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Abstract: Ramgen Power Systems, Inc. (RPS) is developing two high
efficiency gas turbine engine concepts that combine many of the proven
features of supersonic compression and expansion systems, commonly
used in supersonic flight inlet and nozzle designs, with conventional axial
flow turbo-machinery practices to create two entirely new gas turbine
engines. The superior efficiency is a result of high pressure shock wave
compression and supersonic expansion phenomena to produce high
component efficiencies, and a unique engine configuration that minimizes
flow stream turning losses throughout the engine. The RPS engine concept
can be configured as a high pressure ratio simple-cycle design for
propulsion applications, or as a low pressure ratio recuperated engine
either as a standalone component or combined with a hybrid fuel cell for
stationary power applications. The anticipated compression and expansion
efficiencies, decreased footprint, and reduced part count of the RPS
technologies promise revolutionary new power generation and propulsion
systems with decreased heat signatures resulting from lower exhaust
temperatures. These unique aerodynamic features will open new options
for engine designers and package integrators. This report documents
research and development of the RAMGEN technology and potential
applications toward military operations including warfighter applications.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Citation
of trade names does not constitute an official endorsement or approval of the use of such commercial products. All product
names and trademarks cited are the property of their respective owners. The findings of this report are not to be construed as
an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.
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Unit Conversion Factors

Multiply By To Obtain

British thermal units (International Table) 1,055.056 joules

cubic feet 0.02831685 cubic meters
cubic inches 1.6387064 E-05 | cubic meters
cubic yards 0.7645549 cubic meters
degrees (angle) 0.01745329 radians

degrees Fahrenheit (F-32)/1.8 degrees Celsius
feet 0.3048 meters
foot-pounds force 1.355818 joules

gallons (U.S. liquid) 3.785412 E-03 cubic meters
horsepower (550 foot-pounds force per second) 745.6999 watts

inches 0.0254 meters
inch-pounds (force) 0.1129848 newton meters
ounces (U.S. fluid) 2.957353 E-05 cubic meters

pints (U.S. liquid) 4.73176 E-04 cubic meters
pounds (force) 4448222 newtons

pounds (force) per foot 14.59390 newtons per meter
pounds (force) per inch 175.1268 newtons per meter
pounds (force) per square foot 47.88026 pascals

pounds (force) per square inch 6.894757 kilopascals
pounds (mass) 0.45359237 kilograms

square feet 0.09290304 square meters
square inches 6.4516 E-04 square meters
square miles 2.589998 E+06 square meters
square yards 0.8361274 square meters
tons (force) 8,896.443 newtons

tons (2,000 pounds, mass) 907.1847 kilograms

tons (2,000 pounds, mass) per square foot 9,764.856 kilograms per square meter
yards 0.9144 meters
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1.1

1.2

Introduction

Background

As part of the Department of Defense (DoD) investigation of stationary
fuel cell technology, U.S. Army Engineer Research and Development Cen-
ter Construction Engineering Research Laboratory (ERDC-CERL) man-
ages several important research activities, including the Department of
Defense (DOD) Fuel Cell Program, which has installed and evaluated fuel
cell power plant technologies at many DOD installations (DODFuelCell
ERDC/CERL Projects website 2007). The development of a Ramgen Fuel
Cell hybrid system is one of the major efforts under the fuel cell research
and development projects involving the University of Alaska at Fairbanks
(UAF) in conjunction with Ramgen Power Systems (RPS)* in the DOD pro-
ject that plans to build and test a fuel cell turbine hybrid system using the
best available fuel cell technology in combination with Ramgen’s super-
sonic component-based compressor and expander technologies.

The hybrid system is designed to use high temperature waste heat from
fuel cell for additional power generation through a gas turbine. The gas
turbine requires a compressor. Gas compression is a fundamental process
employed in many military operations as well as general industrial appli-
cations. Typically, gas compression is done through positive displacement
of gas or conversion of kinetic energy into static pressure. This project is
investigating a novel mechanism using oblique shocks to generate high gas
pressure. Gas compression technology based on the oblique shock phe-
nomenon has been studied for several years (Lawlor et al. 2004; Lawlor
and Baldwin 2005; Lawlor and Steele 2004). This work will further the
technology by developing an oblique shock based Rampressor technology,
“Advanced Supersonic Component Engine” (ASCE), and will explore po-
tential warfighter and stationary military applications of the Rampressor
based power technology.

Objective

The primary objective of this work is to document research and develop-
ment activities by Ramgen Power Systems, Inc. (RPS) in developing two

* For more information, see the Ramgen Power Systems website: http://www.ramgen.com/index.html
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1.3

1.4

1.5

high efficiency gas turbine engine concepts that combine many of the
proven features of supersonic compression and expansion systems, com-
monly used in supersonic flight inlet and nozzle designs, with conventional
axial flow turbo-machinery practices to create two new gas turbine en-
gines. Further objectives were to explore potential applications to military
operations including warfighter applications and to discuss future direc-
tions for this project.

Approach

This work consists of a review and analysis of development, and planning
for implementation of Ramgen technologies. Chapters 2 and 3 (contrib-
uted by Ramgen Power Systems) discuss specific Ramgen technologies.
Chapter 4 (contributed by U.S. Military Academy staff) analyzes the poten-
tial implementation of the Ramgen technology to warfighter applications.
Chapter 5 draws conclusions regarding work to date in this area, and dis-
cusses future research directions.

Scope

This information described in this report is limited to the review of Ram-
pressor and Ramgen power system technologies. Although the Ramgen
power system can be used as an additional power generator in tandem
with a fuel cell power plant for improved efficiency of a fuel cell hybrid sys-
tem, a broader discussion of fuel cell technology and the DoD fuel cell
demonstration program is beyond the scope of this report. This informa-
tion is available through the ERDC-CERL DOD website (DODFuelCell
ERDC/CERL Projects 2007).

Note that this report summarizes research and development (R&D) activi-
ties involving the Ramgen Power System applied to the efficient gas tur-
bine engine. Any reference to commercial products herein are meant as
part of informational technical discussion; no commercial endorsement or
recommendatiOn is stated or implied.

