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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor
any of their employees, makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government
or any agency thereof.
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Abstract

This report summarizes work performed by Ramgen and subcontractors in pursuit of the
design and construction of a 10 MW supersonic CO, compressor and supporting facility.
The compressor will demonstrate application of Ramgen’s supersonic compression
technology at an industrial scale using CO, in a closed-loop.

The report includes details of early feasibility studies, CFD validation and comparison to
experimental data, static test experimental results, compressor and facility design and
analyses, and development of aerodynamic tools.

A summary of Ramgen's ISC Engine program activity is also included. This program
will demonstrate the adaptation of Ramgen's supersonic compression and advanced
vortex combustion technology to result in a highly efficient and cost effective alternative
to traditional gas turbine engines. The build out of a 1.5 MW test facility to support the
engine and associated subcomponent test program is summarized.
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1. Executive Summary

Ramgen designed, built and tested three novel compressor demonstrators capable of
providing high pressure ratio in a single stage. Two of the compressors were CO»
compressors capable of 10:1 single-stage pressure ratio for CO, sequestration
applications. The other was an air compressor for 6:1 pressure ratio as part of a novel
engine configuration, the Integrated Supersonic Component Engine (ISCE). The project
demonstrated that Ramgen could accurately model, design, build and test supersonic
compression technology as part of a more efficient and less expensive compression
option to other technologies available in the foreseeable future.

The largest portion of Ramgen’s effort during the award period was devoted to advancing
the design for the CO, Compressor. Design reviews were regularly held to review
progress and confirm all system requirements were being met. Rotor manufacturing
offered schedule challenges and delayed start of the test program. Ramgen improved and
changed its design configuration for the CO, compressor to alleviate performance,
manufacturing and schedule concerns. Engineering reviews were held in order to
determine the feasibility of the new configurations and to determine if the overall design,
budget and schedule goals would be met. Review and concurrence by the DOE was
obtained for each significant change in configuration. Testing of the first build CO,
Compressor proceeded at Ramgen's closed-loop test facility in Olean, NY in Q3 2012
and completed in Q4 2013. Ramgen achieved a peak pressure ratio of 9:1 in a single
stage, and a peak discharge pressure of 1547 psia with 210 psia suction.

In 2014 and early 2015 the Build 2 HP CO, Compressor design was complete, parts were
manufactured, assembled and installed in the Olean Test facility for test start in late
March 2015. The latest configuration of the CO, compressor represents a developmental
improvement that combines the advantages of supersonic flow and Dresser-Rand’s
commercial compression experience. Testing was successfully completed in May 2015.
The test results matched analytical predictions and the DATUM-S configuration
delivered the performance starting point predicted prior to test. The configuration will
continue to evolve, with increase performance improvements, as the technology moves
towards field deployment to a customer site.

Another major effort successfully executed during this award period, was the design,
procurement, and commissioning of a 10 MW CO, closed-loop facility in Olean, NY.
Civil construction progressed well and on schedule. The facility commissioning was not
trouble free and required some time to bring to full working order. For such a complex
facility this was not unexpected. The facility performed as designed to successfully
monitor and control the test of the CO2 Compressor builds.

Ramgen worked closely with subcontractors and vendors to improve our analytical and
simulation tools’ speed and capabilities. Computational simulations and existing industry
data were used to guide the analytical modeling efforts. A significant effort was
expended to enable massively-parallel execution of our computational code on Oak
Ridge National Laboratories’ (ORNL) supercomputers. DOE Secretary Chu arranged for
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Ramgen to receive a substantial allocation grant on ORNL supercomputers in
conjunction with funding to improve the parallel operation of the code. Ramgen has also
extended the functionality of this code to take advantage of the newly expanded Titan
supercomputer at ORNL. Ramgen successfully executed two 8-hour runs using 100,000
computing cores and a single run using 240,000 computing cores on the Jaguar
supercomputer while maintaining impressive scalability.

In parallel with the CO2 compressor development, Ramgen was simultaneously working
on an Integrated Supersonic Component Engine (ISCE) power generation concept that
makes use of shock compression technology. Coupled with Ramgen's demonstrated
advanced vortex combustor, the technology enables the engine to run leaner and more
efficiently than conventional turbomachinery. The shared technology between the ISC
Engine program and that of the CO, compressor allowed Ramgen to make great strides in
the program execution.

The Build 1 ISCE was completed in August 2013. The full flow path was not fully
aerodynamically started. Part of the rotating flow path was independently tested.
Compared to the analytical predictions, the test results showed good agreement with the
predictions for the operating conditions. Due to Ramgen’s agreements with the DOE,
budget limitations and resource allocations, all activities associated with the ISCE
program had to be completed by the end of June 2014.

Coupled with Ramgen's shock compression technology, the advanced vortex combustor
(AVC) enables the ISC engine to run leaner and more efficiently than conventional
turbomachinery. The testing conducted in May and June, 2014 focused on the range of
operation and the emissions measurements. In summary, the range of operation was
quite large due to the flame stability. The emissions were higher than expected due to
extra air cooling in comparison to the design intent. Although higher than expected, the
NOx emissions are at a comparable level to commercial low NOx systems.

A conceptual turbine nozzle design for the ISC engine application was developed and
optimized via CFD and thermal analysis. The test nozzle was configured to run in
Ramgen’s Redmond Washington Test Facility. The manufacturing challenges were
significant for the high temperature nozzle features like the strake, which required thin
walls, complex internal cooling features, and a thin trailing edge. The knowledge gained
from engaging and completing the manufacturing was valuable.

Another ISCE component Ramgen investigated was the turbo-expander.  The
configuration constraints of the turbo-expander were found to significantly limit
performance potential. A mechanical and performance based design trade study was
conducted to assess the potential of a single stage supersonic engine unconstrained by
size (axial/radial) or speed, while still existing within the bounds of practical material
selection.
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This report documents work performed by Ramgen and subcontractors in pursuit of
design and construction of two 10 MW supersonic CO, compressor builds, a supporting
closed loop CO; test facility and the development of engine components for a novel
engine configuration based on supersonic compressor technology.

2. Task 2.1 — Requirements and Large Machine Feasibility

Ramgen conducted a comprehensive configuration/feasibility study in late 2009,
concluding with a large machine feasibility review. After closing out action items from
this review, the Build 1 CO, compressor was declared feasible and authorization was
given for engineering to proceed into preliminary design. All critical areas were
reviewed and approved. Some immediate actions were assigned; these were quickly
answered and closed out. The review agenda is included below.

In conjunction with the review, Ramgen selected a rotor configuration family known as
SE 01 for the demonstration compressor. Ramgen chose to complete the aerodynamic
and mechanical analyses necessary to perform the down selection during the
configuration/feasibility portion of the program to reduce program risk and focus the
remainder of the program effort on a single rotor family which has been shown capable
of meeting our requirements.

To accomplish the design down selection, significantly more detailed work was required
than usually expected in a feasibility study. A rotor feasibility study would typically
include a simple meanline aerodynamic design analysis, a two-dimensional rotor
aerodynamic geometry analysis using method of characteristics, general location and
quantity estimates for boundary layer features, and mechanical rotor analyses using
general stress formulae with stress concentration scalars applied. In contrast, this
feasibility effort also included three-dimensional viscous, real gas Computational Fluid
Dynamics (CFD) of each rotor flow path component.

By performing this level of evaluation and selecting a single rotor configuration family
early in the program, the program’s technical risk was significantly reduced. Dresser-
Rand personnel were involved in the critical mechanical design and analyses efforts and
provided valuable input regarding best commercial and corporate practice. Ramgen and
D-R have developed a very good working relationship enabling access to the design and
analysis expertise contained within D-R engineering.

The SE 01 rotor family was selected because it represents the best balance of
performance capability and feasibility. Ramgen was now able to proceed into the
preliminary and detailed design phases with significantly improved models, analysis
techniques, and design tools developed during this effort.

In the review, the mechanical team presented design and analyses demonstrating
feasibility for individual systems for the ~13,400 HP Build 1 CO, compressor. The
remaining design work was significant but deemed achievable in the program schedule
and budget. The critical issues were identified and tracked.
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Among the concerns for scaling the compressor to 13,400 HP from 3,000 HP were the
affordability of the electric motor and variable-frequency drive and the availability of a
gearbox at the required speed and power. Working closely with D-R Supply Chain
Management, Ramgen was able to show multiple options to meet our budget and
schedule requirements. Offerings from Siemens, ABB, GE/Mitsubishi, Direct Drive
Services, and Converteam were evaluated. Down selection to the ABB team (ABB and
Laurence Scott) occurred shortly after the review.

Development contracts with multiple gearbox vendors produced feasible solutions for
parallel-shaft and compound epicyclic gearbox approaches. Down selection to Allen
Gears’ compound epicyclic design occurred shortly after the review.

The mechanical agenda is presented to show the extent of issues and level of detail
presented. After reviewing each system and resulting action items, each system was
deemed feasible and ready to proceed into the next design phase.

Feasibility Review Agenda: Mechanical

Rotor Structure
Stress results from SE 01 analysis, including pressure and centrifugal force (CF)
loads
Thermal analysis results
Status of composite manufacturing development program and all-metal rotor effort
Rotor start/stop, life, and safety margin pedigree to be used for design
Rotordynamics
Results from SE 01 lateral rotordynamics and stability
Critical factors in achieving satisfactory SE 01 rotordynamics
Seals
Shaft seal configuration for SE 01 and resulting leakage rates
Rotor seal configuration for SE 01 and resulting leakage rates
Static Structure Layout
Journal and thrust bearing configuration for SE 01
Pressure case, inlet ducting, and outlet ducting
Variable Inlet Guide Vane (IGV) mounting and actuation, including subcontract
approach
Shock Wave Starting techniques and approach
Boundary layer control systems
Facility
Facility Front End Engineering Design (FEED) results and plant layout
CO; closed-loop and Process Flow Diagrams (PFD)
CO, makeup system
Boundary layer control systems
Leakage capture & recompression requirements and approach
Lubrication system
Drivetrain
Motor & Variable Frequency Drive (VFD) specifications
Gearbox requirements, development status, fallback plans
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High-speed coupling configuration
Controls & Instrumentation

Compressor control approach

Performance instrumentation approach

Diagnostic instrumentation approach

Maintenance and Access

Estimate time to access rotor during test

The Aerodynamic team then presented design and analyses demonstrating feasibility for
the aerodynamic components. The remaining design work was significant but deemed
achievable in the program schedule and budget. The critical issues were identified and
tracked. After reviewing each system and resulting action items, each system was
deemed feasible and ready to proceed into preliminary design.

The Aerodynamic agenda is presented to show the extent of issues and level of detail
presented. Current supersonic ramp CFD models had advanced sufficiently to give
confidence the design would achieve the necessary flow quality. More work was
necessary to reduce flow distortion, control separation and minimize bleed but Feasibility
goals had been met - further work was appropriate for the Preliminary and Final design
phases.

Diffuser CFD models appeared to show sufficient performance to meet program goals.
These models would be enhanced in future work as the detailed design progresses.

Feasibility Review Agenda: Aerodynamic

Inlet Guide Vane (IGV)
3D real gas properties CFD for SE.O1 IGV (and others) with realistic inflow
conditions
Rotor Performance
3D real gas properties CFD for shock compression, exducer, boundary layer features
Boundary layer control systems
Future optimization approach for SE.01 family
Exducer and Diffuser
3D real gas properties CFD for SE.O1 exducer and diffuser with realistic inflow
conditions
Michigan State University diffuser development/test plan
SPIT (System Performance Integration Tool)
High-level overview of SPIT function and approach
Current results for SE 01 and others
Starting
Analytical aerodynamic starting simulations and results/limitations
2D CFD aerodynamic starting simulations and results
Updated Demonstrator Spec
Present Demonstrator Spec with any updates available for Mechanical guidance
Lessons Learned for CFD Workflow Improvement
Workflow description, identify bottlenecks, plans for overcoming or reducing impact
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3. Task 2.2, Task 2.7 & 3.2 — CFD Comparison / Shock Wave Boundary Layer
Interaction (SWBLI) Investigation and Aerodynamic Tool Development

Ramgen has performed extensive numerical predictions of complex 3D shock wave /
boundary layer interactions to test the ability of numerical algorithms to capture complex
3D turbulent boundary layer separation phenomena observed in experiments. These
simulations were performed using linear or static configurations, rather than rotating, due
to the availability of linear test data. Appendix 3.1 EUCASS Validation Paper contains a
paper presented at the 31 European Conference for Aerospace Sciences summarizing
results from one of these validation efforts.

Static Test / SWBLI Investigation

Ramgen contracted with the Naval Postgraduate School (NPS) in Monterey, CA to
investigate the effects of boundary layer control jet injection on shock-boundary layer
interaction in a static test rig. Schlieren flow visualization was used to view the
formation of a shock within a Mach 2.4 nozzle. A CFD model was created to confirm the
measurements of a total pressure probe and end-wall static pressure within the test
section. A shock generator was designed, constructed and installed to produce the
desired shock profile. Schlieren images and total pressure profiles downstream of the slot
injection were recorded at two shock generator positions and three injection pressures to
ascertain the effect of injection on the separation bubble formed due to the shock
reflection within the boundary layer.

Naval Postgraduate School (NPS) Rotating Air Test

Ramgen pursued a low-pressure inducer test with air as the working fluid, intended to
obtain rotating test data prior to the main facility entering operation in 2011.

The Turbo Propulsion Laboratory at the naval Postgraduate School houses a number of
experimental facilities for research and development related to turbines and compressors.
The complex contains three cascade wind tunnels, a 3-stage axial research compressor, a
transonic turbine rig, a compressor rig, a supersonic wind tunnel, two free jets, a shock
tube, and a spin pit. The data acquisition system can accommodate 400 channels of
steady state measurements and 32 channels of unsteady measurements at up to 200 kHz.
The staff members have experience with Laser Dopler Velocimetry (LDV) systems,
pressure sensitive paint, along with Schlieren and shadowgraph flow visualization
techniques.

Figure 3.1 shows a schematic of the proposed transonic compressor test stand. The test
stand was powered by an air turbine which connects to an overhung rotor with a spline
shaft. The air to run the turbine comes from a compressor located in the same building.
The power draw for this compressor limits testing to the morning hours. Rotors were
bolted to the end of a shaft supported on ceramic bearings so that nose cones could be
attached. If a nose cone was not desired, the rotor could be blanked off and an inlet hub
surface could be included in the static structure. The pressure ratio across the rotor was
set by throttling upstream, suppressing the inlet pressure. The exhaust was open to
atmospheric pressure. The inlet mass flow was measured with a flow nozzle.
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Instrumentation in the test cell consists of up to 48 thermocouples, 48 static pressures and
16 high speed channels set up for Kulite pressure transducers. NPS has extensive
experience in characterizing rotors in this test stand. Typically, several speed lines are
run up to stall and a compressor map is built which can be compared to CFD of the same.
Stall could be detected with high speed pressure transducers, usually directly above the
rotor, in additional to thermocouples mounted after the rotor. The pressure transducers
show fluctuations that increase as the rotor approaches stall. The temperature rise behind
the rotor also increases much faster than the pressure ratio and a significant drop in
efficiency can be observed. A PoCoVD (Posterior Contacting Vibration Detector)
system was employed to alert operators if the rotor had surged. Historically, only
unshrouded rotors have been tested at this facility. NPS uses a machinable rubber
compound above their rotors to create minimum tip clearances.

Figure 3.1: Proposed Closed-Loop Air Test Facility at NPS

High speed total pressure measurements can be made in the flow. The data acquisition
system has a maximum sampling rate of 200 kHz per channel. This can either be done
using several probes at different insertion depths or by using a single probe and a traverse
mechanism. Typically, time accurate flow angle and velocity measurements are not
made, though a technique to do this was developed by an individual. Flow angle and
velocity measurements are made using both 90° and 45° probes at several different probe
angles and the data are synchronized to the blade passing frequency. This can provide
time accurate flow angle and velocity data during a blade passing event to give detailed
information for comparison with CFD.
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In late 2010 NPS informed Ramgen that they could not complete the test on the agreed to
budget and schedule. Ramgen determined that based on the other testing to be completed
for the ISCE program, investing in a test cell in our own facility would result in greater
capability to accomplish the goals of the program than contracting the work to a remote
facility.

In 2011, Ramgen significantly advanced its shock wave based compression aerodynamic
design process by applying the incredible power of the Jaguar supercomputing cluster at
Oak Ridge National Lab's National Center for Computational Sciences (NCCS). Two
primary aerodynamic components of the shock compression technology were
successfully modeled through a series of large design variation study ‘database’ runs.
The first component study utilized a computational mesh consisting of 11 million grid
cells each, and one thousand candidates were run. The database was accomplished by
running ensemble jobs reaching the size of 90,000 computer cores for two hours.
Subsequent iterative optimization runs based on the initial database yielded a design that
demonstrated performance improvement and resulted in Ramgen choosing this design for
manufacture and test.

In late 2011, very large database run was accomplished for a shock compression
advanced concept design. Each mesh in this case contained 75 million grid cells, and 480
candidates were run. This database was completed through two eight hour 120,000 core
runs on Jaguar. Analysis of the data from the run produced important benefits early in
2012. The Ramgen team observed designs that exhibited valuable aerodynamic
characteristics. These advancements would not have been possible without the use of
Jaguar. These runs represent a paradigm shift in achieving performance improvements
for shock compression technology and establish a new model for improving
turbomachinery.

Figure 7.10 displays a basic flow chart that describes the optimization process. The
engineers select design variables they wish to modify in the study and the ranges for
each. A large database of CFD simulations for a set of designs that reflect combinations
of these variations over the specified ranges is generated. The resulting data is then used
to construct an approximate model (or ‘meta-model’) of the multi-dimensional design
and performance space. The result is a continuous interpolation that can be searched for
designs predicted to offer high performance. We are specifically employing an Artificial
Neural Network for the meta-model, and search is performed using a Genetic Algorithm.
An iterative procedure is then run by predicting optima, running additional CFD on the
results from the Genetic Algorithm search and repopulating the database, and looping
until performance improvement is achieved. Figure 3.3 demonstrates the convergence of
these performance predicted by the Artificial Neural Network and the actual optimized
geometries.

The consequence of this approach was that extensive numbers of complex simulations
needed to be run. If they were run one at a time, distributed over fewer processors, it
would take many months to generate the same data that we have run during a single day
on Jaguar. In addition, a sophistication of modeling can be achieved on Jaguar that is
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impossible on lesser computers. These capabilities were critically important to enabling
innovation in aerodynamic design at Ramgen in a timeframe meeting DOE goals.

Figure 3.2: Optimization cycle flowchart

Figure 3.3: Example of an Optimization Cycle History Demonstrating
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In order for an efficient optimization procedure to succeed, a complete chain of the entire
workflow must be run automatically. Ramgen has spent years and a great deal of
resources, including discussions with ORNL, towards improving individual modeling and
analysis tools. Throughout 2011, Ramgen worked with our CFD vendor to continually
improve the software. Parametric geometry generation capabilities were developed so
that Ramgen's proprietary designs could be modified substantially based on user-
controlled design variables and driven in batch mode parallel processes. Grid generation
capabilities were developed to specifically handle Ramgen designs and automatically
generate computational grids based on a template-driven process. The flow solver
parallel implementation has been rewritten, now enabling simulations to be run in the
thousands of computer cores range per simulation, and including input/output (I/O)
acceleration. The result was the ability for Ramgen engineers to identify a large number
of design variables they wish to study, and then execute runs at the OLCF that generate
the geometries, grids, and then flow solutions for a database containing several hundred
candidates in the space of a day.

During 2012, Ramgen continued its productive collaboration with the Oak Ridge
National Lab’s National Center for Computational Sciences (NCCS), extensively using
the Jaguar supercomputer to perform intelligently-driven design optimization of the
primary aerodynamic components of its shock wave based compression technology.
Ramgen has run multiple ensemble jobs, encompassing more than seven thousand
individual simulations and nearly 40 million CPU hours, with several of these jobs
effectively utilizing 80% of Jaguar’s available resources.

On June 14™, 2012, a large database run containing 2000 design candidates was
completed on Jaguar. The results of this run formed the basis for subsequent optimization
of the shock compression passage geometry and boundary layer flow control
configuration. To date, over 1000 additional designs have been simulated during this
optimization process. Analysis of these results has demonstrated significant performance
enhancement over earlier designs and has been instrumental in improving Ramgen’s
understanding of the complicated relationship between the geometry, three-dimensional
flow field, and performance of the system.

Over the course of 2013 Ramgen ran multiple ensemble jobs, encompassing more than
eighteen thousand individual simulations and approximately 47.5 million CPU hours.
Two-thirds of these hours were associated with jobs utilizing greater than 60% of Titan’s
available resources, and more than 12% were associated with jobs utilizing greater than
80% of Titan’s available resources. This translated to a greater than 84% level of
capability on Titan, as defined by NCCS as the percentage of hours spent utilizing more
than 20% of the system.

Between March and August 2013, 13 large ensemble jobs, totaling more than 18,000
individual design simulations and representing 3 primary system components, were
completed.  Analysis of these results has demonstrated significant performance
enhancement over earlier designs and has been instrumental in improving Ramgen’s
understanding of the complicated relationship between the geometry, three-dimensional
flow field, and performance of the system.
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During 2013, Ramgen started work to take advantage of the new capabilities of the
Graphics Processing Unit (GPU) enabled Titan system. Previously, the parallel solver
was predominantly a Message Passing Interface (MPI) code where the solution is
partitioned into virtual blocks and distributed to the CPU cores, but work began in early
2013 to add solver acceleration via GPU through OpenACC directives. Our CFD vendor
has developed an updated convergence acceleration algorithm. When using this new
method the cost per iteration was multiplied by a factor of about three, but it enabled a
stable solution at significantly higher Courant—Friedrichs—Lewy (CFL) condition
numbers such that the total number of iterations required to reach convergence was
reduced by about one order of magnitude. Such a combination lead to a reduction of the
CPU time required to reach convergence by a factor of 3 to 4. The implementation
utilizes intensive arithmetic, without interruption by I/O, memory reorganization, or any
other system operation, making it an ideal candidate for the hardware acceleration offered
by Titan’s GPUs. Under contract to Ramgen, our CFD vendor began work in 2013 to
restructure the implementation for multithreading.

Restructuring of the code yielded an additional factor of 2 speedup, and efforts to
complete the implementations needed to off-load CPU. The speedup already reached by
CPU Booster for a Ramgen computation example is shown in Figure 3.4.

Figure 3.4: Example of convergence acceleration offered by CPU booster

4. Task 2.3 — Inlet Guide Vane Characterization

At program start, it was assumed that an Inlet Guide Vane (IGV) would be required, as
was the case for the previous Rampressor-2 program. Task 2.3 was established to ensure
that the flow coming from a new, untested vane shape was correctly predicted by CFD
and matched our rotor inlet requirements.
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After hiring an expert vane designer, Ramgen determined that standard National
Advisory Committee for Aeronautics (NACA) vanes would be sufficient for our needs.
Due to the well-characterized and tested performance of NACA vanes, the IGV test
program was deemed redundant and the task budget was re-allocated to other portions of
the program, with DOE concurrence.

During the second quarter of 2011 Ramgen evaluated the impact on the HP CO,
compressor program to move to the advanced supersonic compressor configuration
developed on the ISC Engine program. After all the schedule, cost, technical and
manufacturing issues were assessed Ramgen’s strong conclusion was that the alignment
of the HP CO, program to the ISC Engine configuration would be the fastest route to the
DOE contract goals. The analysis concluded that most of the existing hardware and
design could be re-used. The components closest to the rotor will need to be redesigned,
and it was determined that inlet guide vanes (IGVs) were no longer required.

5. Task 2.4 — Stationary Diffuser Characterization

The latter portion of the high-pressure ratio CO, compressor under development in early
configurations for the CO, Compressor was referred to as the “Exducer”, which consists
of a centrifugal impeller and a vaned diffuser. Because of specific design features the
flow conditions at the exit of the centrifugal impeller or diffuser inlet are challenging for
the diffuser design and operation. Main challenges are high Mach number (i.e. Mach
number >= 1.0) and high flow angle (i.e. flow angles approaching 80 degrees) at the inlet
of the vaned diffuser. There are many centrifugal compressor designs (almost all high-
pressure ratio centrifugal compressors) where the Mach number exceeds 1 at diffuser
inlet, but typical range of centrifugal compressor diffuser inlet flow angle is 60 -73
degrees. High diffuser inlet flow angle increases total pressure loss and flow instability
such as rotating stall. Based on a survey of the open literature, very limited information
about centrifugal compressors with high inlet Mach number and flow angle conditions
exists. Therefore it was decided to experimentally investigate vaned diffuser designs
under high Mach number and high flow angle operating conditions. Because of time,
schedule and cost considerations it was considered necessary to use an existing
centrifugal compressor test rig and to modify the impeller in order to produce the diffuser
inlet flow field conditions of interest. After contacting several universities and research
institutions which have experience and test rigs for centrifugal compressor research it was
decided to collaborate with the Turbomachinery Laboratory of the Michigan State
University (MSU).

The research project at MSU consisted of two phases. Phase 1 was a feasibility study to
demonstrate that the inlet and operating conditions with high Mach numbers (i.e. M >
1.0) and flow angles (i.e. flow angle > 80 degrees) to a vaned diffuser downstream of a
centrifugal impeller could be produced at the existing MSU test rig. This part of the
project was basically a new centrifugal impeller design, taking into account the existing
test rig constraints at MSU Turbomachinery Laboratory, which would be capable of
producing the range of diffuser test conditions of interest. Phase 2 was to be the actual
vaned diffuser testing under high inlet flow angle and Mach number flow conditions.
Different vaned diffuser designs were to be experimentally investigated at the operating
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conditions of interest (i.e. inlet Mach number range 0.8 — 1.1 and inlet flow angle range
78 — 85 degrees). The goal was to determine the performance (pressure recovery and
losses) and operating range of the vaned diffusers.

During Phase 1, MSU Turbomachinery Laboratory designed a new centrifugal impeller
and analyzed this impeller design using CFD. The effects of some impeller design
parameters (i.e. inlet axial length) were also analyzed. Unfortunately the CFD analysis
was carried out at only one operating point and did not cover the expected operating
range of the diffuser. Based on this CFD analysis, it was shown that the designed
centrifugal impeller can produce a maximum exit flow angle (diffuser inlet flow angle) of
80 degrees and maximum Mach number of 0.90. One major problem of the MSU
impeller design was the danger of flow instability at impeller exit/diffuser inlet.
Comparing the design characteristics (especially the exit width) of the impeller with the
desired high flow angle and Mach number flow conditions, the proposed MSU impeller
design was not stable according to the widely used SENOO stability criteria in the
centrifugal compressor industry. The flow field information and related diagrams or
plots provided in the design report are not conclusive about the flow instability at
impeller exit but for example the flow angle plots at impeller exit clearly depicts flow
separation and backflow regions. Considering that the MSU Phase 1 impeller design
could only partially produce the high Mach number and flow angle conditions of interest
and the concerns of flow instability, it was decided to not pursue Phase 2 of the project.
The remaining task funds were re-allocated, with DOE concurrence.

6. Task 2.5 & Task 3.4 — CO; Compressor Design
General information for the CO, compressor is shown below:

Suction: 220 psia / 100 F nominal

Discharge: 2200 psia / TBD temperature (pending final performance CFD results)
Water cooling temperature: 85 F (cooling tower return) nominal

Suction flow rate: 86 lbm/sec nominal

Gas composition: food-grade CO,

Rotor diameter: 11.408” maximum

Rotor RPM: 31,000 design, 36,306 max mechanical speed

Pressure case material: ASTM A350 LF2 Class 1

Due to the research nature of this compressor demonstrator, there were a large number of
services and other connections needing to pass through the pressure case. High
differential pressures between suction and discharge combined with high discharge
temperatures create sealing and thermal management challenges. The pressure case final
design review summarized the design and analyses performed on this component.

The radial inlet and IGVs condition and direct the suction gas into the supersonic
compressor rotor. Efforts must be made to keep flow distortion and pressure loss at a
minimum while providing the desired rotor inlet Mach number and flow angle.
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Ramgen supersonic compression technology produces substantially higher pressure ratio
per stage than conventional turbocompressors. As a result, differential pressure between
the compressor discharge and suction or secondary flow passages require careful
attention to sealing. The shrouded compressor configuration requires effective shroud
seals to prevent discharge pressure from leaking back around the shroud to the inlet,
where leakage back into the inlet would create flow distortion and reduce rotor
performance. Additional seals must be used to isolate the boundary layer control
secondary flows to ensure pressures and mass flows were kept to their design optimum.
A combination of labyrinth and pocket damper seals was used to provide sufficient
sealing, flow isolation, and damping. The final design review summarized the design and
analyses associated with their design.

The combination of high rotor rotational speed and high discharge pressure result in
potential for aerodynamic cross-coupled forces and resultant instability (Wachel forces).
In addition, lateral rotordynamic stability was of critical importance in high-speed
turbocompressors to avoid issues with tight-running seals and oil heating. To ensure
trouble-free operation in test, Ramgen designed to meet API standards for vibration
magnitude but adopted D-R’s imbalance guidelines (4x to 16x the imbalance required by
API standards). Successful results from these analyses were summarized in the final
design review.

Providing oil lubricant for a high-speed turbocompressor and associated high-reduction
gearbox required a redundant pump system with backup for power loss scenario. After
evaluation of a shaft-driven pump and a gravity flow-down tank for fail-safe operation,
Ramgen selected an electrical motor-driven pump with redundant backup along with an
uninterruptible power supply (battery system) to enable lubricant delivery during power
loss and subsequent compressor coast down.

The Gen 1 rotor design consisted of two separate supersonic inducers bolted to either side
of a single back-to-back subsonic exducer. To manufacture the exducer, a Powder
Metallurgy Hot Isostatic Press (PM/HIP) process was adapted to our specific geometry.
A manufacturing demonstration exducer was fabricated and delivered to Ramgen in early
2011.  The process showed good promise, but some additional manufacturing
development and validation was still required before the rotor destined for the rig was
ready to be fabricated.

The two supersonic inducers presented even greater challenges. To fabricate the integral
shroud and bleed features at the scales required, complex 5-axis machining was required
with tooling that pushed the limits of what was achievable (in terms of tool diameter
versus the overall reach of the tool). In addition, Electric Discharge Machining (EDM)
was also required to reach into the part and finish the machining operations that could not
be achieved with the conventional tooling. After an exhaustive search for a capable
supplier, a manufacturing demonstration inducer was attempted by the one and only
supplier identified who was willing to attempt the part. In spite of their best efforts, this
supplier was unable to demonstrate the manufacturing processes required to create the
inducer geometry.
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During the second quarter of 2011 Ramgen evaluated the impact on the HP CO,
compressor program to move to the advanced supersonic compressor configuration
developed on the ISC Engine program. After all the schedule, cost, technical and
manufacturing issues were assessed Ramgen’s strong conclusion was that the alignment
of the HP CO; program to the ISC Engine configuration would be the fastest route to the
technical goals. The end result was a program that was roughly comparable in schedule,
with improved technical and programmatic risk reduction. The analysis concluded that
most of the existing hardware and design could be re-used. The components closest to
the rotor will need to be redesigned, and it was determined that inlet guide vanes (IGVs)
were no longer required. The redesigned flow path has been designated internally as
Generation (Gen) 2, Build 1.

The redesign and manufacturing of the revised static hardware were part of the critical
path to a 2™ quarter 2012 test target. Final design reviews were completed in January
2012, and final drawings were released in February 2012.

The modification of the flow path to the ISCE configuration modified the rotor design to
that of a traditional impulse fan to accelerate flow into a non-rotating supersonic shock
compression diffuser. Initial designs were generated by utilizing a NASA impeller blade
design code. The rotor produces 12:1 total pressure ratio at design point. In order to
achieve the desired rotor blade exit conditions, the final blade design was developed via
an optimization process composed of 1000 database samples on Jaguar.

The rotor was designed as a single, solid axis with dovetail disc slots for blade
attachments. Coverplates were used on either end of the blade slots to retain the blades’
axial position. While the nominal static pressure difference across the rotor was low,
basic sealing was necessary both across the top of the rotor as well as between the
primary flow path and the rotor wheel space. This sealing requirement was in both cases
addressed by maintaining minimum clearance between sets of labyrinth teeth and an
abradable insert or coating on the adjacent surface.

The rotor Final Design Review (FDR) was completed on December 7th, 2011. A
complete description of the rotor can be found in Appendix 6.1.

Work began in Q2 of 2011 on the modified diffuser following the decision to incorporate
the ISCE flow path into the HP CO, design. In order to accommodate the facility as
designed prior to the modification, both inlet and outlet designs remained largely the
same.

In June, 2011 an analysis of primary flow loss mechanisms was initiated, with the goal to
isolate various viscous effects and quantify their contribution to total pressure loss
through the diffuser. The study identified multiple effects unique to the Gen 2 static
diffuser as compared with the rotating supersonic component from previous Ramgen
designs. The results from this study ultimately informed the design of the final diffuser
structure and flow control features found in the current Gen 2 diffuser.

Down-selection to the final design of the static shock compression diffuser was initiated
in August of 2011. Early design iterations were performed by Agilis Engineering
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working in concert with the aerodynamics team at Ramgen and utilizing Ramgen
facilities. WIND-3D CFD software was used extensively during this portion of the
design phase due to the rapid modeling capabilities of the bleed boundary layer control
features. The aerodynamic team performed supersonic diffuser validation studies to
successfully demonstrate sufficient modeling accuracy of our CFD tools as applied to the
Gen 2 design (see Figure 6.1 and Figure 6.2). Simultaneously, the mechanical team
began finalizing drawings of non-critical flow path components of the HP CO; test rig to
support the manufacturing schedule. Critical flow path component preliminary design
reviews (PDRs) were completed in December 2011 in support of the design schedule.

Figure 6.1: Experimental set-up referenced for validation study; see Emami,
Trexler, Auslender, Weidner, 1995, '"Experimental Investigation of Inlet-
Combustor Isolators for a Dual Mode Scramjet at a Mach Number of 4"
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Figure 6.2: Experimental (points) and CFD results (lines) of the validation study.
CFD showed excellent agreement with experimental results for both minimum and
maximum backpressured cases.

The preliminary design review for the diffuser was completed on December 9th, 2011
with the final design review of the static diffuser components scheduled for January 16,
2012, in support of a Q2 2012 test date. Ramgen completed modeling and validation of
primary flow path components and secondary systems, including: on and off-design
system performance; validation of starting procedure; secondary flow routing and losses.
Items identified for completion prior to the static diffuser FDR include thermal Finite
Element Analysis (FEA); thermal and mechanical load FEA of actuation systems;
completion of volute CFD analysis. A complete description of the diffuser and related
systems can be found in corresponding Preliminary Design Review (PDR) in Appendix
6.2.

More than 2900 CFD simulations were completed on Jaguar, as part of an ongoing design
optimization process. During the course of the optimization, Ramgen discovered several
novel geometry modifications that showed significant promise towards increasing the
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overall performance of a supersonic compressor configuration. Estimates compiled at the
beginning of Q3 2011 showed noticeable improvements over the currently employed
Build 1 geometry, and further optimization moved Ramgen closer to its performance
targets. The highest performing cases were passed to the mechanical design group for
preliminary analysis and design work, while the facility impact of the Build 2
configuration was assessed. Though the designs were sufficiently different from the
Build 1 configuration as to require replacement of a number of primary components,
Ramgen worked to minimize the impact on budget and risk assessment of the Build 2
geometry by reusing a significant portion of the static structure. The pressure case did
not require redesign, nor did the drive train components require modification.

The current Build 2 diffuser design required a redesign of the impulse blade, and in May
2012 Ramgen began preliminary design of a new impulse style rotor blade. Initial
designs were developed using an in-house code based on the well-known streamline
curvature method, and further developed in 3D steady-state viscous CFD. In August,
2012 Ramgen contracted to perform optimization design cycles on a parameterized blade,
and a database of 1000 rotor samples were generated on the Oak Ridge Jaguar
supercomputing system in September 2012. Highly detailed parallel post-processing of
the results included high-resolution performance analysis through the blade passage. The
result of these detailed analyses, in conjunction with the optimization cycles, ultimately
resulted in a 3% increase in rotor efficiency, and a marked increase in rotor exit
uniformity. The rotor system passed Conceptual Design Review (CDR) (Appendix 6.3).

While the design of Build 2 was progressing, the final design freeze was planned to be
contingent on the Build 1 test schedule. A critical point of interest was the conformance
of test results with CFD predictions made during the design process. The supersonic
nature of Ramgen's technology requires detailed modeling of viscous interactions, more
so than conventional turbomachinery designs, making such convergence of test data and
CFD predictions a top priority when diagnosing the risk inherent in the Build 2 design.

The radial turn acts to further diffuse flow from the compressor exit to low subsonic
velocities before discharge into the collection volute and recycling of the fluid. In order
to support volute location and a changing diffuser length through Q2 and Q3, the radial
turn underwent multiple iterations before aerodynamic freeze in September 2011. Ten
vanes exist within the discharge flow path to accommodate bolts. The FDR for the radial
discharge and volute was completed on 22 December 2011. The static diffuser FDR can
be found in Appendix 6.4.

Ramgen uses a number of tools to perform performance evaluations and predictions. The
initial predictions come from first- principal and loss-correlation spreadsheets. As the
definition of the aerodynamic flow path was frozen for use by the mechanical design
team, Computational Fluid Dynamic (CFD) codes were used to separately analyze the
individual components of the flow path including:

Inlet
Inducer
Supersonic Diffuser
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Subsonic Diffuser
Volute
Secondary flows (bleed, cooling, thrust balance, etc.)

These steps were completed prior to completing the mechanical design and
manufacturing of the performance rotor. As the final performance rotor configuration
manufacturing was being completed, the exact design of the flow path can be modeled in
CFD. The fidelity and accuracy of the actual design requires a tremendous amount of
computational resources. The level of sophistication and detail Ramgen has performed
on the flow path are normally resource prohibitive by most aerospace companies. The
level of analysis performed to date gives Ramgen the most accurate prediction possible
prior to test. Once actual tests were conducted and test conditions were collected by
instrumentation the performance models were further refined to match test results.

In Q3 2012, Ramgen began final facility preparations and assembly for testing of Build 1
for the HP CO; program. The final facility piping and instrumentation diagram (P&ID)
was approved for safety and functionality, and was handed to contractors Mollenberg
Betz so they could implement the final facility piping design. The full facility P&ID can
be found in Appendix 6.5.

As part of good safety practice and our agreement with Dresser-Rand a test readiness and
hazardous operations review was held with Dresser-Rand and the Olean facility test
directors. The final review was part of a series of reviews conducted during the building
and commissioning of the facility and the rig build up. The types of reviews that were
held are listed here:

Design coordination meeting
Facility design review

Civil design review
Electrical design review
General status review
Facility hazop

Facility hazop follow up
Facility hazop follow up
Facility electrical hazop
Facility Gen-2 changes hazop
Compressor status review
Rotor mechanical review
Final design review

Bald rotor hazop

Fuzzy rotor hazop
Performance rotor hazop
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The Agenda for the final review reflects the issues that were prepared and reviewed in
detail:

Review previous meetings held
Hardware description
Compressor hardware hazards
Rotordynamics

Starting door hardware

Rotor structural analysis
Performance rotor test description

NouhkLd—

Action items were documented during the review and a closure plan was put in place for
each item. Dresser-Rand safety officers and representatives had to concur that the item
was closed before testing could begin. In addition to the readiness review itself there
were a large number of operating and safety procedures to educate and guide the test
personnel in the safe use of all equipment during testing including:

Ladder Use

Aux Compressor

Forklift

Building entry

Boom Lift

Fire Suppression

CO2 Supply

Compressor Test Rig Actuators
Compressor Test Rig Controls
Compressor Test Rig Cooling systems
Compressor Test Rig Lubrication
Compressor Test RigVibration monitoring
Personnel Protection

Plant Evacuation

The Test Director was responsible for ensuring all test personnel were familiar with the
applicable procedures and competent to operate the equipment they were assigned to.
There was a log to document the personnel that have reviewed each of the procedures.

In conjunction with facility work, Ramgen personnel were on site in Olean for final
assembly of the performance rotor and bundle that was to be inserted into the pressure
case for testing, see Figure 6.3 and Figure 6.4. Assembly took place over the course of 8
weeks as various pieces were independently assembled prior to final insertion of the
completed rotor into the pressure case. The facility was simultaneously being prepared
for the various instrumentation Ramgen required to adequately assess the performance of
the design. Steel and nylon pressure tubes along with 24V wiring and thermocouple wires
were routed to various programmable logic controllers (PLC) around the facility. Final
instrumentation connections were made and the various instruments were checked for
leaks and correct performance.
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Figure 6.3: Ramgen personnel assembling the bundle.

Figure 6.4: Instrumentation work on inserted bundle.

Due to the complex nature of the Ramgen design, a large number of secondary flow
systems were required. The process flow diagram in Figure 6. schematically illustrates
the complexity of the facility piping design. Simultaneous control of the different process
gas flows necessitated automated programming of the control valves to ensure safety, as
well as to reduce the chance of operator error during test. Ramgen used these initial runs
to simultaneously perform valve tuning as part of the facility commissioning stage. With
the rotor accelerated from 1970 to 8860 rpm several times, the tuning of seven valves

Ramgen Final Report DE-FE0000493
22



were performed to ensure proper operation. Once the valves responded acceptably, the
process was repeated while accelerating the rotor from 8860 rpm up to 15,700 rpm and
again from 15,700 rpm to 27,500 rpm. Examination of the vibration monitoring data
revealed a new sub-synchronous vibration (SSV) not seen during previous rotor testing.
The new SSV was seen with significant magnitude on the rotor driven end proximity
probes, the high speed coupling proximity probes, and the gearbox input shaft. The
frequency of the mode changed with speed but it was not a constant fraction of the input
speed. After increasing loop pressure to 100 psia we saw a dramatic and sudden drop in
the SSV which also corresponded with significantly cleaner and lower amplitude orbits at
several locations on the drive train. The change was most apparent on the HS coupling
proximity probes. Unfortunately, the elimination of the SSV was accompanied by a
corresponding increase in rotor 1E vibration levels.

After careful examination of vibration and rotordynamic data, it was decided to increase
suction pressure to 150 psia in an effort to reach higher loads and maximum continuous
operating speed (MCOS). As the load on the drivetrain was increased with the step up in
suction pressure, rotordynamics responded favorably. In the final week of November,
2012, Ramgen reached a major milestone when the build 1 performance rotor was
successfully spun up to MCOS at a motor load of over 8 megawatts, see Figure 6.6.

After a final extensive review in the repeatability of the drivetrain performance (see
Appendix 6.6), Ramgen began the aerodynamic portion of the build 1 performance rotor
test. One of the biggest challenges with the Gen 2 design was the aerodynamic "starting"
of the supersonic diffuser. Though many theories existed on what sequence of actions
would start the diffuser, it was unknown which would be successful. A period of four
weeks was allocated to the trial of the different possible paths to reach a started
supersonic diffuser. On November 18th, 2012, aerodynamic data showed indication of a
starting event in the supersonic diffuser, see Figure 6.7. The event was marked with a
sharp drop in pressures in the diffuser, along with a decrease in the static pressure ratio
across the rotor, both strong indicators of established supersonic flow. This was a huge
milestone for the HP CO, program.
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Figure 6.5: Gen 2 facility process flow diagram.
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Figure 6.6: Rotor speed and power demand.

Figure 6.7: Evidence for a started diffuser.

Though the diffuser was started, the overall suction massflow was lower than Ramgen's
pre-test prediction. Ramgen theorized that the rotor was operating in a stalled regime and
thus ingesting less mass. Ramgen decided to finally increase the suction pressure to our
design point of 210 psia. On December 7th, 2012, the test team observed a significant
starting event as indicated by a reduction in rotor static pressure ratio to ~1 and a jump in
power from 8.2 to over 9IMW, see Figure 6.8. The aerodynamic state the rotor and
diffuser were operating in matched pretest CFD predictions. All subsequent tests
managed to successfully start the diffuser. The path to starting the Ramgen rig was
deemed completed, another major technical goal for the Ramgen test team.
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Figure 6.8: Spike in power draw supports the conclusion of a diffuser starting event.

Ramgen spent the rest of the December mapping performance targets. A major technical
challenge in the Ramgen rig was the design and operation of the actuation system, critical
for a high performing diffuser. It was discovered that in order to commission the
actuation system, it was necessary to first apply backpressure to the rig. Though
Ramgen's initial goal was to actuate the necessary components prior to backpressure, it
was determined that the risk of increasing backpressure during door actuation was small.
On the final test day of 2012, Ramgen's test team reached a backpressure of over 1000
psia, a static pressure ratio of 5.4 at MCOS. The concluding test of 2012 was a major step
in proving the merit of Ramgen's supersonic compressor technology.

In Q1 of 2013, Ramgen continued performance testing of the Build 1 test rig. Following
the "starting" recipe developed in Q4 of 2012, Ramgen was able to successfully start and
exceed the maximum backpressure levels achieved in 2012. However, further testing
demonstrated that the compressor unstarted and surged well before achieving the
predicted pressure ratio. Multiple attempts to adjust secondary flow settings and repeat
the tests to achieve higher pressure ratios were unsuccessful. After a number of surges,
certain aspects of the actuation mechanism began to behave erratically. It was determined
that a disassembly to inspect parts and locate the cause for this behavior was necessary.
The disassembly showed damage to a number of pieces of hardware that would need to
be repaired.

Ramgen's test operating procedures dictated 15 minute warm-up periods at 30%, 54%.,
and 94% of design speed. These warm-up periods were no longer deemed acceptable and
Ramgen undertook the effort to make the necessary control systems and procedural
changes, with related reviews, to ensure safe operation with a constant speed ramp up to
maximum continuous operating speed (MCOS). Testing resumed in June of 2013 under
the new operating procedures.

On September 6th 2013, Ramgen for the first time tested a fully started diffuser that was
able to match pre-test predictions for peak backpressure. Over the course of the next
several weeks, Ramgen continued to build on its success, matching predictions for peak
backpressure not only at design speed, but at various speeds up to 115% of design speed.
Ramgen's successes culminated in achieving a peak pressure ratio of 9:1 in a single stage,
meeting or exceeding pre-test predictions (see Figure 6.9), and a peak discharge pressure
of 1547 psia with a 210 psia suction. Ramgen also had good agreement with predicted
efficiency, coming within 6% of predicted values (see Figure 6.10). The discrepancy in
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efficiency values was attributed to Ramgen's inability to turn down bleed levels in the
diffuser to those predicted in CFD. Corrected test bleed values show a match within the
uncertainty of the measurements.  Unfortunately, a surge at particularly high
backpressure caused another mechanical failure in the rig, but with the good match in
data, the test was deemed a success and concluded.

