
4.2.1 Summary 


GE completed the mechanical design of the new technology concept main mixers and 
fuel nozzles.  For the Group 1 & 2 fuel nozzles and mixers, the effort was focused on 
manipulating baseline mixer and fuel nozzle models and adjusting mechanical 
interfaces to enable the fuel injection variants and new mixer aero layouts.  
Manufacturing methods are consistent with the baseline hardware.  For the Group 3 
concepts, new manufacturing methods and assembly procedures were conceived and 
trialed.  Thermal and mechanical analyses were also conducted for this unique design 
to identify and address risk areas in the design.  Work was performed to develop 
mechanical and thermal designs to enable the mixer and fuel nozzle aerodynamic 
concepts being worked in Task B.1.1.  The ultimate objective is to get the fuel nozzle 
assembly model in a state such that down-selected aero designs can simply be 
“dropped in” to the GE9X combustor with minimal adjustments upstream to fuel system 
and combustor case interfaces.  The final model and drawings were detailed and 
transferred to the fabricator for build.  The mechanical/thermal viability of the concept 
designs were presented as part of the Aero TRL3 review. 
 
4.2.2 Conclusions 


The Group 1, 2, and 3 mixer aero concepts have been transferred to mechanical 
models for fabrication, with a variety of design studies performed to ensure acceptable 
interfaces and operation.  Thermal and mechanical analyses were performed which 
show adequate capability for early TRL testing.  The designs were released for 
manufacturing. 
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4.3 Task B.1.3 – High Frequency Combustion Dynamics Damper Aero and 


Mechanical Design 
 
4.3.1 Summary 


This work focused on the design, analysis, and down selection of integrated acoustic 
dampers, in preparation for the demonstration of their capability to mitigate combustion 
dynamics in Task D.1.8.  The work was accomplished in two phases, with the test 
learnings from Phase I informing the designs released and tested in Phase II.  In 
addition, a set of concepts was also designed for an architecture that is different and 
closer to other legacy designs.   
 
Starting from design tools, a series of damper configurations were conceived and 
modeled using low-order dynamics simulation tools.  The test configurations in this Task 
were designed and analyzed specifically for a single-cup (flame tube) test, albeit with a 
view towards eventual application in a full annular dome configuration.  The Phase II 
designs and hardware incorporated learnings from Phase I.  The Phase II designs also 
explored the impacts of geometry constraints found in the full annular combustor dome.  
Modeling results for down-selected configurations predicted up to 90% amplitude 
reduction; an outcome which was validated in later testing in Task D.1.8.  A limited 
engine-level study was also performed to show the transferability of this technology to 
full annular combustors for both recent and legacy combustors.  Once demonstrated 
and successfully implemented, the damper designs have the potential to broaden 
combustor operating space while limiting amplitudes of acoustic instabilities, enabling 
higher levels of premixing which in turn benefit NOx emissions, cruise efficiency, and 
engine operability. 
 
4.3.2 Introduction 


Combustion dynamics are an important consideration in the design of modern gas 
turbine combustors.  While the design process must consider many competing criteria, 
such as temperature profiles, emissions, robustness /durability; dynamics is one of the 
most challenging to predict and design for.  Combustion dynamics results from a 
complex system of coupled multi-physics phenomena:  fuel atomization and transport, 
mixing, reactive kinetics and acoustics, all of which strongly affect the frequency and 
amplitude of the resulting dynamics.  Furthermore, as dynamics are a system-level 
phenomenon (i.e. the acoustic modes may, for example, be circumferential around the 
entire engine annulus, or may depend on cup-to-cup interaction), any required design 
changes are likely to be highly disruptive, expensive, and cause delays to the 
certification of a new engine design.  Therefore, there is great interest in developing 
effective mitigation devices which can widen the operability window and reduce the risk 
of durability/emissions issues due to dynamics. 
 
Under the CLEEN II project, several activities have focused on the design, analysis and 
testing of such mitigation concepts.  The effort culminated in the successful testing of a 
‘Phase I’ damper concept, which was effective in reducing the pressure pulsations 
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observed in single cup tests.  ‘Phase II’ design efforts built on the lessons gleaned from 
that activity, to reproduce and improve the measured reduction in dynamics.  Because 
of the uniqueness of the combustor construction, and with the agreement from the FAA, 
a portion of the funding for this task was directed toward a group of concepts focused 
on a more traditional style of combustor. 
 
Finally, the design tools developed and validated on the single-cup rig tests are applied 
to a conceptual design for a full annular combustor with integrated dampers.  The 
analysis of this concept leveraged dynamics modeling tools developed in Tasks B.1.4-6 
and demonstrates the potential application and benefits in a full-scale aviation 
combustor. 
 
4.3.3 Damper Concepts – Phase I 


4.3.3.1 Modeling of Damper Effectiveness 


An example of predicted performance for several Phase I damper concepts is shown in 
Figure 18.  The “growth rate” is a way of characterizing whether a modeled combustion 
dynamic tone has the tendency to grow (positive growth rate) or diminish (negative 
growth rate) in amplitude. 


 
    


  


Figure 18:  Model predictions of Damper performance 


 
The simulation is run for the baseline and for each of the candidate dome damper 
designs.  In each case, the growth rate is favorable, and becomes negative in all but 
one case (i.e. the mode becomes stable).  Where the mode is stable, the amplitude is 
predicted to be much lower and noise-driven (though the linear model will predict zero). 
 
4.3.4 Damper Concepts – Phase II 


4.3.4.1 Preliminary Design & Sizing 


The starting point for the Phase II design effort is the results of the Phase I tests, a 
summary of which is provided in Task D.1.8.  The Phase I designs were successful in 
demonstrating a negative growth rate (diminishing dynamic amplitude). 
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4.3.4.2 Modeling of Damper Effectiveness 


In this section, the results of the modeling methods are presented for damper design 
candidates (of which a subset have subsequently been fabricated and tested).  Note 
that Dampers E and F are identical to A and C respectively except for additional cooling 
flow.  As this will principally affect the flame response in a complex manner beyond the 
scope of the low-order dynamics tools used here, their performance will be predicted to 
be identical. 
 
Figure 19 shows the results of the acoustics model by calculating the growth rate - a 
way of characterizing whether a modeled combustion dynamic tone has the tendency to 
grow (positive growth rate) or diminish (negative growth rate) in amplitude.  