Mode of Technology Transfer

A summary of this report was presented to the 25th Army Science Confer-
ence, Orlando, FL, 27-30 November 2006 (Sohn et al. 2006). This report
will be made accessible through URLSs:

http://www.cecer.army.mil

http://www.dodfuelcell.com
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2.1

RAMGEN Technology Research and
Development

Compression Technology - Rampressor
2.1.1 Shock Compression - “What is it?”

Since the sound barrier was broken in the late 1940s, ramjet engines have
been widely used as a means to propel aerospace vehicles at supersonic
speeds. The technology is very well understood and fully characterized.

All conventional, subsonic jet engines feature discrete compression, com-
bustion, and turbine/expansion sections to create the thrust used to propel
an aircraft. In operation, hot pressurized exhaust gas expands through the
turbine to drive the compressor, and then further expands through a noz-
zle, creating forward thrust.

Ramijet engines feature these same discrete compression, combustion, and
expansion sections (Figure 1). The significant difference in ramjet engines
is that the compressor section does not rotate and the turbine section is
therefore eliminated. There are no rotating components in the engine. At
supersonic velocities, air is ingested into the engine and flows around a
fixed obstructing body in the center of the engine duct, “ramming” the air
flow into channels between the center-body and the engine’s sidewall. In-
side these channels, the airflow is almost instantaneously slowed to sub-
sonic speeds, creating “shock waves.” These shock waves are associated
with a dramatic increase in pressure, i.e., “shock compression.” As with
conventional subsonic turbine engines, fuel is then added and the hot,
pressurized exhaust gas expands through a nozzle to create forward thrust.

Figure 1. Ramjet engine.
Although ramjets are simple (they have no moving parts), the aircraft
must be moving at supersonic speeds to initiate the shock necessary for
effective operation. As a result, all ramjet experience has been in the con-
text of supersonic planes and missiles.
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One well-known application of shock compression is its use in the F-15
fighter jet. Figure 2 shows how a supersonic shock compression inlet acts
to boost the inlet pressure, while simultaneously reducing the air flow to
the subsonic velocity required by the combustor. Figure 3 shows the F-15
supersonic inlet cross section detail.

2.1.2 Ramgen’s Technology Breakthrough

Ramgen’s primary technical innovation has been to apply ramjet engine
concepts in a stationary compressor application (Figure 5).Ramgen’s core
design, the Rampressor, is a relatively simple device (Figure 4). It features
a rotating disk operating at the high peripheral speeds necessary to
achieve supersonic effect in a stationary environment. The rim of the disk
has three raised sections and cavities that mimic the effect of the center-
body and channels of a conventional ramjet inlet. Air enters through a
common inlet and is then ingested into the annular space between the su-
personically spinning disk and the outer edge of the casing. When the flow
of air enters this space, the raised sections of the disk rim generate oblique
shock waves and air compression in a manner completely analogous to
ramjet inlets on supersonic aerospace vehicles. The efficiency of this com-
pression process is very high because the compressor has very few aerody-
namic leading edges and minimal drag.

ENGINE /4 /

—~- INLET —

EXHAUST NOZZLE

Figure 2. Picture and location of F-15 Supersonic Inlet (Photos Courtesy U.S. Air Force).
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Figure 3. F-15 Supersonic inlet cross section detail.
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Figure 4. Ramgen air compressor rotor disk.
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. - Supersonic
% M=-0.3-05 C F-15 Inlet
Rampressor Rotor Profile Normal
Stationary Shock
Engine Case
Planar Compressed
Shocks Fluid Rampressor

Rotor Rim

Figure 5. Rampressor concept.
Shock waves begin at the speed of sound. Higher Mach numbers produce
shock waves capable of higher pressure ratio. The strength of the shock
thus depends on the disc speed and the particular gas and its properties
ingested into the Rampressor. The formula for the speed of sound is:

€= ngﬁ%/lw

where:
c = sonic velocity
k = ratio of specific heats Cp/Cv
g = gravitational constant
R = Universal Gas Constant
T = gas temperature
MW = mole weight of the gas.

Rotor

Eqg. 1

As can be seen, sonic velocity is inversely proportional to the square root
of the mole weight of the gas. A heavier gas will have a lower speed of
sound, or sonic velocity, and conversely, a lighter gas will have a higher
speed of sound. This is an important consideration in accommodating
changes in ambient inlet temperature and matching various gas compres-
sion applications. Table 1 lists the molecular weights of selected gases.
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Table 1. Molecular weights of selected gases.

Molecular Mach 1

Weight (ft/sec)
Hydrogen 2.020 4290
Methane 16.043 1440
Ammonia 17.030 1410
Water (water vapor or steam) 18.015 1400
Air 28.959 1130
CO2 44.010 880
Propane 44.096 880
R410a 72.582 700
R22 86.468 600
R134a 102.030 550
R12 120.910 490
R245fa 134.050 530
R123 152.930 440

2.2

The strength of the shock wave, and hence the amount of compression, in-
creases exponentially with the Mach number as shown in Eq 2 below.

P
Available “Relative Pressure Ratio,” 32 is:

_ /
&:Hx 1+ 4 :|'><M2 Eq 2.
2 0 q
0

For example, in the air at Mach 1.6, a compression ratio of 3.5:1 is
achieved, while at Mach 2.4, compression reaches approximately 15:1. The
higher Mach number is achieved by spinning the disc faster.

Why are higher efficiency and a less expensive form of compression im-
portant? Air compression is a critical element in determining the efficiency
of all types of combustion engines, as well as hybrid fuel cells. Gas com-
pression is the key to the transportation of natural gas through pipelines
as well as to air-conditioning and refrigeration processes. In addition, cost
effective and efficient CO, compression is increasingly seen as a key com-
ponent of dealing with green house gases.