Figure 6.9: Comparison of test results to CFD predictions

Figure 6.10: Comparison of test and predicted performance data
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7. Task 2.6 & Task 3.1 — Test Facility Preparation

A comprehensive Front End Engineering Design (FEED) effort was performed by
subcontractor ATSI to establish the demonstration unit test facility requirements,
interfaces, and estimated costs. The FEED study studied the economics of main
compressor drive using a steam turbine vs. electric motor. An industry-standard HAZOP
and P&ID review was also performed to ensure the facility met safety standards.

Ramgen also completed an extensive study of performance instrumentation and
measurements required to fully characterize compressor performance.

Steam vs. Electric Decision

After an extensive investigation of the costs and complexity for steam turbine drive (and
associated infrastructure requirements) and electrical motor drive, ATSI concluded that
electric motor drive was less expensive and better able to perform during upstate New
York’s cold winters. ATSI’s summary report is included as Appendix 7.1 to this report.

Drivetrain

After completion of the steam versus electric trade study and the resulting selection of an
electric drive motor/gearbox system for the compressor, multiple vendors were engaged
to locate a motor and variable frequency drive (VFD) which could meet the technical
requirements at the lowest cost. The VFD was required for motor control, specifically
enable a “soft start” feature which limits the in-rush current the motor draws at start up,
which is critical for motors in this power class. Vendors evaluated in this phase of the
work included:

e ATB Lawrence Scott
e ABB

e Siemens

e Converteam

e DDS
e General Electric
e TMEIC

The gearbox vendor and design effort was also executed in parallel to the motor selection
effort, and this ultimately had a major impact on the final motor configuration. Gearbox
vendors evaluated as part of the drivetrain design effort included:

e Allen Gears
e BHS/Voith

e Lufkin
e Philadelphia Gears
e Flender
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High speed motor vendors (specifically DDS) were initially considered as it was felt that
by utilizing the highest possible motor output speed the lowest possible gearbox ratio
could be utilized and still achieve the desired ~36,000 RPM rampressor speeed. Motors
up to 10 MW have recently been developed by a few vendors that can achieve 10,000
RPM output speeds.

As the engineering effort on this system continued, it was discovered that increasing the
motor output speed (and therefore the input speed to the gearbox) in an effort to reduce
total gear ratio did not actually simplify the gearbox design. In fact, traditional parallel
shaft gearboxes were unable to accommodate input speeds higher than 3600 RPM. The
high speed motors that have recently become commercially available were targeted at
applicatons in which the goal was to eliminate the gearbox completely. Unfortunately,
given the relatively high rotational speed of the Rampressor, this was not a practical
option.

Ultimately, a drivetrain design solution utilizing a high gear ratio compound epicyclic
gearbox was selected that utilizes a 10 MW motor with an output speed of 3600 RPM.

Motor/VFD

ATB-Lawrence Scott was ultimately selected to supply the 10 MW motor after a
competitive bid process. Figure 7.1, Figure 7.2 and Figure 7.3 show typical 10 MW class
ATB-LS motors in various states of assembly. The motor was purchased and delivered
to the test site in Olean, New York in November, 2010.

ABB teamed with ATB-LS to offer a complete motor/VFD/transformer package to
Ramgen. The ABB VFD was actually a test unit that was in service at ABB for about
one year. ABB refurbished this unit for use by Ramgen. The transformers were new
units.

Figure 7.1: Partially Assembled Typical 10 MW Motor Showing Base Frame and
Stator
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Figure 7.2: 10 MW Motor Shaft with Windings Installed

Figure 7.3: Nearly Complete Typical 10 MW Motor with Outer Enclosure
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Facility Layout and Configuration

As the facility design progresses, 3D models have been generated to ensure adequate
space for personnel and components and to enable group discussion of facility operation
and construction. The following figures show the general layout of the facility building
and major components, as well as preliminary piping connections.

Figure 7.5 shows a top (Plan) view of the facility buildings. The large building at center
houses the compressor test operations and the closed-loop system. A yellow overhead
crane can be seen near the top of this building. At right stands the cooling tower used to
disperse the 10 MW heat of compression. The violet objects at far left are 34 kV
transformers for the compressor electric motor. Between the transformers and the
compressor test building stands the electrical/control building. Besides housing the
Variable-Frequency Drive, this building houses the test operators and data acquisition
systems.

Figure 7.5: Top View of Facility Buildings and Major Components

Figure 7.6 is a closer view of the compressor and drive motor from above. The drive
motor (with top-mounted cooling fans) sits on center just below the compressor/gearbox.
Dual suction pipes (violet in color) connect to the left side of the compressor case as
described elsewhere in this report. A smaller discharge pipe connects to the right side,
along with other service connections.
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Figure 7.6: Close-Up of Motor/Compressor Arrangement

Figure 7.7 shows a view from the facility floor, looking at the compressor’s non-driven
end. This view would be looking down from the top of the page in the previous two
figures. Service and closed-loop plumbing can be seen, particularly on the left side of the
graphic. Large suction pipes connect on the right; smaller discharge pipe is on the left.

Figure 7.7: Side View of Facility Floor Area
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HAZOP and P&ID Review

A combined HAZOP and P&ID review was led by an outside consultant to identify any
unexpected facility hazards and provide means to reduce risk. This meeting proved
highly useful, resulting in several actions which ATSI, Ramgen and D-R have undertaken
to improve the facility design and operability. The entire contractor HAZOP report is
included in this report as Appendix 7.2.

2011

In consultation with D-R, Ramgen has thoroughly reviewed existing industry standards
(ASME, PTC, etc.) to ensure compliance with best measurement practices. Although a
line-by-line listing of all instrument channels is beyond the scope of this report, a Data
Analysis Plan (DAP) has been developed which documents the specific measurements
and approaches needed to measure the unique characteristics of the supersonic
compressor and ensure that compressor performance was quantified in an industry-
approved manner.

Installation of the motor and VFD were completed by September 2011 in preparation for
bald rotor spin, which had been slated for late September 2011. The test was delayed
until December following two hardware problems. The first was an issue with the motor
bearing system, which was not discovered until system checkout. The bearing required a
redesign, which was completed and delivered to the Olean facility. The second delay was
related to the gearbox designed by Allen Gears when the shipping container received
significant damage during shipping. In order to assure the integrity of the gearbox, it was
returned to Allen Gears for disassembly. Following checkout and reassembly by Allen
Gears, the gearbox was shipped back to Olean for installation, and was delivered without
incident.

On December 20th 2011, Ramgen began bald rotor testing. Initially, the rotor was
accelerated to ~2000 rpm and then held at that speed while data was reviewed to verify
instruments were reading properly. The rotor speed was increased in ~500 rpm
increments with the new speed held for at least 30 seconds before changing speed again.
Eventually a rotor speed of 9000 rpm was attained. This speed was held for
approximately 20 minutes to allow the gearbox to reach equilibrium temperature per the
manufacturer’s instructions. The speed was then reduced in steps of 1000 rpm until the
rotor was stopped. The duration of the test was over one hour and twenty minutes.

The lubrication supply conditions were within specifications during the test as was the
bearing temperatures and lubrication return temperatures. The vibration data showed
orbits under 0.5 mils for the compressor. The magnitude of the gearbox orbit was
consistent with test data from Allen Gears. The test was stopped because there was a
small oil leak present and there was concern about the amount of oil lost during the test.
Post-test examination showed a loss of approximately 1 gallon.

Data from the test was analyzed during the report period. Particular attention was given
to the data gathered by the vibration monitoring system. The maximum speed of the
motor during the test was 920 rpm which was below the speed where concerning
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behavior was seen in motor only tests. As expected, the motor orbits were well behaved
during the test. Vibration data from proximity probes monitoring the gearbox low speed
input shaft are shown in Figure 7.8. The left figure shows the input shaft centerline orbit
at the highest speed obtained during the test. The trace shows 20 shaft revolutions
overlaid with a first order (1E) filter applied. At 2.09 mils pk-pk it was the largest orbit
in the drive train, however, the orbit was very stable. The spectrum plot (right) shows a
first order dominate character.

Orbit Plot (VX406 Gear X-VY407 Gear Y) : Magnitude Spectrum Plot (VX406 Gear X)
4.
2.00018 Il, FILTERED - 1 A 000 ANNOTATION ORDER MODE
GAP -A:-9.25)V, B: -10.10 V 916 RPM

/ 916 RPM

1.000 3.000

Mils p-p

0.000 2.000

Mils

-1.000 1.000

-2.000| 0.000 o N D oo
-2.000 Mils 2.000 0 Hz 200

15.63 Hz, 2.09 Mils p-p, PKH 2.14 Mils p-p (track)

Figure 7.8: Twenty orbits of gearbox input shaft centerline with a first order filter
applied (left) and magnitude spectrum plot showing first order dominance (right).

The compressor shaft orbits were well under 0.5 mils during the course of the test so the
size of the orbits did not cause concern. However, the magnitude spectrum analysis of
the driven end of the compressor (see Figure 7.9) showed a second order peak and some
sub-synchronous noise with a fairly well formed peak at 18.75 Hz. Analysis of the non-
driven end (see Figure 7.10) showed first order dominance and little sub-synchronous
noise.

Gearbox temperature data from the test were compared with data obtained from Allen
Gears. The difference in temperature between the bearings and the supply oil was found
to be lower than seen by Allen Gears. This was attributed to the difference in test
environment. Allen Gears performed their test in a heated test cell while the Ramgen test
was conducted in an unheated building on a cold day with fans blowing cool air across
the test article.

More rotordynamics analysis was performed to understand the behavior of the system
and the different modes seen during testing.
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The new rotordynamic analysis predicted a mode at 36,000 rpm at the design point
conditions. However, Allen Gears data indicated the stiffness of the high speed coupling
to sun gear interface drops as the gearbox load was reduced. The analysis predicted a
mode at 30,000 rpm, the approximate speed at which the mode was seen during test, if
the stiffness was reduced by 92.5%. This level of stiffness was consistent with the Allen
Gears data as the bald rotor had no aerodynamic surfaces and resulted in very little drag.

In an attempt to test the new model, it was decided to make a rotor with increased
aerodynamic drag to provide a greater load to the gearbox to increase the drivetrain
stiffness. To accomplish this, the bald rotor was modified to increase its aerodynamic
drag. The resulting rotor was called the fuzzy rotor, seen in Figure 7.11. CFD analysis
predicted a power requirement of 468 hp at 30,000 rpm with the pressure case at 212
psia.

Figure 7.11: Photograph of fuzzy rotor.

The first test to be conducted used atmospheric pressure nitrogen as the working fluid.
The purpose of this test was to verify the mode near 30,000 rpm was still present and to
provide baseline data for comparison with higher pressure cases. The rotor was
accelerated following previously described procedures with stops at three speeds to allow
the gearbox to warm up. The first attempt used a final gearbox warm up speed of 2800
rpm at the motor. Once the gearbox was warm, the motor speed was increased to 2900
rpm for approximately 30 seconds. The motor speed was then increased to 3000 rpm for
another 30 seconds. Finally, the motor speed was increased to 3100 rpm. After
approximately 25 seconds, the drive train tripped offline due to the orbit exceeding
0.0025 inches.

Figure 7.12 shows a Bode plot of the compressor drive end X proximity probe from the
test. The blue line is during acceleration and the green line is during deceleration. Note
the increase in synchronous component magnitude while holding at a rotor speed of
30,500 rpm (motor speed of 3100 rpm) which resulted in a drive train trip. The
corresponding increase in orbit size is clearly seen in the Bode plot.
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Figure 7.12: Bode plot of rotor driven end X probe during first fuzzy rotor test.

Figure 7.13 shows waterfall plots for the rotor driven end X and Y proximity probes
during the deceleration after the trip. The large synchronous motion was clearly seen
along with significant sub-synchronous noise, as well as noise between the first and
second order components. The higher order components did not appear to change with
speed indicative of electrical run out. As the synchronous component was the only mode
of significance this additional data indicated the larger orbit magnitude was due to the
rotor balance.

The tendency of the rotor driven end orbit size to increase while holding at rotor speeds
between 30,000 and 33,000 rpm was also observed during bald rotor testing. By
continuously accelerating from 30,000 rpm it was possible to achieve full speed. The test
was repeated with this method employed in an attempt to reach full speed. The final
gearbox warm up speed was with a motor speed of 2900 rpm. Once the gearbox was
warm, a motor speed of 3600 rpm was commanded. The rotor driven end orbits
increased with speed until the trip limit of 0.0025 inches was reached at a motor speed of
3390 rpm. As the rotor decelerated, the orbits continued to increase reaching 0.0041
inches at a rotor speed of 30,900 rpm.
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Figure 7.13: Waterfall plots of rotor driven end X (top) and Y (bottom) probes
during the first fuzzy rotor test.

Ramgen Final Report DE-FE0000493

39



Figure 7.14 shows a Bode plot for the rotor driven end X proximity probe from the test.
The acceleration phase shows the synchronous magnitude continuously increased to the
trip point and clearly indicated that the system had not passed through the mode peak.
The deceleration phase showed the large amplitude along with passage through a mode.
Comparison with Figure 7.12 showed very similar behavior with larger amplitudes on the
deceleration phase above 25,000 rpm. Both figures showed a mode peak during
deceleration which implies the gearbox stiffness was lower during deceleration which
was reasonable since the splines and gears mesh differently during acceleration and
deceleration.
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Figure 7.14: Bode plot of rotor driven end X probe during second fuzzy rotor test.

Figure 7.15 shows waterfall plots for the rotor driven end X and Y proximity probes
during the deceleration after the trip. Again, the large synchronous motion was clearly
seen along with significant sub-synchronous noise and noise between the first and second
order components. Comparison with Figure 7.13 showed similar behavior but an
obviously higher synchronous component and more noise present, particularly during the
period with high orbit magnitudes.
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Figure 7.15: Waterfall plots of rotor driven end X (top) and Y (bottom) probes
during the second fuzzy rotor test.
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The atmospheric pressure tests failed to reach full speed and indicated that trim balancing
of the rotor would be required. However, due to time constraints, it was decided that a
pressurized test should be conducted to see if a shift in the mode seen during deceleration
could be obtained. The test plan called for several steps between an atmospheric pressure
test and a 200 psia test, the first being at 50 psia.

The flow loop was filled to 50 psia and the drive train was started. The standard gearbox
warm up procedure was followed with the last gearbox warm up occurring at a motor
speed of 2900 rpm. While at 2900 rpm the suction pressure had an average of 50.12 psia,
a minimum of 49.85 psia, a maximum of 50.38 psia, and a standard deviation of 0.12
psia. Once the gearbox was warm the motor was commanded to a speed of 3600 rpm.
The rotor drive end orbits increased with speed until the trip limit was reached at 3110

rpm.

A Bode plot for the test is shown in Figure 7.16. When compared with the previous two
tests, Figure 7.12 and Figure 7.14, it can be seen that during acceleration the magnitude
of the synchronous component was larger for speeds above 23,000 rpm. It is also
interesting to note that the local minimum was at 21,000 rpm compared to 25,000 rpm for
the first fuzzy rotor test and 23,000 for the second fuzzy rotor test.
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Figure 7.16: Bode plot of rotor driven end X probe during pressurized fuzzy rotor
test.
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Figure 7.17: Waterfall plots of rotor driven end X (top) and Y (bottom) probes from
the pressurized fuzzy rotor test.
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Figure 7.17 shows waterfall plots for the rotor driven end X and Y proximity probes
during the deceleration after the trip. The plots are very similar to the previous waterfall
plots showing the large synchronous motion along with significant sub-synchronous
noise and noise between the first and second order components. Unfortunately, the
pressurized test did not attain a high enough speed to understand the location of the mode
seen during deceleration. Higher vibration levels were seen during the pressurized test
but remain unexplained. The fuzzy rotor testing was halted in order to keep performance
rotor testing on track.

Testing on October 26 and 29, 2011 focused on determining the source of the sub-
synchronous vibration (SSV) observed in earlier testing. The high speed (HS) coupling
was inspected. Small axial wear marks on one end of the HS coupling spline were
observed (Figure 7.18).

Figure 7.18: HS coupling spline wear marks

Allen Gear's opinion of the wear marks was that it was a normal phenomenon due to
partial spline tooth surface engagement at lower loads. As to the SSV, AG recommended
that we install an O-ring on the end of the HS coupling shaft to potentially dampen
vibrations and better retain oil flowing between the teeth. We also discovered some
vibration results indicating a need to re-balance the low speed (LS) coupling. Subsequent
tests gave further credence to an LS coupling imbalance. The LS coupling was re-
balanced and new instrumentation was added to track gearbox vibrations and
accelerations.

On the next test the data indicated a successful LS coupling balance with a reduction of
1X amplitudes. Some positive impact on the SSV was observed which was attributed to
the new O-ring on the HS coupling shaft. Due to continued presence of SSV after the LS
balance we decided to increase the loop pressure from 50 to 100 psia.

After increasing loop pressure to 100 psia we saw a dramatic and sudden drop in the SSV
which also corresponded with significantly cleaner and lower amplitude orbits at several
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locations on the drive train. The change was most apparent on the HS coupling proximity
probes. Unfortunately, the elimination of the SSV was accompanied by a corresponding
increase in rotor 1E vibration levels. The sudden change in orbits occurred at specific
speeds, namely 2700-2800 rpm on acceleration and 900-1000 rpm on deceleration.

On November 9, 2011 we continued to explore this new behavior at 100 psia, making
some changes to gear box oil flow rates and pushing speed higher. Speeds topped out at
a motor speed of 3200 rpm. After some discussion and review of the data it was decided
that a HS coupling balance should be performed to reduce the current 1E vibration level
on the compressor DE. The loop pressure was increased to 150 psia, resulting in ~136
psia suction pressure. At this pressure, the rig achieved MCOS without tripping offline
and achieved a peak power of ~6.4 MW. Other positive results from increasing power
included reduction of the sub-synchronous drive train vibration levels at lower speeds
than previously observed, and indications of a potential diffuser starting event.

8. Task 2.8 & Task 3.3 — Product Traceability

There were two major activities pursued by Ramgen to ensure the demonstration
compressor was traceable to a product/production configuration. The first effort was to
work with Dresser-Rand to understand how this new technology compressor will address
many common product concerns like materials durability, operability, etc. In 2013,
Ramgen’s industrial partner Dresser-Rand analyzed the commercial characteristics of the
Ramgen design and made a decision on the preferred configuration of the HP CO,
compressor in 2014. The configuration was the Super Compressor configuration tested
as the Build 2 HP CO, Compressor in 2015.

The second effort Ramgen undertook as part of this task was to analyze how the Ramgen
compressor could be deployed in a coal power plant to best utilize heat of compression in
the plant cycle. Because efficiently using the heat unique to Ramgen is essential to
reducing the cost of CCS, Ramgen continues to seek ways to work with power plant
engineering firms to define how the Ramgen compression process can be coordinated
with the capture process to maximize reductions in plant operating costs. To date,
Ramgen’s efforts to integrate the Ramgen compressor into a power plant have provided
encouraging indications of value.

e Ramgen can provide ~275 Btu/lbm-CO, as heat of compression recovered at
100°F from the LP and HP discharge streams with discharge temperatures at
~500°F.

e Conventional amine-based solvent regeneration requires 1530 Btu/lbm-CO,

e Mitsubishi Heavy Industries offers their KS-1 advanced hindered amine which
requires 1200 Btu/lbm-CO,, and do utilize heat recovery from their inline
compressor offerings discharging at ~350 F. They quote a “net of heat recovery”
regeneration heat requirement.

e Solvent regeneration heat is typically provided by steam drawn off the main steam
turbine between the IP and the LP casings and can be as much as 2 of the LP
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flow. The LP casing provides 50% of the power in conventional power plant
architecture; therefore the power plant is de-rated by 25% to provide this heat.

e Regeneration occurs at 275 F and heat can be used down to 250 F without
concern over solvent degradation

e The CO, exit pressure from amine-based solvents is typically 22 psia.

e Chilled ammonia has a lower regeneration heat requirement at 860 Btu/lbm-CO,
and exits at 300 psia. Ramgen would apply only the HP stage of compression for
this application.

e About half of Ramgen’s heat of compression can be used to offset rebuilder duty;
the other half can be used to replace a portion of the steam used for feed water
heating. There are typically seven heaters in the feed water heater train. The
specific feed water heater identified is quite site specific, but Ramgen’s higher
temperature will allow it to replace the higher value steam in the train.

It needs to be understood that a detailed integration analysis, including cost comparisons,
requires significant funding and plant operator cooperation to complete. The feedback
we gathered was that the effort required would be comparable to a power plant CCS
FEED study. There were no standard methodologies to apply heat integration as it is site
specific with too many variables to establish a best set of practices. Important site
specific variables include the demographics of where the power plant is located, distances
between power plant components, the ambient conditions including altitude, cooling
medium available, design temperatures and hot to cold ranges thereof.

The type of fuel, type of power plant and type of capture system all affect the specific
design of any heat recovery approach. The various solvent or other capture approaches
each have their own unique set of requirements for regeneration, many of which remain
trade secrets of their developers and not available to Ramgen or any other outside
organization for review. In addition, new, greenfield power plants represent a very
different set of issues than do existing power plants looking to retrofit a CCS system.

The review only cites steam raised to be used in the power cycle, and it is important to
note that other uses for this heat of compression that Ramgen has considered include:
Heat of compression CO, dryers; Coal Drying - with low rank fuels in common and
growing use; Boiler air pre-heating — improves the boiler efficiency in certain situations;
Flue Gas Reheating — improves the buoyancy of the flue gas after being subjected to
various refrigerated level CCS processes; Feed water Heating — as mentioned, can be
used as a secondary heat recovery of residual heat of compression following any of the
applications above; and, Organic Rankine Cycle — Dresser-Rand and others are exploring
the use of Organic Rankine Cycle to recover the heat of compression.

Ramgen Final Report DE-FE0000493
46



9. Task 3.7 — CO, Compressor Retrofit

Build 1 CO2 compressor testing was completed on the Olean NY test stand in October of
2013. After the test data anchored the analytical predictions the next build, Build 2,
configuration was reviewed with Dresser-Rand for performance potential as well as
commercial reliability. Dresser-Rand conducted a detailed internal review of the Ramgen
technology and test results. The analysis yielded a configuration that combined the
benefits of supersonic compression from Ramgen’s successful testing with Dresser-Rand
commercialization experience on CO2 and industrial compressors.  This new
configuration was originally called the SuperCompressor. It is now referred to as the
DATUMS-S. The Build 2 CO2 compressor was originally targeted to be completed by
June 30, 2014. The DATUM-S configuration would involve a new case and flow path
geometry. Dresser-Rand and Ramgen approached the DOE on the possibility of granting
a No-Cost extension to complete the project by March 31, 2015. The No-Cost extension
was granted in April 2014. The components that were replaced or significantly modified
are discussed in this section.

9.1 - Flow path Aerodynamics

Compressor aerodynamic design work under this contract in 2014 was split between two
design concepts. The first concept was managed by Ramgen Power systems as a
continuation from the 2013 design through Q1 2014 and the second (DATUM-S) by
Dresser-Rand from the middle of the second quarter of 2014 onward.

Following a detailed analysis of the Build 1 CO, compressor test completed under Task
3.4 of this contract, Ramgen identified several primary sources of aerodynamic losses in
the supersonic flow path which could be improved in the next design. Additionally,
operation of the Build 1 compressor required a complicated start-up procedure utilizing
variable geometry and sensitive monitoring and manipulation of secondary flow-control
features, all of which were deemed undesirable for an industrial compressor application.
To address both high aerodynamic losses and complicated run characteristics, work on a
two-stage compressor was begun in Q1 2013 Work continued on this design to mid-Q2
2014.

Following the acquisition of Ramgen by Dresser-Rand the DATUM-S concept was
ultimately determined to be the better choice for Build 2 based on a commercialization
evaluation conducted by the team. The DATUM-S design work was completed in 2014.
Drawings were released in late 2014 for manufacturing in support of a March 2015 test
date.

The DATUMS-S is a single-stage supersonic compressor with transonic inlet flow and
vaneless diffuser. When work on the design began under this contract, the majority of
the aerodynamic flow path design had been completed. Focus was placed on detailed
modeling of the secondary and seal flow paths to assess their impact on the compressor
performance, as well as provide design feedback to the mechanical team. Detailed flange-
to-flange pre-test performance predictions were modeled in CFD, and a pre-test
performance design review was held in December 2014 to review the progress. Testing
started in March 2015 with a range of geometric configurations.
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Design work on the Build 2 DATUM-S was launched near the beginning of Q3. Based on
the current compressor design, the Build 2 design is the result of an optimization of 30+
design parameters defining the geometry of the compressor and diffuser flow path.
Methods utilized in this process were developed at Ramgen during the Build 1 design
processes. Computations were run at the Oak Ridge Leadership Computing Facility at
Oak Ridge National Laboratories utilizing the Titan supercomputing cluster under an
ALCC grant. Initial results have shown significant performance gains, with the
possibility of further gains if coupled to a vaned diffuser. Optimization work was
completed in early Q1 2015.

9.2 Flow path Mechanical

In late 2013 the split-blisk Inducer design was released for manufacturing. However,
prior to machining commencing, the configuration decision was put on hold pending the
evaluation of the Build 2 CO, compressor design by Dresser-Rand. The result of
Dresser-Rand’s deliberations was to proceed with the DATUM-S, configuration. Once
the strategic direction for the Build 2 configuration had been determined, with the
compressor now envisaged as a single stage flow path, resources were redeployed onto
the DATUM-S program.

A summary of the challenges faced with the flow path Design is provided in Appendix
9.2.1 Flow Path Design.

Design of the flow path proceeded and in August 2014 a Final Design Review (FDR) was
held. See Appendix 9.2.2 Flow Path Final Design Review for the FDR material. At the
rear of the flow path was a large cylindrical surface that provides sealing and
rotordynamic damping capability. The diametral location of the seal was set such that at
design point there was a small net thrust load away from the gearbox.

In late August a Production Readiness Review (PRR) was completed, the drawings
released and manufacturing commenced. The PRR material is included as Appendix 9.2.3
Flow Path Production Readiness Review.

Milling, turning, shot peening and NDT of the flow path was completed in early
December 2014 and profile machining and blade tip hard coating were completed in mid-
Jan 2015 in support of the target March test date.

9.3 Static Structure

The DATUM-S configuration had a number of distinguishing characteristics. The
configuration has a high total pressure ratio flow path with a sub-sonic inlet and
supersonic exit. In this configuration flow exits the flow path and enters a diffuser. The
rotational speeds needed to produce a high total pressure ratio require a smaller diameter
flow path. Design review material of the static hardware design is included in Appendix
9.3.1 Static Hardware Design Reviews.

Rotordynamic stability was achieved in part by a rotor seal on the flow path. The rotor
seal serves three main functions:
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1) Aid in the rotordynamic stability of the unit,

2) Reduce the amount of high pressure leakage which was not directed through
the diffuser flow path, and

3) Serve as a pressure control barrier for management of the drive train thrust
loads.

Reduction of leakage from the main flow path and management of the flow path thrust
loads were unfortunately in cross purpose to one another. A large pressure area was
required to give adequate range for thrust balance control. However, leakage flow rates
increase with a larger seal diameter, and high surface speeds result in more heat imparted
to the fluid as it travels through the seal gap. A passive clearance control system allowed
for near uniform radial growth of the structure at the rotor/stator interface, and small seal
clearances could be achieved. Additionally, for the Build 2 CO, compressor test, an
active rotor clearance control system was added for more flexibility. Seal clearance can
be directly measured in test using proximity probes imbedded in the seal which target the
flow path seal land, and clearance can be adjusted. Design review material for the rotor
seal is included in Appendix 9.3.2 Rotor Seal.

Another challenge resulting from the high fluid temperatures at the exit of the rotor seal
was cooling of the flow path and dry gas seal. This was addressed by a heat shield
directly downstream of the rotor seal, as well as a heat shield/baffle plate next to the dry
gas seal which helps block hot seal exit fluid from making direct contact with the dry gas
seal and flow path wall. Both heat shields were cooled using dry gas seal supply flows,
which eventually exit the compressor via the same passages used to capture the rotor seal
leakage flow.

Another notable design feature of the static structure was the removable bundle. Instead
of removing each piece part separately, the entire bundle can be removed from the
pressure case as a single assembly. This was desirable from a maintenance standpoint
because it gives easy access to the internals for cleaning, inspection, and replacement in
the field if needed.

The thrust bearing and both journal bearings were contained within a bearing housing
which was external to the pressure case, see Figure 9.3-1. This allowed for ease of
removal and compressor maintenance. Design review material for the layout of the
compressor is included in Appendix 9.3.3 Compressor Layout.
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Figure 9.3-1: Bearing Housing

9.4 Facility/Drivetrain

Ramgen’s existing 10 mega-watt closed loop CO, facility required modifications in order
to accept and drive the Build 2 DATUM-S compressor. The existing drivetrain was
capable of delivering 10 MW from a Lawrence Scott electric motor at a speed of
3240RPM, up to 3580 RPM. This power was transmitted to a compressor via a speed
increasing Allen Gears epicyclic gearbox. The Build 2 compressor’s design point
operating speed was lower than for Build 1, and so modifications to the drivetrain were
required in order to deliver the requisite power at the Build 2 design speed. Dresser-Rand
decided a new Allen Gears epicyclic step-up gearbox was the most economical choice for
the Build 2 DATUM-S compressor. It had proven, tested performance during the Ramgen
test program and would allow the compressor to fit within the footprint of the existing
concrete foundation in the Ramgen facility. The alternative option of linking multiple
lower gear ratio gearboxes to achieve the desired overall ratio would have necessitated an
overhaul of the existing lube oil system to accommodate the extra oil flow necessary to
operate a second gearbox. Final Design Review (FDR) material for the drivetrain and
overall baseplate layout is included in Appendix 9.4.1 Compressor Drivetrain and Skid
FDR.
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The new Allen Gears epicyclic gearbox was ordered in May of 2014, and carried a 44
week lead time. The Build 2 compressor test schedule required an interim solution to
support a Q1 2015 test program. Dresser-Rand elected to have Allen Gears modify the
existing gearbox in order to serve as the bridge between start of test and arrival of the
new gearbox. The reworked gearbox was modified to include a single bearing supported
high speed output shaft, rather than a splined hub, see Figure 9.4-1. This decision was
made in order to increase the rotordynamic stability of the drivetrain to eliminate some
risk of delay in collecting aerodynamic performance data due an inability to reach design
speed. The increase in overall axial length of the reworked gearbox with the addition of
the high speed output shaft more closely matches that of the new gearbox. It will allow
for a speedy replacement for the new equipment once it’s received on-site.

Figure 9.4-2 - New Allen Gears high speed output shaft

One area that remained unchanged with the reworked gearbox was the overall gear ratio.
Thus, the drivetrain was not able to provide the required power at the design point
operating speed. In order to allow for the test program to move continue on schedule, D-
R elected to have the initial testing done at reduced suction pressure. This enabled the test
team to operate in whatever power regime the drivetrain was capable of providing. These
tests were still worthwhile as they provided critical aerodynamic performance data, while
simultaneously allowing the test team to gather data and troubleshoot systems within the
COMpressor.
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Figure 9.4-3 - Modified Process Flow Diagram

The complexity of the process gas system for the compressor decreased dramatically
which allowed Dresser-Rand to simplify a large portion of the existing piping within the
facility, see Figures 9.4-2. The figure above shows the updated process flow diagram,
detailing new piping installed as well as the dead-headed piping legs. Major piping
modifications included the inlet and discharge legs of the compressor. Final pipe fitting
began once the pressure case was installed on the baseplate in January 2015. The
reduced volume decreased test operating costs as well as limited the potential
troubleshooting issues during the preliminary fills of the CO, loop. Concerns with
contaminating the purity of the CO; in the loop were addressed by adding manual vent
valves on each end of the newly created dead legs. The test team also procedurally
checked the purity of the CO, with a gas analyzer while finalizing loop fill procedures.
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The control system reduced the overall complexity of operation with fewer process gas
systems to monitor during a typical test. Final Design Review (FDR) material for the
facility layout is included in Appendix 9.4.2 Facility FDR.

Build 2 CO, Demonstrator Testing

The DATUM-S Build 2 CO, compressor started testing on March 27, 2015. The testing
goals were to validate CFD on the latest DATUM-S configuration in CO,. The first
iteration of the DATUM-S was not designed to achieve optimum performance but it was
predicted to achieve the same or greater single-stage pressure ratio as Build 1. After
initial validation for CFD performance predictions, follow-on aerodynamic packages of
Build 2 will target higher efficiency and operating range.

The test results compared to CFD predictions are plotted on Figures 9.4-3 and 9.4-4. The
predicted and measured Pressure Ratio and Normalized Efficiency (ratio of data or CFD
prediction vs. maximum efficiency for Build 2) are plotted against the inlet mass flow
ratio of measured mass flow to predicted mass flow and maximum efficiency. The inlet
mass flow ratio allows for a meaningful comparison of performance between several
different configurations i.e. Build 1, Build 2, 2b and 2c.

As can be seen in the data, the Build 2 CO, compressor achieved higher pressure ratio
than Build 1. Build 2 test data shows lower efficiency, but Build 2 demonstrated more
range than Build 1. There is usually a trade-off between range and efficiency in turbo-
machinery. Build 2 efficiency did not fall off as quickly over the operating range as did
Build 1. Build 1 was not designed to demonstrate range. Future configurations of Build
2 i.e. 2b and 2c. are predicted to increase both pressure ratio and efficiency over a normal
operating range, as shown in Figure 9.4-3 and 9.4-4.
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Figure 9.4-3: Comparison of test results to CFD predictions

Figure 9.4-4: Comparison of test results to CFD predictions
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10. Task 4.1 & Task 4.2 — Preliminary and Final Design and Testing of Integrated
Supersonic Component Engine

In the first half of 2011, Ramgen completed a preliminary design review for the first
design iteration of the Integrated Supersonic Component Engine (ISCE). The complete
ISCE engine consists primarily of the inducer, diffuser, advanced vortex combustor, and
multiple turbine stages.

Inducer

Prior to the review, Ramgen identified a large body of work that would need to be
successfully completed in order to consider the preliminary design review a success.
Ramgen choose to first complete the inducer blade design before advancing to the design
of the diffuser. The inducer blade was a more traditional style of turbomachinery, and
the larger body of prior work would allow for more rapid closure of the blade design.
The design involved analytically solving aerodynamic equations for the flow between the
blades which would achieve a total pressure ratio that would meet overall goals. The
blades were then modeled in 3D inviscid and viscous CFD to give a better prediction of
overall blade performance; see Figure 10.1. The inducer blade design was iterated based
on CFD results until acceptable performance was achieved. Full Finite Element Analysis
(FEA) analysis was performed on the blade to insure mechanical integrity as the blades
will undergo large centrifugal forces.

Figure 10.1: Sample Impulse Blade Section
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Diffuser

Following satisfactory design closure of the impulse blade, Ramgen began concentrating
on the design of the static diffuser which would convert the total pressure exiting the
inducer blades to static pressure. A 2D method of characteristics routine was used to
design the diffuser ramp which sets up the stable shock structure inside the diffuser.
Ramgen initially iterated on the ramp design based on results from 2D viscous CFD
simulations, as full 3D simulations are computationally expensive. Once the
performance of the 2D simulations reached satisfactory levels, full 3D models were
simulated to insure capturing of complex phenomena such as leading edge effects and
shock wave boundary layer interactions. Starting simulations were performed in order to
confirm the ability to start the diffuser during test. These simulations were performed in
2D, as a 3D starting simulation remains beyond current computational limits. Ramgen
determined the 2D results provided sufficient margin such that additional complexities in
the true 3D geometry would not inhibit the diffuser’s ability to start.

It was determined during the review that the risk involved in the testing of a full engine
design could be reduced by retrofitting a Solar Saturn engine to include the inducer blade
and diffuser. Ramgen would then test the remaining components separately prior to the
full scale test. This risk reduction strategy would still allow Ramgen to sufficiently
validate some of the most critical components of the ISCE engine design while
dramatically increasing the chance of success.

Work continued on iterating compressor stage designs that could be fit into the existing
solar turbine configuration. Ramgen converged on a final inducer blade design that met
design goals with acceptable performance levels. Characteristics for the final rotor blade
are displayed below:

Rotor hub radius: 5.500 inches
Rotor tip radius: 6.770 inches
Rotor mean radius: 6.135 inches
Blade Height: 1.27 inches
Discharge Mach: 1.334

Inlet total pressure: 14.55 psia
Inlet total temperature: 60° F
Mass flow rate: 13.4 Ibm/s
Number of blades: 43

Rotor RPM: 22,300 design
Rotor power: 1.5 MW max mechanical

Ramgen’s analysis on various components found the total pressure profiles exiting the
inducer had a noticeable effect on the performance of the compressor. Specifically, the
uniformity of the exit total pressure was determined to be a feature of considerable
importance. Previous rotor designs that showed a lack of uniformity in the total pressure
profile exiting the inducer had a significant impact on the stability of the boundary layer
near the hub. To help circumvent this, the inducer was redesigned using similar
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methodology as was reported previously in an attempt to achieve total pressure
uniformity. Details of the design are summarized in Appendix 10.1

The engine feeds the supersonic diffuser whose primary purpose was to convert total
pressure to static pressure. The shock structure that develops within the compressor was
influenced by the properties of the incoming flow, and most importantly the Mach
number as the oblique shock angle was a function of only the turning generated by the
ramp and the incoming Mach number. In order to achieve a uniform outflow total
pressure profile, the Mach number near the hub of the diffuser was required to be larger
than the Mach number at the shroud. This change in the inducer design required the
diffuser ramp to be modified. Ramgen increased the complexity of its viscous 3D CFD
analysis in order to try and capture the important interaction between the inducer and
static diffuser. Analyzing a rotating and stationary component within the same
computation introduces additional modeling complexities and necessitates an increase in
model grid resolution. Ramgen iterated on diffuser ramp models, coupling its interaction
with the inducer until the inducer/diffuser stage reached acceptable performance targets.

In parallel Ramgen was performing complete structural and thermal finite element
analysis to ensure mechanical integrity of the aerodynamic designs. The combination of
high rotor rotational speed and high discharge pressure results in the potential for
aerodynamic cross-coupled forces and flow instabilities.  In addition, lateral
rotordynamic stability is of critical importance in high-speed turbocompressors to avoid
issues with tight-running seals and oil heating. To ensure trouble-free operation in test,
Ramgen designed to meet API standards for vibration magnitude. Successful results
from these analyses were summarized in the final design review. Details of the
conceptual design review can be found in Appendix 10.2

Redmond Facility

A multi-bay facility was leased in Redmond, Washington where the testing of the ISC
Engine and its components took place. The facility required a multitude of upgrades
before it will be fully prepared for testing. The master layout of the facility bays can be
found in Figure 10.2. The facility layout was designed to support up to three separate test
programs simultaneously - the advanced vortex combustor (AVC), the ISC Solar engine
retrofit, and an LP CO, test. The LP CO, test was not completed before the end of the
program.
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Figure 10.2: Full Redmond Facility Layout
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Performance Instrumentation and Measurement

In consultation with D-R, Ramgen thoroughly reviewed existing industry standards
(ASME, PTC, etc.) to ensure compliance with best measurement practices. A Data
Analysis Plan (DAP) was developed which documented the specific measurements and
approaches needed to measure the unique characteristics of both the supersonic
compressor and engine to ensure that their performance was quantified in an industry-
approved manner.

DOE Program Review and Report

In 2011 Ramgen met and presented current material with Tim Fouts and members of the
DOE. The meeting purpose was to discuss Ramgen technology and progress at that time
satisfies the requirements of this review. Presentation materials can be found in
Appendix 10.3.

After completing the preliminary design phase of the ISC Engine program, work on aero-
scaling algorithms continued in parallel with the design and testing of Ramgen's multiple
programs. Ramgen continually investigated the potential of scaling the compression
technology upward to increase variability in possible future product lines as well as
increased marketability in various high compression applications.

Ramgen successfully completed the preliminary and final design phases of the ISC
Engine program and held design reviews to identify any unexpected aerodynamic and
mechanical issues leading up to the final design and start of procurement for the program.
3D viscous and inviscid CFD results were reviewed, along with relevant structural and
mechanical work. Details of the design review are available in Appendices 10.4 and 10.5.

11. Task 4.3 — ISC Engine Subcomponent Test

With the decision to apply the supersonic compressor to the Saturn engine for retrofit the
rotating combustor system definition as well as composite ring proof-of-concept
definition, proposed in the initial design concept, were no longer applicable. This
significantly reduced the risk of the overall design, and the cost and schedule risk
associated with additional exploratory activities.

The subcomponents that were meaningful to study included:

Non-rotating Combustor Test

High Expansion Ratio Nozzle Test
Turboexpander Test

Turboexpander Module Checkout Test
Primary Turboexpander Test
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The following sections explain Ramgen’s efforts to design, build and test these
components as critical learning opportunities for the successful integration of a
supersonic engine.

Non-Rotating Combustor Test

The ISCE subcomponent combustor design was the next generation of Ramgen's
Advanced Vortex Combustor (AVC) i a fully annular configuration. The combustor
was a dry lean premixed type that puts bulk fluid swirl into the flow to allow for less
turning in the turbine first stage nozzle, and thus more efficient engine operation

In support of the ISCE design, work on the Annular Advanced Vortex Combustor (AVC)
commenced in 2012. The AVC hardware was designed as a full scale combustor test of
hardware representative of the ISCE Build 2 combustor, and was intended to provide
efficient combustion with a highly-swirled exit flow, allowing for more efficient
processing by the turbine. Ramgen sought to deliver this highly swirled flow with
efficient combustion using trapped vortex cavities as the combustor pilot zone. This
concept was a modification to previously designed trapped vortex combustor (see Figure
11.3) and utilizes many scaling and design lessons learned from that test program.

Cavity Fuel &
Combustor Wall © Air Injection
Premixed

(y
Fuel & Air N Q

/

Combustor Wall
Dump Plane

Figure 11.3: Schematic of the trapped vortex concept. From Edmonds, Steele,
Williams, et al, "Ultra-low NOx advanced vortex combustor." Proc. ASME Turbo
Expo, 2006.

The hardware was intended to operate holding corrected massflow within the facility
capabilities of the Ramgen combustor test cell. The designed geometry was run at a
maximum pressure of 4 atm. Higher pressures were not attainable as they would require
more airflow than the facility could deliver. The combustor test shall operate in both a
pressure fed cavity condition and a plenum fed cavity condition. Specifically, pressure
fed cavity operation means that there will be independent control of the cavity air
flowrate. Plenum fed cavity operation means that the effective area of the injector holes
in the combustor centerbody shall set the air flowrate to the cavity with the air being
drawn in from the same plenum as the main air and cooling air.
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The AVC program was intended to represent the ISCE Build 2 combustor, design, and
the operating envelope. The AVC test conditions were based on the ISCE engine
operating conditions of 290 psia inlet total pressure and 855 °F total temperature, and
were run such that the corrected inlet massflow of the combustor test rig matches engine
compressor exit flow. Ten percent (10%) of the compressor massflow was intended for
turbine cooling. At this time, facility limitations impose a maximum inlet air massflow
of 2.1 pounds per second with 58.8 psia and 650 °F total conditions.

The combustor initial geometry was based on known scaling rules, residence time goals
and target velocities for the combustor based on prior testing. Once the baseline
geometry was developed, CFD of the flow field was conducted using both non-reacting
and reacting simulations. The combustor inlet centerbody that creates both bulk swirl
and contains the trapped vortex pilot cavities was further optimized. One challenge
identified early on was the need to get cooling air, cavity air, and cavity fuel into the
centerbody and distributed. Correctly sizing the flow passages was key to achieve both
stable vortex combustion and adequate cooling of the hardware. The conclusion reached
was that the cavities should be split into a unique inner and outer cavity with one vortex
pilot flame in each cavity, in order to provide services to the cavities.

An important design consideration for this program was how the bulk swirl would be
added to the flow. Initially, it was thought that the compressor discharge flow would be
left swirling upstream of the combustor, however upon further analyzing this it was found
that the combustor cooling on the liner inner diameter (ID) would be starved of cooling
air due to insufficient pressure drop to drive the cooling flow through the liner. This
phenomenon was the result of conservation of angular momentum and the fact that the
liner inner diameter was less than the combustor inflow annulus leading to a decrease in
static pressure on the liner ID.

Arriving at the optimal combustor exit swirl involved consideration of multiple important
factors. The concept of bulk swirl in combusting flows has been studied extensively in
the past for afterburner or augmenters. What was found was the turbulent flame speeds
are enhanced in swirling flows that induce a large amount of centrifugal g-loading on the
flow, to a point. A sample of data obtained from this testing is shown in Figure 11.3,
with this in mind the inlet radii and flow angle where carefully chosen for the combustor
design in order to prevent extinction of the flame due to very high g-loadings. The final
combustor geometry was set considering both the conservation of angular momentum
from inlet to outlet for all flows and the combustor inlet g-loading was evaluated with the
goal to keep it less than 3500 g's.

The combustor has been designed with optical access to visualize the bulk fluid swirl and
confirm correct operation. The test article was instrumented for both temperature and
pressure measurements to monitor combustor health, as well as with several combustor
dynamic pressure transducers to monitor combustor acoustics. The combustor test rig
has also been designed with four locations for exhaust plane measurements, which
include exhaust gas emissions and temperature. The four mounting locations utilize a
universal mounting interface so that any exhaust probe can be utilized in any location.
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The final design of the combustor liner evaluated multiple shapes in an effort to optimize
the liner cross-section for both cooling flow and desired combustor residence time. The
final liner design was an impingement effusion type that additionally incorporates optical
access through part of the outer liner to visualize the flow field bulk swirl. The
combustor was instrumented with several thermocouples to monitor the health of the
combustor hardware. = The exhaust was monitored with an emissions rake and
thermocouple rake.
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Figure 11.3: Flow field centrifugal effects on turbulent flame speed. Lewis, G. D.,
"Centrifugal-force effects on combustion." Proc. 14th Symposium (International)
on Combustion, 1973, pp. 413-419.