 
 


 
 
 


 


Figure 19:  Predictions of Damper impact on Growth Rates 


 
This method calculates the frequency and growth rate.  The simulation is run for the 
baseline and for each of the candidate dome damper designs.  The growth rate is found 
to be reduced by all the damper configurations, though the scale of the reduction varies 
quite considerably.  Damper C is anticipated to perform best.  Dampers B and F 
(identical to C) are also predicted to reduce the growth rate to negative values (i.e. 
stabilize the mode). 
 
4.3.5 Extension to Annular Combustors 


4.3.5.1 GE9X Annular Combustor Geometry 


Finally, an initial feasibility study has been completed to show how the technology 
developed and tested might be applied to a realistic, annular combustor. 
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The model was run for the baseline configuration, and for configurations with damper 
designs C and D applied to every cup.  When Damper C is applied, the prediction 
resembles a stable, noise-driven system which does not show any tendency to grow 
over time.  When damper D is used, the growth rate is reduced but not as low as with 
Damper C. 
 
While the results above have demonstrated the potential of integrated dampers in 
mitigating engine dynamics, there will always be trade-offs to be struck in terms of 
weight, durability, air budget, etc.  Therefore, there is great value in a tool which can be 
used, within a realistic design cycle time, to anticipate the dynamics mitigation 
necessary to stabilize these tones, and the performance of various arrangement of 
damping devices within an annular combustor. 
 
4.3.6 Conclusions 


In this work GE has successfully designed and simulated acoustic dampers integrated 
into the combustor and shown their potential to mitigate combustion dynamics.  Starting 
from design tools, a series of damper configurations were conceived and modeled using 
a variety of low-order dynamics simulation tools.  Subsequently, the baseline 
configuration and a subset of the most interesting designs will be built and tested in the 
single cup test rig (Task D.1.8).  As predicted, the dampers are expected to 
demonstrate positive impact in reducing self-excited acoustic amplitudes during testing. 
 
An annular combustor-level study has also been performed to show the transferability of 
this technology to full annular combustors.  This work demonstrated the applicability of 
the same designs to a full annular combustor.  Future work should focus both on 
detailed mechanical/thermal design studies at an engine level, along with efforts to 
broaden the applicability of this technology to other aero-engine and aero-derivative gas 
turbines. 
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4.4 Task B.1.4 – Dynamic Spray Modeling for Pilot Sprays and Jet-in-Cross-
Flows 
4.4.1 Summary 


Improved fuel injection modeling methods, focused on jet-in-crossflow behavior due to 
its importance in the main mixer of a TAPS architecture, have been chosen and 
validated against experimental data.  Recommended model settings and methodologies 
are developed for use in subcritical and supercritical regimes.  A new concept is also 
vetted, for characterization of combustion dynamics through the quantification of the 
fuel-air mixing process.  This process is used to rank CLEEN II new technology mixer 
designs against each other and the baseline and suggests preference of one of the 
Concept Group 2 mixers for low fuel-air mixing unsteadiness. 
 
4.4.2 Results and Conclusions 


Recommended model settings and methodologies are developed.  A new concept is 
also vetted, Dynamic Mixing, for characterization of combustion dynamics through the 
quantification of the fuel-air mixing process.  This method suggests the new technology 
concept Group 2 mixer design may have altered performance in terms of fuel-air mixing 
unsteadiness, relative to the baseline design. 


4.5 Task B.1.5 – Large Eddy Simulation (LES)-Based Flame Transfer Function 
Model Development 
4.5.1 Summary 


In this task, the LES method was established for the Flame Transfer Function (FTF) 
simulation for CLEEN II design application.  The method was verified and validated 
comparing with experimental measurements. It was confirmed that the current method 
provides the reasonable estimation of FTFs.  Finally, the FTF method was applied to 
CLEEN II designs, and it provided a unique pattern of FTF curves and consistent FTF 
pattern dependent on mixer design.  The FTF result is a part of the overall prediction 
modeling strategy. 
 
4.5.2 Results and Conclusions 


The LES-FTF methodology was validated against experimental data and then applied to 
the CLEEN II new technology concepts for the purposes of creating flame transfer 
functions for combustion dynamics predictions.  The FTF of this task are passed on to 
the 3D acoustic modeling to obtain final pre-test predictions. 
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4.6 Task B.1.6 – 3D Acoustics Modeling for High Frequency Dynamics 
4.6.1 Summary 


Combustion dynamics frequencies and amplitudes are predicted using a 3D acoustic 
modeling strategy and applied to both single-cup screening test rigs as well as a full 
annular combustor model. The developed and validated method enables short 
turnaround times such that the modeling process can be used for pre-test predictions 
and prioritization of designs.  CLEEN II new technology concepts were evaluated using 
these methods and ranked according to expected combustion dynamic behaviors. 
4.6.2 Introduction 


A new approach has been developed to improve GE's dynamics modeling capability 
while retaining the short turn-around-time essential to be useful in the design process. 
In the following sections, the proposed model will be introduced, validated using the 
baseline experimental tests, and then subsequently applied to the CLEEN II candidate 
designs. 
4.6.3 Results 


The new method was validated against test data from the GE Aviation TCA3 rig.  Figure 
20 shows the comparison of the predicted amplitudes for the high and low FAR 
conditions, and the data from the TCA3 tests.  This shows the amplitude trend is well 
captured both qualitatively and quantitatively by the model. These model parameters 
were held constant for the subsequent simulations using the CLEEN II candidate 
designs.  The approach used for the TCA3 rig can equally be applied to an annular, 
multi-cup configuration in a reasonable computational time.   


  


Model  


 


Figure 20:  Validation of the model using test data for the high and low FAR operating conditions 
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4.6.4 Conclusions 


This Task, along with Tasks B.1.4 and B.1.7, summarize the development of a series of 
modeling approaches to enable the design of stable aeroengine gas turbine 
combustors. These approaches range from fast, early-stage design tools through to full 
annular dynamics prediction tools.  These tools have been applied to a series of CLEEN 
II candidate designs. 
There are several CLEEN II candidate designs which offer similar dynamics 
performance relative to the baseline design. Based on the collection of results, a series 
of designs have been recommended for testing. 
 