Expansion Technology - Ram Expander

Just as supersonic flight inlets are commonly used to efficiently decelerate
and compress an air stream for use by a jet engine or other propulsion cy-
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cle, supersonic nozzles are routinely used in ramjet and rocket systems to
achieve the expansion and acceleration of gas streams in a wide variety of
propulsion systems. Figure 6 the Space Shuttle Main Engine (SSME) dur-
ing a full power test. When operating at its design point, the bell shaped
nozzle of this rocket engine efficiently expands the high pressure and high
temperature gases in the SSME combustion chamber from 3000 psia to

9 psia generating a high velocity exhaust stream that is the source of the
thrust for the vehicle.

Just as the shock compression features of the supersonic flight inlet were
incorporated into the rim of the supersonic compression stage, the planar
expansion surface of the supersonic nozzle can be incorporated into the
rim of a supersonic expansion stage (Figure 7).

Ramgen will use computational fluid dynamics (CFD) simulations to de-
velop supersonic compression stages that are well matched in mass flow
and pressure ratio/expansion ratio capability to these expansion stages.
Figure 8 shows a CFD simulation of Prandtl-Meyer flow. This is an impor-
tant requirement in an integrated engine system that must accomplish
both processes efficiently to generate useable power.

_______

|.'._.- .
Figure 6. Space shuttle main engine (SSME).
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UNDISTURBED

|

FLOW

Figure 7. Oblique shock.

_-A:\:&r 7'3“7¢W = dw,max,m=1/2v(Me)

v = Prandtl-Meyer Function NPARC Solution

Figure 8. CFD simulation of Prandtl-Meyer flow.

Ramgen is in the early stages of identifying high value applications for its
expander technology. The high efficiency and expansion ratio capability of
the expander will yield designs that are more compact and less costly than
comparable conventional turbine expanders.

2.3 Combustion Technology - Advanced Vortex Combustion

Ramgen has developed an advanced, high-velocity combustor technology
that can have a significant impact on conventional gas turbine and plant
design as well the design and operation of advanced hydrogen-based fuel
cells and fuel cell systems.

In recent years, gas turbine equipment manufacturers have made signifi-
cant progress on lean pre-mix combustor designs as a method of achieving
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extremely low emissions on natural gas fired combustion turbines. These
lean pre-mix designs almost always rely on “swirl-stabilized” combustion
zones combined with staged secondary mixing to achieve low NOx and ac-
ceptable levels of CO.

Figure 9 shows the principal design feature of a swirl-stabilized combustor
design in which the primary swirl zone is close coupled to the through flow
velocity and therefore tuned to achieve these performance levels for a spe-
cific fuel. This approach generally requires additional space within an al-
ready constrained envelope and is therefore limited in its ability to convert
the field population of machines. Conversion kits are available, but are
relatively high cost because they are not “drop-in” replacements; they gen-
erally require casing modifications to install.

In contrast, Ramgen has developed a patented Advanced Vortex Combus-
tor (AVC) that stabilizes the pilot zone in a physical cavity that is generally
not sensitive to changes in throughput velocity of the main fuel and air
flow, as are the swirl stabilized concepts. This is done by injecting a por-
tion of the fuel/air mixture into these cavities separately, which allows for
independent control of the pilot zone, as well as the main fuel and air flow
(Figure 10).

Staged Gas Zone  Stabilizer Gas Injoctor

Hot Combustion Products Swirl Back Into
Unburned Fuel and Air

Figure 9. Industry norm swirl stabilized combustion.
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\ ‘\
Premixed Burning
M

ain Fuel & Air —p»

Figure 10. Ramgen advanced vortex combustor.

The AVC appears to have the potential to achieve low NOXx levels within a
smaller dimensional envelope and may be able to offer drop-in solutions
without the need to modify the casing.

The AVC is a unique lean pre-mix concept capable of handling the high ve-
locity through-flow, a phenomenon associated with hydrogen-rich fuels.
The technology has proven to be very stable and exhibits both low pressure
drop and low acoustic coupling throughout its operating range. High hy-
drogen content fuels present a particular problem in that the flame speed
of the hydrogen is approximately six times that of natural gas. To prevent
flashback, the through flow velocity needs to be greater than the flame
speed, but this creates problems in establishing and maintaining the swirl-
stabilized effect. This problem is compounded in lean pre-mix designs
since flashback of the flame into the fuel injector (cf. Figure 10) will cause
severe damage to the hardware and potential engine failure. As a result of
these factors there are currently no lean pre-mix gas turbines in operation
anywhere in the industry on high hydrogen synthetic gas (syngas) fuel.

In contrast to conventional combustion systems, which rely on swirl stabi-
lization, the AVC employs cavities to stabilize the flame. Much of the lit-
erature on cavity flows examines the flow field dynamics established by the
cavities, as demonstrated in aircraft wheel wells, bomb bay doors and
other external cavity structures. Cavities have also been studied as a means
of cooling and reducing drag on projectiles, for scramjets and for waste in-
cineration.

The actual stabilization mechanism facilitated by the AVC is relatively
simple. A conventional bluff or fore body is located upstream of a smaller
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bluff body - commonly referred to as an aft body. The flow issuing from
around the first bluff body separates as normal, but instead of developing
shear layer instabilities, which in most circumstances is the prime mecha-
nism for initiating blowout, the alternating array of vortices are conven-
iently trapped or locked between the two bodies.

In an AVC concept (Figure 11) the re-circulation of hot products into the
main fuel-air mixture is accomplished by incorporating two critical fea-
tures. First, a stable recirculation zone must be generated adjacent to the
main fuel-air flow. If the vortex region, or cavity region, is designed prop-
erly, the vortex will be stable and no vortex shedding will occur. This stable
vortex is generally used as a source of heat, or hot products of combustion.

The second critical design feature involves transporting and mixing the hot
combustion products from the vortex, or cavity, region into the main flow.
This is accomplished by using wake regions generated by bodies immersed
in the main flow. This approach ignites the incoming fuel-air mixture by
lateral mixing, instead of a back-mixing process. By using geometric fea-
tures to ignite the incoming fuel-air mixture, instead of pure aerodynamic
features, the AVC concept has the potential to be less sensitive to instabili-
ties and process upsets. This is particularly important near the lean flame
extinction limit, where small perturbations in the flow can lead to flame
extinction.