Combustor Design Milestones

Significant design work was accomplished throughout 2012 by Ramgen employees as
well as contractors at QUEST Global, including CFD and structural analysis of the
primary combustor flow. The following design reviews were completed in 2012:

e Conceptual Design Reviews:
o Pressure Vessel, May 2012
o Fuel and Air Facility Delivery Systems, May 2012
o Combustor Test Article, June 2012
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e Preliminary Design Reviews:
o Pressure Vessel, August 2012
o Combustor Test Article Aerodynamic Review, August 2012
o Combustor Test Article Aerodynamic Review, September 2012
e Final Design Reviews:
o Pressure Vessel, November 2012
o Combustor Test Article, December 2012 (Appendix 10.6)
e Combustor Test Article Long Lead Drawing Completion, May 2013
e Facility Air and Fuel Systems, January 2013

e Facility Air System, March 2013

e Facility Fuel System, March 2013

e Exhaust Water Cooling System, September 2013 (see Appendix 10.7)
e Facility Instrumentation, July 2013

e Combustor Test Hazop Complete, October 2013

In December 2012, the final design review was held on the ISCE combustor sub
component. This review identified action items that had to be closed prior to release of
hardware drawings for fabrication. During the first quarter of 2013, work to close these
action items was completed and drawing creation was started. Additionally, during
drawing creation, work began on finalizing the manufacturing plan for all combustor
components. The modular nature of this design necessitated extra effort on developing
the manufacturing plan for the hardware. Combustor component drawings were
completed around the end of May 2013. Several dry fit checks were performed on the
hardware after manufacture in an effort to identify and resolve assembly issues as early as
possible.

Combustion Facility Design Work

The combustor test was conducted in an optically accessible pressure vessel. Safety
considerations and local regulations required that this pressure vessel be an ASME
stamped vessel. The pressure vessel initial design was done by Ramgen engineers with
input from scientists at the Air Force Research Lab (AFRL) of Dayton, Ohio. Ramgen
has previously done combustor testing at the AFRL High Pressure Combustion Research
Facility (HPCRF) in Dayton and visited this facility again as part of this program to plan
for the design of Ramgen's combustor test facility. The combustor pressure vessel was
installed with the main axis horizontal (see Figure 11.4). The inlet plenum sits on rollers
and can be pulled away from the instrumentation case for access to the combustor. Main
inlet air enters through the inlet plenum and travels through a special inlet to create
virtually quiescent inlet flow field at the combustor inflow plane. The combustor was
cantilevered from the exhaust with all services and instrumentation entering through the
instrumentation case.
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Figure 11.4: AVC facility layout.

Throughout the design process trips were made to Ohio to review the facility and
combustor design with scientists in AFRL's combustion branch. Additionally, these trips
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have allowed for review and working meetings on the combustor design as much of the
CFD and thermal design work has be performed by QUEST Global in Cincinnati, OH.

Combustion Test Facility Construction

For the current and future combustion tests, the facility requirement for air delivery was
set at 2 Ibm/sec, 200 PSIG, and 650 °F. Delivered air could be water saturated, but liquid
water and any particulate matter was removed. Consistent delivered temperature control
was critical and so the air was routed through an electric heater. A schematic of the
overall compressed air system can be found in Figure 11.4.

Air Compressor/Receiver Tank

An Ingersoll-Rand HXPE450-2S air compressor was installed adjacent to the combustor
test cell (Figure 11.5). This water-cooled 450 horsepower 2-stage screw compressor
delivers 1739 SCFM (2.2 Ibm/sec) at 200 psig, aftercooled to 90 °F. Inlet air was filtered
down to 3 microns. Ducting was installed through the roof for both air intake and
auxiliary cooling air exhaust.

Figure 11.5: Photograph of I-R air compressor

A large receiver tank, shown in Figure 11.6, was required to both minimize pressure
fluctuations propagating downstream from the compressor and to provide reserve
capacity in case of a power outage or compressor failure during test. Following
Ingersoll-Rand guidance, a 3,800 gallon steel receiver tank was installed adjacent to the
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air compressor. An automatic condensate drain was installed to the tank bottom, which
uses tank pressure to pump condensate to the facility water purification station. After
removal of any compressor oil from the condensate, clean water was discharged.

Air Heater

To raise air temperature from the 90 °F compressor discharge to desired combustor inlet
650 °F, a 360 kW electric heater was installed between the receiver tank and the
combustor test rig (Figure 11.7). Using redundant thermocouples to control output
temperature, this heater provided continuous temperature adjustability and automatic
response to changes in mass flow.

Figure 11.6: Photograph of air compressor receiver tank.
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The pressure vessel was ASME code stamped and capable of 300 psi and 1000 °F
operation with optical access. The vessel was delivered to Ramgen's Redmond, WA test
facility in June 2013. Figure 11.7 shows the vessel prior to installation of the facility
piping systems. Figure 11.8 shows the vessel after installation of some facility piping.

Figure 11.7: Combustor Test Pressure Installation

The combustor test facility has been designed with two independent air legs, main air and
cavity air. The system was designed such that both air legs could be used or just the main
air leg. Upstream of both control valves a pressure regulator was installed to set the
system header pressure and remove any pressure fluctuations that might be induced by
the air compressor. The main air utilized a proportional globe valve for control and a
critical flow venturi for massflow metering. The cavity air utilized a globe valve for
control and a venturi for massflow measurement.

The combustor test was conducted utilizing natural gas from the local utility in Redmond,
WA. Gas was supplied to the facility at 10 psig and compressed up to 215 psig by a
natural gas compressor that supplies fuel to two bays into the facility. Once the gas
entered the combustor test bay it was divided into two legs, one leg was for fueling the
combustor cavity region, the other for fueling the combustor main inlet flow. Both fuel
legs measured massflow and were controlled by independent proportional globe valves.

Cooling water was utilized for exhaust cooling to protect the high temperature V-ball
back pressure valve and exhaust piping. The back pressure valve was capable of
withstanding 800 °F so cooling water was sprayed into the exhaust just downstream of
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the combustor exhaust annulus. Additionally, the closed loop water cooling was
provided to the hardware at the combustor exhaust. The closed loop water supply served
to cool the hardware and prevent boiling in the water supply before the water was
injected into the exhaust stream.

Figure 11.8: Combustor Test Bay nearing completion at Ramgen's Redmond, WA
Test Facility.

11.1 Task 4.3.2 Combustor Test

In early 2014 combustor hardware was nearing the end of fabrication. During the last
week of February, Ramgen personnel travelled to the machine shop that fabricated the
test hardware and completed the hardware assembly of the centerbody and inner liner.
Once this assembly was complete it was shipped to Ramgen’s Redmond Lab facility for
integration into the combustor test facility, see Figure 11.9

Prior to the arrival of the combustor test article, work was underway to complete the
facility and install all of the necessary services to operate the combustor including:

Two natural gas fuel legs

Two heated air legs

Closed loop combustor hardware water cooling
Open loop combustor exhaust water cooling
Control system programming
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Once the test article arrived final integration began and checkout tests were conducted
included fabrication and leak checking manifolds, instrumentation hookup and checkout,
and control system verification, see Figures 10.10 and 10.11.

Figure 11.9: Combustor Assembly prior to hookup of fuel, air, water, and
instrumentation in Redmond Lab.

Combustor test article health monitoring instrumentation included:

e 69 temperature measurements monitoring metal temperatures, fuel and air
temperatures within the test article

e 14 dynamic pressure measurements use to monitor for potential combustor
acoustic phenomena.

e § static pressure measurements monitoring combustor pressure drops.
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Figure 11.10: Combustor Test Article with all services hookup up and ready for
liner air cooling flowchecks.

Figure 11.11: Combustor Pressure Vessel closed and ready for test.

Initial testing focused on verification of the PLC control software to insure safe facility
operation. Testing focused on verification of fuel and air control valve operation, and
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combustor exhaust water cooling which was critical to prevent overheating of exhaust
piping and the facility backpressure valve.

Once these checkout tests were complete the combustor was prepared for airflow checks.
The purpose of these checks was to confirm that the hardware was flowing adequate
amounts of cooling air. The experimental results were compared with the design intent to
make sure that the combustor hardware would not overheat in operation. These tests
were conducted by covering over the main flow passage to isolate the airflow to just the
liner and allow for direct measurement of the combustor liner cooling flow. Hardware
was also built to allow for determination of the centerbody cooling flow rate. After
multiple tests and some troubleshooting these tests revealed that the combustor was
flowing about 30% more cooling air than design intent. After performing necessary
pressure vessel and hardware leak checks it was decided to proceed with testing to begin
to understand the combustor operational characteristics.

Initial fueled combustor testing focused on ignition of the cavity region only. First
ignition of the cavity was achieved at the end of April 2014. The combustor was
designed to first light the cavity flame and then add main fuel to ignite the main flame.
Figure 11.12 shows combustor ignition; the plot shows the rise in the cavity wall
temperatures during an ignition event (y-axis: temperature, x-axis: time). Once repeatable
ignition was demonstrated, the cavity operation limits were explored prior to lighting the
main flame.

Figure 11.12: Cavity Ignition Data, 5/2/1014

In early May 2014, the main flame was lit and the combustor mapping was started.
Combustor testing focused on understanding the operating limits of the combustor
between 2 — 4 atmospheres. Temperature data from the inner liner are show in Figure
11.13 (y-axis: temperature, x-axis: time), this plot clearly shows the temperature rise
caused by the cavity only ignition followed by the main flame ignition as main fuel was
introduced to the combustor.
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Figure 11.13: Main Ignition Data, 5/7/2014

The facility emissions equipment was being commissioned during June 2014 and initial
emissions data was collected for NOX, CO, CO2, and O2. An Un-burnt Hydro Carbon
(UHC) analyzer has also been installed in the facility, but was not available for use in
June due to a delayed delivery by the analyzer vendor. Figure 11.14 shows a time trace
(x-axis: time) of early data that were taken during commissioning of the gas analyzers.
The top plot shows uncorrected (data not at 15% O2) gas analyzer output. The CO
analyzer was not providing acceptable values due to an unacceptably cool combustor wall
during this particular run. The middle plot shows the exhaust probe temperatures, and the
bottom plot show exhaust flow angle. Once the initial system pressure variations settle
the exhaust flow angle was well matched with our design target. The exhaust flow angle
value was typically +1°, this was because the flow angle probe was installed mid passage
at our design exhaust flow angle of 55°.

Figure 11.14: Uncorrected Emissions Data, Exhaust Temperatures, and Flow Angle

During this initial combustor testing repeatable ignition was demonstrated. The
combustor also has a wide operating range as expected from previous AVC designs
tested by Ramgen. The NOx levels achieved were comparable to other state of the art
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DLN combustors. However, the CO levels were unacceptably high due to excessive
cooling air.

Continued testing was conducted in July 2014 by Dresser-Rand masking off some
cooling holes to try and improve CO oxidation. After multiple tests to try and address the
excess cooling flow rate, it was decided that the next appropriate step would be to dis-
assemble the hardware and try to address the source of the excess cooling airflow.

Combustor Milestones

e Test Article Assembly Complete: February 2014
Facility Integration Complete: March 2014
Cooling Airflow Check Complete: April 2014
First Ignition: April 29™ , 2014
Main/Full Load First Run: May 72014
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High Expansion Ratio Nozzle Test

The design and analysis of a partial admission nozzle test rig was executed to test the
performance efficiency of a high expansion ratio, supersonic nozzle and to anchor CFD
and thermal analysis modeling techniques. The aerodynamic and thermal design of the
nozzle was modeled at full scale based on requirements for operation in the Ramgen
Integrated Supersonic Compression Engine (ISCE). The mechanical design was limited
to a 20% annular sector to match the heater and gas flow limitations present in the
Ramgen test lab in Redmond, Washington. The 20% annular sector consisted of one full
flow passage, and two partial flow passages — one on either side.

The nozzle design incorporated converging and diverging ramps on the hub and the
shroud to achieve the target 10:1 supersonic area expansion ratio. The full annular nozzle
was designed to have 10 vanes dividing the nozzle flow passages. The 20% sector of the
test nozzle included 2 vanes which were each unique due to internal instrumentation
features. To achieve the target operating temperatures, the ramp sections were designed
to utilize a combination of back-side impingement cooling and surface film cooling. The
vane sections incorporated backside impingement cooling on the leading edge, and
internal pin-fin cooling features along its length. The nozzle was heavily instrumented to
obtain gas temperature, metal temperature, and static pressure at multiple locations.
Immediately downstream of the nozzle was a calibrated probe to measure gas
temperature, total pressure, and flow direction. The probe was designed with the ability
to perform sweeps of the flow passage in the radial and circumferential directions.

The gas supply system consisted of an industrial air compressor that could generate a
mass flow rate of 2.2 Ibm per second, matched with a 360 kW electric heater able to raise
the gas temperature to 650°F; a flow uniforming section to break up the developed
boundary layer; and inlet guide vanes to provide uniform flow into the nozzle. The gas
exhaust system utilized vacuum compressors to lower the outlet pressure sufficient to
achieve the desired flow rates and pressure ratio within the limits of the gas supply
system, and a heat exchanger to reduce the gas temperature to within the allowable limits
of the vacuum compressors.

The nozzle design for the target engine application was developed and optimized via
CFD and thermal analysis. The aerodynamic and thermal design was based on a full
annular nozzle for the target engine application. The engine nozzle was designed to
accept the subsonic, highly-swirled exit flow directly from the AVC combustor and
discharge the air supersonically directly into the turbine blades. A trade study of multiple
nozzle configurations was performed using CFD analysis to determine the most
aerodynamically efficient design on the basis of total pressure recovery. The number of
strakes and the expansion configuration were evaluated.

Significant effort was expended to optimize the strake trailing edge for aerodynamic,
thermal, mechanical, and manufacturing considerations. = Aerodynamic efficiency
improved as the trailing edge width was decreased. However, the need to pass cooling
air through the strake trailing edge to maintain acceptable metal temperatures limited the
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minimum width of the strake trailing edge. Structural requirements, application
requirements for thermal barrier coatings, and manufacturing tolerances also influenced
the minimum width of the trailing edge. Several trailing edge configurations were
evaluated to find the best balance of the multiple factors. Configuration variables
included placement of bore cooling holes, whether to include film cooling holes, trailing
edge width, cooling hole shape, wedge angle at the trailing edge, material choices and
corresponding maximum allowed metal temperature, and thermal barrier coating
placement and thickness. The result of these trade studies was that there was a benefit to
utilize the higher temperature capability of castable, single crystal alloys for the strake
material. Higher metal temperature allowances required less cooling air, and less cooling
air required smaller air passages to eject the cooling air back into the primary flow,
directly influencing the width of the trailing edge. It’s worth noting that due to schedule
and resource constraints, the potential benefits of film cooling along the length of the
strake were not thoroughly evaluated and this is an area that may be revisited during
subsequent design activities.

The test nozzle was designed to represent one full flow passage of the conceptual engine
configuration, with a partial passage on either side as shown in Figure 11.15. This
configuration allowed for a full scale nozzle test article that could operate within the 2.2
Ibm per second air flow capacity and 360 kW heater capacity of Ramgen’s Redmond test
facility.

~ .
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\ .
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~

Figure 11.15 - Nozzle Test Configuration

The facility heater was rated to output 700°F so the nozzle test was designed for a
nominal operating temperature of 650°F assuming some temperature loss in the inlet
piping. Reynold’s number similarity considerations were used to determine the target
nozzle operating conditions. Partial or full similarity within the temperature and mass
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flow rate limitations of the test facility required sub-atmospheric nozzle exhaust pressures
which would be achieved with the use of the test facility’s vacuum system. A heat
exchanger was implemented downstream of the nozzle to cool the air at the inlet to the
vacuum pumps.

The test r1g specific hardware included a flow uniformization section to transition from
4” diameter supply pipe, break up the developed boundary layer, and provide uniform
flow. A contraction section was required to blend the flow from circular tubing to the
partial annulus cross-section of the test nozzle. The nozzle test section included an inlet
guide vane section to turn the flow and introduce swirl before encountering the nozzle.
The test nozzle incorporated the cooling scheme anticipated in the engine configuration
of the nozzle and consisted of 3 separate cooling channels to meter cooling air
individually to the hub, shroud, and strake. The nozzle was heavily instrumented to
obtain gas temperature, metal temperature, and static pressure at multiple locations.
Immediately downstream of the nozzle was a calibrated probe to measure gas
temperature, total pressure, and flow direction. The probe was configured with two
actuators to provided automated sweep capability in the radial and circumferential
directions. See Figure 11.16 for a block diagram of the test configuration.

A B
1 |
1 |
HotAr 1, . Flow Flow | &V Test| [Subatm. Nozzis Oufiet] 1_[Vacuum
+Uniformization —>Contraction—> Jestl youbatm. Nozzie Lutlet] ©
Supply . . Section Section I”| System
1 Section Section 1
= Hot air supply 1 + To provide uniform « Match flowarea « Flow direction « Subatmospheric outlet for ! = 200 hp and
from test lab flow profile into NGV and shape with tuming for increased flow passage capability 50 hp
« Reduce turbulence inlet of NGV correct swirl systems run
intensity / eddies « Slowand gentle angle in parallel
from air supply contraction to = Matchinlet
« Lowtotal pressure reduce total Mach number
loss pressure loss requirement
* NGV test
passage(s)
« Instrumentation
= Minimize total
pressure loss

Figure 11.16 - Block Diagram of Test Configuration

Design activity for each section of the nozzle test rig was completed as follows. See
Appendix 11.1.1 for a copy of the nozzle final design review.

¢ Kick-off Meeting (all sections), May 8, 2013
e Systems Requirements Review (all sections), May 22, 2013
e Conceptual Design Review (all sections), June 19, 2013
e Preliminary Design Review
o All sections, August 2, 2013
o Facility Piping (Delta), October 3, 2013
o Downstream Pressure Measurement Section (Delta), November 6, 2013

e Final Design Review
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o Flow Uniformization Section and Flow Converging Section, September
19,2013

Inlet Guide Vane, October 4, 2013

Facility Piping, October 16, 2013

Nozzle, November 4, 2013

o Downstream Pressure Measurement Section, October 14, 2013

o O O

e Production Readiness Review
o Inlet Guide Vane, October 23, 2013
o Nozzle, November 21, 2013
o Downstream Pressure Measurement Section, December 6, 2013

Manufacturing began on October 9, 2013, when the order was placed for the flow
uniformization section and the converging section. Installation of supply and exhaust
piping in the test facility was completed in December, 2013. By the end of 2013 most
major machined parts were on order.

Fabrication of the hardware required for the high expansion ratio nozzle test was
completed in 2014. Fabrication of the nozzle vanes by metal laser sintering proved to be
challenging and required substantial development efforts by the manufacturer. Issues that
were experienced and subsequently mitigated included a sensitivity to build parameters,
inspection and set-up challenges for post-machining, tooling development, and warping
from residual stresses. The inlet guide vane segment, also fabricated by metal laser
sintering, was another challenging part because of its thin trailing edges and leading edge
airfoil contours. Both parts were eventually fabricated successfully and lessons learned
have been identified within this report. The facility preparations for the nozzle test were
completed in the first half of 2014. The flow uniformization section was installed, and
nozzle cooling air circuits were completed. The nozzle test program was terminated
before final assembly was completed.

Procurement activities for the major, fabricated parts began in October, 2013 and most
purchase orders were placed by the end of 2013. Purchase orders for the downstream
pressure measurement section were placed in January of 2014. The manufacturing
schedule for the components for the nozzle test was aggressive to try and meet the
schedule for start of test in May 2014. Most components for the nozzle test were straight
forward to fabricate and were acquired without incident. Two parts that proved to be
particularly challenging were the nozzle vanes, and the inlet guide vane segment. Both of
these parts were laser sintered and fabricated by the same company.

The 861036-1 and 861036-2 nozzle vanes were about 8.50 inches long and 2.30 inches
tall. They had an internal pin fin array for cooling, and walls as thin as .027” near the
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trailing edge for performance. See Figure 11.17 thru

Figure 11.19 for representative pictures of the nozzle vane and its internal features. On
typical turbine engines, internally cooled vanes such as these would be fabricated by
investment casting with integral ceramic cores that would subsequently be dissolved.
Discussions with casting suppliers revealed that the thin walls, length to width aspect
ratio, length of the internal cavity, and internal pin-fin features would make this a
challenging part to cast that would require a significant development activity. Given the
performance goals of the nozzle test program, and the cost and schedule ambitions of the
program, it was decided to fabricate the vanes by metal laser sintering.

Figure 11.17 - Finished 861036-2 nozzle vane.
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Figure 11.18 - Wire cut segment of vane leading edge from 2013 prototype vane,
showing pin-fin array
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Figure 11.19 - Close-up of pin-fin array and instrument hole from wire cut segment
of 2013 prototype.

A net-shaped, prototype vane was fabricated in late 2013, dimensionally inspected, and
EDM wire sliced into cross-sections. Dimensional tolerances on the airfoil were
acceptable, fabrication of the internal pin-fin features was excellent, and construction of
the thin-wall sections near the trailing edge was very good. Dimensional tolerances on
the mounting flange were not as tight as desired, so stock material was added to the
mounting flanges of the production parts so the flanges could be post-machined.

Manufacturing challenges on the production nozzle vanes began almost immediately.
The first attempt to build a production vane was unsuccessful and the laser sintering
program aborted part way through as shown in Figure 11.20. The manufacturer had
changed to a softer blade than they used for the 2013 prototype to distribute the metal
powder and this resulted in uneven distribution of the powder and the defective build.
Returning to the more rigid blade used for the 2013 prototype fixed this issue and a new
part was fabricated as shown in Figure 11.21.

Figure 11.20. - Defective build due to change in sweeper blade material.
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Figure 11.21. - As-designed, as-printed nozzle vane on build platform.

The next issue had to do with getting proper set-up position and orientation for post-
machining the flanges on the nozzle vane. Once the measurements were made on the
part, it was determined that the build platform was warped. The platform was machined
flat so the part would set flush, and machining commenced once the set-up had been
dimensional verified. A subsequent programming error related to the set-up caused the
first 861036-1 part to be scrapped. Additional gage points were added to the nozzle vane
and the build platform as shown in Figure 11.22 to make the dimensional set-up easier
and help to validate the programming alignment. Stock material was added to the airfoil
surfaces such that they could be post-machined with precision relative to the mounting
flange.
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Figure 11.22 - Modified vane and build platform with additional gage features.

The 861036-1 part was successfully machined from the revised build configuration with
the additional gage features and stock material. It was delivered to Ramgen in May,
2014. The results of a laser dimensional scan are included in Appendix 11.1.2.

Unfortunately, the 861036-2 part warped when it was removed from the build platform
during manufacturing, even though it followed the same build sequence as the successful
861036-1 part. The manufacturer observed that the part was rocking when installed into
the machining fixture. A subsequent laser dimensional scan, included as Appendix
11.1.3, confirmed that the part was twisted. The scan showed about .020” of variation
across the machined flanges of the part with the scan aligned with the surface of the air
foil.

Warping was a known risk due residual stresses from the sintering welds and the
manufacturing process already included a stress-relief annealing operation to mitigate this
issue. However, the stress-relief annealing operation appeared to be insufficient. Since
finish machining had already been completed the exposed flange and vane surfaces prior
to removing it from the build platform, it was not possible to perform the second
machining operation and meet tolerance requirements necessary for proper fit-up to
mating parts. Options to try and deform the vane back into shape were considered, but
this would have a low probability of success so it was decided to start over and sinter
another part.
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The rebuilt -2 part manufacturing sequence was modified so that the part would be
removed from the build platform before final machining of any surfaces. The logic was
that it would be allowed to warp and then be finish machined in the warped state. This
would ensure that the air foil and flange surfaces would be in precise position relative to
each other on the finished part. The fixturing needed to be modified slightly for this
approach. The rebuilt and final -2 part was received in July 2014 and is shown in Figure
11.17.

Figure 11.23 - Partially machined nozzle vane in the machining fixture.

The design of the nozzle vanes required slots to be fabricated in the trailing edge for
cooling air running through the internal cooling cavity to be ejected back into the primary
gas stream. Fabrication of these slots required secondary processing (EDM) at a separate
supplier and this step was not completed

The 861010 inlet guide vanes were also fabricated by metal laser sintering. Metal laser
sintering was chosen on the basis of cost and schedule over conventional machining. The
challenge to laser sintering the inlet guide vanes was the thin trailing edges (.011”
nominal thickness), and abnormalities created by the removal of the build structure
necessary for its fabrication

The first attempt at fabricating the inlet guide vanes used 316 stainless steel powder
based on the manufacturer’s input that this material built small features the best and it
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was the most likely to give good results at the thin trailing edge. Unfortunately, the low
strength of the 316 stainless steel allowed the trailing edges to be easily damaged and to
sag. See Figure 11.24 through Figure 11.26 for images of the 316 SS inlet guide vane.
Several of the trailing edges were distorted. It was not clear whether some distortion
existed in the as-printed condition, or if it all occurred during subsequent post-processing
and grit-blasting operations. It was also observed that manual clean-up operations to
remove the latticed build structure required to support the powder during fabrication
misshaped the airfoil contour on the leading edges.

Figure 11.24 - View of the leading edges on the 316 SS inlet guide vane.

Figure 11.25 - View of the trailing edges on the 316 SS inlet guide vane.
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Figure 11.26 - View of the trailing edges on the 316 SS inlet guide vane.

The manufacturer suggested a change to cobalt chrome for the second build of the part.
Cobalt chrome had significantly greater strength, but still built small features fairly well.
An inspection gage was created to be used during the manual clean-up operations on the
leading edge. . The grit-blasting operation was eliminated to reduce risk to the trailing
edges.

The cobalt chrome material formed acceptable, straight trailing edges as shown in Figure
11.27. Figure 11.28 shows the leading edges in both the as-built condition after the
removal of the support structure, and after the manufacturer attempted to clean up the
leading edges to match the inspection gage. The leading edges cleaned up by the
manufacturer tapered to more of a point than aerodynamically desired, so the
manufacturer was asked to deliver the part as-is to Ramgen. Engineering staff at Ramgen
finished cleaning up the leading edges and matched them to the inspection gage. Since
the grit-blasting operation was eliminated, the part had more surface roughness than was
aerodynamically desired so the parts were sent by Ramgen to a third party surface
finishing operation. The finishing process was able to reduce the average area surface
roughness from about 1000 micro inches, down to about 2 micro-inches. Figure 11.29
shows the surface finish on the as-printed part, and Figure 11.30 shows the polished,
finished part.
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Figure 11.27 - View of the as-printed trailing edges on the cobalt chrome
replacement part.

Figure 11.28 - View of the leading edges on the cobalt chrome replacement part.
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Figure 11.29 - As-printed surface finish on cobalt chrome replacement part.

Figure 11.30 - Polished cobalt chrome inlet guide vane.

Original plans called for all nozzle components to be sent to a third party for
instrumentation and assembly. However, the AVC test program had started by the time
the last nozzle vane was received so resources were diverted from the nozzle task to the
AVC test. Parts were kept in Redmond, Washington and assembly was completed by the
engineering staff without instrumentation in order to provide a fit check on all parts. The
assembled nozzle is shown in Figure 11.31 thru Figure 11.34, with key features labeled.
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Figure 11.31 - Inlet side of assembled nozzle test article.

Figure 11.32 - Inlet of primary flow passage.
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Figure 11.33 - Outlet side of assembled nozzle test article.

Figure 11.34 - Outlet side of nozzle showing film cooling holes on hub ramp.

During the first quarter of 2014, while parts were being fabricated, final preparations
were underway in the facility to prepare for the test. The installation of supply and
exhaust piping had already been completed in 2013. The flow uniforming section was
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installed as shown in Figure 11.35 and the control valves and flow meters for the nozzle
cooling air were installed as shown in Figure 11.36 -. Both of these were done in
accordance with the 8610002 Nozzle Test Piping drawings.

Figure 11.35 - Flow uniformization section installed in Redmond test lab.

Figure 11.36 - Nozzle cooling air control valves and flow meters installed in
Redmond test lab.
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Although the test was not completed, it was proven that the complex geometries of the
nozzle vane and the inlet guide vane could be fabricated by metal laser sintering. Several
key lessons learned along the way were:

a) Plan on a development process that includes all anticipated post-machining
operations. Laser sintering is still an evolving technology with uncertainty.

b) Blade sweeper material has a significant impact on the build of the parts.

c) Complex geometries should include inspection gage features. The complete
inspection and manufacturing sequence should be planned in advance to ensure
that the inspection gage features are adequate.

d) Residual stress can cause robust parts to warp. Stress-relief annealing may not be
sufficient to prevent warpage. Parts that may be prone to warpage should have all
tightly toleranced features post-machined after removal from the build platform.
Additional techniques to mitigate warpage, or a detailed review of the stress-relief
parameters, may be required if warpage cannot be tolerated.

e) Cobalt-chrome was acceptable for building thin-walled guide vanes, where-as 316
SS sagged and was easily damaged.

11.2 Task 4.3.4 Turboexpander Test

The goal of the ISCE turboexpander subcomponent test was to demonstrate the
operational capabilities of the coupled Ramgen supersonic nozzle and turbine rotor blade
design, representing a single stage turboexpander. Ramgen’s innovative supersonic
nozzle concept fully expands the combustion gas, lowering the temperature such that the
turbine rotor blades do not require cooling, while still allowing a competitive combustor
firing temperature and best performance potential of the cycle. The turboexpander
technology was to be demonstrated by modifying the ISCE Build 1 test engine. This
approach was chosen as the best opportunity for Ramgen’s turboexpander technology
demonstration, while also leveraging existing hardware and facility capabilities from the
previous ISCE Build 1 test engine for cost, cycle, and risk reduction.

As this testing was to specifically target the turboexpander subcomponents, the existing
engine compressor section was to be removed. Compressed air was to be supplied via
external compressors. This simplification eliminated technical risk associated with
coupling the turbine and compressor sections together, while enabling more flexibility in
providing the required compressed air flow rate and pressure to best suit the
turboexpander design conditions. The existing engine combustor was to be replaced with
the AVC combustor tested in Task 4.3.2. The AVC combustor was capable of operation
to the required pressure ratio. The nozzle design was to be a complete annular version of
the nozzle validated in the Task 4.3.3 sector test. The exhaust flow path downstream of
the turbine blade was designed to mate with the existing engine exhaust components,
minimizing redesign. The power generated would be appropriately off-loaded by the test
facility in Redmond.

The testing was segmented into two parts. The first test was the Turboexpander Module
Checkout Test. The goal of this test was to validate the facility subsystems through the
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operation of the existing ISCE Build 1 engine with minimal modifications, prior to the
major engine rebuild with the Ramgen turboexpander for the primary test, designated as
the 10:1 Turboexpander Test. The intermediate checkout test eliminated risk associated
with the facility subsystems in parallel with the design and manufacture of the Ramgen
turboexpander components. The subsequent sections discuss the two tests; checkout and
primary, in further detail.

Turboexpander Module Checkout Test

The objective of the preliminary Turboexpander Module Checkout Test was to
commission the test facility subsystems while gaining turbine operational experience, in
parallel with the design and manufacture of the subsequent 10:1 Turboexpander Test
hardware. A simplified schematic of the overall approach is shown in Figure 11.37
below.

Figure 11.37 - ISCE B1 Engine Schematic, Modified for Turboexpander Module
Checkout Testing

The test facility in Redmond consists of the following subsystems:

1. External air compressors, air supply piping and delivery, and control system is to
be installed with the capability of providing up to 10 lbm/s flow rate at up to 150
psia (rated for the 10:1 Turboexpander Test conditions).

2. Existing natural gas compressor, fuel supply piping and delivery, and control
system from the ISCE B1 engine test is to be reused.

3. Power output is to be dissipated with the existing VFD, 1.5 MW motor, and load
resistors from the ISCE Build 1 test.

The existing ISCE B1 engine was to be reused for the preliminary test, with minimal
modifications in support of the facility commissioning and operation. Modifications
made focused on the turbine inlet to provide the compressed air flow to the combustor,
and the turbine section to limit power output of the decoupled turbine (no compressor
load) to within the capacity of the drive motor for power dissipation.
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The design approach for the turbine inlet modification was to replace the rotating ISCE
B1 compressor inducer blades with a smooth wall flow path static structure, fastening to
existing structure and fitting over the debladed compressor rotating shaft. The diffuser
portion of the compressor would be maintained. The new inlet components as well as the
unmodified inlet components were capable of withstanding the pressure and thrust
loadings for airflow delivery to the combustor at conditions needed for the 10:1
Turboexpander Test. The modified inlet structure was designed to maintain the stiffness
of the original engine configuration. Additional details regarding the air inlet design can
be found in the inlet FDR in Appendix 11.2.1.

The three stage turbine section of the ISCE B1 engine was designed to produce 2.4 MW
of power, distributed between compressor drive and engine net output. With the
decoupling of the compressor section, the full turbine output will would be dissipated by
the motor and VFD. The existing motor and VFD system was only capable of dissipating
1.5 MW (2,000 hp) at design speed. The turbine third stage was debladed for power
reduction, enabling the use of the same drive train.

Deblading of the turbine third stage was encompassed by three modifications, shown in
the rough layout in Figure 11.38 -.

1. Removal of the turbine blades and machining the disk to a reduced diameter
(blue).

2. Removal of the nozzle vanes and inner core structure, reusing the outer ring to
preserve the flow path wall (blue).

3. Installation of a flow guide (gray), attached to the downstream exhaust
diffuser (red) to preserve the inner flow path wall.

Figure 11.38 - Turboexpander Module Checkout Test Turbine Section
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The reduced diameter turbine stage 3 disk is shown in Figure 11.39.

Figure 11.39 - Modified Turbine Stage 3 Disk

The inner flow guide, bolted to the exhaust diffuser is shown in Figure 11.40.

Figure 11.40 - Assembled flow guide
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The assembled stage 3 disk and nozzle outer ring are shown in Figure 11.41.

Figure 11.41 - Reassembled Stage 3

Additional details regarding the turbine section modification design can be found in the
FDR in Appendix 11.2.2.

In Q1 2014, preparations for a turboexpander checkout test were completed. To ensure
safe operation, a series of tests were undertaken. First the engine would be run with cold
flow — no combustion. Then the engine would be hot fired in which the engine
combustor would be ignited and more power would be produced by the machine.
Objectives included verifying that the turbine continued to operate properly after the de-
blading operation, commissioning the engine-driven compressed air supply system, and
commissioning the load resistors used to dissipate the electrical energy created by the
turbine. Without the compressor power sink, the turbine could have been subject to
speed runaway and potential failure in the event of a load resistor failure. Therefore
careful attention was devoted to the overspeed detection and emergency shutdown system
of the test facility.

By the second week of March, 2014 all systems had been satisfactorily commissioned
and the test rig was deemed ready for air flow tests. A cold flow (low-energy) series of
tests were undertaken to minimize the amount of energy driving the turbine in case of
load resistor failure. Objectives included creating an unfired turbine map with the new
de-bladed configuration and exercising the load resistors to a significant fraction of their
total capability in advance of the high-energy fired test.
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Compressed ambient-temperature air was introduced into the engine while rotating at
speeds between 2,500 RPM and 15,000 RPM. Air mass flow ranged from 0.9 to 8.4
Ibm/sec (max compressor capacity). The typical test procedure involved bringing the
engine to low speed without air flow, then gradually increasing air flow to the desired set
point. Mass flow sweeps at constant speed or speed sweeps at constant mass flow would
then follow, with the test rig being stabilized at a given flow condition for at least 30
seconds before a data point was taken. A typical test profile is shown in Figure 11.42.
Figure 11.43 - shows the turbine flow coefficient data obtained in this sequence.
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Figure 11.42 - Typical Turboexpander Test Sequence

Figure 11.43 - De-Bladed Turbine Flow Coefficient
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Following these tests, a full-speed speed ramp was performed with maximum airflow to
ensure proper rotordynamic behavior and verify engine operation at full speed. In all
respects, the cold flow test rig operated in a predictable, safe manner, laying the
groundwork for the move to hot-fire testing.

The next step in the turboexpander checkout procedure was to run the engine hot by
firing the combustor, generating more power and verifying the turboexpander test rig
systems could dissipate the power being generated. Unfortunately, the program did not
proceed on to the hot-fire test steps. By the time the rig was ready for hot-fire the AVC
test program was also ready for testing. Although the two tests were in different cells of
the test facility, both tests could not be running at the same time, due to facility
constraints. The AVC testing was a higher priority as it was prepared to acquire new data
for the test configuration and the turboexpander checkout test was a facility capability
validation test. In the early spring, Ramgen moved all resources from the Turboexpander
module checkout test to the AVC test effort.

10:1 Primary Turboexpander Test

The objective of the 10:1 Turboexpander Test was to demonstrate Ramgen turboexpander
technology in a full annular configuration, at the most relevant conditions possible in
terms of air flow rate, pressure ratio, temperature, and speed. This was all to be done by
retrofitting the existing ISCE B1 engine, leveraging existing hardware and facility
resources as much as possible to minimize risk, schedule and cost. The existing
combustor and three stage turbine section were to be removed and replaced with
Ramgen’s higher pressure ratio capable AVC combustor, supersonic nozzle and, impulse
turbine blade. Also within scope were outlet guide vanes (OGVs) and exhaust section
flow path walls to achieve proper flow conditions mating with the existing exhaust
structure, minimizing flow loss.

The engine design was segmented on a component basis: combustor, nozzle, turbine, and
exhaust. At the end of 2013 the Preliminary Design phase was completed. In 2014 the
planned tasks were the Final Design Review, drawing release, and procurement of
components for the second rebuild. The more challenging engineering activities were the
Combustor, Nozzle and Turbine. The preliminary turbine section layout cross section is
shown in Figure 11.44. Direction of flow is left to right.
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Figure 11.44 - 10:1 Turboexpander Test Combustor, Turbine, and Exhaust Layout

The initial combustor installed in the ISCE Bl engine (to be maintained for the
preliminary module checkout testing) was to be removed as it was not rated for 10:1
pressure ratio operation. This included removal of the associated combustor casing, fuel
lines, igniters, and seals. The full annular Ramgen technology AVC combustor would be
integrated into the test article, with modifications to the exiting hub and shroud radii to
accommodate the turbine inlet design annulus target. The AVC combustion hardware
would require a thorough inspection to identify features for reuse, rework, and
replacement after the AVC component testing. A new combustor casing would also be
required, compatible with the engine and rated for 10:1 pressure ratio operation, with a
front end mounting.

Technical challenges encountered during the AVC integration design included:

a. Establishing the combustor cavity cooling air flow rate and temperature to
balance between:

1. Insufficient cooling, increasing hardware metal temperatures, risking
damage and rupture.

i1. Excess cooling, generating large thermal gradients in the hardware,
risking spalling of thermal barrier coating (TBC).

b. Minimizing flow loss in the flow path transition at combustor inlet. Limited
axial space is available in this transition area. This is the same region in which
the combustor will be mounted to the static casing.

c. Provision of fuel to the inner hub side cavity, if needed.

d. Design of a pressure casing large enough to enclose the combustor and rated
for operation loading.

Ramgen’s supersonic nozzle was downstream of the AVC combustor. The nozzle was
designed and manufactured as a full annulus, using the same strake and converging-
diverging hub and shroud profile design as used in the nozzle sector subcomponent test.
Strake profile and count, and hub and shroud profiles were to be optimized for the flow
conditions of this specific test.
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Technical challenges encountered during the 10:1 supersonic nozzle design included:

e. Obtaining accurate thermal gradient predictions at steady state and transient
startup/operation/shutdown conditions.

f. Design of the nozzle hub and shroud geometry to tolerate flow pressure and
temperature gradient loading.

g. Design of the flexible nozzle mounting configuration preventing over
restriction of thermal growths, inducing bending stress. Thermal stress
management presents the greatest challenge of the nozzle component
mechanical design.

h. Establishing the most effective nozzle manufacturing process. Casting was
selected over machining due to EDM risks and cost, despite concern over
finished flow path surface profile and tolerance. An initial full ring casting
trial was completed, showing signs of local shrinkage and minor defects.

Additional details regarding the nozzle design can be found in Appendix 11.2.3.

The supersonic impulse turbine blade design would turn the nozzle exit flow
approximately 120°. This angle would extract power to be dissipated by the motor and
VFD. Power output through the drive train was to be limited to the 1.5 MW facility
capacity. For design and manufacture simplicity, the turbine blade was envisioned as
integral to the disk, as a “blisk” geometry. The ISCE B1 three stage turbine rotor was to
be replaced by a blisk and spacer design, interfacing with the remaining shafting
components to be reused. Several airfoil iterations were completed in progression
towards an optimum aerodynamic mechanical design.

Technical challenges encountered during the 10:1 supersonic turbine rotor design
included:

i. Design of an airfoil to achieve the performance target, fit into the existing
turbine section envelope, without generating centrifugal load at speed in
excess of the material based loading capability. Centrifugal loading
evaluations include:
1. Average section hoop stress in the disk (disk burst)
ii. Average section radial stress in the vane
iii. Peak stress in the vane root, disk web, and disk bore
Maintaining proper Campbell diagram resonance frequency margin.
Maintaining proper static to rotating component clearance during steady state
and transient conditions.
. Establishing acceptable wheel space purge flow rate and temperature to
prevent excessive thermal gradients in the blisk.
m. Accurate steady state and transient temperature predictions. Thermal stress
management again presents the greatest challenge of the turbine disk/blade
mechanical design.

~
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The rotor design is shown in Figure 11.45 below. Additional details regarding the turbine
rotor design can be found in Appendix 11.2.4.

Figure 11.45 - 10:1 Turbo-Expander Rotor Assembly

The purpose of the exhaust portion of the turboexpander was to transition the flow from
turbine blade exit to low velocity flow at pressure greater than atmospheric, for discharge
out through the exhaust diffuser and collector. The turbine blade exit flow conditions did
not meet these criteria, leading to the need for outlet guide vanes. Additionally, a new
flow path surface at the hub, and potentially the shroud, was designed for more gradual
expansion of the flow into the exhaust diffuser. The design of the turbine exhaust section
to transition the flow with acceptable performance, but without significant and costly
component rework/replacement proved to be mutually exclusive constraints. This
eventually led to a performance study of a turbo expander design no longer limited to the
envelope of the existing machine.

The physical constraints of fitting a high pressure ratio turbine into the existing ISCE
Build 1 test rig made it difficult to reach the levels of performance we believed we could
otherwise achieve. To understand the potential of the technology, we performed some
comparative analyses and trade studies without the constraints imposed by the ISCE
Build 1 test rig. Some of the variables that were liberated included:

Speed of rotation (RPM)
Flow path inner diameter
Flow path outer diameter
Blade geometry

ac o
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e. Mach number of the flow
f. Blade loading

Some of the unconstrained configurations yielded improved performance over the
constrained configurations. Changes in geometry yielded improved nozzle performance
and reduced flow speed resulting in less pressure loss across the blades and diffuser. The
optimum configuration for the conditions could not be found because the AVC test
program, as well as the CO2 Compressor program, required more attention and company
resources towards the end of the program — June 2014.

As the engineering team was working through detailed design closure a number of
conditions were emerging that ultimately prevented us from building, assembling and
testing the Ramgen technology Turboexpander:

- AVC component test start was delayed due to manufacturing delays

- AVC test article would not be available for the Turboexpander test before June
2014

- The Nozzle testing would not be complete and available for the Turboexpander
test before June 2014.

Shortly after the FDR reviews were completed Ramgen discussed and agreed with the
DOE that we would not pursue more design work on the Turboexpander test and
concentrate our efforts on completing the AVC testing and the manufacturing
development of the High Expansion Ratio Nozzle.

Supersonic Air Compressor Design

Development of the ISCE Build 2 supersonic compressor began in Q1 of 2013 with the
conceptual design of a 20:1 air compressor. Based on successes in the HP CO, program
in Q4 2012 and Q1 2013, preliminary geometry design and CFD was expected to
progress quickly, but problems encountered during adaptation of the CO, blade design
tool delayed development. Specifically, early attempts at ISCE compressor designs
displayed poor performance compared to the tool predictions as well as the targeted
requirement, and it was determined the higher blade loading requirement coupled with
the lower operational Reynolds number of the ISCE engine contributed to poor designs
compared to the HP CO2 program. While the use of optimization was envisioned to aid
convergence on a final blade design, these initial results were considered unacceptably
low such that they were unsuitable for seeding a study.

To generate an acceptable optimization seed, modifications of the design tool began in
Q2, and resulted in complete redesign of the tool with the goal of developing a more
robust supersonic compressor design tool applicable to both the ISCE and HP CO2
programs. Prior blade design methods resulted in compressor blades with little to no
control of the static pressure ratio, and greater control of static pressure rise was desirable
for the Build 2 phases of both the ISCE and HP CO2 programs. This control was
marginally available using in-house tools at the end of 2012, but significant efforts were
made during the tool redesign phase to simplify the design process and generate higher-
performing geometries. A suite of loss models gathered from literature were added to
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increase the accuracy and relevance of performance estimates, allowing for faster design
convergence. Initial CFD showed significant design and performance prediction
improvements, and the majority of the tool re-work was completed by July 2013.

Preliminary geometries were generated by the updated tool in Q3, and initial CFD results
matched well with performance predictions generated by the design tool. Multiple design
iterations were completed during September and October, 2013 achieving 10:1 blades
with 90% efficiency. Further design work was put on hold to support HP CO2 activities
towards the end of the year.

Simultaneously, Ramgen developed and started running CFD on alternate supersonic
compressor concepts where impulse or reaction wheels accelerate the flow to moderate
supersonic velocities and new diffuser concepts are used to further compress and diffuse
the flow to subsonic speeds.

Ramgen Final Report DE-FE0000493
102



12. Task 4.4 - 1.5 MW Proof-of-Concept Unit Build and Test

The design and goals of the Integrated Supersonic Component Engine test rig were
described in Section 10. Task 4.1 and Task 4.2. This section describes the build and
testing of the rig.

The manufacturing was competitively bid and distributed to fifteen manufactures and
suppliers in Ramgen’s supply chain throughout the United States. GLM in Kenai, AK,
was responsible for modification and assembly of the Solar Saturn engine.

In parallel with engine component manufacturing, Ramgen's Redmond, WA test facility
was augmented in anticipation of ISCE testing. The facility's electrical supply, fuel
supply, control systems, and safety systems were significantly improved. New systems
specific to the engine included air supply and exhaust, variable-speed drive (VFD) and
motor, vacuum system, cooling system, and braking resistors. The improved facility has
proved to be robust, safe, and extremely flexible in response to test needs.