4.7 Task B.1.7 – LES-based Self-Excited Dynamics Computation 
4.7.1 Summary 


In the FAA CLEEN II program, best practices have been developed and validated for a 
Large Eddy Simulation-based process prediction of aviation combustors and combustor 
rigs.  Validation has been made against single cup acoustic rigs. The process captures 
the dominant dynamics frequencies accurately, with acceptable accuracy for dynamics 
amplitude.  The methodology was also applied to a full annular model of a combustor, to 
derive learnings both about application of the method at scale as well as gain insight 
into combustor behaviors.   
In the final work, the team applied the latest best practice of the process for the design 
screening of CLEEN II new technology designs. The latest methodology was applied to 
perform true pre-test predictions and rank the priority for future test campaigns.  In 
summary, the combinations of the different Concept Group 1 & 2 mixers and fuel 
nozzles were simulated to provide both predictions of different designs and possible 
underlying physics driving the difference in dynamics performances among different 
designs. 
4.7.2 Introduction 


Combustion that occurs in confined spaces at high temperatures is subject to unsteady 
processes that involve physical coupling of unsteady heat release and combustor 
chamber acoustics. There are several challenges associated with high-fidelity 
computational predictions of gas turbine combustion. While experimental studies have 
been able to analyze combustion dynamics, they are also limited by high pressures and 
temperatures, which tends to limit experimental data to pressure, PIV data, or PLIF/OH* 
images. High-fidelity LES simulations provide a powerful method of capturing the non-
linear details of turbulent flame dynamics. LES capability for combustion dynamics has 
been validated in academic literature. High-fidelity LES can contribute additional 
insights into the fundamental physical processes in practical engines and can therefore 
serve as a physical foundation in design optimization. 
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4.7.3 Methods, Assumptions, and Procedures 


4.7.3.1 Validation of dynamics predictions 
The team has applied a robust LES CFD process to several High Pressure Tunable 
Combustion Acoustics 2 (HPTCA2) rig test points. The rig conditions represent a high 
power condition.  The sensitivity of the combustor dynamic signal to fuel-air ratio was 
examined.  The model’s predictive capability will be determined by its ability to capture 
directional trends in the dynamics signal amplitude with respect to fuel-air ratio as well 
as the accuracy of the predicted dynamics amplitude and dominant frequency. 
 
The model demonstrated a dynamic signal at a dominant frequency that was very close 
to the experimental data.  A fuel/air ratio (FAR) sweep was then conducted.  The cases 
predicted trends in the average signal amplitude that were representative of the 
experimental data.  Figure 21 shows a comparison of CFD and experimental results.  
Within experimental uncertainty, the approach demonstrated good dominant frequency 
prediction and correctly predicted the pressure amplitude trend that was observed in the 
experimental data. 
 


  


model 


  


Figure 21:  FAR sweep performed for the HPTCA2 test points 


 
4.7.3.2 Predictions for HPTCA3 rig 
A robust LES CFD process was next applied toward the High Pressure Tunable 
Combustion Acoustics 3 (HPTCA3) rig, for predictions at engine-relevant conditions at 
different fuel-air ratios. 
 
Figure 22 provides a summary for the TCA3 cases, showing the comparison between 
measured data and CFD predictions of dynamics amplitude and frequency.  Each graph 
shows a solid black 45-degree line, in which the CFD prediction would ideally be equal 
to the measured value.  The dotted lines show acceptable percentage differences away 
from the ideal agreement. 
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Figure 22: Comparison between CFD predictions and experimental data for amplitude (left) and 
frequency (right) for TCA3 cases. 


 
4.7.3.3 Simulation of full annular combustor 
A simulation of a full annular combustor was also performed.  The objective of this 
simulation was two-fold:  to evaluate the modeling challenges of attempting such a large 
simulation, and to benchmark the model so that it could be used to evaluate proposed 
design changes.  Full annular combustor simulations of this type at high power 
conditions have not been modeled prior to this study. 
    
4.7.3.4 Pre-test predictions for CLEEN II new technology concepts 
The process was applied for the predictions of dynamics for different premixer concepts 
from the Concept Groups 1 and 2 in Task B.1.1.  This provided a pre-test ranking of the 
concepts on the basis of combustion dynamics expectations. 
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4.8 Task B.1.8 – Monte-Carlo Analysis of Fuel Impact on Durability  
4.8.1 Summary 


In the course of an NPI combustor program, Monte-Carlo analyses are utilized to 
assess the impacts of a range of variation parameters on the risk of durability in the 
combustor.  In this task, the flow network and Monte Carlo models were updated, and 
the models were re-baselined using updated manufacturing data from a legacy engine 
and running the model to compare to development engine experience. 


4.9 Task C.1.1 – GE9X single cup rigs hardware 
4.9.1 Summary 


This task involved the manufacturing and instrumentation of GE9X NPI type assets for 
use in single cup testing, including the High Temperature and Pressure (HTP) rig and 
the Tunable Combustion Acoustics (TCA) rig.  Fuel nozzles and mixers, as well as 
specialized combustor domes, were procured and modified as needed for incorporation 
into the rigs.  The baseline hardware will be tested in Tasks D.1.1 and D.1.2 in order to 
characterize the GE9X design in these rig tests and provide a baseline against which 
new CLEEN II technology concepts will be compared in later tasks.   


4.10 Task C.1.2 – GE9X High Pressure Sector (HPS) Hardware 
4.10.1 Summary 


In preparation for high pressure sector testing of the GE9X NPI design (Task D.1.3), to 
be used as baseline data for comparison of CLEEN II technologies in Task D.1.10, this 
task involved the completion of the test article and rig hardware.  The GE9X High 
Pressure Sector combustor, hardware, and rig were already designed prior to the start 
of the CLEEN II program.  As part of the CLEEN II program, a set of GE9X engine-style 
fuel nozzles and mixers was manufactured for use in the sector.  In addition, the sector 
combustor and rig was fully instrumented and assembled prior to installation into GE’s 
new Cell A20 facility.  A Detailed Test Design Review (DTDR) was conducted with test 
and engineering focals approximately 1 month ahead of the forecasted fire date, 
presenting the as-installed instrumentation details and all test planning and execution 
material. 
4.10.2 Results 