The very stable, yet more energetic, primary/core flame zone is now very
resistant to external flow field perturbations, extending the lean and rich
blowout limits relative to its simple bluff body counterpart. Early research
has demonstrated that the AVC configuration can withstand through-put
velocities near Mach 1. Figure 12 shows a CFD simulation of AVC.

In-Flow Air

;:> Combustion Zone
Main Vortex

¢

Figure 11. Concept of advanced vortex combustion.

Conceptual Rendering
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2.4

Figure 12. CFD simulation of advanced vortex combustion.

This system configuration also has greater flame holding surface area and
hence will facilitate the more compact primary/core flame zone essential
to promoting high combustion efficiency and reduced CO emissions.

Technology Development Programs and Status

The stationary application of the ramjet technology was successfully dem-
onstrated for the first time in early 1999 at a test site in Tacoma, WA. The
proof-of-concept test “rig” was in fact, an integrated, pre-prototype Ram-
gen 10MW Engine designed for electric power generation. The design and
test results attracted considerable attention from the U.S. Department of
Energy (DOE), which then sent scientific teams to assess the technology
and the test results. The scientists’ consistently positive assessments have
since led the DOE to become a critical partner for Ramgen, both in terms
of technical assistance and funding.

This pre-prototype Ramgen Engine operated through early 2001, by which
time the Company had secured the data supporting further development
of its technology. A high level of funding was needed to overcome the chal-
lenges of operating a Ramgen engine with fully integrated compression,
combustion, and nozzle stages. The collapse of the private and public new
energy sector equity markets in the summer and fall of 2001 effectively
prevented the Company from securing the funding it required under the
plan it was then pursuing. In early 2002, Ramgen began re-evaluating its
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options for commercializing its technologies in light of the harsh realities
of the financial markets.

This process was accelerated in April 2002 when the DOE sponsored a
formal Design Review that included Ramgen, DOE, NASA, and DOD sci-
entists. This design review team confirmed the scientific validity of the
Ramgen technology and developed an approach in which essential com-
ponents of the overall technology were to be systematically completed in
staged development phases. The shock wave-based compressor technology
and the AVC technology were identified as the first two priorities. It was
agreed that the first and most logical step was to concentrate on the com-
pressor development. It was universally recognized that the advantages
and value of Ramgen’s technology could be achieved at a fraction of the
investment capital, in a shorter time period, and with considerably less
technical risk, by developing a compressor technology that could be oper-
ated as a standalone product or inserted as a component in larger and
more highly integrated gas turbine and compressor designs. This commer-
cialization path would take full advantage of the basic efficiency improve-
ments achieved through ramjet shock wave compression.

2.4.1 Rampressor Technology
24.1.1 Rampressor-1 Test Program

Ramgen has successfully demonstrated the proof-of-concept of its Ram-
pressor supersonic compressor in a 12-month testing program conducted
at the Boeing Company’s Nozzle Test Facility (NTF), located in Seattle,
WA. Figure 13 shows the installation of the first Rampressor test rig (RP-
1). These test results, combined with our performance prediction tools,
confirmed expectations and validated the preliminary performance and
operational claims of the Rampressor technology.

The principal goal of this test was to demonstrate the successful adapta-
tion of supersonic flight inlet designs and performance methods to the ro-
tating environment found on a compressor disc. A 2.5:1 pressure ratio
Rampressor rotor was extensively instrumented to measure the perform-
ance and operational characteristics of the test rotor. This relatively low
pressure ratio was chosen to allow construction of a lower-cost one-piece
machined rotor, while still generating meaningful test results. Analytical
performance prediction tools were also constructed and refined with the
experimental results.
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Ramgen’s team of scientists and engineers have extensive and varied ex-
perience in the development and testing of turbo compressors, and led the
design of experiment and the build efforts on both the test article and the
test apparatus. Ramgen’s team of 20 people began the design of the RP-1
test rig in September 2002, and completed extensive testing in April 2004.
Approximately $1,800,000 of equipment and facility expenses were re-

quired to complete the program.

Figure 14 shows the compressor rotor flowpath. This “unwrapped” view of
the rotor, together with the pre-swirl cascade, was used to establish the

rotor inflow field in the RP-1 test.

Figure 13. Rampressor-1 test rig installed in test cell.

Table 2. Rotor inflow conditions.

Rotor Speed  (rom) 21,100
Shroud Radius (cm) 14.51
Rim Radius (cm) 12.78
Mass Flow (kg/s) 1.43

Reference Frame Inertial Relative

Reference Reference

Property Frame Frame
T (K) 260 260
P (kg/m*) 1.312 1.312
M (--) 0.70 1.61
"4 (m/s) 225.9 225.9
V axial (m/s) 68.9 68.9
Van (m/s) 215.1 215.1
P, (kPa) 145.14 430.32
T, (K) 287 398
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Figure 14. Rotor station numbering convention.

The design rotor speed in the RP-1 program was 21,100 rpm. Figure 14
defines the basic flow-path stations surrounding the rotor (shown in grey
in the inset). The direction of rotation of the rim shown in Figure 14 is
right to left. The combination of the rotor speed and the pre-swirl from the
upstream cascade of pre-swirl nozzles create a rotor inflow that is super-
sonic relative to the moving rotor. Table 2 lists some details of the flow-
field.

Ramgen conducted over 300 hours of spin testing during a 7-month test
sequence at the Boeing Nozzle Test Facility (NTF). The NTF’s world-class
support ensured consistent and repeatable test results and provided addi-
tional oversight to Ramgen’s industry-standard approach to conducting
the test.

The experiment successfully demonstrated that supersonic flight inlet de-
sign methods and performance predictions can be adapted to a rotating
disc and that the operational characteristics of the technology are similar
in nature to conventional approaches. Figure 15 shows data from a typical
day of testing. Throttling (changing the back-pressure on the compressor),
rotational speed, and tip clearance were all varied to determine the impact
of compressor performance and operating characteristics.
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Figure 15. Effect of clearance, bleed, and throttling.