A 2500 kVA transformer was installed behind the building to supply the 1.5 MW drive
motor as well as other supporting equipment for the test. Two large motor control centers
(MCCs) were placed inside the building, one to feed the 1.5 MW VFD/motor and one to
feed the other facility supporting machinery. The 1.5 MW VFD was placed in the engine
test cell to reduce conductor length - a significant cost consideration in light of copper
prices (Figure 12.1 through Figure 12.4).

Figure 12.1 - 2500 kVA transformer for ISCE test facility.
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Figure 12.2 - MCC used for 1.5 MW motor.

Figure 12.3 - MCC for facility supporting machinery.
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Figure 12.4 - 1.5 MW Variable Frequency Drive (VFD).

At the engine's design point, it would generate excess power which must be dissipated or
used to prevent the engine from over-speeding. To this end, a pair of 750 kW braking
resistors was installed on the facility roof. These resistors would automatically turn
excess electricity into heat and dissipate via fan-forced convection. The resistors were
enclosed with an acoustic barrier to prevent fan noise from propagating into the
surrounding neighborhood (Figure 12.5).
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Figure 12.5 - Photograph of roof-mounted engine braking resistors.

At full speed operation, the ISCE would consume approximately 14 Ibm/sec (11,000
SCFM) of air. A dedicated air inlet duct was constructed on the building roof to ensure
the air flow was: clean, free from blockage, doesn't suffer from excessive flow losses,
metered and measured and is silenced to prevent engine noise from propagating out to the
surrounding neighborhoods (Figure 12.6 and Figure 12.7).
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Figure 12.6 - Engine inlet duct (square duct on right).

Figure 12.7 - Engine inlet silencer (left) and exhaust silencer (right).
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Hot exhaust needed to be collected from the engine and routed up and out of the building
safely. A dedicated exhaust stack was constructed through the roof to ensure the exhaust
flow was: free from blockage, free from excessive flow losses, measured, and silenced
against engine noise (Figure 12.8). A no-loss stack design was utilized to minimize rain
falling down into the engine exhaust collector while the engine was not running.

Figure 12.8 - Photograph of engine exhaust stack.

Natural gas supply of 300 SCFM at 200 PSIG was needed for hot-firing the engine. A 4"
diameter, 10 PSIG supply was provided by the local utility, which feeds a 220 PSIG
compressor bringing pressure up to the level required by the engine (Figure 12.9). The
twin-screw compressor skid used the facility cooling system to after cool the compressed

gas, allowing the fuel system to run at full speed in closed-loop mode until the engine
was ready to light.

Figure 12.9 - ISCE natural gas supply skid.
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Addition of the natural gas system required a significant augmentation of the buildings
gas detection and ventilation systems. A networked system was implemented which
monitored a variety of temperature, gas, and flame detectors throughout the facility (CO,
CO,, Natural Gas, and others) and signaled alarms as appropriate. The system also
manipulated the facility's forced-air ventilation system appropriately in response to
elevated temperature (blows fresh air for cooling), gas detection (actuates emergency
room air purge), or fire (actuates room exhauster to remove smoke/heat, but does not
blow fresh air in). The system interface display is shown in Figure 12.10.

Figure 12.10 - Gas detection & ventilation system display sample

In order to dissipate the heat generated by air compressors, natural gas compressor,
turbine oil cooling, and other heat loads, a facility-wide water cooling system was
installed. Capable of moving 270 gallons per minute, the system can dissipate 1.3 MW
of thermal energy continuously through an evaporative cooling tower located in the
parking lot (Figure 12.11 and Figure 12.12).

The cooling system can move water through 4" diameter pipes across the ceiling of the
facility, with built-in drops in each test cell for ease of access/use. Trim valves were
installed in each cell to ensure that flow was balanced to all equipment being used. A
separate 4" pipe returned the heated water to the cooling tower, again with drops in each
cell.

Pure water was used as the working fluid, to avoid the environmental impact of chemical
additives. A combination ultraviolet/sonic cleaning system was used to prevent the
growth of organics. Screens and filters prevented debris from entering the system
through the open cooling tower. Discharge water was completely clean and able to enter
the city sewer without treatment.
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Figure 12.11 - Facility cooling tower enclosure.

Figure 12.12 - Facility water cooling system plumbing, pumps, and cleaning systems.
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Beginning in March, 2012 GLM assembled the ISC Engine at their facility in Kenai, AK.
Ramgen personnel and contractors attended critical steps of the assembly on-site. The
rotor was assembled and balanced prior to installation of the blades. The blades were
individually weighed, then installed according to a mass-scattering program to provide
neutral balance. The engine was then 'stacked' vertically to assemble the various external
components around the rotor.

Assembly was halted at appropriate times to allow instrumentation contractors to install
pressure tubing, proximity probes, and temperature sensors for engine health and
performance monitoring. Instruments were threaded through the individual parts as the
engine was 'stacked' to enable external monitoring of internal conditions. Instruments
were coiled and secured until arrival in Redmond where they could be connected to the
facility systems.

On May 9, 2012 a low-speed (5,000 rpm) spin was performed in Kenai using an electric
starter motor to turn the engine. The engine lubrication system, vibrations, thrust
balance, and other critical systems all were shown to be working well.

Following final integration and auxiliary system installation, the skid was boxed up and
prepared for shipment to our Redmond facility. On May 18, the skid left Kenai aboard a
freight ship headed for Seattle. It arrived in Redmond for installation on May 24, 2012
(Figure 12.13). No shipping damage had occurred.

Figure 12.13 - Boxed ISC engine skid arrival in Redmond.
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After installation of the skid into the cell and motor mounting to the skid, final electrical
connections were made and the control system completed. On July 26, 2012 a full-speed
motor-only spin test was successfully conducted, completing the checkout process for
electrical supply, transformer, MCC, VFD, motor, control system and instrumentation.

Following the motor-only test, the low-speed coupling was installed in preparation for
engine spin tests. July 27, 2012 saw a low-speed engine test to 5,000 rpm, re-creating the
test previously performed in Kenai. All systems were operating per design, with the
exception of the control system, which required further code development before moving
on to full-speed testing.

After working through the control system issues, engine speed was increased to 13,000
rpm on August 23, 2012 without incident. This corresponded to nearly 60% of the
engine's rated design speed of 22,300 rpm. Difficulty obtaining a reliable high-speed
tachometer signal delayed further testing until a solution was found. The high-speed
tachometer was a critical component for monitoring engine rotordynamics and vibration
in real time.

On August 27th, 2012 having solved the tachometer issues, we accelerated toward full
engine speed. At approximately 16,000 rpm, a significant vibration was noted and the
engine was slowed to a stop immediately. The vibration disappeared on the way down
and there was no sign of any damage or change to the engine. This began a lengthy
period of troubleshooting and debugging in an attempt to find and eliminate the source of
vibration.

Rotordynamic models of the original Solar Saturn engine indicated that the #3 bearing
was subject to instability at speeds close to where we encountered vibration. The original
engine, however, has been in service at many installations for decades without
encountering vibration of this magnitude and type. Rotordynamic models of our
modified engine predicted a somewhat more benign response than the original production
engine, so we did not expect to see any problems in test. Focus centered on ways this
engine was different from the original Saturn and how that might have excited the
instability in our test. The two main differences were a) replacement of traditional axial
compressor with Ramgen supersonic compressor and b) motor driven rather than
combustion-driven.

Although the Ramgen supersonic compressor differed significantly from the traditional
axial Saturn compressor, high-frequency piezoelectric probes installed near the rotor did
not indicate aerodynamic excitation which might have excited the engine's inherent
instability. It did not appear that the compressor was causing the problem. Moving the
high-frequency probes to the turbine section also failed to show any aerodynamic
excitation from the turbine blades, as might have been caused by turbine off-design
operation due to unfired operation of the engine.

During our extensive analytical and experimental investigation, our analyst discovered
that the rotordynamic model was highly susceptible by bearing oil temperature. Small
changes in temperature were predicted to make large changes in the onset of instability.
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In an attempt to explore this effect, the oil heater set point was increased from 100 °F to
120 °F. The resulting test showed that vibration was encountered at much lower rpm, as
predicted by the model. The oil heater was then turned off and oil temperatures were
allowed to fall overnight for a test at 8OF. On October 17, 2012 we successfully
accelerated to full speed without incurring dangerous levels of vibration. The vibration
was present on the speed ramp, but disappeared entirely at just over 20,000 rpm. Full
speed was held for 30 seconds before ending the test.

Subsequent tests showed that vibration onset could be closely predicted by monitoring
the bearing oil temperature supply temperature. At full speed without vibration, the
temperature would rise slowly due to the engine adding heat to the oil sump. As supply
temperature reached about 87F £ 1 °F, the vibration would begin and the engine would be
stopped. This behavior was highly repeatable. Operation at full speed was only possible
for about 2 minutes before oil sump temperature increased to this level - insufficient time
to perform the necessary compressor characterization measurements.

Design changes were implemented to the oil system to allow forced cooling and therefore
longer operation at full speed. On November 9, 2012 we tested the first upgrade and
were able to dwell almost six minutes at full speed without vibration. An unrelated
instrument problem caused the test to end, but based on the oil temperature
measurements, the test could have lasted ten minutes before reaching the critical
temperature - a reasonable amount of time for compressor characterization.

As part of a design review to assess operating the engine at off-design conditions, our
analyst discovered a manufacturing problem with the compressor blades. The blades
installed in the engine were not the final design blades that were intended to be built.
Analysis of the installed blade showed unacceptable life and the possibility of crack
formation.  Engine testing was immediately halted for inspection and further
investigation.

Partial disassembly of the engine was required to remove the rotor disc and blades.
Fluorescent penetrant inspection (FPI) did not reveal any cracking or yielding on the
blades. By removing some of the blade shroud mass, blade stresses were reduced to
acceptable levels - a significant schedule and cost saver compared to making new blades.
Static structure was modified to take up the space removed from the blades.

Full-speed testing before the shut-down had shown that the compressor system had not
supersonically 'started’, a necessary aerodynamic phenomenon to reach the pressure ratio
and efficiency targets desired for the engine. Computational fluid dynamics analyses
indicated that increasing the rotor Mach number incrementally would be sufficient to
achieve starting. To achieve this Mach increase, inlet guide vanes (IGVs) have been
designed to counter-swirl the flow toward the compressor rotor by 30°.

In July of 2013, the final engine tests were performed to survey the exit conditions of the
inducer and validate the CFD predictions. The Build 1 ISCE was completed in August
2013. The full flow path was not started. Based on the CFD anchored by the HP CO,
test results, Ramgen determined that the configuration changes and time required to
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modify the ISCE Build 1 flow path would be better applied to the next phase of the
program. In August, 2013 a presentation (see Appendix 12.1) was given to DOE
describing the experiment conclusions and decision not to modify the engine for further
testing.

Design work for the second build of the ISC Engine focused on refining the engine cycle
deck, on the preliminary design of an inducer blade for the compressor, on a preliminary
analysis of the engine secondary flows and the cooling requirements of the turbine
nozzle, and on the preliminary design of the engine turbine.

A reaction inducer blade was successfully designed which was able to meet the design
total pressure rise requirement albeit at higher rotational speed than originally planned.
The CFD analysis of this inducer blade showed that the inter blade passage was fully
supersonic (started inducer) and that the inducer provided acceptable performance.
Nonetheless a separation zone was observed on the blade suction side from 50% to 75%
span which would prove detrimental for the diffuser and overall compressor performance
standpoint. Based on these observations Ramgen decided to optimize the blade design to
further improve its performance and reduced the separation region observed on the
suction side. Generation of the inducer database was completed in 2012 and inducer
optimization performed in 2013. In support of the inducer design process, a mechanical
feasibility was done on an inducer blade design from the optimization database.

Appendix 12.2 summarizes the results of preliminary secondary flow analysis, turbine
nozzle cooling scheme design and thermal analysis. The analysis shows that traditional
turbine materials such as Haynes alloys can be utilized to fabricate the nozzle and that
approximately 10% of the engine air mass flowrate would be sufficient to maintain metal
surface temperatures within acceptable limits. Preliminary fabrication techniques such as
direct laser metal sintering were also identified. The secondary flow analysis also
identified requirement for all other the engine cooling and/or sealing flows.

Appendix 12.3 summarizes the ISCE Build 2 design concept. Two promising
aerodynamic designs were initially identified for the turbine nozzle referred to as covered
and uncovered turbine nozzle. CFD analysis performed on both sets of designs showed
that the covered design provided the highest kinetic energy efficiency and provided
insight on the nozzle design strategies to be followed to maximize nozzle performance.
A first stage turbine rotor design was also generated and analyzed which unfortunately
failed to provide a rotor with a fully supersonic inter blade passage, i.e. a started rotor.
The design of the ISCE Build 2 engine was not completed prior to the end of the DOE
award period in June 2014.
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flow. The Jameson-Schmidt-Turkel [3] type 2" order finite volume scheme was primarily employed, and turbulence was closed using the Spalart-
Allmaras one-equation model [4]. The low Reynolds number version of this model was applied, meaning that integration was conducted through
the boundary layers down to the viscous sublayer.

EXPERIMENTAL TEST CONDITIONS

The supersonic tunnel conditions were set to produce Mach 4 freestream dried air flow at the unit Reynolds number of approximately
55x10%/m. Inflow total pressure and temperature were 1.074x10¢ Pa and 291 K respectively. The adiabatic wall condition was realised in the
experiment and the plate turbulent boundary layer thickness was 1.8 - 2mm immediately upstream of the impingement location of the generated
bow shock waves on the plate. The body diameter was 50mm, the nose cone included angle ranged from 10-30 degrees (30 degrees is the focus
herein - forebody angle = 60 degrees) and the body length measured from the nose cone base was 250mm (L, /D = 5). The bodies were set at a
vertical distance of 48mm from the plate to their centreline axes (y/D = 0.96). Distances between the bodies tested ranged from Az/D = 1.06 - 3.
Four basic test configurations were analysed in the present study with the values of inter-body distances Az/D = 3, 1.8, 1.4 and 1.06 respectively.
In the experimental work, several additional configurations were measured, but four were chosen for this study over the range of Az/D values
tested. Measurements taken for comparison included static pressure taken with a dense set of static taps over the plate surface, schlieren pho-
tography of the shock system induced by the bodies, oil flow visualisation on the plate and body surfaces as well as balance measurements of
aerodynamic forces and moments on one of the bodies.

Figure 2. Views of structured and unstructured computational grids:
a) 3D view of structured multi-block grid (right) and solution-adapted hexahedral unstructured grid (left)
b) Plate computational grids - left = adapted unstructured 25 million cell, centre = structured 56 million cell, right = structured 7 million cell

117






Ramgen Final Report DE-FE0000493 6/25
SHOCK INTERACTION |

DISCUSSION OF PREDICTIONS AND COMPARISON OF MEASUREMENTS WITH CFD

Predictions of F/T and F/H follow, primarily employing the 2" order central difference spatial discretisation JST scheme, and the Spalart-
Allmaras one-equation turbulence closure. The 2™ order Roe Flux-Difference Splitting (FDS) upwind scheme [9] and Symmetric Total Variation
Diminishing (STVD) scheme of Yee [10] in conjunction with the van Leer and superbee flux limiters were also selectively tested, and these results
will be discussed additionally in the next section. Figure 3a displays a schlieren photograph indicating the shock wave structure over a vertical
plane at the body centreline. In Figure 3b, the predicted streamwise density gradient for the same configuration is provided for comparison. One
can observe that the results compare well with experiment in terms of shock angles and presence of both separation shock wave (1) and its
continuation (2') above the conical bow shock (1), and terminal shock (1.) from the reattachment region. Upon merging, shocks 2’ and 1, form a
single shock wave 2, followed by the next downstream reflected shock (3). Figures 3c,d display the shock wave structure produced by the bodies
spaced at Az/D = 3 in terms of predicted Mach number contours. Over the z-plane (Fig. 3c) one can observe the shock structure induced by the
forebody and arising separation zone in the vicinity of the bow shock interaction with the boundary layer on the plate surface as well as subsequent
shock reflections between the body and plate. As seen from the calculations, additional downstream reflected shocks (4,5) appear between the
body and plate downstream of shock 3. The y-plane view (Fig. 3d) shows the shock structure between the bodies and the base separation zones
downstream of them.

Figure 4. Cutting planes in three coordinates displaying predicted streamwise density gradient contours for
x-plane & y-plane views taken at body centreline: a) Az/D = 3.0, structured 56 million cell; b) Az/D = 3.0,
unstructured adapted 25 million cell; structured 56 million cell: ¢) Az/D = 1.8, d) Az/D = 1.4, ) Az/D = 1.06
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Figure 6. Comparison of experimental schlieren photographs (left figures) with predicted crossing shock wave structure (right figures)
between the bodies: a — regular interaction of crossing bow shocks (Az/D = 1.8); b — incipience of small Mach stem (Az/D = 1.4);
¢ - flow stage with distinct Mach stem (Az/D = 1.06). Note: legend applies to CFD figures

consistently with the first bow shock, and reflected second and third shock waves directed from the body to the plate intersecting the plate surface
from left to right (see Fig. 3a,b). Separation line S, is also well captured. It is perhaps one of the most complex separation locations, as it is due
to essentially three dimensional interaction of crossing shock waves separating the plate boundary layer. One perhaps more complex location
is the convergence region S; in the vicinity of the base flow, and this is also seen to be captured quite well. Conversely, secondary convergence
line S, and divergence line R, are shown to be underpredicted in terms of definition and streamline angle. The underprediction here is largely due
to the fact that grid resolution has been concentrated in the zones between bodies, and lower resolution has been chosen on the outside. Note
that one can see a better resolved set of separation and reattachment lines S, and R, from the unstructured solution-adapted grid computation in
Figure 9a. This zone exists in the region of x/D = 3, where it is shown in Figure 2 that the adapted grid employs the highest local resolution. One
can observe a similar prediction accuracy demonstrated for each of the four configurations, and the impact of coarsening the grid is depicted in
Figure 9 for Az/D = 3.0, which displays an expected trend of reducing definition as the grid is coarsened due to artificial diffusion. Note that from
the experimentally indicated streamlines there appears to be some potential for flow asymmetry at Az/D = 1.8 (Fig. 8b). This may offer at least
part of the explanation for the lack of focus nodes predicted for this case. One can see the predicted streamlines curling up in this region, but focus
nodes are not present. In the experiment they seem to not be completely symmetric in size. The assumption of symmetry imposed on the compu-
tations obviously prevents the prediction of such phenomena. Another potential reason for disagreement is that the turbulence closure employed
is predicting higher levels of turbulence locally than what is realistic. The asymmetry could potentially arise as a time-varying phenomena, which
would further explain differences in prediction. An alternative explanation could be some geometric asymmetry of the test model caused by small
deformations [1] which would not have been included in the numerical model. In general the separated flow patterns over both the bodies and
plate for all cases are reproduced well in the predictions, and the impact of coarser grid resolution (e.g., the 1 and 7 million cell grids in Fig. 9) can
be seen to be a loss of resolution of the key separating zones at Az/D = 3.0. In accordance with the Figures 7 and 8, the cardinal reconstruction
of separated flow on plate surface occurs with decreasing the distance between the bodies to the minimal value Az/D = 1.06 at which forming the
Mach stem (see Figs. 4e, 6¢) indicates an ‘unstart’ phenomenon in the limited space between the bodies and plate.

Predicted static pressure coefficient distributions on the flat plate are compared quantitatively with experimental data for Az/D = 3.0 and Az/D
=1.4 in Figure 10. The structured grid CFD simulation is seen to reproduce the pressure field quite well in terms of magnitudes and trends. The
largest differences appear to be in the vicinity of reflected shock 3, where the pressure coefficient predictions show a subsequent pressure rise
slightly upstream of the true position. This is the previously mentioned region surrounding x/D = 3, and one can conclude from the comparison
of finest structured grid and unstructured adapted grid that the difference between prediction and experiment is not due to grid resolution. It is
expected that this is a region where the impact of different turbulence closure options would be of most interest. In addition to the highly three
dimensional, non-equilibrium state of turbulence expected to be present here, the expansion downstream of the forebody may also be accelerat-
ing the flow such that local relaminarisation and subsequent transition occurs. The impact of higher levels of turbulence closure sophistication is
being tested in a next phase of study.

As seen in Figures 4 and 5, a complex system of shock waves forming around the bodies interact also with the boundary layer on their sur-
faces. The computed surface flow pattern for the configurations shown tends to follow experiment well (Fig. 11). For instance at Az/D = 3.0 the
number of the separation and attachment lines S,, R,, S,, R, correspond to the influence of reflected shocks 2 and 4 from the plate to body (see,
additionally, Fig. 3a,c), which penetrate and diffract around the bodies. The separation line S, arises from the conical bow shock wave penetrating
from the second body to the surface of the first. Lines S, and S,_ indicate secondary separations. In accordance with experiment and computa-
tions, decreasing Az/D leads to a significant rise of separation zones on the body surface and in conditions of the ‘unstart’ phenomenon at Az/D
=1.06, they penetrate the surfaces of the conical forebodies. Note that local grid resolution between the forebodies was increased in this specific
configuration to better capture the unstarted shock system.

Figure 12 compares predicted body force coefficients to balance measurements. One can see a significant increase in lift and lateral forces
as the inter-body distance is decreased from Az/D = 3.0 down to Az/D = 1.06. Drag force (wave drag together with surface friction drag) is almost
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Appendix 6.1

HP CO, ROTOR FDR
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Final Design Review

Gen-2 Inducer Assembly (Rev2)

Dec 7™ 2011
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Agenda

Agenda

Intro (Dave)

Budget & Schedule (Dave)

Aero (Silvano)

Mechanical (Dave)
— Inducer Blade Mechanical
— Rotor Mechanical
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System Definition and Scope

* Rotating component providing the required inlet flow conditions to the
static diffuser
— Hence the change from Blade 7 to Blade 12

* The Inducer comprises 1 Blade row, disk / shafting and blade retention
components.

* The Inducer Blade includes an integrated shroud. The Shroud
interfaces via several seals with the static structure. The shaft is
generally defined by driven and non driven ends. The shaft portion of
the Inducer interfaces with several seals, bearings, thrust collars, and a
coupling on the driven end.

131



Ramgen Final Report DE-FE0000493 6/25

Schedule Overview

Current Inducer Blade & Rotor PRR & Drawing release date : Dec 2374
* Was Dec 6™ so has slipped back just under 3 weeks with the move to Case 15 & Blade 12

Rotor Assy available for installation into Rig: June 15t 2012
* Was May 17" and has slipped 3 weeks

* Blade is critical path
* Turbocam (Europe) estimate aligns (just) with schedule
* Need to get final design for firm quote

Optimal program schedule from Sept shows Rotor Assy required April 18"
» Adding 3 weeks for the Casel5 / Bladel2 change gives Rotor Assy required May 9t

* Available June 1% so disconnect of 3 weeks still present
¢ Will endeavor to release blade 1 week early
* Need to recover 2 weeks from manufacturing schedule

Question: What is the real need date for the rotor ???

Detailed schedule follows
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Schedule — Inducer Design

6/25

) ‘Tﬂsk Name | Duration Start | Finish [P [ Aug™11 [Sep°11 [oct'11 [Nov"11 | Dec'11 12 [Feb"12 [ War'12 Apr1z [ May 12 [ Jun 12
17[24]31] 7 [14]21[28] 4 [11]18]25] 2 | 8 [16]23]30] 6 |13[20]27] 4 [11]18]25| 1 | 8 [15]22]28] 5 [12]18]26] 4 [11]18[25| 1 | 8 [15]22|28] 6 [13]20]27] 3 [10[17]
1
2 | £ Key Dates 178days Mon9M9M1  Fri6Mi12 =
] Inducer Gen-2 Rev-2 Prelim Acro Definition (from 9/30 schedule in 0900 folder) Udays  Frioconl]  Frigmont 15 days, 16 Q30
= Inducer Gen-2 Rev-2Final Aero Definition (from 9430 schedule in 0900 folder) Odays Thu11/311 Thu 1173711 3FS+1S days 2024 o 113
5| Odays Thu10i27i11 Thu 1027A1 17 6 o202 Need dates are
er| 0days " Wed 1277111 Wed 127M1/315 7 N
7 = Odays  Fri122311)  Fri12i23011)633 from the Sept
B | Bald Rotor available Odays| Mon®19/11 Mon9n91 102 & 919 ‘optimal’
3 = Rotor Assy Required for installin Rig Udays Wed4/1812) Wed 411812 & 418
o | Rotor Assy Available (Bladed Disk) Odays  Fri6fM2|  FriGHMA2 92 1 program
1 | Gen-2 Build 1 Testing Starts (Optimal schedule) Odays ThuS@31/12)  ThuS31M2 5131
| schedule
EEN = Inducer Assembly - Bladed Disk Configuration 262days Wed 52511 Fri6Mi12
Mg | | E Inducer Assembly Design | 76days  Frig;mor1 Mon 1723112 vl
15 E Inducer Assembly Preliminary Design 20days  Fri9/30M1 | Thu 10127111 =
6 | Inducer preliminary re-design 4 wks | Fri®i30/11| Thu 10¢27/11|3 17 Inducer preliminary re-design q
7= Inducer POR Odays| Thu10/2711 Thu 1027711 16 20,24,26,5 9
18 El Inducer Assembly Detailed design t4days  Thu 11311 Tue 11722111 =
19 | £ Blade Detailed Design Gdays  Thu 11311 Thu 1110/11 e
20 | Incorporate final aero geom Tday  Thu11/301  Thu 11311 174 2122 Incorporate final aero geom | [Dave
ED Finalize blade design (Seals, modal etc) 1wk Frit1in1] Thu 111071 20 2% Finalize blade design (Seals, modal etc] Dave
= Updated Inducer Blade Drawing 1wk Frit1in1] Thu 111071 20 23 Updated Inducer Blade Drawing Ernest
- | Release Revised (Preim) nducer Bladz Drawings -= vendor Odays Thu 1171041 Thu 11A0A1 22 & 1110
2 | Complete Transient FEA (all oads, inc 30) 1wk Thu11/311] Wed 11811 17,4 3 Complete Transient FEA (all loads, inc 30) Rob
= | = Rotor (Disk / Shaft) Detailed Design Sdays  Fri 11111 | Thu 1147011 =
= | Finalize Rotor Design 1wk 141 The TIATAT 17,21 2831 Finalize Rotor Design (g |
27 | =l Coverplate & Snap Ring detailed Design 3days  Fri 144811 | Tue 1172211
2 | Finalize coverplate design 3days  Frit1/1811 Tue 1122111 26 3 Finalize coverplate design Le
28 | El Inducer Assy Completion Activities 28 days Wed 127741 Mon 1/23112 =
T30 | = Inducer FDR & PRR 28 days Wed 127M1) Mon 1723112 =
ENE] Inducer Assy FOR Udays| Wed 1207111 Wed 127711 28,26,24 326 o127
32 | Inducer Changes after FDR, Finalize Dwgs 2wks| Wed 127011 Tue 127201131 3 Inducer Changes after FDR, Finalize Dwgs Dave,Emesto
3 | Hot to Cold Scaling 3days Wed 122111 Fri12/2311 32 347 Hot to Cold Scaling ({Dave
D Odays| Fri122311 Fri122311 33 35,3637 23
EER Inducer Blade Final Drawing Release (718012) Odays| Fri1223i1 Fri1223n1 34 64 1223
36 | Inducer Finished Rotor Final Drawing Release (718014, 718002) Odays Fri1223i1  Fri1223n 34 43 1223
a7 | Complete Coverplate, Snapring & pin & Seal designs Jwks|  Tue1/312) Mon 1:23112|34 38,39 Complete Coverplate, Snapring & pin & Seal designs
38 | Coverplate Final Drawing Release Odays| Mon1/2312| Mon 12312 37 8z
T3 | Snap Ring Final Drawing Release Udays| Mon1/2312] Mon 12312 37 84
a0 | Inducer Assembly (718000) - Manufacturing 254days Wed 52511 Tue 5/2212 o
0 |
& | E Inducer Assy: Build & Checkout 18days Wed5/9M2  FriGMi12 =
B | El Assembly, Balance & Spin Pit Sdays  Wed59/12 Tue 51512 ==}
5 | Build Rotor Assembly 1wk Wed 5912 TueSNSMZ 548271 9 Bulld Rotor Assembly g, Rama
%0 El Inducer Assembly Spin Pit 13days Wed5M6MZ|  Fri6Mi12
o1 | Balance & Proof Spin Inducer Assy 2wks| Wed 51612 Tue 529112 89 92 Balance & Proof Spin Induce AssyEJDI
o2 | Ship Inducer Assy to Olean 3days Wed 53012  FriiM2|91 10 hip Inducer Assy to Olean )
53 |
Toe | Bald Rotor {716002) 80days Tue 53111 Mon 918i11 =
* Blades are the critical path item on the Inducer Assembly
L]

Switch to blade 12 has added just under 3 weeks to schedule

Reflected in rotor assy availability moving from 5/7/2012 -> 6/1/2012

133









Ramgen Final Report DE-FE0000493 6/25

Ti-5553 Yield & Ultimate Data

Ti-5553 Tensile Data
Ramgen Test Data & Boeing Published Data

At 200F
0 e Min UTS = 164 ksi
= e v o Min Yield = 150 ksi

—=— UTS (Sodng - cas)
180

Yizd (Soing - cag1)

i

170

160 \"'"-—-__
= T
140 = —— ]

‘—i—-...___.__-_
130 _\—4

120

Stress (KS1)

110

100

80

80

70

60

0 100 200 300 400 500 &00 700 800
Temp (Deg F)

In addition, from Ramgen material testing < 135 ksi gives > 10,000 LCF cycles at 300F.

See Gen1 PDR slide
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Ti 6-4 Yield & Ultimate Data

6/25

Stress (K5I)

140

130

120

110

100

£ED
(=]

a0

o

&0

50

40

Ti6-4 & Ti6-4 ELI Tensile Data

Ti6-4 Bar, Wire, Forgings, Rings and Drawn Shapes (AMS 4928)

—— TI 54 UTE{min)
& TI6-4& G4 EL UTS Spac Min
—a— TI5-4Yiad {mi]
- TI6-4 & 54 ELI Yiaid Spac Min
e
-M-
—H
T RefAMS 4028P & A97EE
Mil-HDBK-5J
0 200 400 G600 300
Temp (Deg F)

1000

At 200F

Min UTS = 118 ksi
Min Yield = 107 ksi
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4340 Yield & Ultimate Data

6/25

Stress (KSI)

200

190
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160
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10

100

4340 Steel Min UTS & Yield
Ramgen Testdata + Mil-5 temperature factor

—&— UTS [KSI)
==#--Yield (KSI)
’—-——*_ o
—¢
"""-1»-._ -
e PP -
R e
100 200 300 400
Temp (Deg F)

500

At 200F
Min UTS = 174 ksi
Min Yield = 145 ksi

139















Ramgen Final Report DE-FE0000493

Rotor Manufacturing

6/25

In an effort to move the rotor manufacturing along
without defined blade geometry, the following
approach has been adopted

716029 Raw material (complete)

|

718010 Semi-Finished Rotor (in-progress. ECD end of Nov)

|

718014 Rotor Secondary Machining (2 weeks)

|

718002 Rotor Disc Slot Machining (2 weeks)

Rotor will be available ahead of when it is needed
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Rotor — Burst Margin

Steel Rotor Load
oads:
Stresses at MCOS (34,500rpm), 200F . Rotational loads

+ Live rim load of 588,859 Ibf (24,833 psi)
» Coverplate load of 35,000 psi

YA

Material Properties at 200F
4340: Yield = 145 ksi, UTS = 174 ksi

Burst Speed in 4340 = 116,000 rpm (require > 43125rpm)
Burst margin = 3.37 (require > 1.25)

1. Burst Margin acceptable
2. Local stresses to be discussed in Rotor 3D FEA
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Coverplate Design

* Ti6-4 or 6242 Coverplate

+ Similar to Ram-2 Design

* Pilots on Disc (0.001”-0.003” cold build interference)
* Retained by snap ring

+ Anti-rotation via 2 pins (remake Ram-2 pins)

+ Seals against end of blade platform via movement of
OD section

* 0.001” cold build gap between Coverplate and blade

+ NDE Coverplate likely different geometry as diffuser
thermal growth < DE static structure, requiring < lab
tooth radial movement.
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Disk Stresses

Disc Post Stresses
Disc submodel using disps from full assy coarse model

Stresses on PS side of slot Peak Stress = 137 ksi

Peak =137 ksi
At 200F:
+ UTS =174 ksi, Yield = 145 ksi
+ Stress for 10,000 cycle life = 150 ksi

Stresses on SS side of slot

Peak = 83 ksi
Lean & camber of blade 12 prohibit optimum balance of blade
which results in this biased stress distribution PS to SS
* Disc Post stresses from FEA acceptable at MCOS
+  Will attempt minor adjustments to blade to reduce bias
148
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Disk Stresses

Anti-Rotation Pin hole

DE =93 ksi NDE = 101 ksi

<1> ‘Singularity’ at bottom of hole of 105 ksi ignored

Moving anti rotation hole out of radial loadpath (See Gen2 Rev1 PDR) results in acceptable hole stresses

150

Ref: 718000_v030_CoverPlateDisc_Run02_R130.wbpj
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Blade Raw Material Source

« Use Weld Trial HIP Compact (716033) originally intended for Barber-Nichols Inc
— Only yields 15 or so
— HIP’ed, Heat Treated, Cut-up, UT’d & ready for machining

* Use Blisk HIP Compacts (716031) originally intended for BNI
— Could yield 36-44 blades per compact. We have two.
— Some wastage but not excessive
— Cans were ready in May but not filled

— HIP’ed, Heat Treated. Some indications on 2" UT.
= Cut-up and re-inspect
» Cut up complete 12/1 (tbc)

Cylinders & blocks at

Redmond after UT \
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Inducer Assembly Build Sequence

Inducer assembly tooling will likely utilize the methodology used in Ram-2

* Segment Assy Tool
— Aid in installation of interblade seals
— Facilitate installation of blades into disc
— See following slides

* Coverplate Assy Tool
— Facilitate installation of coverplate and snap ring
— Aid in removal of snap ring
— See slides in ||RP-FILE\engineering\Rampressor _2\Mech\Rotor Shaft\snap ring 03-09-05.ppt

» Co-ordinate with Chris who has a rotor build-up table & tool almost complete

See PDR for
additional details
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Outstanding items / issues to resolve

1. Perform hot-to-cold conversion using design point data (30,000rpm)

2. Complete UT of remaining Ti-5553 material

3. Adjust shroud geom to increase raw material stock

4. Optimize cavities to increase 2" Torsion : 12EO margin

5. Run ‘safe diagram’ analysis before PRR

6. Determine how many spare Inducer blades we require prior to placing an order
7. Order additional Ti-5553 HIP compacts for Build 2 after Build 1 PRR ?

8. Determine need for custom shipping crate for built up rotor assembly.

» Target PRR for end of next week
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Appendix 6.2

HP CO, DIFFUSER PDR
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Preliminary Design Review

Generation 2
Static Diffuser — Case 15H Design

System owner(s):

Mech: Geene Cevrero, Dave Taylor, Brian Massey, Rob Draper

Aero: Paul Brown, Ravi Shrinivasan
12/9/2011
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Agenda

8:00-8:15 System Definition and Scope
8:15-8:30 Functional Requirements
8:30-9:30 Aero Design/Analysis

Mechanical Design/Analysis:

9:30-11:00 —Actuator System
11:00-11:45 Break for D-R Call/Lunch
11:45-12:30 —Starting Door
12:30-1:15 —Shroud

1:15-2:00 —Static Diffuser Hub

2:00-2:15 Work Plan/Analysis Tasks Remaining
2:15-2:30 Budget and Schedule
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The Static diffuser comprises:
— 1 x Hub Component with 5 main Flowpaths & 10 Bleed Inserts (5 Fwd bleed, 5 Aft bleed)

— 1 x Shroud component to define the main flowpath outer annulus along with an integral bleed management
system (aka door) and associated actuation hardware

Static diffuser accepts flow exiting the inducer and converts total pressure to useful static pressure
via a series of shock waves and gradual area changes while minimizing flow losses

— Major components are diffuser hub, shroud, shroud door, and actuation system.

Provides performance bleed through individual passages on hub and shroud (4 bleed circuits
total: hub forward, hub aft, shroud bleed, door bleed)

Shroud doors will simultaneously provide throat relief and additional aft bleed during diffuser
starting. Shroud door will be attached to the shroud and have a flow path interface. Doors will
have an external actuation system to provide required motion.

External actuation system will provide necessary door motion for starting the system
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Functional Requirements

* Accept flow from inducer Blade 12
* Maximize conversion of flow velocity into static pressure

* Meet bleed flow requirements within the physical space available TBD
— FWD Hub: (8%)
— AFT Hub: (6%)
— Shroud Bleed: (4%)
— Door Bleed: (8%)
— Starting Bypass: (26%)
* Implement features to allow starting of all flow paths
e Provide mechanical structure for the following Aero Definitions:
— 1) Case 15H (as is)
— 2) De-contracted Throat Case (Hub Only)

* Provide adequate sealing between flow path and bleed passages to avoid
significant disruption of the main flow and/or performance loss

 Minimize leakage between bleed passages
* Minimize leakage between the flow paths
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Functional Requirements (cont)

 Structural integrity of components to allow for normal operation of pressure
load schedule

— As outlined in Gen2 Aero Spec and Released Data.xlsx

—410 SS material in annealed condition assumed for all except the shroud, hub, and
door components (as a starting point)

= Yield strength: 35 ksi, UTS: 65 ksi, CTE: 5.5E-6 in/in-F

—17-4PH SS material in H1100 condition assumed for the shroud, hub, and door
components (as a starting point)

= Yield strength: 132,000 psi, UTS: XX ksi, CTE: X.XE-6 in/in-F

 Component tolerance stack up to allow for £ 0.002” flow path dimensional
tolerance in the supersonic section as outlined in Gen2 Aero Spec and
Released Data.xlsx
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Preliminary Design Review

Generation 2
Door Actuation System.

System owner(s):
Brian Massey, Rob Draper

12/9/2011
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Functional Requirements

* Provide desired door travel schedule
 Structural integrity of components to allow for normal operation of pressure
load schedule
— As outlined in Gen2 Aero Spec and Released Data.xlsx

— And refined in the following 2D, CFD starting analysis:
HPCO2 Diffuser StartingDoors 02November2011.pptx

—410 SS material in annealed condition assumed for all parts (as a starting point)
* Yield strength: 35 ksi, UTS: 65 ksi, CTE: 5.5E-6 in/in-F
 Component tolerance stack up to allow for £ 0.002” flow path dimensional
tolerance in the supersonic section as outlined in Gen2 Aero Spec and
Released Data.xlsx
* Piston shall provide adequate sealing to created desired pressure load on
actuation system
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Budget and Schedule

Current budgetary part cost estimates

e FDR date 717007 Diffuser shroud Door $5,000.00
717008 Shroud Door Piston 51,500.00

—_ January 13, 2011 717508 Adapter bracket, diffuser bypass actuator 5576.00
717517 Adapter bracket swivel plate, diffuser bypass actua 5675.00

° DraWing Release date (nO latel' than) 717524 Bypass actuator threaded rod 5400.00
717527 Bypass External Actuator Rod 5400.00

— 717008, Piston, 2/3/2012 717532 Gen2 Ramp Actuator Ring $18,000.00

R . 717012 Load ring, actuator door 5350.00

- 717013’ PaCklng Retalner’ 2/3/2012 717013 Piston seal preload plate 5500.00
717019 Load block, actuator door £150.00

- 717512’ completed under Genl 717020 Shroud door piston roller 585.00

— 717532’ Cam Ring Segment’ 2/3/2012 717021 Axle, shroud door piston 585.00
717022 Shroud door, forward bleed seal 5250.00

— PiStOH Link, 2/3/2012 717023 Shroud door piston seal £250.00

. 717015 Shroud door hinge axle, NDE 50.00

—Door BOgle, 2/3/2012 717016 Shroud door hinge axle, DE 50.00

« Estimated Manufacturing Time/Delivery date
— March 27,2012

* Is schedule achievable? Yes

e Current manufacturing lead time and cost/budget adequate?

— Current estimates to be qualified based on preliminary drawing release post
PDR. Current component complexity indicates 8 weeks of manufacturing is

adequate 77
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Static Diffuser Shroud

Ryan Edmonds

Original Presentation12/9/2011
Updated 12/12/2011
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Updated Shroud Static Structural Model

 1/5 sector model with
shroud bleed coverplate

* Two conditions
evaluated:

* Design Point
* Unstart
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Hub Manufacturing Discussion:

6/25

 Static Diffuser Hub: 717025
— Near Cast with hub bleed passages
— Final Flowpath machining
—Issues: list here

* Hub Inserts: 717017 & 717018
— Combination of 5 axis milling and EDM wiring
— Bleed Holes: Laser drilling or EDM
—Do we need match machining with Hub?
—Issues: list here

* Hub Bleed Manifold: 717534

— 35 axis milling

— Vane Inserts, Seal Cavities secondary process(ie coatings)

— Issues: list here
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Budget and Schedule

6/25

 FDR date
— January 13, 2012
« Drawing Release date (no later than) M
= 717025 Static Diffuser Hub 2/3/2011 z;g%
= 717005 Static Diffuser Shroud 2/3/2011 2 o7
= 717009 Hub Bleed Extension2/3/2011 o o

+ 717014

717026 Diffuser Hub, Casting 11/18/2011

717011 Diffuser Shroud, rough 11/18/2011

717012 Load Ring, Actuator Door 2/3/2011

717027 Static Diffuser Fwd Hub Bleed Insert 2/3/201
717028 Static Diffuser Aft Hub Bleed Insert 2/3/2011
717019 Load Block, Actuator Door 2/3/2011

717022 Shroud Door, Forward Bleed Seal 2/3/2011
717534 NDE Hub Bleed Manifold:2/3/2011

Current budgetary part cost estimates

Static diffuser hub

Static diffuser shroud

717004 rough, diffuser hub

717005 rough, diffuser shroud

Hub bleed extension

Load ring, actuator door

Static diffuser fwd hub bleed insert
Static diffuser aft hub bleed insert
Load block, actuator door

Shroud door, forward bleed seal
Primary flowpath radial diffuser vane

1

209

$45,000.00
$45,000.00
$0.00
5$0.00
$5,500.00
$350.00
$1,250.00
$1,250.00
$150.00
$250.00
5700.00
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Budget and Schedule

» Estimated Manufacturing Time/Delivery date
— Needs evaluation
* Is schedule achievable?

— Design Schedule on track so far, any major changes to current config will
result in schedule delays

— Manufacturing needs evaluation

« Current manufacturing lead time and cost/budget adequate? ©

Current budgetary part cost estimates

#l 717004 Static diffuser hub $45,000.00
¥ 717005 Static diffuser shroud $45,000.00
¥ 717010 717004 rough, diffuser hub $0.00
717011 717005 rough, diffuser shroud $0.00
+ 717009 Hub bleed extension $5,500.00
E 717012 Load ring, actuator door $350.00
# 717017 Static diffuser fwd hub bleed insert $1,250.00
# 717018 Static diffuser aft hub bleed insert $1,250.00
# 717019 Load block, actuator door $150.00
¥ 717022 Shroud door, forward bleed seal $250.00
* 717014 Primary flowpath radial diffuser vane $700.00
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Work Plan / Analysis Tasks : Mechanical

* Mechanical Design & Additional Analysis
— Hub

Continue FEA on Strake Fillet Stress reduction

More FEA on Insert as well as remodeling web stiffeners to accommodate bleed holes better
Modal Analysis on Hub and Inserts

More Conclusive Flange Analysis between Bleed manifold and Shroud

Evaluate Thermal effects and axial stack-up effects, and implement thermal into FEA
Implementing Manufacturing Plans into design

— Shroud/Door

Finalize door/shroud helical vs straight sidewall interfaces

Include strake LE support cutout detail in shroud forward bleed coverplate
Determine if door starting ramp limiter is required/possible to implement
Coupled Shroud/Door FEA analysis

Bleed hole/pocket geometry FEA and optimization FEA study

Additional modeling to address door/shroud/actuator assembly issues
Address shroud/inducer abradable sealing issues

Define sealing method to mitigate strake tip leakage

Determine method for minimizing shroud groove downstream of strake TE
Determine acceptable aero-mechanical design for bypass ramp

— Complete system

Hot to cold analysis, thermal loads incorporated into FEA
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Budget and Schedule

* FDR date
— January 13, 2012

* Drawing Release date (no later than)
= 717004 Static Diffuser Hub 2/3/2011
» New P/N 717025

= 717005 Static Diffuser Shroud 2/3/2011
» New P/N 717029

= 717009 Hub Bleed Extension 2/3/2011
» Part of Static Diffuser Hub now

= 717040 Diffuser Hub, rough 11/18/2011
» New P/N 717026

= 717011 Diffuser Shroud, rough 11/18/2011
— 17012 Lead Ring; Actuator Door2/3201H
» No longer necessary

= 717017 Static Diffuser Fwd Hub Bleed Insert 2/3/2011
» New P/N 717017
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Budget and Schedule

6/25

* Drawing Release date (no later than)
= 717018 Static Diffuser Aft Hub Bleed Insert 2/3/2011
= 717019 Lead Block;-Actuator Door 232011
» No longer necessary
=~ 717022-Shroud Deor; Forward Bleed-Seal 232011
» No longer necessary
= 717031 Shroud Forward Bleed Insert 2/3/2011
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Budget and Schedule

» Estimated Manufacturing Time/Delivery date
— Needs evaluation
* Is schedule achievable?

—Case 15H FDR is 3.5-4 working weeks from previous now (previously, there
was 4.5 weeks between PDR and FDR). This schedule may not be achievable

— Manufacturing needs evaluation

e Current manufacturing lead time and cost/budget adequate? ©

Current budgetary part cost estimates

#l 717004 Static diffuser hub $45,000.00
¥ 717005 Static diffuser shroud $45,000.00
¥ 717010 717004 rough, diffuser hub $0.00
717011 717005 rough, diffuser shroud $0.00
+ 717009 Hub bleed extension $5,500.00
E 717012 Load ring, actuator door $350.00
# 717017 Static diffuser fwd hub bleed insert $1,250.00
# 717018 Static diffuser aft hub bleed insert $1,250.00
# 717019 Load block, actuator door $150.00
¥ 717022 Shroud door, forward bleed seal $250.00
* 717014 Primary flowpath radial diffuser vane $700.00
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Appendix 6.3

Rotor Assembly CDR
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Conceptual Design Review

Gen-2 Build-2 Rotor Assembly

System owner(s):
Dave Taylor, Ravi Srinivasan

Nov 8™, 2012
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Inducer Overview

7 Investigated various concepts for Flowpath region
— Blisk with Integral shroud, Blisk with attached
J shroud, bladed-disc.