All fuel nozzles have been manufactured along with the GE9X FETT-style mixers.  All 
combustor instrumentation was completed, as was the assembly of the combustor into 
the rig, along with all rig instrumentation. The Detailed Test Design Review (DTDR) was 
completed on June 22, 2016 prior to initiation of testing.  Furthermore, instrumentation 
and combustor perfection reviews were held to confirm accuracy of the hardware and 
assembly for this test, and a facility/rig Red Flag Review was held to ensure test team 
preparedness for cell operation. All action items were addressed and closed prior to test 
initiation.   
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4.11 Task C.1.3 – GE9X FAR2 Hardware 
4.11.1 Summary 


In preparation for Full Annular Rig 2A (FAR2A) testing of the GE9X NPI design (Task 
D.1.4), to be used as baseline data for comparison of CLEEN II technologies in Task 
D.1.9, this task involved the completion of the test article and rig hardware.  The GE9X 
FAR2A combustor, hardware, and rig were already designed prior to the start of the 
CLEEN II program.  As part of the CLEEN II program, a set of GE9X FETT fuel nozzles 
and mixers was manufactured for use in the full annular rig.  In addition, the FAR 
combustor and rig was fully instrumented and assembled prior to installation into GE’s 
test facility.  A Detailed Test Design Review (DTDR) was conducted roughly 1 month 
ahead of the forecasted fire date, presenting the as-installed instrumentation details and 
all test planning and execution material. 
 
4.11.2 Results 


This task has been completed.  The mixers for the combustor were delivered to the 
combustor assembly in early 2016.  A set of FETT-style fuel nozzles were also 
manufactured and supplied for this test.  The combustor underwent final instrumentation 
application/routing prior to installation in the rig.  A perfection review of the assembled 
rig/combustor assembly was held prior to delivery to the test cell.  A Detailed Test 
Design Review (DTDR) was held on 9/12/2016.  Finally, a Red Flag Review was 
conducted by the operations team prior to initiation of the test campaign.  All action 
items were addressed and closed prior to testing. 
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4.12 Task C.1.4 – GE9X Core Engine 
4.12.1 Summary 


Due to the successful emissions outcome of the GE9X TAPS III combustor testing and 
engine-based emissions validation, and the evaluation of new concepts to date 
(demonstrated to TRL3), GE and FAA agreed to stop the program prior to executing 
Task C.1.4. 


4.13 Task C.1.5 – CLEEN II Single Cup Rigs 
4.13.1 Summary 


New technology fuel nozzles and mixers were fabricated for single cup testing.  Concept 
Group 1 & 2 fuel nozzles (3) were assembled and instrumented for HTP testing.  Two 
down-selected Concept Group 2 mixers were fabricated for HTP and TCA testing.  The 
Group 3 fuel nozzles’ fabrication was started, the initial build was completed for all 
concepts, and the mixer drawings were released.  Concept Group 3 hardware 
fabrication was not completed due to the down-selection to the Group 1 & 2 designs as 
prime.   
4.13.2 Introduction 


In preparation for single cup rig testing of new CLEEN II fuel nozzle/mixer designs, the 
hardware for the down-selected configurations was manufactured.  Three new Group 2 
fuel nozzles and three mixer designs were released for manufacturing, and all have 
been built and instrumented for testing. 
 
Mating hardware for the single cup rigs (TCA and HTP) was largely the same as use for 
the baseline design testing.  The rig and dome interfaces were kept constant, as a 
design target.  Therefore, no new interface hardware was required. 
 
4.13.3 Conclusions 


The Group 1 & 2 test assets were manufactured, meet quality requirements, and are 
ready for testing in Tasks D.1.6 and D.1.7.  The Group 3 hardware and any other 
unfinished hardware pieces are set aside for future program efforts. 
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4.14 Tasks C.1.6 – C.1.9 
4.14.1 Summary 


Due to the successful emissions outcome of the GE9X TAPS III combustor testing and 
engine-based emissions validation, and the evaluation of new concepts to date 
(demonstrated to TRL3), GE and FAA agreed to stop the program prior to executing 
Tasks C.1.6 through C.1.9: 
 


• Task C.1.6:  CLEEN II Rainbow FAR 
• Task C.1.7:  CLEEN II High Pressure Sector 
• Task C.1.8:  CLEEN II FAR 
• Task C.1.9:  CLEEN II Core 


 


4.15 Task D.1.1 – GE9X TCA Testing 
4.15.1 Summary 


The Tunable Combustion Acoustics (TCA) test rig is used for combustion dynamics 
screening at high pressure and temperature conditions.  In this task, a validation study 
of the low dynamics operating region of the GE9X mixer/nozzle sets was performed 
using the TCA3 rig.  Dynamic amplitudes and frequencies were then assessed over a 
wide range of combustor inlet conditions.  The results of this sub-task validate GE9X 
combustion dynamics capability over specific conditions of interest to engine operation 
and serve as a baseline for CLEEN II alternate technology concept design down-
selection. 
 
4.15.2 Introduction 


The single cup Tunable Combustion Acoustic (TCA3) rig was built to evaluate baseline 
fuel nozzles and main mixers at elevated compressor discharge temperature (T3) and 
pressure (P3) conditions.  The key utilization of this rig is to provide combustion 
dynamics characteristics for different combustor configurations, and the primary value of 
the tests is for back-to-back comparison of aero design features and their impact on 
thermo-acoustic dynamics amplitudes.  The facility and rig are designed to be capable 
of operation well above the takeoff conditions for the GE9X.  Detailed testing at different 
conditions enables direct comparison of designs and design features and contributes to 
the ranking of configurations.  
 
Testing of the baseline design forms the basis for comparing the CLEEN II alternate 
technology data in Task D.1.7. 
 
4.15.3 Conclusions 


The test method utilized for the TCA3 rig provides the combustion dynamics signature 
at conditions relevant to engine operation.  The baseline configuration is tested, and the 
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set of data forms the basis for later comparison of CLEEN II alternate technology 
configurations. 


4.16 Task D.1.2 – GE9X HTP Testing 
4.16.1 Summary 


GE conducted a validation study of emissions and durability margin of the baseline fuel 
nozzle / mixer.  The single-cup High Temperature and Pressure (HTP) rig was used to 
evaluate the designs at the GE9X high OPR operating conditions.  The results of this 
sub-task confirm that the hardware meets GE9X emission and durability requirements.  
The results also serve as a baseline for CLEEN II new technology design down-
selection. 
4.16.2 Introduction 


In this task, the baseline fuel nozzles/mixers were evaluated in the single cup High 
Temperature and Pressure (HTP) rig.  Durability assessments and emissions screening 
were also conducted, for comparison to the new CLEEN II technology design data in 
Task D.1.6. 
 