The data progression starts in the lower left corner of the figure and was
obtained as the rotor accelerated to a specified test speed. At 80 percent
speed, the compressor variables were adjusted to achieve supersonic flow
— referred to as “starting” in supersonic inlet technology. When started,
the compressor immediately moved up and to the right on the figure, as it
was able to process more airflow when operating supersonically. The dis-
charge pressure was raised by throttling the discharge, followed by a tip
clearance adjustment. These variables were then varied as part of the test
sequence to explore the range of efficiencies and the operating envelope.

Figure 16 shows the compressor characteristics at speeds ranging from 30
to 110 percent, and the expected decrease in mass flow with increasing
pressure. These characteristics were generated with relatively tight tip
clearances. The lower speed lines were extrapolated from limited data.

The “star” on Figure 16 corresponds to the peak adiabatic compression ef-
ficiency observed in the test program. This peak efficiency value was ~83
percent and was viewed as good performance, particularly considering
that there had been minimal effort to optimize the flow-path efficiency.
Further refinement of the flow-path geometry would have resulted in fur-
ther increases. The efficiency of the rotor did not drop-off significantly
with decreased speed and/or flow.

18 19 F
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Figure 16. Compressor speed lines.

Several important discoveries were made during testing that advanced un-
derstanding of the Rampressor operating characteristics. Perhaps the most
significant is that the compressor is self-aspirating. That is, it does not re-
quire an impeller or blower to feed air to the rotor. During the course of
the test program the air supply system was disconnected to allow the com-
pressor to draw air directly from the room to verify this behavior. Elimina-
tion of an impeller or blower stage significantly decreases the cost and
complexity of the future Rampressor product.

An important measure of compressor stability is the resistance to “surge,”
or the tendency for flow to suddenly (often violently) reverse through the
compressor. Although we did establish the surge line in test, we did not
experience a sudden surge event as do conventional turbo compressors.
The unique nature of the shock wave compression process and the rotor
geometry led to a gradual and benign surge that was also easily corrected.
This is a substantial improvement over traditional, highly loaded turbo-
COMpressors.

For clarity, the individual data points in this figure have been reduced to a
series of solid lines representing measured speed lines and a series of hol-

low diamonds for extrapolated data; each series represents the behavior of
the compressor at different rotational speed (referred to as a speed line).
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The RP-1 Test also confirmed that the Rampressor does maintain its effi-
ciency across a range of airflow rates (Figure 17). This counteracts “con-
ventional wisdom,” which holds that such acoustically-based technologies
can only operate at their design point. This is an important feature for any
compressor design to load follow.

The peak efficiency achieved during this test was ~82 percent. There is a
large assortment of techniques available to increase the efficiency level to
that required for subsequent testing and as well as any commercial appli-
cation. These techniques are a product of Ramgen’s developing perform-
ance prediction tools and include, but are not limited to, improvements in
basic flowpath geometry, rotor tip clearance, and bleed optimization.

Ramgen has compared the experimental data to the predicted perform-
ance, and overall, the data agreed well with predictions. Several data dis-
parities were discovered as a direct result of the test data. The modeling
code has been calibrated and is now considered reliable in predicting per-
formance of the RP-1 compressor.

Ramgen has presented a comprehensive review of the test program results
to the scientific staff of the Department of Energy, who have given their
approval and continued support to the program.
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Figure 17. Rotor efficiency versus airflow.
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2.4.1.2 Rampressor-2 Test Program

As the RP-1 test concluded, Ramgen launched the Rampressor-2 (RP-2)
test program with a goal of demonstrating supersonic rotor compression
at higher pressure ratios. This test will again be overseen by Boeing’s
world-class Nozzle Test Facility in Seattle, WA. Approximately
$2,000,000 of equipment and facility expenses are projected for complet-
ing this test program. Figure 18 shows the RP-2 rig design and installation
schematic.

The RP-2 program represents a more sophisticated piece of equipment.
Ramgen’s team of 26 people began the design of the RP-2 test rig in Janu-
ary 2004 and was ready to test in December 2005. This highly professional
and comprehensive effort includes: aerodynamic analysis and simulation,
structural design and analysis, heat transfer and thermal analysis, rotor
dynamics analysis, control and instrumentation design, system integra-
tion, fabrication, assembly and checkout. A new RP-2 rotor with the best
available aero flowpath was released to manufacturing in May 2005, and
testing began in early December 2005 with the Pre-swirl Nozzle calibra-
tion testing.

In the meantime, Ramgen has continued to pursue its aerodynamic opti-
mization efforts. This has resulted in a steady stream of performance im-
provement projections, as Ramgen developed a world-class set of CFD ca-
pabilities. The Company has made considerable investments in hardware
and software to support these efforts, but most of the improvements are a
direct result of Ramgen’s efforts in applying these tools to the particular
application.

L

i=5=R
=i =F =
Figure 18. RP-2 test rig installed in test cell.
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Ramgen will continue with a follow-on test of the RP-2 rotor in an effort to
validate its CFD tools at a pressure ratio of 8:1. With the completion of this
test, Ramgen should have sufficient information to evaluate the full per-
formance potential of a supersonic compressor stage with a pressure ratio
anticipated to be of commercial interest. The most important objective of
the RP-2 test is to validate the rotor design and analysis tools with experi-
mental test data.