Investigated both solid and pierced disks

Inlet annulus lines as build-1, Shroud exit as build-1

Hub rad = 3.69” inlet, 4.12” exit

Tip rad = 4.374”

Inlet blade ht = 0.68”, Exit blade ht = 0.25”
Axial Chord approx 2.4”

Blade count = 61
Design pt speed = 33,000 rpom, MCOS = 36,306rpm

Tip speed

At 30,000 rpm = 1145 ft/sec
33,000 rpm = 1259 ft/sec
36,306 rpm = 1386 ft/sec
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HPC - Gen 2 Build 2 Inducer : Summary

» Looked at 4+ blade profiles

» Reaction Blade 6, Reaction Blade 6 with TE cutback ~.150” to give .010” TE and 3 airfoils from the
optimization database: D29, D507 and D783 (all with .010” LE and TE)

» Conventional bladed disc approach appears feasible.

+ Blisk Configuration (Solid & pierced blisk variants )
 Structurally feasible. Requires composite overwrap if separate shroud used

» Manufacturing
» With Integral shroud:
+ Milling - not possible (feedback from C & A and Turbocam)
* EDM — not possible
* ECM - not possible
* DMLS — Not possible (feedback from C & A and Morris)
P/M HIP — may be possible. Iterative, Long lead-time, high cost. Not pursuing.

» With separately fabricated blisk and shroud:

» Can be conventionally machined but will require welding & composite overwrap to retain
shroud.

» Composite appears feasible — Feedback from composites vendor (Mentis) positive
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6/25

Mechanical Feasibility of Manufacturable Inducer Options

Pierced
(attaches to
existing
shaft)

Concept 2d

Concept 2c

Solid

4340

Airfoil
Blisk Blisk
(with attached shroud & (with attached shroud)
composite overwrap)

Bladed Disc

Solid 4340
shaft

(New)

Rework
Existing
4340 shaft

Concept 1

Ti ‘make-up’ 4340 ‘make-
disc up’ disc
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2D Analysis for Burst Margin (Ti)

Hoop Stress
* Geometry: P

— Bladed Disc, 2.95” ID, Ti blade, Ti-5553 disc
— Analysis at 36,306 rpm
— Live Rim load of 965,978 1bf (20,936 psi)

¢ Results:

*GET VOLUME FROM 55UM ITEM=ITEM VOLUME VALUE= 53.0877412
*GET FRDUCTI FROM 55UM ITEM=ITEM FRDUCTI VALUE= 3713461.05
PAREMETER STRSLVI = 69936.32805

FLRRMETER UTIS70 = 164000.0000

PAREMETER BURSTMARGIN = 1.492561770

FLREMETEE BURSISFEED = 5674.715849

* Burst Speed = 5674 rad/s = 54,100 rpm
* Burst Margin (rel 36,306 rpm) = 1.49
— Criteria is >= 1.25 x redline

Disc burst margin acceptable for Ti-5553 disc
* Peak Hoop stress (Bore) = 108 ksi Bore Hoop stress < yield
— Yield stress = 150 ksi

- UTS =164 ksi Bulk stresses acceptable (but attachment

stresses likely not feasible as shown previously)

Ref:Gen2Build2-InducerDisc_v002_2D.SLDPRT
Gen2B2-HPC_BladedDisc_RxnBlade6_2DBurst_Run01.wbpj

220



Ramgen Final Report DE-FE0000493 6/25

Gen2 Build 2 Inducer : Bladed Disc Summary

Findings So far

* Blade + disk configuration feasible with conventional attachment design

* Airfoil ‘wrap’ (camber & stagger) makes locating airfoil on attachment a challenge.
* Requires complex root profile, weight reduction features and careful balancing.
* Some airfoil designs from optimization database may not be mechanically feasible

» Utilized blade with .010” LE and TE
* Requires new, solid 4340 disc/shaft same as Build-1. Cannot use spare rotor
* Modal characteristics — don’t know yet.

* Can be conventionally machined
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Some brief comments on ECM

Pros/Cons from Build-1 applicable here......

* Pros
* Mechanical Design of Blisk with Integral shroud somewhat simpler in the flowpath
* No blade-to-blade gaps
« 2" part quick and low cost (3 weeks, $10K ?)

* Cons
» Est $250,000-$300,000 for first part
* Schedule approx (insert duration based on GKM Gen2 Build-1 feedback)

* Highly cambered blade not ideal for ECM
* Process development required
* Post ECM machining of all Leading and Trailing Edges (86 operations)
* ECM from both sides — potential for bump or step in flowpath
* Request for significant bow in blade to facilitate stiffer tool.
* Tolerances outside requirements

ECM not being actively pursued
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Gen-2 Build-2: Rotor Build-up

* If Bladed Disc- Similar procedure to Build-1
* Ensure all tooling designed & ordered in time

* If Blisk — No blade/coverplate/snapring install required
« Shaft Hardware identical to build-1
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Schedule: Bladed Disc (Concept 1)

6/25

Task Name ‘ Duration Start ‘ Finish ‘ Aug 12 | Sep'12 [Oct12 | Nov 12 | Dec*12 Jan*13 [Feb'13 Mar 13 [ Aprt13 Ma [ Jun*13 [Jul13 Al Sep"13 Oc
15[22[29[ 5 [12[19[26] 2 [ 9 [16]23[30] 7 [14[21][28[ 4 [11[18]25[ 2 [ 9 [16[23[30] 6 [13[20[27] 3 [10[17[24] 3 [10[17[24[31[ 7 [14[21[28] 5 [12[19]26[2 [ 9 [16[23[30] 7 [14[21]28] 4 [11[18]25[ 1 [ 8 [15[22[28]
1 Initial release for COR Odays Tue 11612 Tue 11612 Initial release for COR ¢ 11/6
| 2 |E KeyDates 435days Mon 10112  Fri 92013 Key Dates =
3 Inducer Gen-2 Buid-2 Prelim Aerc Definition Odays Wen 10112 Men 10/1/12 En-2 Build-2 Prelim Aero Definition ¢—10it
4] Inducer Gen-2 Build-2 Final Aero Definition 0 days| Wed 12/12112 Wed 12112112 Inducer Gen-2 Build-2 Final Aero Definition g 12112
5 | Inducer Buiid-2 COR Odays Thu11/8M2  Thu 11/8/12 Inducer Build-2 CJ ’_1_1131
6 Inducer Build-2 PDR 0 days| Wed 11728112 Wed 11/28/12 Inducer Build-2 PDR T14/21
7] Inducer Buid-2 FDR Odays| Thu1@1M3  Thu 1731113 Inducer Build-2 FDR 'lib_ui1
8 Inducer Build-2 PRR Odays Wed 213113 Wed 21313 Inducer Build-2
BER Rotor Assy Available (Bladed Disk) Odays  Fri9i20M3  Fri920M3 Rotor Assy Available (Bladed Disk) 4 9i2
10 | Gen-2 Build 2 Testing Starts Odays  Thu8MM3  Thu 8113 Gen-2 Build 2 Testing Starts ¢ 81
C
12
| 13 |5 Inducer Assembly - Bladed Disk Configuration 155days Thu 11842  Frio0M3 Inducer Assembly - Bladed Disk C =
14 | E Inducer Assembly Design Bddays  Thu 115812 Thu 314113 Inducer Assembly Desig =)
15 [ Inducer Assembly Preliminary Design 15days Thu 11/8/12 Wed 1112812 Inducer Assembly v Desig
El Inducer Assembly Detailed design 30days Wed 12112112 Thu 1131113 Inducer Assembly Detailed design
E3 [ Inducer Assy FOR & PRR Completion Activities 30days  Thu1/3443 Thu 314113 FDR & PRR Completion Activities =
| 45 | = Inducer Assembly (719000) - Manufacturing 187 days  Thu 118112 FriB9M3 Inducer Assembly (719000) =
E [ Rotor (719002) 143 days  Thu 1153112 Thu 6H3M3 Rotor (719002) =
ER Blades (713012) 172days Thu 11129112 FriBi9M3 Blades {719012) =
7 Coverplates (719005, 719006) 42days Wed 21313 Thu 4111113 Coverplates (719005, 719006) =
76 Snap Rings (719009,749048) 42days Wed 243143 Thu 44113 Snap Rings (719009,719015) @ =]
79 Interblade Seals (719007,719008) 22days Wed 21313 Thu 314113 Interblade Seals (719007,719008) (pe———
B3 [ Inducer Installation Tooling 35days  Fri38i3| Thu 412643 Inducer Tooling @ =
B Rotor Assembly Shipping Crate Gdays  Fri3M613 Thu 32113 Rotor Assembly Shipping Crate petg
a7
| 8 | [ Inducer Assy: Build & Checkout 535days Wed 21313 Fri92013 Inducer Assy: Build & Checkout @ =
E3 =) Assembly, Balance & Spin Pit 43.5days Wed 24313 Fri 9/6M3 bly, Balance & Spin Pit @ =
ER Build & Ship Rotor Assembly 5days Mon81213  FriBM6M3 Build & Ship Rotor Assembly g
93
94 TOI Schedule 435days| Wed 21313 Fri 9/613 TDI Schedule @ =
131
{132 | [ Build Full Rotor Assembly Mdays  Thu9EM3  Fri920H3 Build Full Rotor Assembly. ey

+ Balanced Rotor Assembly (bladed disc) available late Sept 2013 — 3 months later than required

* Driven by:

* Aero design, Mechanical design w/ complex airfoil & blade manufacturing
* Lead times based on achieved lead times on Build-1

Ref: Gen2Build2_Inducer-BladedDisk_2012-11-06.mpp
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Schedule: Blisk (Concept 2d)

6/25

» Driven by Final Aero release, Final Mechanical Design and Manufacturing
* Lead times based on Build-1 design schedule, ROM quote & build-1 lead times

Ref: Gen2Build2_Inducer-Blisk_2012-11-06.mpp

+ Balanced Rotor Assembly (Blisk) available late July 2013 - 1 month later than required
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o ‘ask Name Duration Start Finish  [F|__[Jul™12 Aug 1 |sepn | Octr12 ov 12 Dec'12 Jan 13 [Feb13 Mar 13 [ Apr13 May 13 [dun"1 [Jur13 Aug 13
24 18 [15[22]28] 5 [12[18[26[ 2 | § [16[23[30] 7 [14]21[28] 4 [11]18]25[ 2 [ 9 [16[23[30] 6 [13]20[27] 3 [10[17[24] 3 [10[17[24]31 7 [14[21 28] 5 [12[18[26] 2 [ [16]23[30] 7 [14[21[28] & [11]18
1= Initial release for CDR Odays Tus 11612  Tue 11/612 & 116
z El Key Dates 206days Mon 101112 Thu 813
3 = Inducer Gen-2 Build-2 Prelim Aero Definition Odays| Mon 1012 Mon 10/1/12 $ 101
Elec] Inducer Gen-2 Buid-2 Final Aero Defintion 0 days| Wed 121212 Wed 121212 & 1212
5 4 Inducer Build-2 COR Odays Thu11/8M12  Thu 11/8/12, %
=] Inducer Buiid-2 PDR Odays| Fri11/3012  Fri1/3012) - 44030 1
] Inducer Buikd-2 FOR Odays| Wed 1/913  Wed 1/8/13 0—1491
8 Inducer Build-2 PRR Odays| Wed 1123113 Wed 123133 @ 123
B Rotor Assy Available (Bladed Disk] Odays Mon7/2913 Mon 7129013 ¢ Rotor Assy Available (Bladed Disk) ¢ 7129
*
10 | Gen-2 Buid 2 Testing Starts Odays  Thu@t3  Thug/ins & 8
7
12 Drawing Release Dates (Need checking) Odays Wed 112313 Wed 12313 Drawing Need checking) ¢ 1123
14
15 E Inducer Assembly - Blisk Configuration 1755days  Thu 11342 Mon 7129113 Inducer Assembly - Blisk C
16 El Inducer Assembly Design 51days  Thu 11/8M2 Wed 1130113 Inducer Assembly Design
7 Inducer Assembly Preliminary Design 15days  Thu 115812 Fri 11130012 Inducer Assembly y Design
20 Inducer Assembly Detailed design 11days Wed 121212 Fri 14113 Inducer Assembly Detailed design (=g
£ Inducer Assy Completion Activities 18days  Fri1/4M3 Wed 113013 Inducer Assy Complétion Activities qpm—"
38 El Inducer Assembly (719000) - Manufacturing 99days  Thu 13113 Wed 61913 Inducsr Assembiy (713000) - 7
7 Hub Fab (719000 78days Thu 113143 Mon 52013 Hub Fab (719xxx) =
4 shroud Fab 33days  Thu1131M3 Mon 31813 Shroud Fab o
4 Drive Cone Fab 63days  Thu 13113 Mon 412913 Drive Cone Fab
4 Hub and Shroud Weld & Wrap 21days Tue521M3 Wed 61913 Hub and Shroud Weld & Wrap (pe—
52
53 El Inducer Assy: Build & Checkout 129.5days Wed 172313 Mon 712913 Inducer Assy: Build & Checkout @
54 Assembly, Balance & Spin Pit 122.5days Wed 172313 Thu 711813 Assembly, Balance & Spin Pit g =)
o1 Build Full Rotor Assembly 8days Wed 7M7M3 Mon 7129113 Build Full Rotor Assembly gy
o7
8 Shroud &Ry nent 70days?  Fri 11/30M2 Tue 3119113 Shroud &R =
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Pros/Cons: Bladed Disc Concept 1

Pros
+ Known configuration (too early to say proven)
+ Damaged airfoils readily replaced

Cons
* Cost
* Schedule
* Gaps & steps in flowpath
+ Will not readily accept all airfoil designs. Some may not be possible
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Pros/Cons: Blisk Concept 2d

Pros

Cost compared to bladed disc
« Especially if manufacturing development taken out

Schedule compared to bladed disc

Less intensive mechanical design — free up resource earlier ?
* May be offset by support required for Manufacturing Development

No interblade gaps

More consistent flowpath from airfoil to airfoil

May be possible to allow smaller airfoil fillets at hub

No airfoil fillet required (or possible) at shroud

Composite Overwrap requires development — it’s not an ‘off the shelf’ solution
FOD to one airfoil could scrap entire blisk

Vibration could be an issue — lack of mechanical damping

Unable to provide as many lab tooth seals on shroud as bladed disc. 2 or 3 max.
Adds additional joint in rotor — between blisk and shaft
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‘Stacked’ Attachment Concept

6/25

Attachment stresses - basic

Analyses at 34500 RPM

Blade Version

Disc Attachment Geometry :

Gen2B2_Inducer_RxnBlade6_Blade.SLDPRT<-.009>

Skew Angle =
! Allowable Stress (ksi) Shed % of disc
Part Stress T Sect Width Aal ooa ng) | Load () |00 Stress | goeed | burst
a ress Type ection idth (in) Length {in) (i) oad (Ibf) Stress (ksi) . . Stress | Acceptable pae urs
Yield Ultimate | Creepstrain (rom)  Speed
Rupture
Tension Blade neck 0.0900 2.347 02112 7314 34.6 005 656 ? 7 Yes 75,085 '#VALUE!
@
= Shear Blade Shear 0.0790 2347 01854 4218 228 450 328 - Yes | (Target < 90% burst
m
Bearing Bearing 0.0500 2.347 0.1174 2420 206 120.0 - - Yes speed)
Tension DiscPost Neck 0.0960 2.347 0.2253 10384 46.1 972 636 ? 7 Yes 65,079 '#VALUE!
o
2 Shear DiscPost Shear 0.1000 2347 02347 4218 18.0 435 ki - Yes | (Targel < 90% burst
Bearing Bearing 0.0500 2.347 01174 2420 20.6 1160 - - Yes speed)

Stresses acceptable based on proportionate load sharing

Ref: Gen2B2_Inducer_RxnBlade6_Blade.SLDPRT<-.009>
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Appendix 6.4

Static Diffuser FDR
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Final Design Review

Generation 2
Static Diffuser — Case 15H Design
Starting Door Actuation System
Secondary Flows

System owner(s):

Mech: Geene Cevrero, Dave Taylor, Brian Massey, Rob Draper, Chris
Braman, Jonathan Bucher, Kirk Lupkes, Ryan Edmonds

Aero: Paul Brown, Ravi Shrinivasan, Mark Krzystopik, Silvano
Saretto, Ryan Edmonds

1/16/2012
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6/25

Agenda
9:00-9:15 System Definition and Scope
9:15-9:30 Functional Requirements
9:30-10:00 Review Action Items
Aero Design/Analysis
10:00-10:45 — Static Diffuser/Radial Diffuser Results
10:45-11:00 — Performance Roll-Up
11:00-12:00 — Secondary Flows/Starting
12:00-12:30 Lunch Break 30min
12:30-1:00 — (cont) Secondary Flows/Starting
Mechanical Design/Analysis
1:00-2:30 — Actuator System
2:30-3:30 — Starting Door
15 min Break
3:45-4:30 — Shroud
4:30-5:30 — Static Diffuser Hub
5:30-5:45 Outstanding Work Plan/Analysis Tasks
5:45-6:00 Budget and Schedule
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System Definition and Scope

The Static diffuser comprises:
— 1 x Hub Component with 5 main Flowpaths & 10 Bleed Inserts (5 Fwd bleed, 5 Aft bleed)

— 1 x Shroud component to define the main flowpath outer annulus along with an integral bleed management
system (aka door) and associated actuation hardware

Static diffuser accepts flow exiting the inducer and converts total pressure to useful static pressure
via a series of shock waves and gradual area changes while minimizing flow losses
— Major components are diffuser hub, shroud, shroud door, and actuation system.

Provides performance bleed through individual passages on hub and shroud (3 bleed circuits
total: hub forward, hub aft, door bleed)

— Provisions for future shroud forward bleed intact

Shroud doors will simultaneously provide throat relief and additional aft bleed during diffuser
starting. Shroud door will be attached to the shroud and have a flow path interface. Doors will
have an external actuation system to provide required motion.

External actuation system will provide necessary door motion for starting the system
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Gen 2 Rampressor Aero Analysis
Final Design Review (CDR)

Paul M. Brown, Ravi Srinivasan, Mark Krzysztopik,
Sabri Deniz, Logan Sailer, Silvano Saretto

16 January 2012
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Agenda

* Rampressor CFD Analysis
—Geometry and CFD Model Description
—Design Point CFD Analysis Results
—Off-Design Starting CFD Analysis Results
—Off-Design Started Low Backpressure CFD Analysis Results

* Rampressor Performance Rollup
* Conclusions
* Future Work
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Objectives

e Perform Coupled Simulation Of Inducer (Blade 12), Diffuser Case 15H
Bleed 4b, And Subsonic Radial Turn Diffuser (“Medium Turn”) With
70 Deg Vanes

* Provide Analysis Showing That Selected Rampressor Design Can Start
and Remained Started Under Foreseen Operating Conditions

* Provide Performance Estimate (Flange-to-flange) Of Rampressor Stage

* Provide Mechanical Team With Sealing Requirements, And Pressure
And Temperature Loads
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Design Point Simulation of Case 15SH

Inducer-Diffuser-Radial Turn

R. Srinivasan, Paul M. Brown
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Grid Details (000 Level)

* Inducer Grid Generated Based On Numeca’s Template With Modifications
To Accommodate Axial Separation Between Inducer And Diffuser.

— Number Of Grid Points Is Approximately 9M

* Diffuser Grid Generated Using Ramgen Topology
— Includes Part Of The Subsonic Radial Turn
— Number Of Grid Points Is Approximately 63M

* Radial Turn With Vanes

— Grid Includes Two Passages To Ensure Proper Transfer Of Data To The Diffuser
Blocks.

— Number Of Grid Points Is Approximately 14M (Includes Both Passages)
* Bleed/Shroud Gap Grid Was Adapted From Existing Bleed 4b Model.

Total Number Of Grid Points In The Model Is ~ 119M. The Wall Distance
Of The First Cell Center In The Diffuser And Radial Turn Is 1.3e-7 m.
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CFD Simulation Details

* Simulations Performed Using Fine Turbo Condensable CO2 Model
* SA Turbulence Model
* Total Pressure And Total Temperature Specified At The Inlet Along
With Velocity Direction.
— Pt = 210 Psia (1447899 Pa)
—~Tt=100 °f (311 K)
—Vz/|V|=1
— Uniform Inlet Profile
» Average Pressure Specified At The Outlet
—Radial Turn Exit — Varying Pressure Values
— Shroud And Aft Hub Bleed Cavities — 300 Psia (2068000 Pa)
—Fwd Bleed Cavity — 120 Psia (827370 Pa)
* Rotation
—Inducer Walls At 29400 RPM
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Mass Convergence

Casel5H TT Bld4 1a 000 11.0MPa 14

Mass In/Out (Kg/s)

Iteration Number

* QOutlet Mass Flowrate Exhibits Larger Fluctuations Than Diffuser Only Simulations

* Fluctuations Are Likely Caused By Unsteady Separated Regions Behind Radial Turn
Vanes and In Bleed Cavities

* Convergence is Deemed Acceptable For Performance Prediction
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Off-Design Starting CFD Analysis Results

Inducer-Diffuser-Radial Turn

Paul M. Brown
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Flowpath Starting Background

* Current Approach Utilizes A Door Hinged At The Back For Starting

* Opening Of The Door Provides Both Throat Area Relief As Well As A
Bypass Flow To Allow Starting Of The Supersonic Diffuser

—Door LE Selected Based On 1D Self Starting Area At M=2.4 Including
Effect Of Forward Bleed

—Door TE And Door Opening Selected Based On 1D Self Starting Area At
M=2.4 Including Effect Of Diffuser Bleed

* Bypass Flow is Re-injected Into Flow Loop Intermediate Pressure
Volume To Alleviate Auxiliary Compressor Flowrate Requirements
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Flowpath Started, Door Open 3D CFD
Analysis

* 3D CFD Analysis Of The Supersonic Diffuser With The Starting Door
Open At Full Speed Has Been Conducted

« Analysis Shows That Flowpath Is Started And That Bypass Circuit
Backpressure Is Compatible With Flow Reinjection In Into Flow Loop
Intermediate Pressure Volume

* At Door Nominal Opening Angle Bypass Flowrate Is Higher Than Target

 Details Of The Analysis Will Be Covered As Part Of Secondary Flow Aero
Analysis

2D And 3D CFD Analyses Indicate That Selected Starting Strategy
Allows Starting Of The Supersonic Diffuser With Margin
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Off-Design Started Low Backpressure CFD
Analysis Results

Inducer-Diffuser-Radial Turn

Sabri Deniz
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Background And Approach

« Starting Of The Supersonic Diffuser Is Currently Envisioned To Be
Accomplished With Minimum Backpressure (~300 Psia)

e At This Condition Flow Entering The Radial Turn Is Highly Supersonic

* Once The Starting Door Are Closed The Entire Mass Flowrate
Processed By The Inducer Minus The Bleed And Leakage Flows Must
Pass Through The Radial Turn

» Excessive Blockage From The Radial Turn + Volute Might Prevent
Starting Of The Supersonic Diffuser

* A Coupled Inducer-diffuser-radial Turn Low Backpressure Simulation
Was Performed To Determine Performance Of The Radial Turn Under
These Conditions
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Off-design Inducer + Diffuser + Radial
Turn Inlet and Exit Conditions

INLET EXIT
m [kg/sec] 36.72 30.28 (+ bleed flow)
M [-] 0.57 0.71
Pt [psia] 210.0 477.15
Pst [psia] 171.5 328.81
Tt [K] 311 522.9
Tst [K] 296.7 489.3
Flow Angle [°] 26.8
V [m/s] 237.6
Vt [m/s] 99.2
Vr [m/s] 193.0

Exit Mass Flow Oscillating Due To Unsteady Flow Separation, Vortex Shedding In
The Radial Turn, Around The Vanes

247



Ramgen Final Report DE-FE0000493 6/25

Conclusions

Simulation Results Indicate, That The Radial Turn Passes The Mass Flow At Off-
design Conditions (High, Supersonic Inlet Mach Number, Low Exit Static
Pressure) During The Starting

The Flow Is Unsteady, With Large Separation Regions Around The Vanes

* Shock Induced Separation Occur On The Vanes Surface (The Location Of The
Separation And The Size Of The Separated Region Depend On The Exit Pressure!)

Inducer + Diffuser + Radial Turn Cfd Simulation At Low Back-pressure (300 Psia)
Is Not Converging (Exit Mass Flow Oscillating)

Unsteady Flow, With Large Separated Regions (Jet-wake Type Flow) Discharging
To The Volute

Well Designed Volutes Can Handle Non-uniform, Separated Inflow Conditions, But
There Is No Information Or Data Available For High Inlet Mach Number Flows

Similar Concern For Flow Angle Change At Volute Inlet (= 90deg Change In Flow
Direction)

Should Consider Including Volute In The Model (Inducer, Diffuser, And Radial
Turn) And Run An Unsteady CFD Analysis
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Appendix 6.5

Facility P&ID
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Appendix 6.6

Drivetrain Repeatability

261



Ramgen Final Report DE-FE0000493 6/25

Drive Train Repeatability Assessment

HP CO, Compressor Development Program

Brian Massey

Report Date: 6 December 2012
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11/16/2012 and 11/17/2012 Nyquist Plot Comparisons

The following data is for runs with 100psia loop pressure on 11/16/2012 and 11/17/2012. The
Nyquist plots are generated at specific steady state dwell points (listed in motor rpm). Each plot
contains 10-15s of data shortly after arrival at the dwell speed. No changes in drive train
components are made between the two days. Differences in aerodynamic configuration (bleed
cavity pressure, wheel space pressure, bleed mass flow, etc) are neglected in the comparisons.
The aerodynamic configuration may or may not have an effect on drive train vibrations behavior.

Previous observations noted that sub-synchronous vibrations were present in the signal at lower
speeds. The sub-synchronous vibrations reduce sharply in amplitude once motor speed reaches
2800rpm. For this reason, it is expected that day to day repeatability will be better at speeds
above 2800rpm versus 900rpm and 1600rpm. Figures 1-16 contain comparisons between the
two days at several locations on the drive train for 900-1600rpm motor speed (8856-15744rpm
compressor speed).
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Nyquist Plot (VX505D Motor CE X) Nyquist Plot (VY507D Motor CE Y)

0° 0°

90°

120°

180° 180°

897.72 RPM. Amp: 0.247 Mils. Phase: -58.9° (Fall) 897.58 RPM. Amp: 0.158 Mils. Phase: -108.1° (Rise)

Figure 1: 11/16/2012, 900rpm, 100psi, Motor CE X and Y

Nyquist Plot (VX505D Motor CE X) Nyquist Plot (VY507D Motor CE Y)

0° 0°

2709 90°

120°

180° 180°

897.7 RPM. Amp: 0.139 Mils. Phase: -9.1° (Rise) 897.7 RPM. Amp: 0.136 Mils. Phase: -115.2° (Rise)

Figure 2: 11/17/2012, 900rpm, 100psi, Motor CE X and Y
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Nyquist Plot (VX406 Gear X) Nyquist Plot (VY407 GearY)

00

2709 90°

120°

180° 180°

897.78 RPM. Amp: 2.054 Mils. Phase: 61.5° (Rise) 897.6 RPM. Ampb: 1.126 Mils. Phase: -43.2° (Rise)

Figure 3: 11/16/2012, 900rpm, 100psi, Gearbox input X and Y

Nyquist Plot (VX406 Gear X) Nyquist Plot (VY407 GearY)

0°

2709 90°

120°

180° 1800

897.7 RPM. Amp: 2.007 Mils. Phase: 62.4° (Rise) 895.83 RPM. Amp: 1.177 Mils. Phase: -43.0° (Fall)

Figure 4: 11/17/2012, 900rpm, 100psi, Gearbox input X and Y
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Nyquist Plot (VX264 HS Cpl X) Nyquist Plot (VY270 HS Cpl Y)

0° 0°

180° 180°

8.836.9 RPM. Amp: 0.545 Mils. Phase: -105.7° (Rise) 8.836 RPM. Amp: 0.575 Mils. Phase: -4.1° (Rise)

Figure 5: 11/16/2012, 900rpm, 100psi, HS coupling X and Y

Nyquist Plot (VX264 HS Cpl X) Nyquist Plot (VY270 HS Cpl Y)

0°

180° 180°

8.834.5 RPM. Amp: 1.015 Mils. Phase: -135.3° (Fall) 8.834.5 RPM. Amp: 1.223 Mils. Phase: -35.2° (Fall)

Figure 6: 11/17/2012, 900rpm, 100psi, HS coupling X and Y
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Nyquist Plot (VX223D Comp DE X) Nyquist Plot (VY224D Comp DE Y)

0° 0°

180° 180°

8.828.7 RPM. Amp: 0.087 Mils. Phase: -31.0° (Fall) 8.835.1 RPM. Amp: 0.068 Mils. Phase: 48.2° (Rise)

Figure 7: 11/16/2012, 900rpm, 100psi, Compressor DE X and Y

Nyquist Plot (VX223D Comp DE X) Nyquist Plot (VY224D Comp DE Y)

0° 0°

180° 180°

8.839.3 RPM. Amp: 0.019 Mils. Phase: -52.1° (Rise) 8.813.4 RPM. Amp: 0.043 Mils. Phase: 37.1° (Fall)

Figure 8: 11/17/2012, 900rpm, 100psi, Compressor DE X and Y

267



Ramgen Final Report DE-FE0000493 6/25

Nyquist Plot (VX505D Motor CE X) Nyquist Plot (VY507D Motor CE Y)

0° 0°

90°

120°

180° 180°

1.598.3 RPM. Amp: 0.302 Mils. Phase: -115.1° (Rise) 1.598.7 RPM. Amp: 0.267 Mils. Phase: -107.3° (Fall)

Figure 9: 11/16/2012, 1600rpm, 100psi, Motor CE X and Y

Nyquist Plot (VX505D Motor CE X) Nyquist Plot (VY507D Motor CE Y)

0° 0°

2709 90°

120°

180° 180°

1.598.9 RPM. Amp: 0.182 Mils. Phase: -10.2° (Fall) 1.599.2 RPM. Amp: 0.174 Mils. Phase: -122.5° (Fall)

Figure 10: 11/17/2012, 1600rpm, 100psi, Motor CE X and Y
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Nyquist Plot (VX406 Gear X) Nyquist Plot (VY407 GearY)

0° 0°

270° 90°

120°

180° 180°

1.598.3 RPM. Amp: 1.529 Mils. Phase: 34.6° (Rise) 1.598.8 RPM. Amb: 0.860 Mils. Phase: -58.6° (Rise)

Figure 11: 11/16/2012, 1600rpm, 100psi, Gearbox input X and Y

Nyquist Plot (VX406 Gear X) Nyquist Plot (VY407 GearY)

0° 0°

2709 90°

120°

180° 180°

1.599.2 RPM. Amp: 1.453 Mils. Phase: 33.6° (Rise) 1.599.5 RPM. Amp: 0.859 Mils. Phase: -65.1° (Fall)

Figure 12: 11/17/2012, 1600rpm, 100psi, Gearbox input X and Y
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Nyquist Plot (VX264 HS Cpl X) Nyquist Plot (VY270 HS Cpl Y)
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15.723 RPM. Amp: 0.453 Mils. Phase: -88.1° (Fall) 15.723 RPM. Amp: 0.560 Mils. Phase: -30.4° (Fall)

Figure 13: 11/16/2012, 1600rpm, 100psi, HS coupling X and Y

Nyquist Plot (VX264 HS Cpl X) Nyquist Plot (VY270 HS Cpl Y)
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15.731 RPM. Amp: 0.957 Mils. Phase: -155.5° (Fall) 15.746 RPM. Amp: 1.108 Mils. Phase: -36.2° (Rise)

Figure 14: 11/17/2012, 1600rpm, 100psi, HS coupling X and Y
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Nyquist Plot (VX223D Comp DE X) Nyquist Plot (VY224D Comp DE Y)
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15.731 RPM. Amp: 0.125 Mils. Phase: -126.0° (Fall) 15.726 RPM. Amp: 0.070 Mils. Phase: -26.0° (Fall)

Figure 15: 11/16/2012, 1600rpm, 100psi, Compressor DE X and Y

Nyquist Plot (VX223D Comp DE X) Nyquist Plot (VY224D Comp DE Y)
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15.738 RPM. Amo: 0.189 Mils. Phase: -178.2° (Fall) 15.728 RPM. Amo: 0.146 Mils. Phase: -67.7° (Fall)
Figure 16: 11/17/2012, 1600rpm, 100psi, Compressor DE X and Y
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At lower speed ranges there is fairly good phase and amplitude repeatability between the two
days at the gearbox input shaft. As expected, there are some notable variations in the phase and
amplitude at the high speed coupling (HS) and compressor driven end (DE) for these speeds.
Again, this is expected due to the presence of sub-synchronous vibrations at the lower speeds.

When comparing data phase and amplitude data on 11/16 to data acquired on 11/17, the data is
very repeatable at 2800 and 3200rpm motor speed. The phase angle variation is generally within
10deg save a couple outliers which are closer to 15 deg, and the amplitude variation is typically
within 10 or 20%. The only notable exception to this observation is the Motor CE x-probe,
which appears to undergo a ~180deg phase shift between 11/16 and 11/17. This does not seem
to have any effect on the gearbox input phase and amplitude.

Figures 17-32 contain 11/16 and 11/17 comparisons at several locations on the drive train for
2800 and 3200rpm motor speed (27,552 and 31,488rpm compressor speed).

11
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Nyquist Plot (VX505D Motor CE X) Nyquist Plot (VY507D Motor CE Y)
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2.802.5 RPM. Amp: 0.927 Mils. Phase: 10.7° (Fall) 2.803.1 RPM. Amp: 0.885 Mils. Phase: 116.3° (Rise)

Figure 17: 11/16/2012, 2800rpm, 100psi, Motor CE X and Y

Nyquist Plot (VX505D Motor CE X) Nyquist Plot (VY507D Motor CE Y)
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2.802.4 RPM. Amp: 0.755 Mils. Phase: -158.9° (Rise) 2.803.1 RPM. Amp: 0.788 Mils. Phase: 109.3° (Rise)
Figure 18: 11/17/2012, 2800rpm, 100psi, Motor CE X and Y
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Nyquist Plot (VX406 Gear X) Nyquist Plot (VY407 GearY)
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2.803.1 RPM. Amp: 1.436 Mils. Phase: -10.6° (Rise) 2.803.1 RPM. Amp: 0.887 Mils. Phase: -90.7° (Fall)

Figure 19: 11/16/2012, 2800rpm, 100psi, Gearbox input X and Y

Nyquist Plot (VX406 Gear X) Nyquist Plot (VY407 GearY)
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2.803 RPM. Amp: 1.544 Mils. Phase: -9.3° (Fall) 2.802.3 RPM. Amp: 0.937 Mils. Phase: -95.3° (Fall)

Figure 20: 11/17/2012, 2800rpm, 100psi, Gearbox input X and Y
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Nyquist Plot (VX264 HS Cpl X) Nyquist Plot (VY270 HS Cpl Y)
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180° 180°

27.584 RPM. Amp: 2.371 Mils. Phase: -101.1° (Rise) 27.575 RPM. Amp: 2.347 Mils. Phase: -6.6° (Rise)

Figure 21: 11/16/2012, 2800rpm, 100psi, HS coupling X and Y

Nyquist Plot (VX264 HS Cpl X) Nyquist Plot (VY270 HS Cpl Y)
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27.573 RPM. Amp: 2.972 Mils. Phase: -115.5° (Fall) 27.580 RPM. Amp: 3.016 Mils. Phase: -21.5° (Rise)

Figure 22: 11/17/2012, 2800rpm, 100psi, HS coupling X and Y
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Nyquist Plot (VX223D Comp DE X) Nyquist Plot (VY224D Comp DE Y)
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27.570 RPM. Amp: 0.772 Mils. Phase: -125.9° (Fall) 27.583 RPM. Amp: 0.491 Mils. Phase: -33.3° (Fall)

Figure 23: 11/16/2012, 2800rpm, 100psi, Compressor DE X and Y

Nyquist Plot (VX223D Comp DE X) Nyquist Plot (VY224D Comp DE Y)
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27.578 RPM. Amp: 1.058 Mils. Phase: -133.7° (Fall) 27.569 RPM. Amp: 0.620 Mils. Phase: -31.8° (Rise)

Figure 24: 11/17/2012, 2800rpm, 100psi, Compressor DE X and Y
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Nyquist Plot (VX505D Motor CE X) Nyquist Plot (VY507D Motor CE Y)
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3.204.2 RPM. Amp: 0.390 Mils. Phase: -160.4° (Rise) 3.204.2 RPM. Amp: 0.498 Mils. Phase: -6.6° (Rise)

Figure 25: 11/16/2012, 3200rpm, 100psi, Motor CE X and Y

Nyquist Plot (VX505D Motor CE X) Nyquist Plot (VY507D Motor CE Y)
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3.204 RPM. Amp: 0.408 Mils. Phase: 63.0° (Fall) 3.204 RPM. Amp: 0.484 Mils. Phase: -13.4° (Rise)

Figure 26: 11/17/2012, 3200rpm, 100psi, Motor CE X and Y
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Nyquist Plot (VX406 Gear X) Nyquist Plot (VY407 GearY)
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3.204.2 RPM. Amp: 1.894 Mils. Phase: -35.3° (Rise) 3.204.2 RPM. Amp: 0.841 Mils. Phase: -125.5° (Rise)

Figure 27: 11/16/2012, 3200rpm, 100psi, Gearbox input X and Y

Nyquist Plot (VX406 Gear X) Nyquist Plot (VY407 GearY)
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3.204.2 RPM. Amp: 1.948 Mils. Phase: -38.6° (Rise) 3.203.9 RPM. Amp: 0.938 Mils. Phase: -123.7° (Rise)

Figure 28: 11/17/2012, 3200rpm, 100psi, Gearbox input X and Y
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Nyquist Plot (VX264 HS Cpl X) Nyquist Plot (VY270 HS Cpl Y)

180° 180°

31.531 RPM. Amp: 2.846 Mils. Phase: -138.2° (Rise) 31.524 RPM. Amp: 4.566 Mils. Phase: -9.2° (Fall)

Figure 29: 11/16/2012, 3200rpm, 100psi, HS coupling X and Y

Nyquist Plot (VX264 HS Cpl X) Nyquist Plot (VY270 HS Cpl Y)

180° 180°

31.526 RPM. Amp: 2.854 Mils. Phase: -146.5° (Fall) 31.529 RPM. Amp: 4.397 Mils. Phase: -12.8° (Fall)

Figure 30: 11/17/2012, 3200rpm, 100psi, HS coupling X and Y
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Nyquist Plot (VX223D Comp DE X) Nyquist Plot (VY224D Comp DE Y)
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31.524 RPM. Amp: 1.636 Mils. Phase: 177.8° (Rise) 31.531 RPM. Amp: 1.130 Mils. Phase: -25.9° (Rise)

Figure 31: 11/16/2012, 3200rpm, 100psi, Compressor DE X and Y

Nyquist Plot (VX223D Comp DE X) Nyquist Plot (VY224D Comp DE Y)
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31.522 RPM. Amp: 1.576 Mils. Phase: -178.6° (Rise) 31.522 RPM. Amp: 1.086 Mils. Phase: -17.0° (Rise)

Figure 32: 11/17/2012, 3200rpm, 100psi, Compressor DE X and Y
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11/28/2012 to 11/30/2012 Tabulated Data and Nyquist Plots

6/25

The following data is for runs at 200psia loop pressure on 4 separate days. Data is gathered in
the same method outlined above for 11/16 and 11/17. No changes to the drive train were made
between 11/28, 11/29, and 11/30, although wheel space cavity pressures were varied
significantly between tests in an effort to manage thrust loads, among other things. The changes
to bleed flows and cavity pressures are not accounted for in the data. On 12/4 the gearbox was
removed and the HS coupling balance was altered in an effort to reduce compressor DE and HS
coupling vibration amplitudes. Tabulated below is a condensed set of data at 2800rpm which
contains vibration phase angle, amplitude, shaft centerline data, and shaft Z-prox DC offset.

Motor NCE X Motor NCEY
speed |mdot cofpower, kW |DC phase |amp DC phase |amp
11/28 accel 2800 4207.5| 55.7 178 1.22] 56.6 100| 0.76
11/29 AMaccel 2800 56.3 4272.2‘ 55.9( -178 0.98| 56.7 100 0.6
11/30 accel 11-18-52 2800 56.6 4283.5( 56.2| -171 0.76 57 105 0.42
12/4/12** 2800 56.4 4272| 56.2|-178.4 1.19 57| 100.8| 0.716

Table 1: Motor NCE X and Y Phase, Amplitude, and Shaft DC Offset Comparisons

Motor CEX Motor CEY
speed [mdot cofjpower, kW |DC phase |amp DC phase |amp
11/28 accel 2800 4207.5| 58.3 151 0.52| 62.9 59 0.49
11/29 AM accel 2800 56.3 4272.2‘ 58.5 143 0.41 63.5 49 0.38
11/30 accel 11-18-52 2800 56.6 4283.5 58 26 0.28 63.4 53 0.24
12/4/12** 2800 56.4 4272| 59.8| 151.9 0.58| 65.2 60 0.47

Table 2: Motor CE X and Y Phase, Amplitude, and Shaft DC Offset Comparisons

Gearbox LS bearing_X

Gearbox LS bearing_Y

speed [mdot cofpower, kW |DC phase |amp |[DC phase |amp
11/28 accel 2800 4207.5| 46.8 21| 1.83] 49.6( -103| 1.28
11/29 AM accel 2800 56.3 4272.2] 47.1 20| 1.28| 50.4 98| 0.92
11/30accel 11-18-52 2800 56.6 4283.5| 46.3 27| 1.19] 49.3| -108| 0.86
12/4/12%** 2800 56.4 4272 47.1 -24.5| 1.32| 49.8| -103| 0.97

Table 3: Gearbox Input X and Y Phase, Amplitude, and Shaft DC Offset Comparisons
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HS coupling shaft_X

HS coupling shaft_Y

speed [mdot corlpower, kW |DC phase |[amp |[DC phase [amp
11/28 accel 2800 4207.5| 60.4| -160| 1.36] 55.2 -60| 1.44
11/29 AM accel 2800 56.3 4272.2] 609| 151 1.28 54 -48| 1.35
11/30 accel 11-18-52 2800 56.6 4283.5| 60.8] -160 1.3] 54.1 51| 1.34
12/4/12%** 2800 56.4 4272 59.7 -154 1.13 58.8 -471 1.209

Table 4: HS Coupling X and Y Phase, Amplitude, and Shaft DC Offset Comparisons

Comp DEX Comp DEY
speed |mdot cofpower, kW |DC phase |amp |DC phase |amp
11/28 accel 2800 4207.5| 49.8 162| 0.78] 45.3 -69| 0.35
11/29 AMaccel 2800 56.3 4272.2] 49.9 171 0.8 45.2 -55( 0.33
11/30 accel 11-18-52 2800 56.6 4283.5 49.8 173 0.75 45.2 -68 0.37
12/4/12** 2800 56.4 4272 50.1 176] 0.599 45.5 -64 0.32

Table S: Compressor DE X and Y Phase, Amplitude, and Shaft DC Offset Comparisons

Comp NDE X Comp NDEY CompZ
speed |mdot corfpower, kW |DC phase |amp |DC phase |amp |DC
11/28 accel 2800 4207.5| 38.8 6| 0.29] 31.6 144 0.39 57.2
11/29 AM accel 2800 56.3 4272.2] 38.8 14 0.29| 31.5 159| 0.38 57
11/30accel 11-18-52 2800 56.6 4283.5| 38.8 6| 0.25| 31.7 142] 0.32 56.6
12/4/12** 2800 56.4 4272 38.9 9 0.27 31.9 137 0.33 55.2

Table 6: Compressor NDE X and Y Phase, Amplitude, and Shaft DC Offset Comparisons

The phase, amplitude, and DC offset values are repeatable between the first three days with the
most variation occurring on 11/29. The only major changes in phase angle are observed on the
motor CE and NCE, which is consistent with the data from 11/16 and 11/17. No unexpectedly
large changes in phase or amplitude are observed on 12/4/12 after the HS coupling balance has
been altered. There was a decrease in amplitude on the HS coupling and compressor DE prox
probes, which was the intended consequence of altering the HS coupling balance.

Data has not been tabulated for higher than 2800rpm for these cases, although Nyquist plots exist
at 3100rpm motor speed for 11/28 and 11/29. Figures 34-41 give Nyquist plot comparisons on
11/28 and 11/29 at 3100rpm motor speed (30,504rpm compressor speed). This speed is very
close to design point speed 30,400rpm.
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Nyquist Plot (VX505D Motor CE X) Nyquist Plot (VY507D Motor CE Y)
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3.107.5 RPM. Amp: 0.445 Mils. Phase: 74.4° (Fall) 3.107.8 RPM. Amp: 0.537 Mils. Phase: -4.7° (Rise)

Figure 34: 11/28/2012, 3100rpm, 200psi, Motor CE X and Y

Nyquist Plot (VX505D Motor CE X) Nyquist Plot (VY507D Motor CE Y)
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3.107.4 RPM. Amp: 0.414 Mils. Phase: 79.3° (Fall) 3.107.5 RPM. Amp: 0.488 Mils. Phase: -4.8° (Rise)

Figure 35: 11/29/2012, 3100rpm, 200psi, Motor CE X and Y
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Nyquist Plot (VX406 Gear X) Nyquist Plot (VY407 GearY)
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3.107.8 RPM. Amp: 1.990 Mils. Phase: -32.9° (Rise) 3.107.6 RPM. Amp: 1.343 Mils. Phase: -112.9° (Fall)

Figure 36: 11/28/2012, 3100rpm, 200psi, Gearbox input X and Y

Nyquist Plot (VX406 Gear X) Nyquist Plot (VY407 GearY)
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3.107.9 RPM. Amp: 1.303 Mils. Phase: -30.5° (Rise) 3.107.9 RPM. Amp: 1.015 Mils. Phase: -112.3° (Rise)

Figure 37: 11/29/2012, 3100rpm, 200psi, Gearbox input X and Y
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Nyquist Plot (VX264 HS Cpl X) Nyquist Plot (VY270 HS Cpl Y)

180° 180°

30.573 RPM. Amp: 1.894 Mils. Phase: 172.2° (Fall) 30.577 RPM. Amp: 2.100 Mils. Phase: -58.2° (Fall)

Figure 38: 11/28/2012, 3100rpm, 200psi, HS coupling X and Y

Nyquist Plot (VX264 HS Cpl X) Nyquist Plot (VY270 HS Cpl Y)

/30569.5

180° 180°

30.575 RPM. Amp: 1.851 Mils. Phase: -172.5° (Rise) 30.570 RPM. Amp: 2.074 Mils. Phase: -46.0° (Fall)

Figure 39: 11/29/2012, 3100rpm, 200psi, HS coupling X and Y
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Nyquist Plot (VX223D Comp DE X) Nyquist Plot (VY224D Comp DE Y)
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30.577 RPM. Amp: 1.506 Mils. Phase: 141.4° (Fall) 30.573 RPM. Amp: 0.612 Mils. Phase: -47.9° (Fall)

Figure 40: 11/28/2012, 3100rpm, 200psi, Compressor DE X and Y

Nyquist Plot (VX223D Comp DE X) Nyquist Plot (VY224D Comp DEY)
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30.570 RPM. Amp: 1.455 Mils. Phase: 158.0° (Fall) 30.575 RPM. Amp: 0.615 Mils. Phase: -35.3° (Rise)

Figure 41: 11/29/2012, 3100rpm, 200psi, Compressor DE X and Y
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In general, comparison of Nyquist plots on 11/28 and 11/29 at 3100rpm (30,504rpm compressor
speed) shows good repeatability between the two days.