4.16.3 Test Results 


Key results of this series of HTP tests are summarized in the form of durability 
capability.  The performance of the baseline configurations is above the requirement 
and meets all durability metrics. 
 
Emissions data for the baseline fuel nozzle/mixer design is primarily valuable as a 
relative reference point for the CLEEN II new technology concept designs.  In the HTP 
rig, the data focuses on high power NOx as well as cruise CO (as an indicator of 
efficiency at cruise conditions).  Because we have higher TRL data from the High 
Pressure Sector (Task D.1.3) and Full Annular Rigs (Task D.1.4), along with eventual 
engine data from FETT (outside of the CLEEN program), the single-cup data of the 
baseline fuel nozzle/mixer design helps to tie the emissions of new concept designs 
back to a baseline design and its higher-TRL data.  The baseline emissions data taken 
during this task is discussed as part of task D.1.6. 
4.16.4 Conclusions 


HTP rig testing was completed for the baseline fuel nozzle / mixer configurations.  The 
tests conducted here confirmed that the baseline design meets all rigorous 
requirements of the GE9X cycle.  In addition, emissions measurements – high power 
NOx and cruise CO – were conducted to provide baseline data for comparison against 
CLEEN II new technology concepts in Task D.1.6. 







 
 


 
 41 


 


4.17 Task D.1.3 – GE9X HPS Testing 
4.17.1 Summary 


The GE9X High Pressure Sector (HPS) rig was utilized to gather combustion data for 
the baseline fuel nozzle/mixer configuration, over a range of operating conditions.  In 
this test campaign, the rig was successfully run up to climb conditions (85% rated thrust, 
one of the LTO NOx emissions certification points).  Data of interest included 
combustion dynamic pressures, combustion emissions and efficiency, and thermal exit 
profile.  The rig proved valuable in confirming measured characteristics and comparison 
to behaviors of other rigs and the FETT engine. 
 
4.17.2 Introduction 


The High Pressure Sector (HPS) is a 90 deg sector of the full combustor.  This rig is 
utilized for assessment of the TAPS III aero technologies, using baseline fuel nozzles 
and mixers.  The HPS allows evaluation at higher pressures and temperatures than 
other rigs. 
 
4.17.3 Test Results 


HPS testing of the baseline configuration was conducted from July thru October, 2016.  
The test campaign completed 5 days of acoustic and emissions testing. 
 
4.17.3.1 Emissions testing 


Emissions testing showed good agreement with other test vehicles.  Figure 23 and 
Figure 24 show a back-to-back comparison of HPS NOx and efficiency data with data 
from our Demonstration Core test and the FAR1C test campaign described in Task 
D.1.4 below. 
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Figure 23:  NOx in good agreement w/ Core, FAR1C 
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Figure 24:  Rig and Demo Core idle efficiency comparisons 


 
4.17.3.2 Durability/thermal data 


Finally, the HPS provided thermal information on deflector and liner temperatures that 
was used to validate heat transfer models for the TAPS III combustor system.   
 
4.17.4 Conclusions 


The High Pressure Sector was a new rig, built and tested in a brand new facility.  
Valuable insight was gained in combustion dynamics, emissions, efficiency, and thermal 
exit profile for the combustor, at conditions typically not achieved in a combustor sector 
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rig test.  It provided quality and unique combustor operating data for the TAPS 
III/CLEEN II program. 
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4.18 Task D.1.4 – GE9X FAR1 and FAR2 Testing 
4.18.1 Summary 


In two different full annular rigs, a FAR1 and a GE9X-scale FAR2, the TAPS III baseline 
design was tested to demonstrate emissions, combustion dynamics, operability (lightoff 
and lean blow-out), durability (component temperatures), and performance (pressure 
drops and combustion efficiency).  The results provide baseline data for comparison of 
new CLEEN II alternate concept hardware design and down-selection. 
 
4.18.2 Introduction 


The FAR1 rig is a combustor with similar scale/sizing and aerodynamic features as the 
GE9X combustor.  In FAR1C, this rig is utilized for assessment of the baseline TAPS III 
aero technologies, using baseline fuel nozzles and mixers.  Similar testing is repeated 
with the FAR2A rig, using an FETT combustor.  These two data sets provide a 
comprehensive evaluation of TAPS III technology readiness for operability and 
emissions. 
 
4.18.3 Test Results 


FAR1C testing of the TAPS III combustion system was conducted from 12/2015 thru 
6/2016. This campaign covered 16 test days and included comprehensive evaluation of 
the TAPS III baseline design.  FAR2A extended this data set to a full GE9X 
environment.  Emissions measurements on FAR2A were focused on determining 
derivatives for use in ICAO emissions certification.  The combined data sets from 
FAR1C and FAR2A provide engineering data to demonstrate TRL5 readiness of the 
baseline TAPS III technology going into the engine development test campaign.  All 
emissions, combustion dynamics, operability, and durability data have been internally 
reviewed and show that the combustor aero design will meet product specifications for 
these criteria.  The following sections discuss some of these results.  
 
4.18.3.1 Profile/Pattern Factor 


Thermal measurements at the exhaust of the FAR2A combustor showed profiles and 
pattern factor meeting design intent.  
 
4.18.3.2 Lightoff 


Comprehensive testing of altitude relight, ground start and high-power fuel cut 
conditions on the FAR1C test demonstrated the required capabilities. 
 
4.18.3.3 Lean Blow Out (LBO) 


Results from the FAR1C test campaign demonstrated Lean Blow Out (LBO) required 
capability. 
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4.18.3.4 Operability Summary 


Reviews of the test data shown above concluded the baseline combustor met lightoff 
capability to support the engine certification campaign.  These results provide a 
standard for comparison of any proposed CLEEN II designs. 
 
4.18.3.5 Emissions 


Between FAR1C, FAR2A and HPS component testing, alongside small data sets from 
the demo core and FETT programs, a comprehensive set of emissions data has been 
obtained for the baseline TAPS III program.  FAR2A results were used to develop 
corrections for use in reporting certification results on the GE9X program.  These 
validated correlations will thus be used for reporting current status to the CLEEN II 
goals and will be set as a benchmark for any future configurations to be tested on this 
program. 
 