Figure 19 shows the unwrapped view of the RP-2 rotor with the pre-swirl
nozzles upstream. The RP-2 requires far fewer pre-swirl nozzles than RP-1.
Table 3 lists the flow field for RP-2. The design rotor speed is ~ 41,000
revolutions per minute (RPM). The flow path is designed to operate at a
Mach number of 2.4, which is achieved through a combination of pre-swirl
flow and rotor RPM.

| |
DIIIIIIIIIII)) [

Nozzles

=
W Rotor
Flow Path

Exhaust

l l Annulus
Figure 19. RP-2 rotor configuration.
Table 3. RP-2 rotor inflow conditions.
Rotor Speed (rpm) 41439
Shroud Radius (inches) 4.78
Rim Radius (inches) 5.45
Mass Flow (lb/s) 2.68
Reference Frame Inertial Reference | Relative Reference
Frame Frame
Property
T (F) 5 5
p (bt 0.075 0.075
M 0.694 2.4
Vv (ft/s) 733.8 733.8
Vaxial (ft/s) 305.3 305.3
Vtan (ft/s) 667.2 667.2
Pt  (psia) 14.4 146.03
Tt (F) 50 534.6
2.4.1.3 Results

Pre-swirl nozzle (PSN) testing was completed in January 2006. The test
objectives included comparing experimental test data to computational
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fluid dynamic (CFD) modeling, and defining the characteristics of the flow

entering the RP-2 rotor. Figure 20 shows a sample CFD result for the PSN.

Figure 21 shows the comparison between PSN CFD predictions and the
experimental data.

In general, the comparison indicates that the PSN behaves similar to the
design intent. Differences between the experiment and design intent are
present in some regions of the PSN blades. The rotor CFD predictions will
be assessed with the actual PSN experimental data results.

Spanwise plots e

Figure 20. PSN CFD result.

Experimental Data

CFD Predictions . N s pmpleapn

Figure 21. RP-2 PSN CFD predictions vs. experimental data.
The performance of the RP-2 rotor has been predicted using the “as-built”
RP-2 configuration. As many minute rotor flowpath features as possible
have been modeled in CFD. The modeled features include:

e the PSN flow data from experimentally modified CFD
e range of tip clearances from 0.001” to 0.010”
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e bleed flow ranges
e temperature levels and temperature gradients.

The CFD models for the detailed 3D analysis include some 22 million cells
to represent the flowpath. The performance predictions include:

e pressure ratio
e flowpath adiabatic efficiency
e Dleed rates.

Test conditions for the RP-2 rig will include a compressor map of mass
flow and pressure ratio operating points. The “surge line” points and char-
acteristics will be explored. The effect of tip clearance on performance will
be investigated, as well as bleed levels required for starting and maximum
efficiency. We also expect to investigate the effects of humidity on the op-
erating characteristics of the rig. In addition to the “as-built” configuration
being tested on the RP-2 test rig, Ramgen has performed extensive CFD
modeling of many different flow-path configurations.

As an example, Figure 22 shows the results from a CFD analysis of a flow-
path intended for operation with an inflow Mach number of 2.4. The im-
age shows the Mach number profiles in three planes taken through the su-
personic rotor flow-path. The oblique shock pattern created by the com-
pression ramp, the oblique shock wave reflected from the stationary case
and the normal shock generated in the throat region of the flow-path up-
stream of the subsonic diffuser are all apparent in this image. The flow-
path shown in Figure 22 was designed for an average inflow Mach number
of 2.4 and the simulation shown here produced a pressure ratio across the
supersonic rotor of 13:1 with an adiabatic efficiency of 89.4 percent.

2.4.2 AVC Technology

The Ramgen AVC concept has been in development since 2000 with the
first rig testing completed in 2002 at the General Applied Sciences Labora-
tory in New York. All the testing was performed at elevated pressures (18
atm) and inlet temperatures (820 F) and at lean conditions representative
of industrial power generation gas turbines. The tests were conducted on
premixed methane fuel and air. The results indicated extremely stable
flame conditions with corresponding combustion efficiencies above 99.9
percent and NOx/CO/Unburned hydrocarbon (UHC) levels as low as
9/9/0 ppmv.
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Figure 22. Mach profiles in candidate flow-path design.

The promising test results in 2002 led to a second phase in 2004 of testing
funded by the California Energy Commission’s Private Investment in En-
ergy Resources Program (PIER) and in part by the DOE National Energy
Technology Laboratory (NETL) Turbines Program. The objective of the
test was to improve the design tested in 2002 and achieve ultra-low NOx
emissions below 3 ppmv. All testing was performed on natural gas at com-
bustor inlet conditions at pressures up to 10 atm and temperatures up to
620 °F (Figure 23).

The AVC tests demonstrated less than 3 ppmv NOx and 20 ppmv CO at
industrial gas turbine conditions, without the need for a stabilizing catalyst
or exhaust after-treatment. These test results indicate the potential to
achieve unprecedented emissions levels of 1 ppmv NOx and 9 ppmv CO at
industrial gas turbine operating conditions. At these levels, the AVC tech-
nology offers the potential to meet the newest stringent state (CA, TX, NY)
emission requirements without costly exhaust after-treatment.

In addition to the remarkable emissions results, NETL researchers have
noted that the Ramgen’s AVC concept is more stable than any comparable
technology tested in their laboratory, exceeding expected stability per-
formance. Flame instabilities and pressure oscillations have become more
difficult to control as gas turbine manufacturers exhaust their technology
options to meet continuing requirements for lower NOx emissions.
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Figure 23. DOE NETL combustion facility.

Ramgen is taking the position that the AVC technology is fundamentally
different from the industrially accepted swirl-stabilized combustors and
that it has the potential to achieve unprecedented flame stability as well as
low NOx emissions. The potential use of the AVC technology with indus-
trial gas turbines can best be described as follows by researchers at the
DOE NETL in Morgantown, WV, in the spring 2005 issue of Clean Coal
Today:

Researchers at NETL'’s high pressure test combustion facility, in collabo-
ration with Ramgen Systems, have completed testing of a fuel-flexible
Advanced Vortex Combustion (AVC) concept that can achieve NOx emis-
sions of less than 3 ppmv, and combustion efficiencies of over 99 percent.
The Advanced Vortex Combustor is dynamically stable over a wide range
of operating conditions, which makes this approach significantly more
attractive than other lean premixed combustion approaches. In addition,
the pressure drop associated with this combustion approach is signifi-
cantly lower than a conventional gas turbine combustor, which translates
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into an improvement in the overall cycle efficiency. The relatively high
velocities and low pressure drops achievable with this technology make
the AVC approach an attractive alternative for hydrogen fuel applica-
tions.