Conclusion:

Drive train vibration data appears to be repeatable between test days when comparing runs at the
same power and speed level, and when the drive train is kept at constant speed. This is apparent
from Nyquist plots comparing 100psi runs on 11/16 and 11/17. It is also apparent in tabulated
data and Nyquist plots for 200 psi runs on 11/28, 11/29, and 11/30. Additionally, tabulated data
from 12/4 shows good agreement with the runs on 11/28-11/30 even after the gearbox was
removed and the high speed coupling balance altered. There is a drop in vibration amplitude at
the HS coupling and compressor DE locations after the HS coupling re-balance indicating that
there was some positive effect of adjusting the balance.
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Appendix 7.1

Steam Drive vs. Electric Drive
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PPENDI X 7.2

HAZOP and P&ID Review
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Hazards Review
For the

High Pressure
CO, Rampressor

Test Facility

Dresser-Rand
Olean, New York

This Hazards Review has been prepared by Ronald J. O’Mara, P.E., P.C.

21-June-2010
Ref. Job Number C-1023

5813 Main Street . Williamsville, NY 14221 . Tel. (716) 634-9736 . Fax (716) 634-4912
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Introduction

In order to compile this Hazards Review on the new High Pressure
CO, Rampressor Test Facility, Dresser-Rand of Olean, New York contracted with
the Ronald J. O’Mara Corporation of Williamsville, New York to lead the review
and generate this report. The Hazards Review was done collaboratively between
Ramgen of Washington State, ATSI Engineering Services of Amherst, New York
and Dresser-Rand engineers and operating / maintenance personnel. A team was
formed to facilitate and develop the Hazards Review of the new High Pressure CO,
Rampressor Test Facility for Dresser-Rand of Olean, New York. Dresser-Rand and
Ronald J. O’Mara, P.E., P.C. agreed on the Hazards Review assessment objective
and approach.

The new High Pressure CO, Test Facility is designed to test the new Ramgen
carbon dioxide rampressor.

A Hazards Review was deemed appropriate by Dresser-Rand for this new
installation in order to mitigate the potential for undesirable consequences (e.g.,
personal injuries, environmental impacts, or catastrophic equipment damage).

From the Hazards Review, it is hoped that critical points in the design, operation
and maintenance of the new high pressure CO, test facility will be apparent. By
providing attention to these points and addressing the action items, risks may be
minimized and the overall safety of the system improved.

The recommendations from this Hazards Review are listed in the section of this
report entitled “Recommendations”.

Scope of study

The scope of this review included the new process piping and equipment that
begins with the CO2 truck unloading station and includes the following equipment
and systems: the CO2 vapor tank and test loop, the vent system to atmosphere,
Instrument air to the rampressor and through to the atmosphere, the cooling tower
and all its support piping and equipment, the leakage compressor and the
performance bleed compressor. The scope of this review does not cover the
rampressor itself, items outside of the test skid boundary or future items.
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Hazop risk analysis method

The risk analysis used the Hazop method and covered all the P&ID generated
nodes. The Hazop risk analysis follows a general scheme that can be described as
follows:

e Describe the system under analysis.

¢ |dentify loss scenarios (i.e. sequences of events leading up to potential or actual
losses, incidents or accidents) in the form of hazards, potential productivity
interruptions, asset damage events, environmental issues etc.

e Evaluate the risks of each loss scenario by determining the relative likelihood of
each event, and the relative consequence of each event.

e Evaluate the currently planned controls, barriers and safeguards.

¢ |dentify additional, potential controls, barriers and safeguards.

Note: Two sections, facility siting and human factor, do not have P&ID’s and were
reviewed using a freer-flowing question/response strategy.

In the current exercise, a select team from Dresser-Rand, Ramgen and ATSI
accomplished these steps:

Define the operational system

The Hazards Review was scoped to review risks related to the new High Pressure
CO, Rampressor Test Facility at the Dresser-Rand plant in Olean, New York. The
Piping and Instrumentation Drawings were used and sections of the flow sheets
were divided into operational “nodes” that were then reviewed for possible hazards.
The process nodes were selected based on their “fit” in the operation. Node “size”
was an important criterion. It was advantageous to have nodes that were small
enough in size to allow for a clear understanding and large enough to reduce
redundancies.

Identify the possible system hazards

This step postulated the maximum reasonable consequence of loss scenarios or
failures (i.e. of circumstances leading up to or resulting in hazards). The
consequences were classified as losses to equipment and health and safety of
personnel.
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Determine the level of risks

Risks associated with each step in the operational process were considered. This is
achieved by considering the event frequency or probability, and the event severity
Oor consequence.

The ranking system used is described below:
Risk is defined as the product of probability and consequence.

Probability cateqgories

Probability categories were defined as follows:
F1 = Once Every 1000 years

F2 = Once Every 100 years

F3 = Once Every 10 years

F4 = Once Every year

Risk cateqories

Risk categories were defined as follows. Note that the Risk Categories can be a
result of equipment damage (causing adverse economic impact), or injury to
people.

S1= Very minimal damage, less than $10,000 damage, self treated injury

S2= Minimal damage, between $10,000 to $100,000 damage, reportable injury

S3= Damage causing less than one month downtime, between $100,000 to
$1,000,000 damage, disabling injury

S4= Damage causing more than one month shutdown, between $1,000,000 damage,
fatality or permanent disability
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Risk categories

Risk categories were defined by combining the probability and consequence
categories above according to a matrix of risk ranking as follows.

Safety/Environmental

Category Names S1
Cell Names

F4 Optional (2)

F3 Optional (2) Optional (2)

Optional (2) Optional (2)

F2 Optional (2)

F1 Optional (2)

Define and describe the system safequards

This step identified existing controls and barriers, which could be used to manage
the operational risk. Controls and barriers include engineering devices, operational
methods and practice, management action and principles that the team agrees
appropriate to consider.
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Assess the adequacy of the controls

The adequacy of the nominated controls in terms of design devices, management
and operational practices was reviewed by the team to ensure that additional scope
for risk reduction has not been overlooked. If the controls are considered
inadequate, recommendations to improve the situation are made.

Conclusions and Recommendations

The report is presented so that the Dresser-Rand Inc., Ramgen and ATSI can
review and implement the recommendations established through the risk analysis.

Hazards Review Schedule

The risk analysis was conducted on June 10, 2010 and June 11, 2010 at Dresser-
Rand offices with the selected risk review team participating in the exercise.
Participants are listed below:

Participants

First Name Last Name Job Title Company
Jerry Williams Test Engineer Dresser-Rand
Don Wehlage Manager Test Engineer Dresser-Rand
Mike Weimer Construction Manager Ramgen
Matthew Weeks Co-op Dresser-Rand
H. Allan Kidd Emerging Tech Director Dresser-Rand
Tony Giardini Test Engineer Dresser-Rand
Mike Johnson Maint / Fac Manager Dresser-Rand
Donna Mcintyre HSE Manager Dresser-Rand
Jim Wilson Facilitator Ronald J. O'Mara
Karl Guntheroth Engineer Ramgen
George Talabisco Principal Engineer Dresser-Rand
John Beers PM Ramgen
Susie Shimamoto Program Manager Dresser-Rand
Bruce Hudson Supply Chain Manager Dresser-Rand
Kyle Whiteside Product R&D Engineer Dresser-Rand
Mark Schiffhauer ATSI - PM ATSI
Joe Williams Chief Engineer (via telecom) Ramgen
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First Name Last Name Job Title Company
Moulay Belhassan Aero Supervisor Dresser-Rand
Greg Stubbs Manager - HSE Dresser-Rand
Charles Rohrs Product Design Engineer Dresser-Rand

396




Ramgen Final Report DE-FE0000493

Recommendations

6/25

Type No. Action Responsibility Due Date
Recomm 1.2.1 Transmitters to be added to P&ID with a shut-down on low pressure ATSI/MAS 7/30/10
Recomm 1.2.2 Document operational procedures (pre-start checklists, etc.) Ramgen/JB 12/31/10
Recomm 1.2.3 PCV-610 to be designed to fail open ATSI/MAS 7/30/10
Recomm 124 F-006 to have PDI at a minimum ATSI/MAS 7/30/10
Recomm 1.25 Add emergency back-up LO pump to P&ID ATSI/MAS 7/30/10
Recomm 1.4.1 Add to lube oil reservoir LSL and LSLL with shut-down. ATSI/MAS 7/30/10
Recomm 1.4.2 Add local level indicator accessible to operator ATSI/MAS 7/30/10
Recomm 1.4.3 Add to SOPT (Standard Operating Procedures and Training) that the Ramgen/JB 12/31/10

operator must check reservoir level between tests.
Recomm 16.1 Show existing thermostat on temperature control loop ATSI/MAS 7/30/10
Recomm 1.6.2 Add to P&ID permissive-to-start notations (for pump and compressor) Ramgen/JB 12/30/10
Recomm 1.6.3 SOPT will not allow running with oil temperature less than 60 degrees F Ramgen/JB 12/30/10
Recomm 1.7.1 Develop SOPT commissioning procedures Ramgen/JB 12/30/10
Recomm 1.7.2 Update P&ID to show capacity of lube oil tank ATSI/MAS 7/30/10
Recomm 1.7.3 Add local level indicator accessible to operator ATSI/MAS 7/30/10
Recomm 1.9 Heat exchanger C002 to be designed to 150 PSIG ATSI / Mark 7/30/10
Schiffhauer
Recomm 1.11 Select hoses based on design guides Ramgen/JB 12/31/10
Recomm 221 Perform Control Objectives Analysis including Control Philosophy Ramgen/KG 10/1/10
Recomm 2292 Review Control Objectives Analysis D-R/GT, AG, and | 10/1/10
DW
Recomm 26 Motor that drives the pump that pressurizes the cooling water must have | ATSI/MAS 10/1/10
winter logic.
Recomm 29 Check consequences with Ramgen Aerodesigners. Ramgen/KG 7/30/10
Recomm 211 Institute final inspection prior to initial start-up (SOPT). Ramgen/JB 12/31/10
Recomm 2.14.1 | Consider adding relief valve downstream of PV004 (due to concern with Ramgen/KG and | 7/30/10
seeing discharge pressure on low-pressure side of PV004). ATSI/MAS
Recomm 2.14.2 | Review control function of PV004 Ramgen/KG and 7/30/10
ATSI/MAS
Recomm 3.3 Update P&ID to add check valves upstream of valves 5 and 6 ATSI/MAS 7/30/10
Recomm 3.9 SOPT to include training and warnings against inadvertent valve closing Ramgen/JB 12/31/10
Recomm 391 SOPT to include training to address CO2 leakage concerns Ramgen/JB 12/31/10
Recomm 3.11 Consider interface fitting only compatible with CO2 and unload signage Ramgen/JB 12/31/10
Recomm 451 Add to HS106 operator indicator of pump status on DCS ATSI/MAS 7/30/10
Recomm 452 Consider more preventive maintenance, redundancy, and having spare Ramgen/JB 12/31/10
parts on-hand (particularly a spare pump)
Recomm 4.6 Incorporate winter logic into motor/heater operation ATSI/MAS 7/30/10
Recomm 471 Add level indicator Ramgen/JB & 7/30/10
ATSI/MAS
Recomm 4.7.2 Add to SOPT to periodically inspect tower Ramgen/JB 12/31/10
Recomm 473 Add to Maintenance Manual to annually replace float switch Ramgen/JB 12/31/10
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Type No. Action Responsibility Due Date
Recomm 481 Add to HSL/H106 operator indicator of pump status on DCS ATSI/MAS 7/30/10
Recomm 4.9.1 Consider more preventive maintenance, redundancy, and having spare Ramgen/JB 12/30/10

parts on-hand (particularly a spare pump)
Recomm 4.9.2 Add low amp cut-off in pump ATSI/MAS 7/30/10
Recomm 4.9.1.1 | Consider adding relief valve downstream of PV004 (due to concern with Ramgen/KG and 7/30/10
seeing discharge pressure on low pressure side of PV004) ATSI/MAS
Recomm 4.11.1 | !mplement existing D-R test stand procedures into Ramgen test facility Ramgen/JB and 12/31/10
D-R/AG
Recomm 4.11.2 | Analyze source of contamination in ICS Test Facility D-R/DW 7/30/10
Recomm 4.11.3 | Review selection of particulate filter Ramgen/JB 7/30/10
Recomm 51 Incorporate pressure transmitter into design ATSI/MAS 7/31/10
Recomm 5.2 Incorporate pressure transmitter into design ATSI/MAS 7/31/10
Recomm 6.2 Acoustic testing will be performed. Ramgen/JB 4/1/2011
Recomm 6.3 Review and approve safety procedures associated with the test gas of Ramgen/JB and 1/31/2011
Cco2. D-R/HAK
Recomm 6.6.1 Construction plot plan is needed to show details. ATSI / MAS 6/11/10
Recomm 6.8 Review and comment on plan for CO2 delivery system and tankage. Ramgen/KG 6/11/10
Recomm 6.9.1 Provide parking and access to the facility Dresser-Rand/Ed | 8/1/10
Wilber
Recomm 6.11 Review potential hazards from plant design prior to commissioning. GC/thd, 12/31/10
Ramgen/JB &
MW, and D-
R/AG, GS, DM
Recomm 6.11.1 | Periodically assess compliance of Construction contractors adherence to GC/thd, 6/11/10 start
D-R’s HSE policy. Ramgen/JB & date and on-
MW, and D-R/AG | going
Recomm 6.12 Upgrade emergency response plans to indicate escape routes. D-R/DM 7/30/10
Recomm 6.16 Include transmission of summary alarm(s) to the central station. Review D-R/AG 7/30/10
team to meet to make specific desigh recommendations.
Recomm 6.17.1. | Ensure compliance with applicable exposure limit ASTI/MAS 8/31/10
1
Recomm 6.17.1. | Ensure communication of potentially hazardous situation D-R/DW 4/1/11 and on-
2 going
Recomm 6.17.1. | Consider scheduling facility open house to mitigate curious Ramgen/JB 4/1/11
3
Recomm 6.18 Make sure the contractors have tool box safety discussions that include D-R/AG & Start on
lessons learned from D-R Ramgen/MEW 7/01/2010
Recomm 71 Schedule follow-up discussion and consider updating P&IDs. Ramgen/JB 2/1/2011
Recomm 7.2 Review all alarms and S/Ds and categories Ramgen/JB 9/1/2010
Recomm 7.3 Develop commissioning procedures Ramgen/JB 10/1/2010
Recomm 7.4 Develop S/D and S/U procedures Ramgen/JB 9/1/2010
Recomm 75 Show control schemes on the P&ID’s Ramgen/JB 9/1/2010
Recomm 7.6 Schedule separate design review of back-up electrical design system. Ramgen/JB 9/1/2010
Recomm 7.8 Consider insulating water meter box against low ambient temperatures ATSI/MAS 7/1/10
Recomm 7.9.1 Ramgen to identify hardware requiring LOTO. Ramgen/KG 12/31/10
Recomm 7.92 D-R to provide Ramgen with LOTO procedure D-R/DM to 6/15/10
provide to AG for
transmittal to
Ramgen
Recomm 793 Ramgen to review D-R procedure for LOTO Ramgen/KG 12/31/10
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Type No. Action Responsibility Due Date
Recomm 711 Finalize sparing philosophy. Ramgen/JB 10/10/10
Recomm 7.12 Update P&ID Sheets 3 and Sheet 8, vent system and relief valves need ATSI/MAS 8/31/10

to be sized.
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Node and Section Divisions

Item No. Description Drawings

1 Lube oil from the lube skid through the rampressor, the gearbox and the common | D-78180-09-002 Rev G and D-78180-09-010 Rev
motor. Lube oil returns back to the tank skid. C.

2 From CO2 truck unloading station, through the CO2 vapor tank and into the test D-78180-09-004 Rev J, D-78180-09-008 Rev C.
loop equipment. Covers the test loop equipment and the bulk of the vent system
to atmosphere.

3 Covers from plant instrument air, to the rampressor and through to the vent D-78180-09-003 Rev J, D-78180-09-006 Rev H and
system to atmosphere. D-78180-09-008 Rev C.

4 Cooling tower, cooling water supply (CWS) system, CWR system and the leakage D-78180-09-005 Rev J, D-78180-09-007 Rev G.
compressors.

5 Performance Bleed Compressor. D-78180-09-009 Rev C.

6 Facility Siting. N/A.

7 Human Factor. N/A.
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Appendix 9.2.1
Flow Path Design
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Appendix 9.2.2
Flow Path Final Design Review
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Appendix 9.2.3

Flow Path Production Readiness Review
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Appendix 9.3.1

Static Hardware Design Reviews
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Appendix 9.3.2
Rotor Seal
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Wire

* Plan to use MGT wire rated for use at 450°C
(842°F)

* Size based on deratings for temperature (X
.34) and number of conductors in bundle
(~X .5, to be reviewed)

* 4680W at 240 Vac requires 19.5A total at
room temp

» With knock-down factors, need to size
supply for 19.5A/ .34/ .5 = ~115A

* 6 circuits is ~ 19A each

* In the range of 6-8 AWG supply wires

* Needs further review, and evaluation
of power as a function of temperature

6/25

AWG Base Approx. Approx. Conducto
Temp current current r
Rating rating at rating at Diameter
(40°C/ 618-662°F | 708-752°F (in)
104°F) (X.49) (X.34)
22 5.6A 27A 1.9A @.025
20 8A 39A 27A @.032
18 1A 54A 3.7A @.040
16 14 A 6.9A 48A @.051
14 21 A 10.3A 71A J.064
12 26 A 12.7A 8.8A @.081
10 35A 17.2A 11.9A @.102
8 49 A 240A 16.7 A 3.129
6 65 A 31.9A 221A 3.162
4 76 A 37.2A 258 A @.204
3 85A 41.7A 289A @.229
2 99 A 485A 33.7A @.258
1 110 A 53.9A 374 A @.289
1/0 126 A 61.7A 428 A @.325
2/0 141 A 69.1 A 479 A @.365
3/0 159 A 779A 541A 3.410
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Wire Power Rating Review

Current per heater circuit at room temperature
« 250W/240V=1.04A

Heaters can be supplied with 17 AWG or 18 AWG MGT
leadwires

18 AWG heater leadwires rated for 11 Amps (ProHeat)
Derating factor at 842°F (450°C) is ~0.18 (extrapolated)
Derating factor for 10-20 wire bundle is 0.50 (NFPA 70)

Current rating for 18 AWG, MGT wire at 842°F in 18 wire
bundle is 0.99A

» Barely under 1.04A full power current
» Current will decrease natural with temperature
« Variable voltage control will limit power

* 18 AWG MGT wire has sufficient
capability for desired power and
temperature
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Appendix 9.3.3

Compressor Layout
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— 2D Transient FEA, Startup

Assumptions:

1) 20 °F Ambient

2) Initial Condition Uniform 20 °F

6/25

3) 15 minute Ramp to T,, =100 °F

4) 24 Hr. Dwell

5) Contact Status & Gap Conductance Not Updated

Load Step | End Time RPM Gas Inlet Be?ringJournaI Oil Discharge
Temp. (F) Oil Temp. (F) Temp. (F)

1 1s 0 20 120 120
2 15m 100 145 160
3 8 hr 100 145 160
4 24 hr 100 145 160
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2D Transient, Shutdown

Assumptions:

1) Initial Condition = Steady State, 70 °F Ambient

2) 2 Hr. Dwell

3) Blow down Cooling Effect Negligible

4) No post shutdown lube oll

5) Contact Status & Gap Conductance Not Updated

Thermal BC S:aattiy Shutdown

External Convection v v
External Radiation 4 v
Conduction Across Gaps 4 v
Flowpath Convection v
Recess & Seal Leakage Convection v
Oil Convection v

6/25
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Summary

¢ Compressor layout modeling completed for
configuration at design point conditions

e 2D layout model validated by 3D thermal results
e Steady state, thermal/structural baseline is established
e Transient startup and shutdown, thermal analyses complete
¢ Remaining Work
e Update compressor layout for configuration
e Transient structural analyses to evaluate clearances and stress

e Run off design conditions as needed

646













































Ramgen Final Report DE-FE0000493

1) 20 °F Ambient
2) Initial Condition Uniform 20 °F
3) 4 minute Ramp to

4) 24 Hr. Dwell

5) Contact Status & Gap Conductance Minimally
Updated from Previous analysis

— 2D Transient FEA, Startup

Assumptions:

6/25

Load Step

End Time

1s

4m

15m

8hr

Vi |WIN |-

24hr

Gas Inlet | BearingJournal | Oil Discharge
Temp. (F) Oil Temp. (F) Temp. (F)
20 120 120
100 145 160
100 145 160
100 145 160
100 145 160
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Appendix 9.4.1
Compressor Drivetrain and Skid FDR
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Appendix 9.4.2
Facility FDR
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Appendix 10.1

ISCE Diffuser
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Geminus

Technology Development

ISCE Program: Inducer-Diffuser
Simulations

John Hinkey

June 22, 2011
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NACA RM-L56J01 Stage Simulations

» Goals:
— Simulate The Geometry and Operating Conditions Shown In NACA RM-LM56J01
— Determine Where Their Design Got It Right and/or Wrong

* Objectives:
— Perform Mean Line/2D Simulation To See The Mean Line Design (Quick)
+ Specifically The Impulse Blade Design: How Well The MOC Did

— Generate Their Stator and Rotor Geometries Based On Coordinates Called Out In
The NACA Report

— Perform On-Design Speed Simulations Using Ideal FREON As the Working Gas
+ Compare Results To Experiment Measurements

— Perform On-Design Speed Simulations Using Ideal AIR As The Working Gas

+ Determine Any Differences/Similarities and Lessons To Be Learned For ISCE Impulse
Inducer Design
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NACA RM-L56J01: Test Apparatus & Geometry

— Axis of twist

6/25

i \ r— Tip chord 1line and axial direction

|
SECTION A-A
NACA G5=010

g 1,165 —

EECTION B-R
j NACA £5-T09

b —

Axis of twist

C

N Axis of twist
¥ i| Exil.l direction
‘ I h _:h__' :—:.___ﬁ____‘_\_ —

| EHK
: Pitch ch =
‘ 7.B1 Radius chord Line

-

Axial direction

Root chord 1h h

SECTION C~C
NACA Eh=(n)08

-————— 23368
bl )

|

I

|

1

Figure 7.- Guide-vane details. All dimensions are in inches.

f

23‘;' 36"
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NACA RM-L56J01: Operating Conditions

ViVe/s, lb/sec of alr
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e rr e T
L 3 Open throttle | ]
\ — = — = Maximum throttle :
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= S0f— 8 i ]
= n i
% e \8\@—0—1—1—3—9——3
G e _ © I
2 A ]
80— Plain symbols - temperature : .| .
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— Flagged symbols - torque | p—
i
oL+ b fey ]
26— 49 T —y
et e
25— 47— O Open throttle M —
o 0 Maximum throttle :
o] — g'é 45 : —
=2 i
23— B 43 | —
g2 3
20— g4 41 & —]
iy 6
21— =4 39 tr —
g &
aff— a7 | —
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Equivalent tip speed, U NE , I8 in air

* Designed For Air (y = 1.40), But Operated On Freon (y =1.125)

739



Ramgen Final Report DE-FE0000493 6/25

Design #1 3D CFD: Conclusions

* Flow Looks Pretty Decent Overall
— No Hub Separation As Occurred In NACA Rotor
— Decent Performance

* 0.007” Tip Gap Does Not Degrade Performance That Much
— May Want To Run An Equivalent Shrouded Simulation To Check This
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1-19-2011 Update

« Many Many Simulations Performed

— 88 Blade Model w/6mil radius LE
+ 10 and 12 psia back pressure

— 44 Blade Model w/6mil rad. LE
+ 100%, 105%, 110%

— 44 Blade Model w/12mil rad. LE
+ 100%, 105%, 110%

— 80 Blade Model w/6mil LE
+ 10 psia back pressure

* Really Really Need Automated Post-Processing
— Huge backlog — Mark working on scripts
— Network MATLAB Licenses ASAP
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What’s Next For This Design?

* Trying To Get A Stable Un-Back Pressured Solution

— May need to back pressure it a little bit

* Installation of Preliminary Bleed Patches
— Hub & Shroud
— Via Built-In Bleed Hole Modeling Capabilities
— Low and High Back Pressure

 Slip Wall Simulation
— Check To See If Inviscid Shock Structure Is OK
— Grid In Progress

* Other Issues Hindering Things

— Auto Splitting Version of FINE/Turbo and/or IGG Needed To Turn Solutions Around
Faster
+ Currently Grid Topology Only Allows Use of 4 Processors
+ Current IGG-based Splitting Does Not Maintain Periodic Connections
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April 08, 2011 Update

» Back-Pressured Non-Slip Wall Solution Results
» Back-Pressured Slip Wall Results

— Viscous Inflow Profile Used (see previous slides)
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Ramp Design #1: Back-Pressured Results

* Fully Viscous Model Back Pressured To 45 psia (mass averaged)
— Could not get a low back pressure simulation to converge: Outflow Problems
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Appendix 10.2

ISCE CDR
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ISCE Phase | CDR

Compressor Inducer Rotor
April 15, 2011
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Outline

Inducer blade geometry
Rotor geometry

Blade alone modal analysis
Campbell Diagram
Thermal Analysis

Stress Analysis
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Appendix 10.3

ISC Engine Presentation
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ISC Engine Configuration Advances

July 13, 2011

Ramgen Power Systems

0900-01388 749
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Agenda

* Introductions

* Technology Advances

* Performance potential

« Advances that enable risk reduction

* Program schedule acceleration

* Budget impact
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Program Technical Risk Reduction

* Program risk and cost reduction achieved by utilizing existing
IGT combustor and turbine — avoids design and check-out of
these proven components

« Accelerates demonstration and validation of compressor
performance, “Gen-2” compressor will be retrofit onto existing
IGT with power output consistent with testing at Ramgen
facility in Redmond

« Saturn T1200 selected — PR=6:1, Airflow = 13 pps, Power
Output = 1,141 hp (850 kW)

* Mechanical design/fabrication proceeding with goal of having
hybrid unit available for demonstration in October time frame
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Performance Potential New ISCE Configuration

» “Gen-2” compressor configuration (supersonic Inducer + Stationary
Shock Diffuser) Capable of Increased Compression Ratios Compared to
Original Rotor Based System

* Preliminary Analysis Indicates PR~20:1 Possible with Conventional
Shrouded Inducer in 1,500 kW System

* Potential Performance for 1,500 kW at PR~20:1 with Proven AVC
Combustor Characteristics in mid 40% thermal efficiency Range

« System Retains All Capabilities Originally Proposed
- Rapid Load Following
- Ability to Burn Low Pressure Dilute Fuels
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CO, Schedule Impact

. Gen 2 configuration is being incorporated into CO,
compressor

= Exceptional synergy between programs realized
= All resources working on best configuration
» Significant reduction in ultimate commercialization risk

» Test start delayed by 3 months — from Dec 2011 to Feb 2012

. !\1llatnufactur|ng delays of Gen 1 configuration created comparable start
ates

* No significant Facility changes required for Gen 2
» Longest lead/biggest parts will work for Gen 2
» Ramgen Schedule Summary 2011.07.7.xlIsx

Installed Pressure Case

Bearing Housing
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Budget Impact

ISC Engine
* No new funding required

= Overlap of BP3 Task 5 with BP2 would result in accelerated
spending of funding

- CO,
* No new DOE funding required — additional private funding being
secured

= Accelerated spending of DOE funding
» Currently Ramgen splits cost share each month, not by end of Budget Period

» Request change to cost share at end of Budget Period concurrent with ISC
Engine Program
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APPENDIX 10.4

Fuel and Air Facility Delivery Systems
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Conceptual Design Review

AVC Fuel and Air Delivery Systems

System owner(s):
Brian Massey

5/4/2012
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Agenda

e System Definition and Scope

* Functional Requirements/Design Goals
* Interfaces

» Air System Conceptual Design

* Fuel System Conceptual Design

* Exhaust Back Pressure Valve

* Budget and Schedule
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System Definition and Scope

« System includes air piping from the filter outlet flange through the air
heater and to the combustor

* System includes natural gas piping from the skid to the combustor

 Includes flow meters, CFV’s, and control valves necessary to meter the
flow for fuel and air systems

 Also will touch on the exhaust system back pressure valve
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Functional Requirements/Design Goals

* Air system must maintain choked flow when back pressure is Satm or
above

e Fuel system must maintain choked flow at all times

* Stoichiometry variation must be continuous over entire operating range
(i.e. no binary operation)

* Main air must be capable of delivering from 0.336 to 1.681 lbm/s at

~650F

—  Min flow based on 2 atm ignition, max flow based on roughly 1/5t sector of full scale ISCE AVC
combustor

— Required turndown ratio 5:1

—  Air supply is max 2.1 Ibm/s at 200-210psig, target combustor back pressure at design point is 150
psia (i.e. need to maintain choked flow with 65-75 psid from supply to point of use)

« Cavity air must deliver from 4-12% of main air flow across entire
operating range
— Results in min .0084 Ibm/s at ignition to max .1375 lbm/s at design point
— Required turndown ratio 16:1
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Functional Requirements/Design Goals

* Main fuel delivery pressure to combustor must be 50 psi above
combustor pressure at design point and 2x above at ignition

— Results in 200psia delivery at design point, 60 psia delivery at ignition
— Natural gas compressor currently delivers at 208 psig

* Main fuel must control stoichiometry from ¢=0.4 to 0.7 over design point
operating range and maintain ¢=0.7 at ignition
— Results in min .008 Ibm/s at ignition and max .0408 Ibm/s at design point

— Required turndown ratio 5:1
— If $=0.4 to 0.7 variability is required at ignition, min is .0047 Ibm/s and turndown is 9:1

« Cavity fuel must deliver from 4-12% of main fuel flow and control
stoichiometry ¢=0.7 to 2.2 across entire operating range (6% of main at
ignition)

—  Results in min .00052 Ibm/s at ignition to max .01749 lbm/s at design point
— Required turndown ratio 34:1
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Important Interfaces

* Electrical
— Instrumentation
— Control valve feedback
* Mechanical
— 3” pipe downstream of air filter inlet

— QOutlet is combustor controlled by backpressure valve in exhaust, 2-10 atm back
pressure range

* Fluids
— Air
= 2.11bm/s rotary screw compressor @ max 210psig with 60% turndown capability

— Fuel
= ~0.2 Ibm/s natural gas skid @ max 208 psig, turndown unknown at this time

— Cooling Water
= Estimate of 10 GPM
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Design Considerations

* Because supply pressures are so close to point of use pressures, CFV’s
are required to maintain choked flow at these conditions

— Pressure ratio across CFV is ~1.2
* Because such large turndown with continuous variability is required,
CFV’s will not remain choked at the lower flow rates
— Control valves must be sized to choke before CFV becomes unchoked
— Additional upstream flow meter will be required if accurate flow
measurement is desired when CFV is not choked
* In some situations the turndown required is so large we may have to
resort to binary control (i.e. small CFV’s with downstream isolations so
we can run high pressures at low flow rates, increase flow by opening
isolations)
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Main Air Concepts (5:1 turndown, 200psig supply)

Concept 1:

@ From Airheater
r——=
! |

v L——a
A.

Main Air

To Combustor

 Single CFYV sized for 150 psia back
pressure at max flow (185 psia req
upstream of CFV)

« Single flow control valve, choke point may
jump back to control valve at ignition
(37psia/31psia respective up/downstream
CFYV pressure at ignition)

* Can use upstream sub-sonic venturi flow
meter if necessary for more accurate flow
measurement when venturi is unchoked

Concept 2:

@ == From Airheater
—

Main Air

To Combustor

* Same as concept 1 except using a course
and trim control valve for better control
at low flow rates

* This is how they run in both labs we say
at AFRL

* Another variation is to run parallel
control valves and parallel CFV’s
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Control Valve Selection

* Preliminary Cv ranges calculated and compared against Fischer V-ball selection
available

» 2” size is the largest we could use on delivery systems, but generally would
prefer 1”7 (.01 < Cv <35),1 2” (.014 < Cv < 76) sizes, or 1” micro Cv sizes (.014 <
Cv <5.23)

* 2-4” required for back pressure valve

* No sizing on bypass valve yet, expecting 2” will be about the size we want

* Need to consider acoustic damping trim to reduce our noise levels

* Need to look at smaller non-Fischer valves for cavity fuel and maybe cavity air

* What we own:

pipe

size class QTY location make model
inch

2 150 1 A160 Bauman 24588SVFEB

150/300 Javier 1 A160 Fisher V200
150/300 1 Olean Fisher V200
150/300 Javier 2, 1 available A160 Fisher V200
150/300 Javier 1 A160 Fisher V200

N B D
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Work Plan / Analysis Tasks

* Resolve natural gas supply shortcomings

« Higher fidelity delta-P analysis between compressor and test cell

* Determine when and where choked flow is necessary

* Continue to trade concepts for delivery final down select on concepts

* Detailed control valve, CFV, and sub-sonic flow meter selection, spec all
remaining line sizes and components and do detailed delta-P analysis

* Work toward goal of cold flow check out of air system before combustor
is installed
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Budget and Schedule

* PDR date — targeted with combustor sector PDR, 7/13/2012

* FDR date — targeted with combustor sector FDR, 9/1/2012

* Drawing Release date — P&ID needs to be ready for facility installation, 11/1/2012
* Estimated Manufacturing Time/Delivery date

* Any differences from master schedule? - No

* Is schedule achievable? — Schedule appears achievable for facility hardware and is largely
dependent on combustor design effort.

e Current budget
— Facility - $100k
— AVC Hardware - $40k
* Is current budget adequate?
— 7 control valves x $4k = $28,000 (ROM)
— 11 flow meters x $2k = $22,000 (ROM)
— $90,000 remaining for GM piping, instrumentation, valves, misc gas system components, etc
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APPENDIX 10.5
AVC Test Article
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Final Design Review

AVC Test Article

System owner(s):
Ryan Edmonds, Rob Draper, Michael Crayton, Chris Braman
Quest: Paul Vitt, Steve Koester, Chris Mento

12/14/2012
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Agenda

6/25

* Aero (Quest — Steve/Paul)

Burnout Zone Optimization Models

Cavity Injection Analyses/Cavity Premixer Models

Reacting Flow Model without cooling air

Cavity Only Lit Model

Main Premixer

Cooling Air/Dilution Model of Entire Combustor

» Heat Transfer Models (Quest- Chris)
— Centerbody

— Liner
— Summary

* Mechanical
— Centerbody Thermal Structural Model (Rob)
— Liner Structural Model (Quest)
— Design Details (Michael/Ryan)
= Liner
= Centerbody
* Window
= Injection of Main and Cavity Fuel

* Instrumentation & Assembly (Ryan)
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Functional Requirements/Design Goals

* Run holding corrected flowrate to match engine conditions.

* Must utilize existing Redmond Combustor Test Facility Capabilities.

— Main limitation is air delivery: Capability is 2.1 Ibm/s at 150 psia in test rig, Approx.
700 °F maximum preheat temperature.

— Fuel compressor capability: ~0.2 lbm/s natural gas, at max 208 psig on compressor
discharge.

* Monitor combustor acoustic pressure fluctuations.
* Measure combustor exhaust products.
— No specific NO, or CO requirement for this demonstration.
* Record high speed video of combustor in operation.
— Direct radial viewing if possible, or periscope style camera through liner OD.

* Demonstrate cavity jets with just plenum fed air letting geometry and pressure
set cavity flowrate.

— Design must also allow for separate cavity air feed to vary cavity flowrate as has been
done in past designs.
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External Presentations

* Aero — Quest, Paul/Steve

» Heat Transfer — Quest, Chris Mento

* Centerbody Structural Model — Rob

* Liner Structural Model — Quest, Chris Craighill
* Liner Design — Michael/Ryan
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Mechanical Design Notes

 Split impingement shields closed with nichrome strip?

e Champion igniter feedback
—The CH34419 has a limited tip temperature due to tungsten material used
* L-ring central cooling pattern line of sight issues to cooling holes
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Instrumentation — Dynamic Pressures

Graphic from PCB

* Plan to remote mount dynamic pressure transducers outside pressure
vessel with T upstream of “infinite” coil.

 Internal high temperature transducers that can mount on liner range
from $3300 - $4600 each are not within the budget.
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Remaining Work Plan / Analysis Tasks

« Update centerbody thermal/structural model with cooling slot change
* 3D heat transfer structural modeling:

— Igniter

— Window Region

— Exhaust Flange
* Finalize cooling features for combustor optical windows/probes

* Detailed review of all cooling hole patterns during drawing creation

Exhaust Region*

* Combustor Exhaust Diagnostics:
— Emissions Probe
—Temperature Rake
—Flow Angle Probe?
* Design exhaust water quench
 Finalize extension barrel that connects combustor to the pressure vessel

*Not part of this review
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Schedule

* Drawing Release Completion — 2/15/2013?
» Estimated Manufacturing Time/Delivery date — 12-14 weeks
— Targeting material order for centerbody by 12/21/2012 to expedite schedule
—Subject to revision as Major Tool receives final hardware models/drawings
* Any differences from master schedule?
— Current dates are in line with master schedule
* Is schedule achievable?

—Dependent on personnel availability with two active test programs
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Final Design Review

Annular AVC Test Article

System owner(s):

Ryan Edmonds
Quest: Paul Vitt, Steven Koester, Chris Mento, Chris Craighill

12/14/2012
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Burnout Zone Optimization

Background:

» There was concern that the centrifugal forces associated with thermal gradients in the swirling combustor flow would
disturb the outer liner flowfield with a peaked combustor, so the OD was made cylindrical

* Asecond concern was that the separation region behind the aft body needed to be closed out well before the turbine
inlet, so several variations on the aft wall slope were examined to see if the vortex region could be made smaller

Objective:
» Evaluate the impact of the wall slope changes on recirculation zone size and residence time (goal of between 12 & 18 ms
with the new configurations)

Approach:
* Use reacting, steady state CFD analysis on three burnout region designs and compare the results.
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Premix Supply CFD and Vortex Cavity
Performance CFD

Background:
+  Vortex cavity pre-mix supply system was design to mix the fuel and air on-board the centerbody, so that the same
primary hardware could be used for both pressure-fed and plenum-fed conditions

»  Detailed model required to verify mixing, pressure drops and flow distribution

Objective:
»  Determine mixing, pressure drop and flow splits through the premix delivery system.

+ Size the vortex cavity injection holes for pressure and plenum supply conditions.

Approach:
»  Steady-state multi-component mixing CFD analysis was used to assess the premix delivery system
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Cooling Addition Model CFD

Status and Recommendations

Cooling Addition Model Status

+  Two CFD models with varying simplifications were created for the combustor with
centerbody and liner cooling included to get initial estimates for combustor exit temperature
and profile factor.

* In both models, the simplifications may be overshadowing the desired results, indicating the
need for a more complex model

Recommendations

+ Increase the fidelity of the cooling in the reacting flow model that includes radiation and a
reasonable estimate of wall TBC temperature (from the thermal analysis).
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Detailed Model CFD

Objective:

*  Combine all components of the combustor into a single reacting model.
*  Verify component performance as a system.

*  Verify cooling assumptions.

Approach:

* Use steady state CFD analysis at rig conditions.

*  Combine previous models: Cooling flow supply, premix delivery, main fuel injection, inner and outer liner cooling and
combustor aero.

*  First model will not include impingement or effusion cooling geometry to ensure model operation.
«  Second model will incorporate effusion and impingement geometry using results from previous model for initialization.
* Use flow visualization and measurement plane to verify mass flow rates, pressures, and cavity, mixing performance.

793



Ramgen Final Report DE-FE0000493 6/25

Aero Design

Summary and Remaining Work

Analysis Summary

Burnout zone was re-sized for improved flow patterns (to minimize impact on turbine inlet
flowfield)

Vortex cavity premix delivery system operation was verified, and the injection holes were
sized for plenum and pressure fed conditions

Updated combustor model (with two changes above) showed expected performance
Internal centerbody cooling system modeled and delivered close to the expected results
(not shown in the current presentation)

Achieving acceptable mixing levels at the dump plane has proven to be challenging, with
the current design delivering 45% mixing in the primary stream

Combustor cooling models were assembled, but the simplifying assumptions made to
enable the required schedule have reduced the usefulness of the results

Next Steps

Continue to investigate improvements to the main fuel mixer

Upgrade the fidelity of the cooled combustor model and assess the turbine inlet
temperature profile

Coupled internal-external flow combustor model to verify operation of the assembled
components
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Aft Body 2D Thermal FEA Analysis

Aft Body Thermal Analysis

795



Ramgen Final Report DE-FE0000493 6/25

Liner 2D Thermal FEA Analysis

Liner Thermal Analysis
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Liner 2D Structural Analysis
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ISCE AVC Test

3D Sector FEA

Final Design Review

December 14, 2012
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Haynes 230 Temperature Degradation

* RT Ultimate strength: 114 ksi
— 900°F : 84% of RT = 96 ksi
— 1200°F: 78% of RT = 86 ksi
— 1500°F: 58% of RT = 66 ksi

— 1800°F: 28% of RT = 32 ksi 00
* RT Tensile yield strength: 49 ksi , ~S
—900°F: 72% of RT = 35 ksi 60 —
— 1200°F: 68% of RT = 33 ksi = :
FC;'I 70 = m— ==
— 1500°F: 68% of RT = 33 ksi 5 i P |
“w in B0 W | 3
— 1800°F: 36% of RT =18 ksi g ¢ I
£8 50 I .
= 40 The strain rate to determine TYS was Y
g 0.005 infin/min of gage length. The Pl
g 30 T T s
iof reduced EE’:T—I-:\n IE-I;-;TH. -
20
10
o
] 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Temperature °F

Figure 6.3.9.1.1(b). Effect of temperature on tensile properties of HAYNES 230
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Remaining Work on Structural Model

* Rebuild model with latest geometry and temperature map

* Fix structural mapping issues on manifold, manifold plate, and aft cap
* Ensure loading meets Milam gasket manufacturer recommendations
 Fix contacts as needed to obtain realistic component peak stresses

* Run sub-models as needed on selected components
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Backup Slides
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Seal Plate to Centerbody Gasket
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Haynes 230 Temperature Degradation

* RT Ultimate strength: 114 ksi
— 900°F : 84% of RT = 96 ksi
— 1200°F: 78% of RT = 86 ksi
— 1500°F: 58% of RT = 66 ksi

— 1800°F: 28% of RT = 32 ksi 00
* RT Tensile yield strength: 49 ksi , ~S
—900°F: 72% of RT = 35 ksi 60 —
— 1200°F: 68% of RT = 33 ksi = :
FC;'I 70 = m— ==
— 1500°F: 68% of RT = 33 ksi 5 i P |
“w in B0 W | 3
— 1800°F: 36% of RT =18 ksi g ¢ I
£8 50 I .
= 40 The strain rate to determine TYS was Y
g 0.005 infin/min of gage length. The Pl
g 30 T T s
iof reduced EE’:T—I-:\n IE-I;-;TH. -
20
10
o
] 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Temperature °F

Figure 6.3.9.1.1(b). Effect of temperature on tensile properties of HAYNES 230
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Hastelloy X Temperature Degradation

6/25

« UTS =102 ksi at RT
—84% of RT at 950°F = 86 ksi
—30% of RT at 1560°F = 31 ksi

* Syt =44 ksi at RT
—84% of RT at 900°F = 37 ksi

—46% of RT at 1560°F = 20 ksi

1558.8 Max
1490.61
1422 .41
135422
1286.03
1217 .54
1149.64
1081.45
1013.26
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Haynes 230 Temperature Degradation

* RT Ultimate strength: 114 ksi
— 900°F : 84% of RT = 96 ksi
— 1200°F: 78% of RT = 86 ksi
— 1500°F: 58% of RT = 66 ksi

— 1800°F: 28% of RT = 32 ksi 00
* RT Tensile yield strength: 49 ksi , ~S
—900°F: 72% of RT = 35 ksi 60 —
— 1200°F: 68% of RT = 33 ksi = :
FC;'I 70 = m— ==
— 1500°F: 68% of RT = 33 ksi 5 i P |
“w in B0 W | 3
— 1800°F: 36% of RT =18 ksi g ¢ I
£8 50 I .
= 40 The strain rate to determine TYS was Y
g 0.005 infin/min of gage length. The Pl
g 30 T T s
iof reduced EE’:T—I-:\n IE-I;-;TH. -
20
10
o
] 200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Temperature °F

Figure 6.3.9.1.1(b). Effect of temperature on tensile properties of HAYNES 230
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Mechanical Design Notes

* Igniter

* Pressure Ports
« Updated Liner
* Cooling Holes
* Seals

* Hanging Issues
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APPENDIX 10.6

Combustor Test Article
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Preliminary Design Review

AVC Combustor Pressure Vessel
System owner(s):

Chris Braman, Brian Massey, Ryan Edmonds, Michael
Crayton

08-02-12
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Purpose

* The purpose of today’s PDR is to review the large long lead time
pressure vessel components before they go out to Alaskan Copper and
other vendors for quote

* Some internal and external case components may be discussed but will
be reviewed in more detail later and are not part of the pressure vessel
quote
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System Definition and Scope

* Pressure vessel enclosure for ISCE AVC test that shall simulate combustor
operation at high pressure and temperature while maintaining corrected mass
flow (Mach number similarity).