4.18.3.6 Cruise Efficiency 


FAR1C and FAR2A were similarly used to study and understand cruise efficiency.  
Learnings from these tests are being used for the current efficiency assessment 
reported for the baseline design. 
 
4.18.3.7 Combustion Dynamics 


On FAR2A, work was done to evaluate combustion dynamics on the baseline design.  
These results demonstrate combustion dynamics capability for the baseline design and 
provide targets for comparison to alternate CLEEN II configurations. 
 
4.18.4 Conclusions 


FAR1C and FAR2A provided a comprehensive data set demonstrating the readiness of 
TAPS III combustor technology for entry into service. This data is available as a 
benchmark both for current CLEEN II status with the baseline configuration and for 
comparison to lower TRL CLEEN concepts. 
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4.19 Task D.1.5 – GE9X Core Testing 
4.19.1 Summary 


Due to the successful emissions outcome of the GE9X TAPS III combustor testing and 
engine-based emissions validation, and the evaluation of new alternate concepts to 
date (demonstrated to TRL3), GE and FAA agreed to stop the program prior to 
executing Task D.1.5. 
 


4.20 Task D.1.6 – CLEEN II HTP Testing 
4.20.1 Summary 


GE conducted validation tests of the emissions and durability margin of 3 new concept 
fuel nozzle/mixer sets.  The HTP rig at GE Research Center (GRC) was used to 
evaluate the designs at high OPR operating conditions.  The results of this sub-task, 
along with results from the GE9X HTP, TCA, FAR1, and FAR2 tests, determines which 
configurations meet CLEEN II NOx objectives while also satisfying durability margin.  
The outcome of this sub-task contributed to a TRL3 review of the new concepts, with a 
summary of HTP test results that contribute to down-selection of mixer/nozzle designs. 
 
4.20.2 Introduction 


The High Temperature and Pressure (HTP) rig is used to validate combustor aero 
designs for durability margin and to screen designs for emissions at high T3, P3 
conditions near the maximum cycle conditions for the GE9X engine.   
 
4.20.3 Test results 


4.20.3.1 Durability validation 
A single durability test was conducted with a baseline fuel nozzle and the top-ranked 
new technology mixer concept.  This provided a clear comparison of the new mixer to 
the baseline mixer.  Validation testing was conducted and the data indicates the mixer 
performance is within the baseline data, indicating an acceptable result. 
 
4.20.3.2 Emissions screening 
A series of tests were then conducted to collect NOx emissions and combustion 
efficiency at conditions representing climb / take-off and cruise.  This data is then 
compared directly to the TAPS III baseline data at the same rig / test conditions in order 
to obtain a relative assessment.  Cruise emissions data indicates that two of the four 
CLEEN II new technology configurations demonstrated both a slight reduction in NOx 
pollutant as well as incremental increases in combustion efficiency.  The results are 
summarized in Figure 25. 
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Figure 25:  Summary of HTP data for CLEEN II new concepts relative to baseline design. 


 
4.20.3.3 Emissions assessment relative to program targets 
The status of the projected LTO emissions for the CLEEN II new technology concepts 
can be determined based on the HTP data described here, by comparison to the TAPS 
III baseline design.  The baseline GE9X emissions have been determined in prior HTP, 
HPS, FAR1A, and FAR2 testing (as part of the CLEEN II program).  Outside of the 
CLEEN program, the GE9X program executed the First Engine To Test (FETT) and 
collected preliminary emissions data on a baseline GE9X design.  With this set of data, 
the preliminary baseline GE9X emissions capability is fully established; and a 
Landing/Takeoff (LTO) emissions can be calculated relative to CAEP/8 requirements, 
with appropriate uncertainties and applied margins for the current state of the NPI 
program. 
 
Emissions data from the HTP testing of the CLEEN II new technology concepts are then 
utilized to determine a relative change in NOx and other pollutants for the new concepts 
vs. the GE9X baseline.  (As mentioned above, cruise emissions were also assessed, 
and a comparison can be made in order to validate this CLEEN II Key Performance 
Objective.) 
 
Based on the discussion above, the HTP emissions data suggests that all 
configurations, including the GE9X baseline design, meet the FAA CLEEN II target of 
65% CAEP/8 assessed at a 55 OPR cycle (Figure 26).  The GE9X baseline, at its 
current OPR, is projected to achieve roughly 46% of CAEP/8 (54% reduction below 
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CAEP/8).  For cycle conditions scaled up to 55 OPR, per the original program 
objectives, the baseline design capability is projected at 58% of CAEP/8.  The best 
CLEEN II new technology concept achieves slightly lower NOx at 56% CAEP/8.  


  


Concept: 
    A      B   C  D 


    


Figure 26:  Projected NOx emissions capability of all tested concepts. 


 
In addition to LTO NOx, other criteria pollutants have been assessed for all TAPS III 
designs - both the baseline GE9X NPI and the CLEEN II new technology concepts.  
High power NOx (contributing to the LTO NOx calculation above), cruise NOx, and 
cruise efficiency are assessed using the HTP data for CLEEN II concepts with reference 
to the baseline design and HTP plus higher TRL rig/engine data. 
 
The summary of emissions status for the CLEEN II TAPS III program is tabulated in 
Figure 27, including the baseline design at the projected 55 OPR, and the best CLEEN 
II new technology concept at 55 OPR (based on TRL3 data from the HTP rig).  The 
CLEEN II new technology concept meets all CLEEN II emissions targets.  The GE9X 
baseline design also meets all targets and has been demonstrated at TRL6 in the GE9X 
FETT at the time that the technical work on this program came to completion.  
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Figure 27:  Summary of emissions status for CLEEN II TAPS III combustor development. 


 
4.20.4 Conclusions 


Single-cup HTP rig-based emissions data was collected to assess cruise combustion 
efficiency and NOx as well as high-power NOx for four CLEEN II new technology 
configurations and compared to the baseline.  Durability assessment on the new 
technology mixer was also conducted on the HTP rig.  Based on this testing, the 
durability capability and emissions outcomes of all configurations relative to engine 
requirements and CLEEN II program targets have been projected. 
 
Results indicate: 


• All tested designs demonstrated required durability capability for the GE9X NPI 
cycle, via analysis or test. 