The AVC technology has demonstrated four characteristics that make it a
promising approach toward improving the capability and reliability of gas
turbines:

1. Low Emissions. The potential of AVC technology to deliver less than 3
ppmv NOx emissions at dynamically stable engine conditions will
eliminate the costly and highly toxic selective catalytic reduction (SCR)
exhaust gas cleanup systems (see Figure 24). This system configuration
also has greater flame holding surface area and hence will facilitate the
more compact primary/core flame zone essential to promoting high
combustion efficiency and reduced CO emissions.

2. Low Combustion Pressure Drop. The Ramgen AVC design has been
demonstrated to operate at half the pressure drop of a standard indus-
trial gas turbine (see Figure 25). This feature translates into an increase
of overall turbine efficiency and a decrease in operation fuel costs.
Conventional industrial and marine gas turbines operating at pressure
ratios of 10-14:1 are normally designed for pressure drops of 4 to 5 per-
cent. A one percent point improvement in pressure drop will yield ap-
proximately one half point improvement in engine efficiency. The use
of an AVC type combustor has the potential to improve existing engine
efficiency by one full percentage point.

3. Low Acoustic Signature. The most significant feature of the Ramgen
AVC design is the demonstration of extremely low acoustic levels. This
feature promises to widen the range of engine operating conditions
without compromising emissions and damage to hardware due to un-
controlled vibration. The very stable, yet more intense, primary/core
flame zone is now very resistant to external flow field perturbations,
extending the lean and rich blowout limits relative to its simple bluff
body counterpart.

The CO emission (primary y-axis) and the root mean square (RMS)
pressure (secondary y-axis) as a function of NOx emissions in Figure
26 are for two main equivalence ratio sweeps. The RMS pressure values
remain very low with increasing CO, and for the majority of the operat-
ing range the RMS pressure is about an order of magnitude less than
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the typically accepted industrial level of 1.5 percent RMS. These RMS
pressure levels are representative of the levels observed for all of the

testing. In summary, no significant pressure oscillations were observed
during the testing of the AVC.

4. High Throughput Velocity. The AVC approach will potentially play a
critical role in the advancement of future Integrated Gasification Com-
bined Cycle (IGCC) power plants that will require gas turbines to burn
hydrogen enriched fuels at extremely low NOx emissions. Hydrogen
burns at six times the rate of natural gas and will necessitate a high
throughput velocity to prevent flashback.
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Figure 24. Ramgen AVC extremely low NOX test results.
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3.1

Applied Research - Military Applications

Technology and Application Development Roadmap

Ramgen’s strategic focus is the development and commercialization of ap-
plication-specific products, based on its large body of proprietary back-
ground information and know-how.

The three basic component technologies can be configured as products or
components either separately or in combination, to create a variety of
these application specific products (Figure 27). The Technology Roadmap
indicates the Ramgen Technology platform, the planned configurations
and the planned program sponsors as of this date.

All three of the Ramgen’s technology platforms are directly applicable to
Brayton Cycle designs. The Brayton Cycle represents the underlying ther-
modynamic principles embodied in all forms of “gas turbine” designs, and
includes compression, heat addition, and expansion components as repre-
sented in the NASA Temperature-Entropy diagram (Figure 28).
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Figure 27. Ramgen technology and application development roadmap.
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Figure 28. T-S Diagram of Brayton cycle.

Reduced to practice, these components can be configured into a typical gas
turbine engine (Figure 29). Ramgen’s technology platforms can be embod-
ied within a gas turbine, either individually as components or as a group,
in addition to their own discrete product applications. Ramgen is currently
focused on four high value product opportunities:

1. A high efficiency, recuperated gas turbine engine for smaller stationary
applications and fuel cell hybrid configurations

2. An ASCE for military, industrial and marine power generation applica-
tions

3. Low-emissions AVC combustor

4. CO2 compressor for large-scale carbon capture and storage systems.

AR INTAKE COMPRESSION COMBUSTION EXHAUST
Continuous

Figure 29. Typical gas turbine engine.



ERDC/CERL TR-07-14 31

3.2

Compression Opportunities

Ramgen’s compression technology can be used across a wide range of cur-
rent compressor applications as both a product and a component (Figure
30). The four principal competitive advantages of shock compression
when compared to existing compressor technologies are:

e It can achieve exceptionally higher compression efficiency.

e Itis capable of producing very high single stage compression ratios.
e Its simplicity and size make it less expensive to manufacture.

e It offers the opportunity for significant waste heat recovery.

Current large compressor markets are dominated by centrifugal and axial
designs. Centrifugal compressors are typically applied at ratios of 1.8 to
2.8 per stage with adiabatic efficiencies that range from 82 to 85 percent.
Centrifugal designs can be applied up to pressure ratios of 4.0 per stage in
17-4PH stainless steel with adiabatic efficiencies of 82 to 83 percent, and
up to a pressure ratio of 4.5 per stage in titanium with adiabatic efficien-
cies of 75 to 80 percent. Although single stage axial efficiencies can be
greater than 90 percent, their pressure ratios are limited toonly 1.2 to 1.4
per stage. This limits them to very large applications where the cost of up
to 20 blade rows can be justified. In contrast, Ramgen’s shock compres-
sion has the potential to develop compression ratios from 2.0 to 15.0 per
stage with an associated adiabatic efficiency of 85-90 percent.
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Figure 30. Compression market overview.
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3.3

Reduced to practice, the Ramgen compression technology can “de-stage”
comparable industry product offerings, greatly simplifying a design and
reducing Ramgen’s costs versus competition, and do so without sacrificing
efficiency.

The Ramgen technology is also not limited by inlet Mach number con-
straints, as are the other turbo-compressor technologies. This is particu-
larly important in compressing heavy molecular weight gases such as CO,
and provides Ramgen with an exceptional, unique competitive advantage.