* Pressure vessel starts downstream of inlet valve and flow meters and ends at
pipe spool upstream of backpressure valve

« Comprised of 5 pieces: inlet pipe spool, inlet plenum, view port case,
instrumentation case, and exhaust reducer

* The pressure vessel does not include the case stand, exhaust system components,
the extension box, or other internal combustor mounting hardware
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Functional Requirements / Design Goals

* NOTE: New or altered items in red
« Combustor to be tested at 60 psia (from 150 psia), 600-650 °F
» Air mass flow 1.92 Ibm/s (from 1.68 1bm/s)
* Pressure Vessel Maximum Operating Conditions:
— 300 psia, 1000 °F

= Maximum pressure chose for future capability, maximum temperature based on
ISCE current T, of 855 °F that might be run if vitiator were to be re-built.

* Pressure Vessel shall support the combustor components.

* Pressure Vessel shall allow for combustion component changes with
minimal down time.
* Pressure Vessel shall be optically accessible.

— Optical viewing port minimum diameter, 10”.
= Rectangular window can also be used to achieve similar viewing area.

— Pressure Vessel can be de-rated to 150 psia with windows installed.
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Functional Requirements / Design Goals

* Pressure Vessel shall be ASME boiler and pressure vessel code certified.

— Requires review and sign off by a PE.

— Appears to be required in Washington State.

— Removes Ramgen’s liability with insurance company if certified.

— Must have a pressure relief system.
* Pressure vessel shall be designed to allow for flexibility to add future capability
in terms of flow rates, pressures, temperatures, and combustor types. No specific
guidelines set, but generally trying to build hardware the same size as what AFRL
uses
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Important Interfaces

6/25

* Electrical
— Instrumentation interfaces (TC’s, pressure transducers)
— Igniter system interface

* Mechanical
— Mounting of the combustor test components.

— Maintenance and change out of the combustor test components.

— Exhaust/back pressure system interfaces
— Main air, cavity air, main fuel, cavity fuel
e Fluid
— Air
* Design Point Maximums
» Main Flow — 1.92 Ibm/s
» Cavity Flow — 0.19 Ibm/s
» Max compressor airflow capability is ~2.1 Ibm/s
— Fuel
* Design Point Maximums
» Main Flow — 167.9 Ibm/hr (from 147 lbm/hr)
» Cavity Flow — 85.9 Ibm/hr (from 63 lbm/hr)
— Cooling Water
= Estimate of 10 GPM

* Most of these interfaces will take place through the instrumentation case.
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CDR Action Items

Test section or Test rig naming is confusing come up with consistent naming convention.
— Nomenclature is as follows, the combustor is the "test article', test section will not be used we will
refer to this as the pressure vessel, which will be comprised of the "inlet plenum, view port case, and
instrumentation case. Ryan (8/1/2012)
Add graphic at beginning of slides to show scope for design review.
— Added to PDR slides. Ryan (8/1/2012)
Burst disk or PRYV should be tied to fuel delivery system to trigger fuel shutoff if pressure
vessel experiences pressure relief.
— This will be addressed in the fuel and air delivery PDR Ryan (8/1/2012)
Is a window required on top of the test section for future diagnostic work? Check on cost
delta to add this to the rig?

— Window has been added to TDC, cost delta will be captured in updated quotes that will be obtained
after PDR. Ryan (8/1/2012)

Can the window design be inverted? Round boss into "pipe' rather than welded on
outside of pipe.

— This is not recommended since we are likely planning to build a full annulus combustor that will be
round and have window protrude into the section will be space prohibitive. Ryan (8/1/2012)

820






Ramgen Final Report DE-FE0000493 6/25

Updated Items from CDR

* Settled on full annular full scale combustor at reduced pressure/mass
flow rather than 1/5% full scale sector

— Affects combustor mounting to inside of case

* Increased mass flow and significantly decreased fuel/air delivery
pressures

—Need to update fuel/air system design, will result in increased inlet spool and
core buster diameter

* Added third view port to top of pressure vessel

 Altered reducing exhaust spool to be eccentric and added a water drip
leg

* Added some preliminary exhaust connections

 Assigned preliminary locations and connection types for services
entering the case via the instrumentation case assembly

* Inlet spool length increased from 4ft to 6ft

See model for details
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Instrumentation List

* Type K thermocouples (1/16” diameter)
—AVC test requirement: 30
— Max allowable: 64
* Type B thermocouples (1/16” diameter)
—AVC test requirement: 8
— Max allowable: 32
* High speed pressure (30kHz, 1/16” or 1/8” diameter)
—AVC test requirement: 8
—Max allowable: 16-32 depending on diameter
* Low speed pressure (1Hz, 1/16” or 1/8” diameter)
—AVC test requirement: 8
—Max allowable: 16-32 depending on diameter
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Instrumentation Porting

6/25

* Conex MHMS fittings
with weld neck adapter
(butt or socket weld)

* Igniter uses smaller
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Fluid Porting Options

* Option 1 (SAE fitting) chosen as best option to allow
ease of access and flexibility without risk to
instrumentation case vessel

« If case stamping is a concern due to ports having to
be made to fit the SAE fitting we can use one of the
socket weld or NPT option with standard external
ports (this will need to be coordinated with pressure
vessel vendor)
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Combustor Installation/Removal

* Combustor test piece changes.
— Remove inlet pipe spool.
— Unbolt flange between test section and instrumentation case.
= Test section and inlet plenum will be mounted on a wheeled cart.
= Cart will be most likely be a weldment using rectangular steel channel.
* Wheeled cart may require track.
— Roll test section and inlet plenum away from instrumentation case to allow access to combustor test pieces.
= Could use a pneumatic system to push / pull the cart.
— Use lifting bar and counterweight to install/remove extension box and combustor from pressure
vessel
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Window Design (no update from CDR)

* Pressure Products Window
— Model B Welded Sight Glass
— Fused silica or quartz

— Similar in concept to AFRL design, glass is sandwiched between two metal frames with
gasket material on both sides.
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Design Criteria (no change from CDR)

« Example wall thickness calculation P X R
— t — Required wall thickness (in) [ =

— P - MAWP (psi) S+*E—-06*P

— R — Inner radius of wall (in)

— S — Allowable stress per the boiler pressure code (psi)
— E - Joint efficiency factor, dependent on weld inspections
* Design criteria
— P =300 psi
— R =16.500 in (radius of inlet plenum, largest diameter component)
— S =14,000 psi (@ 1000 F for ASTM A240 Gr 304)
— E =1 (dependent on weld test procedure, need to confirm with vendor)

— t=0.358 in (all vessels currently designed with 0.500 in thick walls)
= 0.500 in wall thickness satisfies this equation if E = (.85.
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Design Criteria (no change from CDR)

« Example window thickness calculation 5 * P
— This equation seems to be fairly standard for the industry. t — d *
— t— Required window thickness (in) S

— d — Diameter of window (in)
— P - MAWP (psi)
— S — Tensile strength of glass (psi)
* Design criteria
— P =300 psi
— d =12 in (desired target, would accept 10”)
— S=10,000 psi (value was given by vendor some other literature suggests 7,000)
— t=4.650 in
= This is much thicker (~2X) than what is currently in use at AFRL.
= A 12” window is roughly 20% more area than the AFRL window.

= AFRL window designed to 300 psi and 1100 F, although has only been used up to 250 psi.

= This thickness is outside of the proposed suppliers history, although window material in this
thickness is available.

* Even limiting the design to 150 psi would produce a much thicker window than AFRL (3.300”).
= Need to resolve this difference.

837



Ramgen Final Report DE-FE0000493 6/25

Alaskan Copper Quote from CDR

* Budgetary Quotation
— Quoted by Don Rosen (Ramgen shareholder) at Alaskan Copper
— Inlet Spool — $2,000
— Inlet Plenum - $26,000

— Test Section — $45,000 (includes estimate of $5,000 per sight glass)
= Updated to $100,000 in later email

— Instrumentation Case - $18,000 (includes provision for 17 passages through pressure
wall)

— Exhaust Reducer - $12,000 (design will most likely become eccentric, concentric shown,
per verbal feedback eccentric design should not have a significant affect on cost)

— Assembly - $8,000 (includes bolting, gaskets, hydro test, and ASME documentation)
— Total - $111,000

= No physical vessel support material / labor is currently included.

— Lead time — Estimated at 20 weeks after final design.
* Lead time estimate includes a 16 week guess on sight glass delivery.

838



Ramgen Final Report DE-FE0000493 6/25

Work Plan / Analysis Tasks

« Update air/fuel system design and re-size core buster hardware
 Finalize instrumentation case ports per review feedback

* Send pressure vessel package out for quote to 3 vendors

* Pursue final design based on feedback from chosen vendor

* Work internal components and bring to PDR level

* Work/analyze pressure case stand and bring to PDR level

* FEA

— Investigate actual window thickness requirements.

— Ideally vendor will complete actual structural design, need to review methods and cross
check with our own calculations

- CAD
— Model all of the air, fuel, water interfaces.

— Model more realistic combustor component support and duct work based on the actual
potential combustor geometry.
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Schedule

* Vendor Selection — 8/31/2012, or earlier if possible

* FDR date — 9/15/2012

— Alaskan Copper estimates ~ 2 weeks from PO for final drawing review.

—Subject to vendor feedback as final design work is likely to be completed by
vendor.

* Drawing Release date — Vendor driven

« Estimated Manufacturing Time/Delivery date — 5 months
manufacturing time, 1/1/2012 delivery to Redmond, WA

* Any differences from master schedule? - No

* Is schedule achievable? Yes, assuming some overlap work completed in
August.
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Budget

» Current budget - $290K

» Alaskan Copper ROM
—Inlet Plenum $26,000.00
— Test Section $100,000.00
— Instrumentation Case $18,000.00
— Exhaust Reducer $12,000.00
— Assembly $8,000.00
TOTAL $164,000.00
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PPENDIX 10.7

Exhaust Water Cooling System
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APPENDIX 11.1.1

Nozzle Final Design Review
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HEST
BORN TO ENGINEER

' -, K@es_ter, Bryan Arko
ctober 2012
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QRUEST
Preliminary Document

* Current Status

— Design point analysis completed for 7 concepts:
» Covered design Q-1
* Uncovered design Q-2
» Covered design Q-3.2
* Q-4: uncovered nozzle with increased overlap
* Q-5: uncovered nozzle with decreased overlap
« Q-6: uncovered nozzle with low solidity (hybrid of Q-2 and Q-4)
* Q-7:uncovered nozzle ~same as Q-2 with an elliptical LE

— Both covered designs were predicted to have high ID losses, caused by

secondary flow roll-up of the boundary layer in that region

« High solidity of the airfoils contributed to the problem

— Uncovered designs have reduced losses relative to the covered
designs (lower solidity airfoils in general)

— Overlap is a driver — no overlap developed high losses

— Similar results for circle-bevel and elliptical LE concepts with the same
level of overlap
+ Sonic line shape was improved with the elliptical LE
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L)

RIEST
Preliminary Document
Q-2 Q-4 Q-5 Q-6 Q-7
Massflow [pps] 9.53 9.49 10.56 9.12 9,49
Ptx, abs [psi] 226.86 217.23 | 154.20 | 209.10 | 224.05 | Q-2: Base uncovered design
Psx [psil 18.03 17.28 9.33 16.71 | 18.06 | Q-4: uncovered nozzle with increased overlap
Gamma (exit) 1.32 1.32 133 1.32 1.32 | Q-5: uncovered nozzle with decreased overlap
Delta Pt/ Pt-in 0.204 0.238 | 0459 | 0266 | 0.214 | Q-6: uncovered nozzle with low solidity (hybrid of Q-2 and Q-4)
Nozzle Loss {APt/Qx) | 0.280 0.342 0.941 0.398 0.298 | Q-7: uncovered nozzle ~same as Q-2 with an elliptical LE
KE Efficiency 0.937 0.926 0.844 | 0917 | 0.934
Abs Flow Angle [deg] |  69.82 66.82 55.56 68.50 59.66 | Note Ptx is a mixed value (used for the eff and loss calcs)
Deviation [deg] 1.47 2.00 18.59 5.05 1.64
KE Efficiency | Loss Parameter
0560 | | 1000
0.940 . | 0900
09520 — ] | e
| | o700
0.900 | | o600
0.880 ‘ | 0:500
0.860 || 0400 s
.| o300
0.840 b
| 0200
G820 ! i 0100
0.800 { , 0.000

802 Q-4 Q-5 WQ-6 WQ-7 |t BRQO-2 WO-4 05 WmOQ6 ®Q-7
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Appendix 11.1.2

Laser Scan Results
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ABSOLUTE
Geometries

Customer: Directed MFG
Part Name:  Vane
Part Number: 861036-1

SN: 1
Tolerance: .005"
Inspector: Durham
Date: 5-6-14

CAD
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ABSOLUTE
Geometries

867



Ramgen Final Report DE-FE0000493 6/25

ABSOLUTE
Geometries

M niayis ]

~OUOZS

[IST16E

LISTLY

ooz

868



Ramgen Final Report DE-FE0000493 6/25

869





















Ramgen Final Report DE-FE0000493 6/25

Appendix 11.1.3
Laser Scan of Warped Part
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Customer: Directed MFG
Part Name: Vane
Part Number: 861036-2

SN: 1
Tolerance: .005"
Inspector: Durham
Date: 5-7-14

CAD

6/25
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APPENDIX 11.2.1

Inlet FDR
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ISCE Build 2 6:1 Checkout Inlet FDR

Aaron Salzbrun
2013-10-25
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Updated System Requirements

1.

S PSRN

[
_— O

Deliver 87 (and/or 147) psi, 180 F air at 10 Ib/s to static combustor
with equivalent flow uniformity to existing OGYV output

Accommodate up to 200 psi internal pressure (SF)

Admit high-pressure air from auxiliary air system

Not interfere with existing seal and thrust flows

Not interfere with existing bearings

Maintain identical or greater stiffness relative to existing components
Operate with internal environments up to 325 F

Operate safely

Accommodate additional axial load due to internal pressure

. Accommodate thermal and axial growth of rotor section.

. Accommodate additional vertical load from Air inlet system
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Action Items

« Assess Instrumentation requirements
— No new provisions needed
* Determine need to reinstall bleed covers

—Bleed covers determined not be to a requirement but ideal, an opportunity to
reinstall given tear-down was seized upon.

* Spec O-ring seals to ensure proper dimensions
— Completed, see slide 11-12
» Stager inlet tubes

— Completed, to be assembled on site and modifications required of off-the-self-part
only

* Perform analysis of Diffuser and shroud structure to ensure strength
— Completed, see analysis slide

« Change inlet material to carbon steel
— Completed, see material slide 14.

* Analyze impact on engine structure of loads due to pressurized inlet

— Completed, see analysis slide(s)
890
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Final System Boundaries and Interfaces

* Aux air system under design (see air system CDR). It is anticipated that
a close aboard header will be provided to link to.

« If this varies additional hoses and/or pipes can be used to reach source.

» System will necessarily apply structural loads to other systems in the rig
(detailed in analysis section.)
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System Design

* P/N ######## Dimensions
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System Design

6/25

Aero
 Table 1 shows the

anticipated Mach numbers | HoleDia[in] 1.25 1.5 6tol 10to1l
o R ID| 1.01 1.26 Psi 87 147
for the inlet dlll‘lllg Area[in?2]] 0.801 | 1.247 Temp| 120 | 120
eXperimentS Experiment| 6to1 |Velocity Experiment | 10 to 1 | Velocity
. . Pipe| 1.25 [ft/s] M Pipe 1.25 [ft/s] M
e Maximum internal Mach hole# 10 | 44352  0.37 hole # 10 | 26240 0.2
number m the SyStem Experiment| 6to1 |Velocity Experiment | 10 to 1 | Velocity
projected to be 0.314 at Pipel 15 | [ft/s] | ™ Pipe 15 | Ifts] | ™
o o hole # 10 284.98 0.24 hole # 10 168.60 0.14
ramp constriction.
[~ oSl [ wm  FoisT

 Loss of Kkinetic head at
Inlet due to radial
impingement to induce a
tolerable pressure loss on
the order of 10% with
M=0.31

Average M given 5 of each tube size

896

Table 1: Effect of inlet Tube diameter axial inlet velocity.
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System Design

la 1b

Details of critical junctions, note pilot fits [1] and proximity to inducer strake [2] (.031”).
Pilot fit clearances will be identical to current tip ring as per its production drawing
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System Design

 Materials

— Carbon Steel
— 12L14, 60 ksi yield
— Electroless nickel plate, AMS 2404 on the order of .0005-.001” thickness

— “...This deposit has been used typically to provide a uniform build-up on intricate
shapes, to improve wear and/or corrosion resistance, or to improve solderability on or for
selected materials, but usage is not limited to such applications. The deposit has been
used in service up to 1000 °F (540 °C) although wear and/or corrosion resistance may
degrade as service temperature increases.” ~ SEA

— Stainless Steel welding for diffuser case.

— Confirmed with welder that with removal of components as shown in slide 6, and
assuming unfavorable weld properties of substrate it would be possible.
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Analyses Performed

e CFD on OGY for the ISCE B1 under M<1

* Thermal-structural analysis on rotating rotor to establish rotor
clearance under maximum allowable speed.

 Structural analysis on Inlet section to establish performance under
maximum allowable load.

 Structural analysis on diffuser hub and shroud to establish performance
under load and monitor the effect of reaction forces from Inlet section.

 Structural analysis on OGYV shroud section as per above.
 Structural analysis on combustor casing section as per above.
 Structural analysis on turbine shroud section as per above

* Qualitative projections on overall bolt loading.

901



Ramgen Final Report DE-FE0000493 6/25

Analyses Results

e CFD on OGVs:

— Aero review confirms adequate flow into combustor sections given sub-sonic inlet
conditions (see requirement #1 slide 2 , and slide 10).

* Dynamic thermal-structural loading of rotor:

—Induces .015” radial growth of rotor under maximum loading conditions
minimally impacting rotor clearance gap to new Inlet section (see PRR reference
slides [attached]).
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Analyses Results

A: Static Structural

* Structural analysis on Inlet T
10152013 2:19 PR
— ANSYS FEA constraints: [ Displscernent
.. . Displacement 2
— 200 Psi internal load vs. vacuum Cylndienl Suppors . i

. . @ Cylindrical Support 2 0, in
— X-Y displacement constraints along [ eressure: 0. psi
% Cut IE' Compression Only Support: 0, in

— Axial and tangentially fixed
cylindrical support on aft bolt
circle, tangential only on fwd bolt
circle.

— Compression only support on
[F](contact with inducer hub)
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Analyses Results

e Structural analysis on Inlet

— Deformation
—.0007” max

A: Static Structural
Total Deformation
Type: Total Deformation
Unit: in

Tirme: 1

1071572013 2:12 P

0.00068811 Max
0.00061165
0.0005352
0.00045574
0.00038229
0.00030583
0.00022837
0.00015292
T.6462e-5
5.4264e-9 Min

0.000 3.000 6.000 (iny

L500 4.500
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Analyses Results

 Structural analysis on Inlet

—Reaction

— 2672 Ibf reaction in the axial direction for the % piece yielding a total load on the order of
10,700 1bf
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Analyses Results

 Structural analysis on Inlet

— Compression only reaction
— 2012 Ibf reaction in the radial direction for the % piece. Resting on the diffuser hub.
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Analyses Results

 Structural analysis on
OGYV shroud section

— Stress
— 41 ksi Max
— Internal load of 200 psi

— axial constraints on bolt
holes

— Reaction force of ~5300 Ibf
applied through bolt pattern Mesh sensitivity issues

Constructed of annealed 410 SS with yield
strength of 45 ksi

Tempering to 1200F can raise hardness up to
90 ksi
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Analyses Results

e Structural analysis on combustor casing section (with gussets)

Stress [36.7 ksi max|
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Analyses Results

 Structural analysis on turbine shroud

Stress [37 ksi max] Deformation [.0025” max]

From GLM answers document 9/9/13:
“Turbine section structural casing
Believed to be 420 SS, maybe 430 SS”.

Min for 420 annealed: 50 ksi*
Min for 430: 30 ksi
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Budget and Schedule

* Budget allocation of $40,000

* Main inlet component
— United Machine & Design [includes plate]: $13,700 @ 6 weeks
— Mueller [confirmation on plate pending] : $6,320 @ 8 weeks
 Stainless steel tube .120 wall thickness, cut on site
— Grainger $800 @ 2 days (off-the-shelf)
 Pipe nipples and Swagelok fittings
—$2000 estimate @ 2 weeks (off-the-shelf)
* New fittings
—$400
* Welding
—$5000

* $21,900 expected total.
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Conclusion

* Rig appears to be able to accommodate inlet design, recommend welding
of additional gussets to combust case to ensure sufficient strength, and
further review required for turbine shroud.

* Thank you for your time and input.

— PDR reference slides to follow
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Requirements
[ J
Hole Dia [in]] 1.25 1.5 6tol 10to1l Dehver 87 (and/or 147)
D 112 | 137 Psi 87 | 147 psi, 180 F air at 10 1b/s to
Area [in"2]| 0.985 | 1.474 Temp| 180 | 180 . .
Flow [Ib/s] 10 p [Ib/ft73]| 0.367 | 0.620 static combustor with
equivalent flow
Experiment| 6to1 |Velocity Experiment | 10 to 1 | Velocity . . o 4o
Pipe| 1.25 [ft/s] M Pipe 1.25 [ft/s] M unlformlty to EXlStlng
hole# 5 79686  0.64 hole # 5 |471.77 038 oGV output
6 |664.05  0.53 6 |393.14 032 _ _ .
7 |569.18  0.46 7 |33698 027 — Design can deliver air flow,
8 |498.04  0.40 8 29486 0.24 and flow uniformity is
0 s ox 1 |25 o1 | accomplished with existing
OGVs
Experiment| 6to1 |Velocity Experiment | 10 to 1 | Velocity
Pipe] 1.5 | [ft/s] M Pipe 1.5 | [ft/s] M —Mach numbers can be
hole# 5 hole # 5 managed with increase of
6 |443.81  0.36 6 |262.75 021 -
7 |38041 031 7 |22521 018 pipes (table 1) and max
8 33286 027 8 |197.06 0.16 mach number experienced
9 [295.87 0.4 9 |17517 0.4 in static diffuser is
10 |26628 021 | 10 | 15765 0.3 |

Table 1: Effect of inlet pipe diameter and number on axial inlet

velocity for Rev 01

independent of inlet
configuration.
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Requirements

* Accommodate thermal and axial growth of rotor section.

Brief FEA analysis of rotor
at design speed (24,000
rpm) and at 325 F could
grow as much as .015

This narrows the gap
between the internal inlet
surface under full operation
conditions to .1 inch.
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ENDIX 11.2.2

Turboexpander FDR
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Turboexpander Module Checkout
Final Design Review:
Solar Turbine Section Rework

Kyle Badeau

October 24, 2013

Updated 10/29/13, adding bolting calculation
Updated 11/5/12, adding Ramgen Solar Saturn measurements
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Introduction

The original Solar Saturn engine turbine section was designed for the
following output (estimates from thermodynamic cycle reconstruction
based on provided Solar data sheets):

1. 1382 kW for compressor drive (first two stages)

2. 1014 kW for power production (third stage)

The turboexpander module checkout test will not have a compressor,
requiring the full turbine output to be dissipated by the motor and VFD

Goal: Enable the turboexpander checkout test at Redmond lab with
minimal impact to existing Solar turbine, rotor train, and power
dissipation system

Objective: Operate the Solar turbine, limiting power produced according
to the drive train power curve by either:

1. Change of operating conditions (reduced speed, mass flow, firing temperature,
pressure ratio, or combination)

2. Reconfigure of engine components (deblading)
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Redmond Lab Drive Train Power Limits

3% O.S.

* 14.9:1 gearbox (50Hz)

* 60Hz, 1791 RPM motor rated for 2000 hp (5683 ft-1b torque limit)
* ISCE B1 was operated up to 15% over max torque

* Target blue power curve limit, up to 3% overspeed limit
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Turbine Operation Requirements

*  Operation of the Solar Saturn T1200 engine for the turboexpander module checkout test should not exceed the following conditions

1.  1450F average combustor firing temperature limit
- Ensures the material strength of turbine components is not reduced
- Maintains steady state rotating to static component thermal driven clearances
- Checkout test firing temperature targeted to be 1110F

2.  Exhaust temperatures equal to or less than 860F

Lower efficiency operation and/or deblading can lead to increased exhaust temperatures

Solar component operating temperature design margin unknown

Exhaust diffuser bears structural loading, made of 17-4 PH steel...17-4 PH strength significantly reduces beyond ~900F

Checkout test exhaust temperature targeted to be 800F
3. 22,300 RPM maximum steady state speed
- Ensures average and peak stresses of components do not increase
- Maintains blade to shroud centrifugal driven clearances
- Maintains margin to ISCE B1 unvalidated rotordynamic resonance predicted above MCOS
- Operation at speeds below 22,300 RPM will need acceptable rotordynamic margin
- Speed margin to turbine blade resonance crossings is unknown. If blade profiles can be obtained, Campbell diagram predictions can

potentially be made to mitigate blade HCF failure. Turbine startup cycle map shows speed hold at 80% speed, indicating potential blade
frequency margin.

932












Ramgen Final Report DE-FE0000493 6/25

Flowguide Geometry

1. Overall axial length (3.088) to be finalized for gap to 2" stage disk,
(existing engine measurements needed)

* To be set to match existing sum of T2-N3, N3-T3, T3-ED gaps
for purge flow purposes

2. Hub radius at interface with 2" stage disk set to accommodate
estimated growths O
» Stage 2 disk radius ~ 4.513”
» Stage 2 disk only centrifugal growth ~ 0.003” (neglected)
* Flowguide tip max thermal growth at uniform 860F ~ 0.025”
* Radius set to (4.513” — 0.025”) 4.488”
3. Bolting

* 12 bolts equal spaced on 7 3/8” bolt hole circle

* 3/8” UNF hex head cap screw, 1” length (existing), drilled for tie
wire

* 0.5” length adder for flowguide attachment

* Bolt material: ASTM A193 B6

0.406” through hole in flowguide and exhaust diffuser

4. Flowguide material: 17-4 PH 1025 (same as diffuser)

5. UMDI quote for $5.6K, 7 weeks delivered (waiting on two more
quotes)
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Flowguide Max Thermal Growth

 Uniform T=860°F
* Alpha=6.703E-6 F"-1
* 25 mil max radial thermal growth at outer radius

* 24 mil radial growth at tip

238510002 3 * Stage 2 disk only centrifugal growth ~3 mils (negligible)

[2.3851e-002 2
Ensure tip thermal growth is less than disk
growth by adjusting cold radius
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Solar Saturn Disassembly — High Level

Disassemble Solar Saturn engine at turbine end to enable the following...

1. Shipment of turbine section rotating components (shafts, disks, blades, etc.) to GLM for 37 stage disk modifications and
assembled turbine rotor rebalance

Mitigates risk associated with 3rd stage disk only rebalance

2. Modifications to remaining engine systems in Redmond in parallel
Turbine inlet for compressor air provision
Combustor casing hole repair and thermocouple placement

Rework of exhaust diffuser for new flow guide fit up
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Drawing Release — Max Material Condition

* Max material in red

* Extend axially to meet Stage 2 Disk

* Extend radially to meet diffuser

* Add material radially to tip for disk mismatch
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Instrumentation System Requirements

1. Establish instrumentation hardware and locations to measure flange to flange turbine performance

Shaft speed and VFD power (torque to be inferred from VFD, accounting for upstream drive
train losses)

Mass flow at inlet (cooler end)

Combustor firing temperature

TS (stage 2 exit, now exhaust location) and T7 (exhaust stack) measurements
Exhaust pressure measurement at T7 location

Compressor discharge pressure

2. Rig health

Shaft motion (radial prox probes, axial prox probe, accelerometers)
Bearings (oil supply pressure, temperature, mass flow; drain pressure, temperature)

Cooling and buffer flows (supply pressure, temperature, mass flow, internal passage pressure)

947



Ramgen Final Report DE-FE0000493

Appendix: Solar Saturn Cross Section

6/25
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TURBINE SEAL
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Appendix: Saturn Design Data from GLM

6/25

Materials

Geometry

Disks: A286 or B57 Inconel

Blades: IN738 (all three stages)

Shouds: 600 Inconel
Shaft: TBD
Nozzles
1. FSX-414
2. N-155
3. N-155
Case: 420SS (maybe 430)

Exhaust Diffuser: 17-4 PH

Disk weight
1. 171b
2. 17.51b
3. 261b

Airfoil Count

N1:27

T1: 58

N2:41

T2: 58

N3:43

T3:52
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Appendix: Ramgen Solar Saturn Measurements

Exhaust Diffuser
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Appendix: Ramgen Solar Saturn Measurements

Stage 1

BLADE TIP DIAMETER
Upstream |Downstream

T1 11.657 11.910
DISK COOLING SLOTS
T1 6 slots downstream face 0.497 wide
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Stage 2

1.581

-

l—ﬁ/”’r—.mo
- |
l 0
L
619 —=r] = 07
¢
T a0 o
9.565
12.841 12.845
I
|
x

BLADE TIP DIAMETER

Upstream

Downstream

T2

12.697

12.974

DISK COOLING SLOTS

T2

2 slots downstream face 0.373 wide
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Stage 3

BLADE TIP DIAMETER

Upstream

Downstream

T3

13.787

14.194

DISK COOLING SLOTS

T3

no cooling slots
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Stackup

AXIAL STACKUP

Fto ED
GAP
FtoT3
T3
GAP
Fto N3
N3
GAP
FtoT2
T2
GAP
Fto N2
N2
GAP
FtoT1l
T1
GAP
FtoN1

0.500
0.093
0.593
1.108
0.131
1.832
0.885
0.088
2.805
0.801
0.124
3.730
0.871
0.088
4.689
0.801
0.147
5.637
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Appendix: Thermal Growth Bolt Loading

Component| Material |Ligament (in)|alpha (in/in/degF) | Starting Temp (F) | Max Temp (F) | Thermal Growth (in)
Flowguide| 17-4PH 0.5 6.70E-06 70 860 0.00265
Bolt 410SS 0.5 6.50E-06 70 860 0.00257

Delta Growth| 0.0000802(in

Bolt Length 1.5|in Bolting

Tensile Area 0.0878|in"2
Modulus| 2.90E+07|psi

Force 136|Ibf * 3/8” UNF hex head cap screw, 1” length (existing), drilled for tie wire
Stress 1550(psi

* 12 bolts equal spaced on 7 3/8” bolt hole circle

* 0.5” length adder for flowguide attachment
* Bolt material: ASTM A193 B6

1. 70F yield strength: 85 ksi

2. 70F tensile strength: 110 ksi

3. 410 SS Coefficient of Thermal Expansion: 6.5E-6 in/in/°F (32-
1200°F)

4. 410 SS Static Modulus: 29E6 psi
* 0.406” through hole in flowguide and exhaust diffuser
Flowguide

* 0.5” thick at joint
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Appendix 11.2.3
Turboexpander FDR - Nozzle Assy
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10:1 Turboexpander
Final Design Review:
Nozzle

Geene Cevrero

TBD, 2014

960










































Ramgen Final Report DE-FE0000493

Other Manufacturing items

6/25

* 10:1 Turboexpander Nozzle is a fastened Assy with various Flange and Heat Shield Parts
* Flange and Heat Shield Machining: In738LC

1. Vendor XXX
- Drawings:

- Type of Machining?

- Issues?
- Delivery?
- Cost?

* Bolts or Fastener Ring

1. High Temp Bolts: Quote received from XXX
2. Fastener Ring: Drawings needed for quote

BUDGET:

Turbine Hardware

Modified AVC disharge components 3 60,000
Turbine Shaft 3 25,000
Turbine case 5 20,000
Turbine disk/blades 3 150,000
Turbine OGV's 3 75,000
Assy Balance & Spin Pit Proof Test $ 30,000

Assembly tooling 3 3.000

Task total § 30,000 % 533,000 §

974






Ramgen Final Report DE-FE0000493 6/25

High Temp Bolts....continued

SX 310 s a highly alloyed austenitic stainless steel used for high-temperature
applications. The high chromium and nickel contents give the steel excellent oxidation
resistance as well as high strength at high temperatures. This grade is alsovery
ductile, and has good weldability enabling its widespread usage in many applications
SX 3105 is the low carbon version of SX 310 and is suggested for applications where
sensitisation, and subsequent corrosion by high temperature gases or condensates
during shutdown may pose a problem

38X 310 is manufactured in accordance with ASTM A 167 and SX 3103 to ASTM A 240.

Typical Applications
SX 31043108 find wide application in all high-temperature environments where scaling
and corresion resistance, as well as high temperature strength and good creep

resistance, are required.

Chemical Composition

X [ un P [s [si fer i
310 [0.25 max [2.0 max [0.045 max [0.030 max [15 max [24.0-26.0 [19.0-220
3108 [0.08 max [2.0 max [0.045 max [0.030 max [1.5 max [24.0-26.0 [19.0-220

Typical Properties in the Annealed Condition

The properties quoted in this publication are typical of mill production and unless
indicated should not be regarded as guaranteed minimum values for specification
purposes

1. Mechanical Properties at Room Temperature

\ [ SX310 [ sx310s

‘ |Typica| |Mimmum ‘Typ\cal |Mimmum
[Tensile Strength, MPa [f2s [515 575 [515
[¥ield Stress (0.2 % offset), MPa [3so [eos 290  [205
[Elongation (Percentin 50mm) [0 [a0 50 [a0
[Hardness (Brinell) [172 F [156 F
[Endurance (fatigue) limit, MPa [ee0 | 260 |

2. Properties at Elevated Temperatures
The values quoted are those for SX 310.
Enquire for data on 3105 .

Short Time Elevated Temperature Tensile Strength

[Temperature, °c [s50 [eso [rso [ss0 [eso  [1050
[Tensile Strength, MPa [550 430 [280 [180 [e0 [0

Creep data
Stress to develop a creep rate of 1% in the indicated time at the indicated temperature

[Time [remperature®c Fso [s00 [eso [ro0 [rs0 [eoo
[10000 R [stress MPa [0 a0 7o a0 a0 15
[100 000 n [stress WPa oo 75 [0 30 20 10

Creep Rupture Stress

[Time [remperature °c [0 [700 [so0 |aoo [r000
[1000h [tress MPa [too 110 [so  [35 [15
[10 000 R [stress mPa [f7o 70 35 20 [10
[100 000 h [stress MPa [110 [s5 o5 [10 |2

Recommended Maximum Service Temperature
(Oxidising Conditions)

Continuous 1150°C
Intermittent 1035°C

Thermal Processing
1. Annealing. Heatfrom 1050 to 1150°C and water quench. This treatment ensures
that all carbides are in
solution.
2 Hot working
Initial forging and pressing
Finishing temperature:

1150 - 1200°C
above 950°C

Mote: Soaking times to ensure uniformity of temperature are up to 12 times that
required for the same thickness of mild steel.

976






Ramgen Final Report DE-FE0000493 6/25

Min/Max Casting Tolerances

Expected Casting Tolerances in Cold Condition

DIMS Nominal Max Min Max Tol Min Tol
Inlet Do 11.052 11.092 11.012 0.04 -0.04 in
Inlet Dii 10.964 11.004 10.924 0.04 -0.04 in
Nozzle Inletw| 0.927 0.937 0.917 0.01 -0.01 in
Nozzle InletH 0.894 0.904 0.884 0.01 -0.01 in
Nozzle Throat W| 0.924 0.934 0.914 0.01 -0.01 in
Nozzle Throat H  0.427 0.437 0.417 0.01 -0.01 in
Nozzle Exit W| 0.928 0.938 0.918 0.01 -0.01 in
Nozzle Exit H 0.894 0.904 0.884 0.01 -0.01 in
Exit Do| 11.052 11.092 11.012 0.04 -0.04 in
Exit Dii 10.964 11.004 10.924 0.04 -0.04 in
AREAS Max % Tol Min % Tol
Inletf 1.522 1.527 1.516 0.362 -0.365 inA2
Nozzle Inletf 0.829 0.847 0.811 2.162 -2.234 inA2
Nozzle Throat| 0.395 0.408 0.381 3.334 -3.518 inA2
Nozzle Exitf 0.830 0.848 0.812 2.160 -2.233 inA2
Exitf 1.522 1.527 1.516 0.362 -0.365 in"2
* no fillets
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Inco 718 vs 738C: Tensile Properties

Inco 718 Inco 738 C
RT Ultimate strength: 180 ksi * RT Ultimate strength: 180 ksi
— 900°F : 90% of RT = 162 ksi — 900°F : = 155 ksi
— 1200°F: 82% of RT = 148 ksi — 1200°F: = 153 ksi
— 1400°F: 50% of RT = 90 ksi — 1400°F: = 140 ksi
— 1500°F: 32% of RT = 58 ksi — 1500°F: = 126 ksi
— 1600°F: 38% of RT =2? — 1600°F: = 112 ksi

RT Tensile yield strength: 145 ksi ¢ RT Tensile yield strength: 145 ksi

— 900°F: 90% of RT = 131 ksi — 900°F: = 133 ksi

— 1200°F: 82% of RT = 119 ksi — 1200°F: = 132 ksi

— 1400°F: 52% of RT = 75 ksi — 1400°F: = 115 ksi

— 1500°F: 38% of RT = 55 ksi ~ 1500°F: = 97.5 ksi

— 1600°F: 38% of RT = 2? —|1600°F: 38% of RT = 80 ksi |

Casting Properties are will be IN738LC
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Appendix 11.2.4
Turboexpander FDR
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10:1 Turboexpander
Final Design Review:
Turbine Rotor

Kyle Badeau

March 37, 2014
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FDR Agenda

6/25

1. Current Blade 018

2. Layout/Assembly/Manufacturing
3. Material Selection

4. Heat Transfer

5. Blisk Structural

6. Blisk Modal

7. LCF/HCF/Creep

8. Growths & Clearances

Analysis
1100F/23,000RPM | 1600F /23,000RPM | 1600F/27,000RPM
Heat Transfer X Uses 27,00 RPM X
Disk Burst X
Blade P/A X
© Peak Stress X X X
3 LCF X X
S HCF X X
& | Crack Propagation TBD TBD
§ Creep X X
Growths/Clearances X X
Hot to Cold TBD
Modal Analysis X X X
Rotor Assembly TBD TBD
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Material Strength: U-720 vs. IN718

» U-720 shows superior strength to IN-718 at all temperatures (also shows better LCF and Creep capabilities)
+ All U-720 data shown is for P/M HIP’ed and subsolvus processed
» Synertech tested U-720 strength lower than source curves (Crucible and Rolls Royce)
* Linear curve fit (shown) used to interpolate for U-720 strength criteria
+ Synertech minimum RT strength: 190 ksi UTS & 145 ksi 0.2% YS (lower than available Synertech tested data)

+ All structural analysis conducted with IN-718 elastic modulus (U-720 elastic modulus unknown, but will be obtained from
batch tensile testing)

HIP’ed U-720 selected as material over Forged IN-718 for
Improved Strength/Temperature Capability
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Rotor Assembly Analysis
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Rotor Axial Growth
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LCF: 23,000 RPM

At S.S. conditions, when centrifugal and thermal loading coincide, maximum
equivalent stress remains within yield strength for both 1100°F and 1600°F cases (at
23,000 RPM)

If at any point during startup/shutdown cycle the centrifugal and thermal loading are
out of phase (probable), 0 RPM/70°F and S.S. conditions may no longer be the
minimum LCF life defining time points

Highest accuracy LCF life calculation evaluates the strain range at all nodes across
all time point combinations with mission mix (we do not have transient analyses)

Estimated LCF life calculated by assuming thermal only and centrifugal only loading
occur at different times, used for equivalent strain range calculation

Both stress ranges less than twice the 0.2% yield strength, indicating that
stress/strain behaves linearly, and psuedo-stress method is applicable

Only R=0 (zero to max) loading LCF curve available, conservative due to mean stress
effects (R=-1, fully reversed LCF curve more applicable here)

1100°F strain range of 0.96%...8,379 cycles (within LCF data)
1600°F strain range of 1.082%...693 cycles (extrapolated)

Blisk LCF estimates acceptable for 1100°F conditions,
unacceptable for 1600°F conditions

Fundamentals of Metal Fatique Analysis by Bannantine, Comer, Handrock

LCF regime, an equation
Equivalent strain range criterion. In the r ) .
sim.i]arq:: Eq. (7.13) has been developed in terms of strain and is used in an
ASME code procedure [12]. This criterion requires the calculation of an
equivalent strain range, A€y

2
Ag,q = value of [%E[(hcn — Aey)? + (Aep — Aen) + (Bem — Acw)

+ 6(Aeh, + Aeh + he§1)1m} maximized with respect to time
(7.14)

where Ag; = €(t) — €;(1,) are straip differences
€;(t;) = components of the strain tensor at time ,
€;(rz) = components of the strain tensor at time [;
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APPENDIX 12.1

ISCE Build 1 DOE Presentation
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ISCE Program

Task 4.4
ISC Engine Build 1

August 30, 2013

6/25
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ISCE B1 Issues to Overcome

 Diffuser over-contraction during starting

* Insufficient pre-throat ramp & shroud bleed
* Insufficient bearing damping

* Excessive diffuser back-pressure

* Insufficient thrust balance system flexibility
 Insufficient motor power
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Estimated B1 Redesign/Rebuild Schedule

2013 2014
July  Aug Sept Oct Nov Dec | Jan Feb Mar  Apr  May June

Exdtract, Ship & Disassemble
Diffuser

Bearings

Combustor bypass

Thrust balance

Assembly & Ship: GLM

HAZOP

Installation/Chk out: Redmond

Test
—

Design

Manufacturing

Assembly/Disassembly

Facility mods

Test

Schedule shows test May ’14,
but may be overly aggressive
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Conclusions

* ISCE B1 was conceived as a fast / easy proof of concept
demonstrator - the complexities of transient behavior and starting
requirements for the integrated engine were not fully appreciated
during design which resulted in systems being operated beyond
their design envelope

 Although the ISCE B1 could be rebuilt in an attempt to reach its
original objectives, the cost, schedule, and technical risk are
significant and it is not recommended

— Re-engineering a 50+ year-old design doesn’t appear to be the best path

* Independent mapping of the compressor and turbine systems should
be performed prior to any follow on integrated engine activity
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ISC Engine Comparison Of Test Data And CFD
Simulations

Bellevue, August 30, 2013
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CFD Data Extraction Process

* The supersonic probe was incorporated in the test article CAD model and its tip
location tracked as function of the insertion depth

* CFD model did not include the probe

e The flow quantities reported in the next slides where then extracted from the
three-dimensional CFD solution on the line described by the probe tip

— At any insertion depth, in the plots reported in the next few slides this profile
is referred to as CFD - 20,650 RPM

* To account for the high degree of three dimensionality of the flowfield and the
finite size of the probe tip itself, for any given flow quantity the maximum and
minimum values within a square region 0.2in x 0.2in in size around the probe tip
location are reported as well

— At any insertion depth, in the plots reported in the next few slides these
profiles are referred to as CFD Min and CFD Max, respectively
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Conclusions

* CFD simulations predict a partially started system and are therefore capable of qualitatively
predicting the overall flowfield behavior

e CFD underpredicts corrected mass flowrate processed by the compressor by 4.2%. Actual
discrepancy is larger due to the fact that the test was run at a lower corrected speed than the
CFD simulations.

* Survey of total pressure and temperature show reasonable match with CFD

* Survey of Mach number shows a lower value than predicted by CFD and survey of static
pressure show a higher value than predicted by CFD analysis

— Likely due to higher blockage in test with respect to the CFD model due to geometric simplifications
introduced in the model to maintain its size within reasonable limits (e.g. wheel spaces, bleed and mass
takeoff cavities) and to differences in corrected speed between CFD and test

— Measured and CFD profile shapes show good agreement

e Survey of flow angle shows poor agreement with CFD prediction

— Probe alignment during test was questionable and could explain the shift in measured angle observed
between CFD and experimental data

— Measured and CFD profile shapes show good agreement

» Differences between the CFD predictions and the measured data could be attributed to slightly
different operating conditions and to the effects of the supersonic probe on the flowfield

* Overall the comparison indicates that our CFD tool can be used to predict the inducer behavior,

and to improve its design and performance
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APPENDIX 12.2

Nozzle Analysis
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6/25

Final Design Review

Nozzle Test Configuration

System owner:
Rick Wiederien

Oct 31 & Nov 4, 2013

R6, as presented
R7, 11/11/2013-11/21/2013:
Updated to-do list for each component
Updated slide 3 (day 2 attendance)
Insert new slide 164 showing stress at fillet to pin-fin within strake
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Attendees — Day 1

* Lorie Krois

* Kirk Lupkes
 Silvano Saretto
 Frank Lu

* Paul Brown

* John Beers

e Chris Braman

* Rob Draper

« Karl Guntheroth
* Steve Amsbaugh
 Bill Ward

1030



Ramgen Final Report DE-FE0000493 6/25

Attendees — Day 2

* Lorie Krois

* Kirk Lupkes
 Silvano Saretto
 Frank Lu

* Paul Brown

« Ravi Srinivasan
e Chris Braman

* Rob Draper

« Karl Guntheroth
* Steve Amsbaugh
 Bill Ward
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Agenda
Day 1 Day 2
« Action items from PDR * Structural Analysis
- Mechanical Design Overview * Thermal Analysis
. System Flow Passage * Tolerance Analysis / Hot-Cold
* Mechanical Details variation
— Planar Section Views ) Interf:aces _
— Strake (Includes CFD and thermal * Requirements Compliance
_________ summaries)  (Actuall Stoppedhere)  * Schedule
— Ramps and Impingement Plates  Budget

— Remaining Pieces
* Instrumentation

» Conclusions
« Summary of action items

 Backup Iltems
* Notes from Day 1
* Remaining Tasks
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Ramgen FDR Expectations

* Final System Requirements with Values
* Final boundaries of the system

* Final interfaces with other systems

« System design

 Final list of analyses performed

» Results of analyses performed

» Review Budget

* Review Schedule
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Mechanical Design
Overview
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Integrated Test Systén
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* IN 718 (DMLS)
— Strake

— Selection criteria
= Nickel-based alloy for simularity to ultimate engine configuration
= Commonly available DMLS material
= Good building DMLS material

* INCO 625

— Strake insert

— Selection criteria
= Similar CTE to IN 718
= Nickel-based alloy for simularity to ultimate engine configuration
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* 17-4 PH, Condition H1150
—Ramps
—Impingement Plates
—Hub
—Shroud
—Endwalls
—Shroud Clamps, Upstream and Downstream

— Selection criteria
= CTE closely resembles IN 718 and INCO 625
= Condition H1150 has the best machinability and adequate strength
= Availability (large diameter bar and plate)

* Bolts

—#6 screws for ramps/strakes: A286

= Selection criteria: Good strength at temp, corrosion resistant, ductility
— All other screws

= A 574 (grade 8) alloy steel

= Selection critieria: Strength, cost, availability
1037
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System Flow Passage
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Test Arrangement CRW Wlﬁeeﬁin DSEiFSEOOOO493 o
S y

— CFD analysis was completed for the primary flow passage, including the total
pressure probe

— See linked presentation for more details

—Test Section FlowPath CFD Results 10-15-2013.pptx
— Excerpts follow

— Conclusions:

—Shock wave from probe propagates upstream, but will not intefere with the
test

— CFD of test configuration with cooling air has not been completed and is
planned to proceed in parallel to part fabrication
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(From “Test_Section_FlowPath CFRD_ Results 10-15-2013.ppt”

* Evaluate flow behavior in the geometry designed for the ISCE Build 2
Nozzle Test

— Simulate flow in the test domain with probe in location 1

= Location 2 is at 0.45” downstream of the nozzle strake TE, aligned with the camber
angle of the strake (left) and aligned in the flow direction.