• Projection for cruise efficiency show three configurations, including GE9X 
baseline, achieve 99.9%.  Projection based on correlations to 55 OPR cycle 
indicates that 99.9% will be achieved 


• Engine projection for NOx emissions indicates all tested configs will achieve the 
CLEEN II target of <65% CAEP/8 @ 55 OPR 


 


4.21 Task D.1.7 – CLEEN II TCA Testing 
4.21.1 Summary 


The assessment of combustion dynamics was conducted in a single cup TCA rig for 
three CLEEN II TAPS III configurations.  Tests were conducted at three 
Temperature/Pressure operating conditions that were relevant to prior baseline TCA 
testing.  At all tested conditions, the three new configurations demonstrated acceptable 
behavior relative to the baseline configuration.  These results are in agreement with pre-
test predictions conducted using the models developed as part of Tasks B.1.4 thru 
B.1.7. 
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4.21.2 Introduction 


The tunable combustion acoustics (TCA) rig was utilized to assess the combustion 
dynamics behavior of the new fuel nozzle/mixer designs.  The same dome and liner 
configuration, as well as operating methods and conditions, were used for the testing in 
Task D.1.7.   
 
4.21.3 Results 


The resulting combustion dynamic pressure data for the 3 configurations at 3 different 
conditions were collected.  All three configurations demonstrated acceptable 
combustion dynamics behavior compared to the baseline design. 
 
Pre-test predictions had been performed using the dynamics model (Task B.1.5 and 
Task B.1.6) and the LES model (Task B.1.7).  The predictions were conducted at one 
specific condition (T3, P3, Fuel/Air ratio) for a large set of potential configurations as 
well as the baseline, as part of the down-selection/prioritization process. 
 
All CLEEN II configurations are noted to have acceptable combustion dynamics 
amplitude as measured in the TCA3 rig.  The model predictions fairly represented the 
outcomes of the new configurations, relative to the baseline. 
 
4.21.4 Conclusions 


The new fuel nozzle/mixer configurations designed and tested under the CLEEN II 
program have demonstrated acceptable combustion dynamics behavior compared to 
the baseline design.  This result was predicted by the advanced dynamics models, 
developed and executed under Tasks B.1.4 through B.1.7.  The measurements in this 
task are a key metric in the validation of the new main mixer / fuel injection designs and 
contribute to the achievement of TRL3. 
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4.22 Task D.1.8 – CLEEN II Combustion Dynamics Damper Phase 1 and Phase 2 
TCA Tests 
 
4.22.1 Summary 


Two Phases of damper concepts and one set of legacy style damper concepts were 
successfully tested in the single cup acoustics rig.  The rig was intentionally run at an 
unusual condition to drive higher combustion dynamic amplitudes.  The Phase I 
dampers demonstrated up to 75% reduction of dynamic amplitudes, relative to the 
baseline without a damper.  The Phase II dampers obtained dynamics reduction up to 
80%.  For the legacy style damper concepts, a reduction of more than 90% was 
achieved. 
 
4.22.2 Introduction 


All the experiments were conducted in a tunable combustor acoustics (TCA) test rig at 
GE-GRC.  It is designed for the study of combustion dynamics at engine-relevant inlet 
conditions i.e. high pressure and high inlet temperature.   
 
4.22.3 Phase I Damper Concepts 


4.22.3.1 Test Plan 


Two versions of damper A were tested with the damper blocked.  Finally, the damper 
was unblocked to assess the effectiveness of the damper in suppressing dynamics. 
 
4.22.3.2 Impact of damper 


Plots of the dominant amplitudes that compare the effect of the damper are presented in 
Figure 28. 


 Fuel flow 


Combustion 
Dynamic 
Pressure 


 


Figure 28:  Effect of the damper on dynamics.  Damper blocked (Green); damper active (Purple) 







 
 


 
 52 


 


The amplitude plots show that as main fuel flow increases, higher dynamics are present 
when the damper is blocked.  However, when the damper is active, the dynamics 
amplitudes were lower. 
 


4.22.3.3 Conclusions for Phase I 


In this work we have successfully designed, simulated, and tested acoustic dampers 
and shown their capability to mitigate combustion dynamics.  Starting from design tools, 
a series of damper configurations were conceived, fabricated, and modeled using a 
variety of low-order dynamics simulation tools.  Subsequently, the most promising 
design was tested in the single cup test rig.  The key result of this work, summarized in 
Figure 28, is that the dampers can be highly effective in mitigating the combustion 
dynamics, producing a reduction of 75%.  Based on the learnings of this activity, the 
Phase II designs were kicked off, aimed to reproduce and improve upon the mitigation 
effects seen in the Phase I work. 
 
4.22.4 Phase II Damper Concepts 


4.22.4.1 Test Plan 


A total of three tests were conducted.  First, a baseline was tested to establish the 
operating conditions.  Then, two different dampers were tested.  These tests let us 
determine the effectiveness of each damper design in suppressing dynamics. 
 
4.22.4.2 Impact of damper on instability amplitudes 


Figure 29 shows averaged amplitude spectra obtained from a data point at a fixed 
operating condition for the baseline and the two dampers.  The plot shows that tones 
are successfully suppressed by the dampers.   
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Figure 29:  Amplitude spectra for baseline and dampers. 
  


When the dampers were implemented, the dynamics amplitudes at a given operating 
condition were below its corresponding baseline value. 
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4.22.5 Conclusions 


With the development of dynamics modeling and damper design tools in Task B.1.3, 
two Phases of damper concepts and one group of legacy-style damper concepts were 
successfully tested in the single cup acoustics rig. 
 
The key result of the Phase I work is that the dampers can be highly effective in 
mitigating combustion dynamics seen in the rig test, resulting in a reduction of ~75%.  In 
the Phase II concepts, significant amplitude reduction was obtained.  The designs 
tested showed a capability of reducing the observed dynamics by up to 80%.  Finally, 
for the legacy-style damper concepts, a reduction of more than 90% was achieved. 
 