— Evaluate the differences between the two flow-path test section and the test
section with the probe

= Both simulations to be run at the 10 psi back pressure
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Mechanical Design
Details
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Planar Section Views
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Strake
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Strake Thermal Desigh and Analysis— QuEST **

—Detailed thermal design and analysis was performed by Jim
Bruns at QuEST

—Focus was on the engine configuration
—Detailed report for the engine level analysis is linked

—Ramgen Nozzle heat transfer design summary Oct
13.pptx

—1D calculations done for test configuration
—Excerpts follow

—For details, see
Ramgen Turbine HT Nozzle test 1D HT 90ctl3.pdf
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Strake CFD Results = Engine Config "

— Excerpts from CFD analysis completed 10/17/2013 follows
— See linked presentation for more details
—Strake Internal Flow Field Revised Strake 10 16 2013 rev2.pptx
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Ib/s
Inlet
Outlet
Error

LE_LL 1
LE_LL_2
LE_LL_ 3
LE_LL_4
LE_LL.5
LE_LL 6
LE_LL_7
LE_LL 8

TOTAL

2.09E-02
2.09E-02
3.15E-02

3.66E-04
3.66E-04
3.57E-04
3.58E-04
3.54E-04
3.38E-04
3.29E-04
3.19E-04

2.79E-03

LE_1
LE_2
LE_3
LE_4
LE_5
LE_6
LE_7

TOTAL

LE_R_1
LE_R 2
LE_R 3
LE R 4
LE_R 5
LE_ R 6
LE_R_7
LE_R 8

TOTAL

7.49E-04
6.94E-04
6.48E-04
6.21E-04
5.99E-04
5.84E-04
5.72E-04

4.47E-03

1.90E-04
2.00E-04
1.99E-04
1.97E-04
1.96E-04
1.96E-04
1.98E-04
1.93E-04

1.57E-03

LE L1  2.07E-04
LE L2  1.99E-04
LE L3  1.98E-04
LE L4  1.98E-04
LE L5  1.98E-04
LE L6  1.98E-04
LE L7  2.01E-04

TOTAL 1.40E-03

LE_RR_1
LE_RR_2
LE_RR_3
LE_RR_4
LE_RR_5
LE_RR_6
LE_RR_7
LE_RR_8

TOTAL

3.64E-04
3.44E-04
3.45E-04
3.39E-04
3.36E-04
3.31E-04
3.24E-04
3.15E-04

2.70E-03
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Ramps and Impingement
Plates

1051












Ramgen Final Report DE-FE0000493 6/25

Remaining Pieces
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Instrumentation
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Instrumentation Summ

* Internal Instrumenation
— Static pressure: 42
— Subsurface (wall) temperature: 30
— Immersed gas temperature: 8
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Ramp Assembly Instrumentation Sequence

6/25

1.

Bond instrument tubing to sockets
in ramp

« Thermally conductive antisieze
on thermocouple tips

* Epoxy stake around perimeter
Insert impingement plate

»  Will require flexing of
instrumentation tubing

Bend and laying down tubing,
starting on the forward side and
working aft

 Epoxy stake around perimeter
as proceeding
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Ramp Assembly Detai

— See linked slides for detailed assembly sequence
with instrumentation for ramp assembly

—69 Ramp Instrument Egress Details 10-23-
2013a.pptx
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Structural Analysis
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Structural Analysis Céncfusion

— Stresses in all components are comfortably below
the yield strength of the material away from the bolt
hole

—Constraint method at bolt holes (line contacts) results
in some elevated stresses at the edge of the bolts, but
even these are comfortably below the material yield
strength

—Structural integrity is dependant on the bolt strength
—All tensile loads are well below bolt rated breaking strength

—Shear loads, if preload is lost, are below bolt material shear
strength

—Shear loads are discussed separately where appropriate
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17-4 PH MIL-HDBK-5 Excerpts

MIL-HDEK-SH

1 December 1998 7 0.20 T
HHHHH
T
T

Table 2.6.8.0(b). Design Mechanical and Physical Properties of 17-4PH Stainless Steel * (H1150),

Sheet, Strip, and Plate g 50 0.18 0 (H1075) [
Specification ....................... AMS 5604 & o (HS00) i -
Form ... ...... ...l Sheet. strip®. and plate [ I o miEEiE <
Condition ........... ... .. ... ... H900 | Ho25 | H1025 | HIOTS | H1100 | H1150 E: 3 H i “g’;
Thickness in .. ... ... 4000 2 °r 20" = il
Basis ... S S 5 5 5 5 o S FEEEE e R e R PR

K
1L 0.14 ! 4
190 170 155 145 140 135 I
c o - Between 70 °F and indicated temperature[H
- - - - . L ol 0.12 except from -100 °F for 70 °F value EE
170 155 145 125 115 105 K - Atindicated temperature H
C - Atindicated temperature H
T T T T T T
7L 010 T T T T T
0 200 400 60D 8O0 1000 1200 1400 1600
Temperature, °F
Figure 2.6.8.0. Effect of temperature onthe physical properties of 17-4PH stainless
steel.
100 T
b b b b b b
285 & =
300 H
2 11.2 £ Bl 568 S Ay RO RN AR A N AR Fty"”’””””””””"’”
B 0.27 g i
Physical Properties: % P h N
wlbin? 0.282 (EI900), 0.283 (H1075). 0.284 (H1150) E o 60 U
CKanda .oooieiiiiiin. ... See Figure 2.6.8.0 23
E s
3 Test direction longitudinal for widths less than @ inches; long transversa for widths O inches and over 3 g
b See Table 2.6.8.0(). 35 a0
O -
£
g
b4
Table 2.6.8.0(c). Minimum Elongation Values for 17-4PH Sheet, Strip, and Plate 20 Strength at temperature H
e, percent (LT) Exposure up to 1/2hr  H
Thickness HO00 | HO25 | HI1025 | H1075 | HI100 | HI1150 HHH
0.015 throueh 0.186 5 5 3 5 5 ) 0 P
0.187 throush 0625 g g g "] 10 10 0 200 400 600 800 1000 1200 1400 1600
0.626 through 4.000 10 10 12 13 14 16 Temperature, F
Figure 2.6.8.6.1. Effect of temperature on the tensile ultimate strength (F,)) and the
1 101 tensile yield strength (F,) of 17-4PH (H1150) stainless steel bar.
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Discussion on Galling Action Ttem

* Question during Day 1 of FDR was to consider galling
* Could not find direct data for A286 on 17-4

 However, found quantitative data that 17-4 and A286 are both
independently prone to galling

— Surmise that the combination of the 2 would also be prone to galling

* Further tabulation of properties showed that the CTE of alloy steel
screws more closely matches CTE of IN 718 and 17-4PH

* Go forward plan is to use alloy steel screws through-out, rather than
A286 for the #6-32 screws as previously presented

* Will use high-temperature thread lubricant on all screws to minimize
potential for galling

— Molybdenum disulfide
= Rated for temperatures up to 725°F
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Load Case #1, Worst Case Pressure Load

* 210 psi on all hub and shroud surfaces
— Assumes regulator fails wide open

— Assumes throat gets blocked (only way full compressor pressure is reached
given the CFV in the system)

— Assumes all seals leak and pressure propagates through all surfaces
« Analysis done with room temperature properties

— Results compared to derated properties at 650°F
* Objective

— Stress distribution in hub, shroud, strakes, shroud clamp, and endwalls (load
bearing elements)

— Bolt loads
* Assumptions
—Ignored tongue & grove interface to IGYV and Measurement Ring

—Ignored measurement ring
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Strake Bolt Loads - Tabulation

6/25

Bolt Size: .138-32
Material: A574
Nominal Size: 0.138|in
Torque Coefficient: 0.2!
Recommended Installation Torque: 24.5|Ibf-in (Unbrako Technical Brochure)
Resultant Preload at Room Temp: 887.7|Ibf
Estimated Elastic Modulus Derating at 650°F: 87% (MIL-HDBK-5, AISI low-alloy steels)
Estimated Preload at 650°F: 772.3
Room Temp Breaking Strength: 1640.0|Ibf
Breaking strength at 650°F: 1476.0|1bf
Shear strength at 650°F: 108.0|ksi
Section Area at Minor Diameter: 0.00745[in"2 (Mark's Standard Handbook)
Friction coefficient: 0.16 (Lubricated and greasy steel to steel)

BoltID X Y z Total Tensile Shear Force Tension Tension Shear Stress Shear
(1bf) (Ibf) (1bf) (Ibf) Magnitude (X&2) % of Breaking % of Preload at (psi) % of Shear Strength
(Ibf) Strength at 650°F: 650°F: at 650°F:

SB1 20.2 232.4] -33.9] 235.7] 232.4] 39.5 16%. 30% 5297, 5%
SB2 -28.6) 535.0) 105.1] 546.0| 535.0| 108.9 36% 69% 14620 14%
SB3 -65.8] 395.9] -70.4] 407.5 395.9] 96.4] 27% 51% 12935 12%
SB4 1.6 154.1 -19.8 155.4) 154.1 19.9 10% 20% 2666 2%
SBS -51.1 254.7 -42.4 263.2 254.7 66.4] 17% 33% 8913 8%
SB6 -80.0] 454.7 -28.3 462.6| 454.7] 84.9 31% 59% 11390 1%
SB7 -54.2 521.5 -58.2 527.5 521.5 79.5 35% 68% 10675 10%
SB8 19.0 140.8| -88.6| 167.4] 140.8| 90.6 10% 18% 12163 11%
SB9 20.1 294.9 -81.4 306.6] 294.9] 83.8 20% 38% 11254 10%
SB10 -59.6] 471.6] -135.2] 494.2 471.6 147.8 32% 61% 19833 18%
SB11 -58.8] 361.0) -108.8| 381.6] 361.0] 123.7 24% 47% 16600 15%
SB12 -13.6] 152.4] -45.2 159.5 152.4] 47.2 10%. 20% 6336 6%
SB13 -59.9] 207.6) -71.4] 227.6] 207.6| 93.2 14%. 27% 12510 12%
SB14 -147.9] 464.3 -50.5| 489.9 464.3 156.3 31% 60% 20978 19%
SB15 -97.3] 604.9 -69.8| 616.6/ 604.9] 119.7 41% 78% 16073 15%
SB16 81.4 178.4] -122.0| 230.9] 178.4] 146.7 12%. 23% 19686 18%
HB1 26.9 -396.3 -125.4] 416.5 396.3] 128.3 27% 51% 17215 16%
HB2 69.9]| -588.6, -99.0) 600.9 588.6 121.2 40% 76% 16267| 15%
HB3 95.9] -486.1 -14.9 495.7 486.1 97.1] 33% 63% 13027 12%
HB4 60.4| -212.0 29.6 222.4] 212.0 67.3 14% 27% 9029 8%
HB5 41.7 -326.4| 28.2 330.3] 326.4] 50.3 22% 42% 6757, 6%
HB6 11.6 -337.7 -12.7| 338.1] 337.7] 17.2] 23% 44% 2309, 2%
HB7 -21.2] -356.9 -73.3 365.0| 356.9] 76.3 24% 46% 10242 9%
HB8 3.3] -132.5 -106.0| 169.7 132.5 106.1 9% 17% 14235 13%
HBS 31.4 -377.0| -126.9] 399.0] 377.0] 130.7 26% 49% 17547 16%
HB10 82.0 -580.0 -128.6| 599.7] 580.0] 152.5 39% 75% 20472] 19%
HB11 105.8| -466.6 -35.6) 479.8 466.6 111.6 32% 60% 14984 14%
HB12 89.6 -186.4| -1.9 206.8] 186.4] 89.6 13%. 24% 12030 11%
HB13 42.8 -267.7 -2.7, 271.1] 267.7| 42.9 18%. 35% 5756 5%
HB14 13.2 -369.1 -35.9] 371.1] 369.1] 38.2 25% 48% 5134 5%
HB15 -31.1] -433.8 -92.0| 444.5 433.8 97.1 29% 56% 13035 12%
HB16 -4.1 -178.4] -123.0] 216.7 178.4 123.1 12% 23% 16519 15%
Max 105.8 604.9] 105.1 616.6| 604.9] 156.3 1% 78% 20977.7 19%)
Min -147.9| -588.6] -135.2 155.4 1325 17.2] 9% 17% 2308.8] 2%

* Results / Conclusions
+ SB15 has the highest total load
» SB14 has the highest shear load
+ Maximum bolt tensile load of 605 Ibf
* 41% of 1476 Ibf breaking strength

* Lessthan 772 Ibf preload gives
positive clamping force

* Maximum shear force of 156 Ibf results
in stress of 21 ksi, which is 19% of
screw shear strength

* Conclusions

» Strake screws will handle worst case
pressure loads

» Shear force on SE14 is 20% of initial
preload. This is greater than typical
friction of .16. Slippage is likely.

* The following were not considered in this analysis
given the margins, but could be added if desired

« Combined tensile, shear, and bending moment
* Remaining grip force under load
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Endwall Bolt Loads - Tabulation

6/25

Bolt Size:|.375-16
Material: [A574
Nominal Size: 0.375]in
Torque Coefficient: 0.2
Recommended Installation Torque: 46.8|Ibf-ft (Unbrako Technical Brochure)
Resultant Preload at Room Temp: 7488.0|1bf
Estimated Elastic Modulus Derating at 650°F: 87% (MIL-HDBK-5, AISI low-alloy steels)
Estimated Preload at 650°F: 6514.6

Room Temp Breaking Strength: 13900.0|Ibf

Breaking strength at 650°F: 12510.0|1bf

Shear strength at 650°F: 108.0|ksi

Section Area at Minor Diameter: 0.06780[in"2 (Mark's Standard Handbook)
Friction coefficient: 0.16 (Lubricated and greasy steel to steel)
Bolt ID X Y z Total Tensile Shear Force (X & Z) Tension Tension Shear Stress Shear
(Ibf) (Ibf) (Ibf) (Ibf) Magnitude (Ibf) % of Breaking % of Preload at (psi) % of Shear Strength at
(1bf) Strength at 650°F: 650°F: 650°F:

SE1 -91.0} -614.0| -289.0| 684.7] 614.0) 303.0, 5% 9% 4469 4%
SE2 -287.0] -1401.0 103.0| 1433.8 1401.0 304.9) 11%. 22% 4497 4%
SE3 -233.0] -89.0) 209.0] 325.4] 89.0 313.0] 1% 1% 4617 4%
SE4 -312.0] -1731.0 128.0) 1763.5] 1731.0] 337.2] 14% 27% 4974 5%
SES 115.0] -14.3] -233.0| 260.2] 14.3 259.8| 0% 0% 3832 4%
SE6 47.0] -752.0| -79.0] 757.6] 752.0, 91.9 6% 12% 1356 1%
SE7 134.0] -521.0] 6.0] 538.0] 521.0, 134.1 4% 8% 1978, 2%
SE8 97.3| -1446.0 455.0| 1519.0 1446.0 465.3 12% 22% 6863 6%
SE9 81.4] 539.0 302.0) 623.2] 539.0, 312.8| 4% 8% 4613 4%
SE10 178.0| 611.0 179.0] 661.1] 611.0) 252.4 5% 9% 3723 3%
SE11 56.0 854.0] 99.0 861.5] 854.0] 1137 7% 13% 1678, 2%
SE12 164.0 957.0] -88.0) 974.9] 957.0] 186.1 8% 15% 2745 3%
SE13 36.0 610.0, -95.0| 618.4] 610.0, 101.6| 5% 9% 1498 1%
SE14 -131.0| 678.0 167.0] 710.4] 678.0, 212.2 5% 10% 3131 3%
SE15 167.0] 969.0, 505.0) 1105.4 969.0, 531.9) 8% 15% 7845 7%
SE16 -148.0| 1133.0 1405.0 1811.0 1133.0 1412.8 9% 17% 20837, 19%
Max 178.0| 1133.0 1405.0 1811.0| 1731.0 1412.8 14% 27% 20837.4] 19%
Min -312.0] -1731.0 -289.0| 260.2] 14.3 91.9 0% 0% 1355.8 1%

* Results / Conclusions
» SE4 has the highest tensile load
» SE16 has the highest shear load
+  Maximum bolt tensile load of 1731 Ibf

* 14% of 12510 Ibf breaking
strength

» Less than 6515 Ibf preload gives
positive clamping force

* Maximum shear force of 1413 Ibf
results in stress of 21 ksi, which is
19% of screw shear strength

* Conclusions

 Endwall screws will handle worst case
pressure loads

» Shear force on SE16 is 22% of initial
preload. This is greater than typical
friction of .16. Slippage is likely
without shear feature.

* The following were not considered in this analysis
given the margins, but could be added if desired

* Combined tensile, shear, and bending
moment

* Remaining grip force under load
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Hub Bolts to IGV- Tabulation

Bolt Size |.250-20
Material [A574
Nominal Size 0.250]in
Torque Coefficient 0.2
Recommended Installation Torque 153.0|Ibf-in (Unbrako Technical Brochure)
Resultant Preload at Room Temp 3060.0|Ibf
Estimated Elastic Modulus Derating at 650°F 87% (MIL-HDBK-5, AlSI low-alloy steels)
Estimated Preload at 650°F 2662.2

Room Temp Breaking Strength 5700.0|Ibf

Breaking strength at 650 F 5130.0|Ibf

Shear strength at 650 F 108.0|ksi

Section Area at Minor Diameter 0.02690[in"2 (Mark's Standard Handbook)
Friction coefficient 0.16) (Lubricated and greasy steel to steel)
BoltID X Y 4 Total Tensile Shear Force (X & Y) Tension Tension Shear Stress Shear
(Ibf) (Ibf) (Ibf) (Ibf) Magnitude (Ibf) % of Breaking % of Preload at (psi) % of Shear Strength at
(Ibf) Strength at 650°F: 650°F: 650°F:

IGVH1 962.0| 83.0] -1169.0 1516.2 1169.0| 965.6 23%. 44% 35895 33%
IGVH2 530.0) -46.0] -1255.0 1363.1 1255.0| 532.0, 24% 47% 19777 18%
IGVH3 339.0 -219.0] -1234.0 1298.3 1234.0] 403.6| 24% 46% 15003; 14%
IGVH4 443.0] -186.0] -1120.0 1218.7] 1120.0] 480.5| 22%. 42% 17861 17%
IGVH5 -20.0 -442.0) -992.0] 1086.2 992.0 442.5] 19% 37% 16448 15%
IGVH6 56.0) -275.0) -785.0] 833.7] 785.0 280.6 15% 29% 10433 10%
IGVH7 -99.0 -149.0| -798.0| 817.8 798.0 178.9] 16% 30% 6650 6%
IGVH8 -1893.0( -1089.0| -1474.0| 2634.8| 1474.0| 2183.9 29%. 55%! 81185 75%
Max 962.0| 83.0 -785.0)  2634.8 1474.0| 2183.9 29%. 55% 81185.5 75%
Min -1893.0] -1089.0| -1474.0 817.8] 785.0 178.9] 15% 29% 6650.2] 6%

6/25

* Results / Conclusions

IGVH8 has the highest total load and
highest shear load

Maximum bolt tensile load of 1474 |bf
* 29% of 5130 Ibf breaking strength

» Less than 2662 Ibf preload gives
positive clamping force

Maximum shear force of 2183Ibf results in
stress of 81 ksi, which is 75% of screw
shear strength

* Conclusions

Shear component too high to consider
bolted interface to IGV only

Bolted interface to measurement section
should cut bolt loads by about half

Tongue/groove engagement required take
majority of shear load

Bolts will take the tensile load with
substantial margin

* The following were not considered in this analysis given
the margins, but could be added if desired

Combined tensile, shear, and bending moment
Remaining grip force under load
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6/25

Hub and Shroud Bolts to IGV- Tabulation

L)
Bolt Size |.250-20
Material |A574
Nominal Size 0.250|in
Torque Coefficient 0.2
Recommended Installation Torque 153.0|Ibf-in (Unbrako Technical Brochure)
Resultant Preload at Room Temp 3060.0|1bf
Estimated Elastic Modulus Derating at 650°F 87% (MIL-HDBK-5, AISI low-alloy steels)
Estimated Preload at 650°F 2662.2]

Room Temp Breaking Strength 5700.0|1bf

Breaking strength at 650 F 5130.0|1bf

Shear strength at 650 F 108.0|ksi

Section Area at Minor Diameter 0.02690[in2 (Mark's Standard Handbook)
Friction coefficient 0.16 (Lubricated and greasy steel to steel)
Bolt ID X Y z Total Tensile Shear Force (X & Y) Tension Tension Shear Stress Shear
(Ibf) (1bf) (Ibf) (Ibf) Magnitude (Ibf) % of Breaking % of Preload at (psi) % of Shear Strength at
(1bf) Strength at 650°F: 650°F: 650°F:

IGVS1 -89.0) -231.0] -631.0 677.8 631.0 247.6 12% 24% 9203 9%
IGVS2 -89.0| -259.0 -248.0 369.5 248.0| 273.9] 5% 9% 10181 9%
IGVS3 -90.0| -67.0 -316.0 335.3 316.0] 112.2] 6% 12% 4171 4%
1GVS4 -69.0| 77.0] -379.0 392.8 379.0] 103.4] 7% 14% 3844 4%
IGVS5 -42.0) 47.0] 320.0 326.1 320.0 63.0] 6% 12% 2343 2%
IGVS6 -9.0] 90.0) 280.0] 294.2 280.0 90.4] 5% 11% 3362 3%
IGVS7 -42.0) 55.0) 221.0] 231.6 221.0 69.2] 4% 8% 2573 2%
IGVS8 -88.0) 43.0) -274.0 291.0 274.0 97.9] 5% 10% 3641 3%
IGVS9 -56.0) 62.0) -342.0 352.1 342.0 83.5] 7% 13% 3106 3%
IGVS10 -45.0) 94.0) -428.0 440.5 428.0 104.2] 8% 16% 3874 4%
IGVS11 -3.0] 83.0) -352.0 361.7 352.0 83.1] 7% 13% 3088 3%
IGVS12 -28.0] 92.0] -333.0 346.6) 333.0] 96.2 6% 13%. 3575 3%
IGVS13 7.0] 93.0] -430.0 440.0, 430.0] 93.3 8% 16% 3467 3%
IGVS14 48.0] 75.0] -432.0 441.1) 432.0 89.0 8% 16% 3310 3%
IGVS15 139.0] 15.0} -436.0 457.9 436.0 139.8] 8% 16% 5197| 5%
IGVS16 210.0 -103.0} -293.0 374.9 293.0 233.9] 6% 11% 8695 8%
IGVS17 245.0 -156.0} -317.0 429.9] 317.0 290.4] 6% 12% 10797 10%
Max 245.0 94.0) 320.0f 677.8 631.0| 290.4f 12% 24% 10797.4| 10%
Min -90.0) -259.0] -631.0 231.6 221.0 63.0] 4% 8% 2343.2 2%

Results / Conclusions
* |IGVS1 has the highest total load
* Maximum bolt tensile load of 1631 Ibf
* 12% of 5130 Ibf breaking strength

» Less than 2662 Ibf preload gives
positive clamping force

* Maximum shear force of 290 Ibf results in
stress of 11 ksi, which is 10% of screw
shear strength

Conclusions
» Bolts have adequate margin for worst

case loads

The following were not considered in this analysis given
the margins, but could be added if desired

* Combined tensile, shear, and bending moment
* Remaining grip force under load
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Load Case #2, Nominal Pressure Load

* 83.4 psi on flow passage ramp surfaces

— Simulates structural load on structure of 83.4 psi cooling air in impingement
cavities

« Analysis done with room temperature properties
— Results compared to derated properties at 650°F
* Objective

—Nominal loads on highest load bolts identified in worst case-analysis

* Assumptions
—Ignored tongue & grove interface to IGYV and Measurement Ring

—Ignored measurement ring
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Load Case #3, Strake Only

* 210 psi on all internal strake surfaces

— Assumes regulator fails wide open (will be set at about 190 psia)
= Note: Nominal strake supply pressure should be ~85 psia max

— Assumes strake cooling air supply valve is set wide open
« Analysis done with room temperature properties
— Results compared to derated properties at 650°F
* Objective
— Stress distribution
* Assumptions
—No pressure loss along the length (only happens if TE slots get plugged)
— Uniform pressure distribution

— Vacuum conditions in primary flow path
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Load Case #4, Ramp Only

* 210 psi on all internal ramp surfaces

— Assumes regulator fails wide open (will be set at about 190 psia)
= Note: Nominal ramp supply pressure should be ~85 psia max.

— Assumes ramp cooling air supply valve is set wide open
« Analysis done with room temperature properties

— Results compared to derated properties at 650°F
* Objective

— Stress distribution
* Assumptions

— Uniform pressure distribution

— Vacuum conditions in primary flow path

1089



Ramgen Final Report DE-FE0000493 6/25

Thermal Analysis

— See FDR Nozzle Test Section - Thermal R1.pptx
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Tolerance Analysis / Hot-
Cold Variation
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Throat Tolerance Anlaysis

* Performed worst-case and statistical tolerance analysis on throat and
exist size variation and resultant variation in expansion ratio

« Assumed aggressive 0.002” surface profile tolerance on critical interface
features in the radial direction

— Consistent with prior Ramgen experience for critical features

* Assumed .020” surface profile tolerance on DMLS’d strake vanes
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Dimensions in inches

Height Variation (Throat and Exit)

ID

Profile Tolerances

Assumptions

1|OD of hub slot for strake flange 0.002|Mating surfaces are machined
2|0D of hub-side strake flange 0.002|Mating surfaces are machined
3|0D of hub-side impingement plate flange 0.002|Mating surfaces are machined
4|0D of hub-side ramp 0.002|Mating surfaces are machined
5|1D of shroud-side strake flange 0.002|Mating surfaces are machined
6|1D of shroud-side impingement plate flange 0.002|Mating surfaces are machined
7

ID of shourd-side ramp 0.002|Mating surfaces are machined

INSERT ROWS ABOVE

Total Profile Tolerance - Worst Case 0.014

Bi-lateral tolerance- Worst Case (+/-) 0.007

Root Sum Square (RSS) Profile Tolerance: 0.005 « Worst case prediCted

RSS Bi-lateral tolerance- Worst Case (+/-) 0.003 variation is £.007”

Modified RSS (MRSS) Profile Tolerance ’ StatISEICa”y Ilkely variation is
Multiplier Factor (historical) 1.4 +.004

MRSS Profile Tolerance: 0.007

MRSS Bi-lateral tolerance- Worst Case (+/-) 0.004
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Width Variation (Throat and Exit)

ID Profile Tolerances Assumptions
A Profile tolerance on strake width, Side 1 0.020(DMLS as-built assuming Z direction
worst-case build
B Profile tolerance on strake width, Side 2 0.020(DMLS as-built
C Positional Variation 0.020|Estimate (+/- .010)
INSERT ROWS ABOVE
Total Profile Tolerance - Worst Case 0.060
Bi-lateral tolerance- Worst Case (+/-) 0.030

» Worst case predicted variation
is £.030” on throat width
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Differential Thermal Expansion

* Two possible approaches to deal with differential thermal expansion
—Size all gaps to tolerance worst-case differential thermal expansion created by
rapid heat-up
= 580°F temperature increase on ramps/strakes while hub/shroud remain at room
temperature

= The gaps will close during heat-up, then reappear when thermal equilibrium is reached

— Size gaps to tolerance a smaller thermal gradient and heat up slowly

* Recommendation

— Ramp up slowly and maintain less than a 100°F gradient across the nozzle at all
times
— Propose ramp up cycle
= 6 steps to get from room temperature to full 650°F operating temperature (97°F each)

= 45 minute dwell at each step
» 580°F step reached near equilibrium in about 60 minuts
» Assumes the smaller temperature step will reach equilibrium faster
» Can manually monitor temperatures through-out nozzle and make real-time adjustments
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Interfaces
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Task Name Duration
- HNozzle Sector Component Characterization (3610) 238.5 days?
Kick off meeting 0 days
System Requirements Review (SRR} 2.5 wks
Conceptual Desgign Review (CDR) 4 wks
Preliminary Design Review (PDR) 5.2 wks
-/ Nozzle (Rick) 136 days
Structural analysis, thermal design & draft dwgs 5 wks
Final Design Review (FDR) 12.6 wks
Production Readiness Review (PRR) 1.2 wks
+/ Manufacturing 94 days
+ Flow Uniformization and Converging Section (Aaror 82 days
+ Inlet Guide Vane Section (Chris) 78 days?
+ Downstream Pressure Measurment Section (Rob) 96 days
+! Facility (Karl) 55 days
+ Control Software Development (Jilka) J_ 79 days
Assembly & Instrumentation 4 wks
Checkout 3 days
Test 4 wks

Start

Mon 5/6/13
Wed 5/8M3
Mon S/8M3
Thu /2313
Thu &8/20M3
Mon 8/5/13
Mon 8M16M3
Mon &/5/M13
Fri 111113
Thu 100313
Mon 9/16/13
Mon 911613
Mon 9/16/13
Fri 9/20/13
Mon 9/16/13
Tue 225114
Tue 325M4
Fri 32814

Finish  |e |Ofr 2, 2013 Qtr 3, 2013 Qtr 4, 2013 Qtr 1, 2014 Qtr2, 2014
Apr [ May [ Jun Jul [ Aug | Sep Oct | MNov [ Dec Jan [ Feb [ Mar Apr ]
Thu 4124114 = =
WWed 5/8/13 & 58
Wed 5122113
Wed 6119113
Fri @213
Fri 2128114 " =)
Fri 10/2513 =
Thu 10/31/13 :
Fri 1178113 a;
Fri 2/28/14 = =
Thu 1123114 v -
Fri 1117114 = =
Wed 211214 v =
Mon 1219113 = =)
Mon 1/20114 v =)
Mon 324014+
Thu 327114 1
Thu &/24/14

* It took about 2 months longer than planned to get to nozzle FDR

 This has pushed delivery of components to the end of Feb 2014

* With assembly and instrumentation through-out the month of March, testing
is now scheduled to start at the end of March

— Slipping into April is likely unless manufacturing schedules can be improved

 Plan to prioritize release of ramp & impingement plate drawings (ECD 11/8)

* Then follow 11/15 with PRR and release of remaining drawings
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TURBINE NOZZLE COMPONENT TEST

WBS

oDC Equipment Travel Notes
ODC Design Support
Design
Aero/thermal Support $ 20,000 $ - $ Occasional travel for consultation/manufacturing/procurement support
Static Hardware
Drafting support $ 9,600 $ - $
Assembly
Test rig assembly $ 10,000 $ Aerodyne instrumentation support & assembly tooling
Shipping
General Shipping $ - $ - $
Task total $ 39,600 $ - $ -
B2 Engine Compressor Module Static Hardware
Fabricated Components
Nozzle test section $ 166,582
Support hardware $ 79,860
Instrumentation $ 56,906
Spares $ 21,500
Shipping $ 5,000 $ - $
Task total $ 5,000 $ 324,848 $ -
Eacility
Facility air system modifications $ 22,000 $ 28,000
Task total $ 22,000 $ 28,000 $ -
Compressor Module Test
Electricity Costs $ 4 week test program assumed
Energy charge ($.06523/kW-Hr) $ 5,464 30 hrs/week assumed (compressor, heater and vacuum system running)
Demand charge ($6.08/kW) $ 5,375 Monthly demand charge set by running 338 kW compressor, 360 kW heater and 186 kW Vacuum system ¢
Task total $ 10,838 $ - $ -
Total of all tasks $ 77,438 $ 352,848 $
$ 430,286 Program Grand Total

« Based on ROM quotes for ramps, impingement plates, and strakes, and PR’s submitted to

date (Settling chamber, Converging Section) costs are tracking the budget

 Better fidelity available within the next few weeks has PR’s get submitted for the majority of

the hardware
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Piece Part Drawing Status

Nozzle Piece Part Dwgs

Drawing No Description Draft Complete |Target Release
Date
861022 Impingement Plate, Hub Y 11/8/2013
861023 Impingement Plate, Shroud Y 11/8/2013
861024 Ramp Body, Hub Y 11/8/2013
861025 [Ramp Body, Shroud Y 11/8/2013
861034 Hub Body Y 11/15/2013
861036 Nozzle Vane, Machined Y 11/15/2013
861037 Nozzle Vane, As Built (DMLS) Y 11/15/2013
861039  [Nozzle Vane Insert In work 11/15/2013
861040 Shroud Body - 1 Pc Y 11/15/2013
861041 Endwall, Left In work 11/15/2013
861042 Endwall, Right In work 11/15/2013
861043  |Clamp, Shroud, Upstream In work 11/15/2013
861048 |Clamp, Shroud, Downstream In work 11/15/2013

* Required assembly drawings (tubing brazements,
instrumentation) to follow by 12/15/2013
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Conclusions

* Design closes and meets program requirements

* Ready to proceed with final design tweaks and detailed drawing
completion pending the results of this review
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Backup Items

1102



Ramgen Final Report DE-FE0000493 6/25

Notes from Day 1

* Several action items were take. See Action Item spreadsheet for details.

* Paul indicated that copper RTV was used on the Ram2 program. It
tends to be a little more “crumbly” in the cured state than the red RTV,
but worked.

* There was discussion on the tolerances for impingement holes in the
strake leading edge insert. Since these holes do not meter the air, Aero
(Silvano) agreed that we’ll take what we get. Presumably the tolerance
will be £.002.

* The strake leading edge insert will likely be fabricated by plunge EDM
due to the aspect ratio
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Open Tasks for Each
Major Part
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« Strake
— Update/review flange chamfer size — DONE 11/7. FROM .020 TO .075

— Update diameter of thermocouple holes in strake based on prototype results — Per
input from Directed Manuf, increase hole dia to .040.

— Add cross-passage in strake wall at bottom of thermocouple passage

» Leading edge too?? - CANCELLED 11/15/2013. DRAWING TO SPECIFY A MINIMUM HOLE
DIAMETER TO BE VERIFIED

— Review and update tube counter-bore diameters and depth in strake based on tube
size — DONE. Target size for all instrument counterbores &.046+.002 x .10 deep.
.050 hole in prototype was good fit to .042 tubing. Size left at &J.050.

— Update radius from strake to flange from R.030 to R.047 DONE 11/11/2013

— Update flange width for clearance — DONE 11/18/2013 (Increased from .010 to .020
nominal clearance)

— Update interface to strake insert for clearance and error-proof assy — DONE
11/18/2013

— Update as built (DMLS) configuration, post-machining req’t (flange only), and
datums — DONE 11/20/2013
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* Impingement Plate (Hub and Shroud) — DONE 11/13/2013
« Adjust impingement holes and instrument holes — DONE 11/11/2013

« Set-back forward and aft face by .002” for .007” set-back from hub and
shroud — DONE 11/7/2013

« Review and update tube counter-bore diameters based on tube size —
DONE 11/11/2013
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« Ramp (hub and shroud) — DONE 11/13/2013
» Adjust film holes and instrument holes — DONE 11/11/2013

« Set-back forward and aft face by .002” for .007” set-back from hub
and shroud — DONE 11/7/2013

e Hub

— Update instrumentation egress on hub — Done 11/6/2013
« Add interlocking lip to endwall — Done 11/16/2013

* Route tubing to avoid total pressure measurement section
components (does not affect hub)

« Add jacking screws to remove from IGV section - Done 11/15/2013
 Design lifting platform or hanger to move nozzle (~80 Ibm’s) (does
not affect hub)
 Endwalls

« Add interlocking lip to hub — Done 11/16/2013

» Set-back forward and aft face by .002” for .007” set-back from hub and shroud
— CANCELLED 11/7/2013. NOT SUBJECT TO DIFFERENTIAL THERMAL

GROWTH LIKE STRAKE/RAMPS.
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APPENDI X 12.3

ISCE Build 2 Design
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Updated System Requirements

1.

S PSRN

[
_— O

Deliver 87 air at 10 1b/s to static combustor
with equivalent flow uniformity to existing OGYV output

Accommodate up to 200 psi internal pressure (SF)

Admit high-pressure air from auxiliary air system

Not interfere with existing seal and thrust flows

Not interfere with existing bearings

Maintain identical or greater stiffness relative to existing components
Operate with internal environments up to 325 F

Operate safely

Accommodate additional axial load due to internal pressure

. Accommodate thermal and axial growth of rotor section.

. Accommodate additional vertical load from Air inlet system
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Action Items

« Assess Instrumentation requirements
— No new provisions needed
* Determine need to reinstall bleed covers

—Bleed covers determined not be to a requirement but ideal, an opportunity to
reinstall given tear-down was seized upon.

* Spec O-ring seals to ensure proper dimensions
— Completed, see slide 11-12
» Stager inlet tubes

— Completed, to be assembled on site and modifications required of off-the-self-part
only

* Perform analysis of Diffuser and shroud structure to ensure strength
— Completed, see analysis slide

« Change inlet material to carbon steel
— Completed, see material slide 14.

* Analyze impact on engine structure of loads due to pressurized inlet

— Completed, see analysis slide(s)
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Final System Boundaries and Interfaces

* Aux air system under design (see air system CDR). It is anticipated that
a close aboard header will be provided to link to.

« If this varies additional hoses and/or pipes can be used to reach source.

» System will necessarily apply structural loads to other systems in the rig
(detailed in analysis section.)
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System Design

* P/N ######## Dimensions
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System Design

6/25

Aero
 Table 1 shows the

anticipated Mach numbers | HoleDia[in] 1.25 1.5 6tol 10to1l
o R ID| 1.01 1.26 Psi 87 147
for the inlet dlll‘lllg Area[in?2]] 0.801 | 1.247 Temp| 120 | 120
eXperimentS Experiment| 6to1 |Velocity Experiment | 10 to 1 | Velocity
. . Pipe| 1.25 [ft/s] M Pipe 1.25 [ft/s] M
e Maximum internal Mach hole# 10 | 44352  0.37 hole # 10 | 26240 0.2
number m the SyStem Experiment| 6to1 |Velocity Experiment | 10 to 1 | Velocity
projected to be 0.314 at Pipel 15 | [ft/s] | ™ Pipe 15 | Ifts] | ™
o o hole # 10 284.98 0.24 hole # 10 168.60 0.14
ramp constriction.
[~ oSl [ wm  FoisT

 Loss of Kkinetic head at
Inlet due to radial
impingement to induce a
tolerable pressure loss on
the order of 10% with
M=0.31

Average M given 5 of each tube size

1117

Table 1: Effect of inlet Tube diameter axial inlet velocity.
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System Design

la 1b

Details of critical junctions, note pilot fits [1] and proximity to inducer strake [2] (.031”).
Pilot fit clearances will be identical to current tip ring as per its production drawing
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System Design

 Materials

— Carbon Steel
— 12L14, 60 ksi yield
— Electroless nickel plate, AMS 2404 on the order of .0005-.001” thickness

— “...This deposit has been used typically to provide a uniform build-up on intricate
shapes, to improve wear and/or corrosion resistance, or to improve solderability on or for
selected materials, but usage is not limited to such applications. The deposit has been
used in service up to 1000 °F (540 °C) although wear and/or corrosion resistance may
degrade as service temperature increases.” ~ SEA

— Stainless Steel welding for diffuser case.

— Confirmed with welder that with removal of components as shown in slide 6, and
assuming unfavorable weld properties of substrate it would be possible.
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Analyses Performed

e CFD on OGY for the ISCE B1 under M<1

* Thermal-structural analysis on rotating rotor to establish rotor
clearance under maximum allowable speed.

 Structural analysis on Inlet section to establish performance under
maximum allowable load.

 Structural analysis on diffuser hub and shroud to establish performance
under load and monitor the effect of reaction forces from Inlet section.

 Structural analysis on OGYV shroud section as per above.
 Structural analysis on combustor casing section as per above.
 Structural analysis on turbine shroud section as per above

* Qualitative projections on overall bolt loading.
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Analyses Results

e CFD on OGVs:

— Aero review confirms adequate flow into combustor sections given sub-sonic inlet
conditions (see requirement #1 slide 2 , and slide 10).

* Dynamic thermal-structural loading of rotor:

—Induces .015” radial growth of rotor under maximum loading conditions
minimally impacting rotor clearance gap to new Inlet section (see PRR reference
slides [attached]).
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Analyses Results

A: Static Structural

* Structural analysis on Inlet T
10152013 2:19 PR
— ANSYS FEA constraints: [ Displscernent
.. . Displacement 2
— 200 Psi internal load vs. vacuum Cylndienl Suppors . i

. . @ Cylindrical Support 2 0, in
— X-Y displacement constraints along [ eressure: 0. psi
% Cut IE' Compression Only Support: 0, in

— Axial and tangentially fixed
cylindrical support on aft bolt
circle, tangential only on fwd bolt
circle.

— Compression only support on
[F](contact with inducer hub)
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Analyses Results

e Structural analysis on Inlet

— Deformation
—.0007” max

A: Static Structural
Total Deformation
Type: Total Deformation
Unit: in

Tirme: 1

1071572013 2:12 P

0.00068811 Max
0.00061165
0.0005352
0.00045574
0.00038229
0.00030583
0.00022837
0.00015292
T.6462e-5
5.4264e-9 Min

0.000 3.000 6.000 (iny

L500 4.500
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Analyses Results

 Structural analysis on Inlet

—Reaction

— 2672 Ibf reaction in the axial direction for the % piece yielding a total load on the order of
10,700 1bf
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Analyses Results

 Structural analysis on Inlet

— Compression only reaction
— 2012 Ibf reaction in the radial direction for the % piece. Resting on the diffuser hub.
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Analyses Results

 Structural analysis on
OGYV shroud section

— Stress
— 41 ksi Max
— Internal load of 200 psi

— axial constraints on bolt
holes

— Reaction force of ~5300 Ibf
applied through bolt pattern Mesh sensitivity issues

Constructed of annealed 410 SS with yield
strength of 45 ksi

Tempering to 1200F can raise hardness up to
90 ksi

1130









Ramgen Final Report DE-FE0000493 6/25

Analyses Results

e Structural analysis on combustor casing section (with gussets)

Stress [36.7 ksi max|
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Analyses Results

 Structural analysis on turbine shroud

Stress [37 ksi max] Deformation [.0025” max]

From GLM answers document 9/9/13:
“Turbine section structural casing
Believed to be 420 SS, maybe 430 SS”.

Min for 420 annealed: 50 ksi*
Min for 430: 30 ksi
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Budget and Schedule

* Budget allocation of $40,000

* Main inlet component
— United Machine & Design [includes plate]: $13,700 @ 6 weeks
— Mueller [confirmation on plate pending] : $6,320 @ 8 weeks
 Stainless steel tube .120 wall thickness, cut on site
— Grainger $800 @ 2 days (off-the-shelf)
 Pipe nipples and Swagelok fittings
—$2000 estimate @ 2 weeks (off-the-shelf)
* New fittings
—$400
* Welding
—$5000

* $21,900 expected total.
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Conclusion

* Rig appears to be able to accommodate inlet design, recommend welding
of additional gussets to combust case to ensure sufficient strength, and
further review required for turbine shroud.

* Thank you for your time and input.

— PDR reference slides to follow
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Requirements
[ J
Hole Dia [in]] 1.25 1.5 6tol 10to1l Dehver 87 (and/or 147)
D 112 | 137 Psi 87 | 147 psi, 180 F air at 10 1b/s to
Area [in"2]| 0.985 | 1.474 Temp| 180 | 180 . .
Flow [Ib/s] 10 p [Ib/ft73]| 0.367 | 0.620 static combustor with
equivalent flow
Experiment| 6to1 |Velocity Experiment | 10 to 1 | Velocity . . o 4o
Pipe| 1.25 [ft/s] M Pipe 1.25 [ft/s] M unlformlty to EXlStlng
hole# 5 79686  0.64 hole # 5 |471.77 038 oGV output
6 |664.05  0.53 6 |393.14 032 _ _ .
7 |569.18  0.46 7 |33698 027 — Design can deliver air flow,
8 |498.04  0.40 8 29486 0.24 and flow uniformity is
0 s ox 1 |25 o1 | accomplished with existing
OGVs
Experiment| 6to1 |Velocity Experiment | 10 to 1 | Velocity
Pipe] 1.5 | [ft/s] M Pipe 1.5 | [ft/s] M —Mach numbers can be
hole# 5 hole # 5 managed with increase of
6 |443.81  0.36 6 |262.75 021 -
7 |38041 031 7 |22521 018 pipes (table 1) and max
8 33286 027 8 |197.06 0.16 mach number experienced
9 [295.87 0.4 9 |17517 0.4 in static diffuser is
10 |26628 021 | 10 | 15765 0.3 |

Table 1: Effect of inlet pipe diameter and number on axial inlet

velocity for Rev 01

independent of inlet
configuration.

1143















Ramgen Final Report DE-FE0000493 6/25

Requirements

* Accommodate thermal and axial growth of rotor section.

Brief FEA analysis of rotor
at design speed (24,000
rpm) and at 325 F could
grow as much as .015

This narrows the gap
between the internal inlet
surface under full operation
conditions to .1 inch.
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