It should be noted that the baseline TAPS III combustor design meets all requirements, 
including those for combustion dynamics.  Therefore, there is no need to implement the 
combustion dynamic dampers that were demonstrated as part of this Task. 
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4.23 Tasks D.1.9 – D.1.12 
4.23.1 Summary 


Due to the successful emissions outcome of the GE9X TAPS III combustor testing and 
engine-based emissions validation on FETT, and the evaluation of new concepts to 
date (demonstrated to TRL3), GE and FAA agreed to stop the program prior to 
executing Tasks D.1.9 through D.1.12: 
 


• Task D.1.9:  CLEEN II Rainbow FAR Testing 
• Task D.1.10:  CLEEN II HPS Testing 
• Task D.1.11:  CLEEN II FAR Testing 
• Task D.1.12:  CLEEN II Core Testing 


 
 
4.24 Task E.1 – Technology Assessments and Reporting:  TAPS III Combustor 
 
4.24.1 Summary 


The technologies developed and demonstrated during the course of the CLEEN II TAPS 
III were reported out at a Final Oral Briefing with the FAA on November 13, 2017.  At 
that time, upon agreement between GE Aviation and the FAA, the intended technical 
development work had been completed.  This decision was based on the demonstration 
of CLEEN II emissions targets by the GE9X baseline design in the GE9X FETT engine 
test (TRL6), along with a successful TRL3 review of additional CLEEN II new 
technology concepts indicating slight further improvements to the baseline design.  
In addition to this Final Oral Briefing and the present Final Written Report, an Emissions 
Data Summary and Technology Assessment was delivered to the FAA, for use by the 
Georgia Tech Aerospace Systems Design Laboratory in performing assessments of 
fleet-level impact of CLEEN II technologies.  LTO and cruise NOx emissions data points 
were provided, along with guidance on how to curve fit the data for 
interpolation/extrapolation.  Additionally, estimated boundaries of applicability for engine 
scale and cycle, wherein CLEEN II TAPS III could be a realizable technology, were 
provided. 
4.24.2 Results 


The summary of CLEEN II emissions status for TAPS III technology is provided in 
Figure 30.  TAPS III combustor technology has been validated to 58% CAEP/8 (as 
projected to a 55 OPR cycle) based on TRL6 testing in GE9X FETT.  The best new 
technology concept indicates as low as ~56% of CAEP/8 @ 55 OPR, with incremental 
improvements in efficiency and acceptable combustor dynamics behavior relative to the 
baseline (based on TRL3 test validation). 
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Figure 30:  Summary of CLEEN II emissions status for TAPS III. 


CLEEN II TAPS III combustor technology is a balance between many competing criteria 
in addition to emissions, including operability, durability, performance, weight and cost.  
A specific feature set, combined together, enables the TAPS III combustor technology 
to achieve the above emissions capability while meeting other engine requirements.  
Some features and/or manufacturing methods have scaling limitations.  An engineering 
estimate of scalability of the TAPS III combustor to a range of core sizes and cycle 
conditions was provided to Georgia Tech.   
4.24.3 Certification pathway for the TAPS III combustor 


Following the conclusion of the technical work on the CLEEN II TAPS III combustor 
program in 4Q’2017, continued combustor-relevant activities were planned to be 
conducted as part of the GE9X engine development and certification program.  All of 
these activities have now been completed, with acceptable results leading to Part 33 
engine certification on 9/25/2020 and supporting Part 25 certification of the Boeing 777X 
aircraft. 
With the completion and certification of the TAPS III design in the GE9X engine, the 
FAA CLEEN II objectives will have been successfully accomplished.  The additional 
new technology fuel nozzle/mixer configurations, demonstrated during this program to 
TRL3, have the potential to generate a slight further improvement in LTO NOx 
emissions (~2% of CAEP/8).  
4.24.4 Conclusions 


The CLEEN II TAPS III combustor technology program has demonstrated performance 
of all the CLEEN II objectives via component testing and validated by testing of the 
GE9X FETT engine.  An Emissions Data Summary and Technology Assessment was 
delivered to the FAA, for use by the Georgia Tech Aerospace Systems Design 
Laboratory in performing assessments of fleet-level impact of CLEEN II technologies.  
LTO and cruise NOx emissions data points were provided, along with guidance on how 
to curve fit the data for interpolation/extrapolation.  Additionally, estimated boundaries of 
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applicability for engine scale and cycle, wherein CLEEN II TAPS III could be a realizable 
technology, were provided.  Part 33 certification was received on 9/25/2020. 
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5 Conclusions 
 
 
1. The TAPS III Combustor Technology Program developed and matured a lean-burn 


combustion system and multiple new fuel/air premixer concepts to meet the CLEEN 
II LTO NOx emissions goal while also achieving low cruise NOx and high cruise 
efficiency, low LTO smoke and nvPM, and low LTO CO and Unburned Hydrocarbon 
emissions.  The combustor design was validated to TRL5 via component rig testing 
including up to full engine T3/P3 conditions (single cup, high pressure sector, and 
full annular rigs).  TRL6 capability of the TAPS III combustor was demonstrated in 
the GE9X First Engine to Test, separate from the CLEEN II program. 


 
2. The TAPS III combustor technology demonstrated >42% reduction below CAEP/8 


LTO NOx at 55 OPR (vs. the goal of 35% reduction), while achieving <12 EINOx and 
99.9% efficiency at cruise.  The technology also resulted in LTO Smoke and 
particulate (nvPM mass concentration) <40% of CAEP/8 and <40% of CAEP/10, 
respectively; and CO and unburned hydrocarbons with measured LTO values with 
margin to CAEP/8.   


 
3. Several new fuel/air premixer technology concepts were designed and evaluated 


using CFD modeling.  Early screening tests were performed using 2 of the concept 
groups, and high temperature and pressure single-cup rig tests were performed on 4 
premixer designs plus the baseline.  The best of these new concepts provided 
benefits in line with pre-test predictions:  a further ~2% reduction in LTO NOx, 
incrementally improved cruise efficiency, and acceptable combustion dynamics – 
relative to the baseline TAPS III design. 


 
4. Work was also conducted in the area of combustion dynamics modeling tools.  


These tools were first validated against existing rig test data, and then utilized 
productively for predictions of combustion dynamics for the new fuel/air premixer 
concepts, enabling a prioritization prior to hardware manufacturing release.  When 
tested, the concepts’ measured dynamic characteristics were in good agreement 
with pre-test predictions.  In addition, the tools were applied to the TAPS III 
combustor development process, to evaluate the dynamics implications of proposed 
changes in aero features. 


 
5. Passive dynamics dampers were successfully designed and tested in a single-cup 


rig, demonstrating reduction in self-excited dynamic pressure amplitudes.  
 
6. The TAPS III combustor is a key enabling technology of the GE9X engine, which will 


enter service on the Boeing 777X aircraft with the highest overall pressure ratio of 
any commercial engine and a projected 10% SFC improvement over the GE90-
115B. 
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