Recuperated Gas Turbine Engine

The commercial interest in this general class of products currently offered
has reduced substantially in recent years due to the shifting dynamics of
Distributed Power Generation concepts. This is largely a product of regula-
tory uncertainty, volatile and rising natural gas prices and the continued
electric utility resistance to on-site generation, which is still seen by many
utilities as a competitive threat.

These are not new phenomena, but their impact has been magnified by the
general inability of the equipment developers to meet their original
claimed efficiency and selling price targets. Today’s microturbine is nomi-
nally a 28 percent LHV net electric efficiency device and it appears that, as
currently designed, the best these units can achieve is 34 percent. This lim-
its their practical application to CHP projects, and as a result, also limits
the number of units sold.

One of the problems is that these recuperated simple cycle designs cannot
use the full turbine rotor inlet temperature (TRIT) potential because of
material cost vs. life limitations on the downstream recuperator. Turbine
rotor inlet and exhaust gas temperatures are physically related through the
turbine efficiency and expansion ratio design values. Additionally, expan-
sion ratio is more or less the same as compressor pressure ratio.

The recuperator is a high temperature heat exchanger that serves to re-
cycle the waste-heat from the turbine exhaust back to the working fluid at
the compressor discharge, and before fuel addition. In current recuperated
turbines, the recuperator inlet temperature is at or very near the metallur-
gical limit of type 347 stainless steel (SS), the generally preferred material
for cost considerations. Alloys such as Inconel 625 have higher tempera-
ture capabilities, but they cost approximately three times more per pound
than does 347 SS. A switch to such alloys will increase the overall cost of
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the turbine, which tends to negate the value of any potential efficiency
gains. Figure 31 below provides insight into these trade-offs.

Table 4 lists a current industrial recuperated turbine configuration with
the turbine inlet temperature (TRIT) limited to maintain the recuperated
inlet temperature for 347 SS at the design expansion ratio. With a 90 per-
cent effective recuperator and standard assumptions on pressure drop of
1.5 percent on the air side and 3.5 percent on the gas side, the cycle effi-
ciency optimizes at a pressure ratio of 3.0:1. To mitigate cost impacts,
these machines are commonly designed at 4.0:1 or slightly higher, reduc-
ing component size and cost. Built into these optimizations, but less obvi-
ous, are assumptions on compressor and turbine efficiencies, at typical
values of 83 and 85 percent, respectively.

Un-cooled metallic turbine rotors are commonly applied at TRIT between
950 °C (1742 °F) and 983 °C (1800 °F). The recuperator cost goals, how-
ever, compel the use of stainless steel alloys, but the 40,000 hour life in
service objective limits the exhaust gas temperature (EGT) to between

625 °C (1157 °F) and 640 °C (1185 °F). Unfortunately, this necessitates
limiting the TRIT and therefore the turbine efficiency potential. In the cur-
rent scenario, TRIT is limited to 893 °C (1638 °F), which limits the turbine
efficiency and results in a net electric efficiency of 34 percent and gener-
ates an uncompetitive manufacturing cost of $650 per kW.

To Stack

Exhaust
Heat Recovery

Current configurations are limited to
34% efficiency and $650/kW
manufacturing cost

60 Hz AC
7t
Inverter Rectifier I
11

High Frequency
Generator

Exhaust

Advanced
specialty  Materials
- stainless  Ceramics —u
| alloys, and

Air

Recuperator Estimating Costs 42
$kw a0 - 1500
120 - Microtyrbindslini-turbin g3
110 g %
100 2 3
90 3
- 80 - \\ + 90% Effectiveness w32
= 704 = 85% Effectiveness E 30
gg 1 \ 80% Effectiveness E
\
o \ \\« 2
304 S — 24
2 u u u u u T o3 = = = | ines of Recuperator
3.00 4.00 5.00 6.00 7.00 8.00 9.00  10.00 1 ressol 1o Hot Gas Inlet
Pressure Ratio &= waswreFm Tompuradurs {°C)

Source: ORNL & Colin McDonald

Figure 31. Trade-offs of efficiency gains and recuperator cost.
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Table 4. The Ramgen technology advantage.

Rampressor Rampressor & RAM-Expander
Current All Metal Ceramic Rotor All Metal Ceramic Rotor
Mass Flow - lbm/s 3.0 3.0 3.0 3.0 3.0
Pr:1 3.8 5.7 6.3 4.7 5.1
TRIT - °F 1638 1800 2200 1800 2200
EGT - °F 1185 1185 1400 1185 1400
Compressor % 83.0% 88.0% 88.0% 88.0% 88.0%
Turbine % 85.0% 85.0% 85.0% 92.0% 92.0%
Net Electric % 34.2% 38.0% 44.8% 43.8% 49.9%
kW 160 231 364 268 408
Mfg Cost/kW $650 $451 $307 $417 $296
Cost $104,268 $104,268 $112,010 $112,010 $120,995
Recup $/kW $80 $54 $51 $54 $53
$12,833 $12,507 $18,750 $14,513 $21,757
Material Cost
347SS $4,278 $4,169 $4,838
$/lb $3.50 $3.50 | $3.50 |
INCO 625 $11,912 $13,822
$/lb | $10.00 $10.00
Mtl A [ $7,743 $8,984

An approach to avoid high recuperator material costs is to decrease the
turbine exhaust temperatures (EGT) by increasing the turbine expansion
ratio, as well as turbine efficiency. Table 4 lists recuperated engine con-
figurations that show the potential advantages of inserting the Ramgen
compressor and expander technology into a micro turbine for greater net
electric compression efficiency, higher specific power, and lower overall
manufacturing costs.

The Rampressor could improve compressor adiabatic stage efficiency to 85
to 88 percent, and shift the optimum pressure ratio to 5.0 - 5.7, allowing
full use of the 983 °C (1800 °F) TRIT turbine rotor capability, without ex-
ceeding the 347SS recuperator limit. The cycle efficiency could be as high
as 39 percent LHV net electric efficiency, without introducing the risk and
cost of ceramic nozzles and turbine rotors. The increase in pressure ratio
and TRIT results in a 48 percent increase in specific power and a reduc-
tion in manufacturing cost of 33 percent to $439 per kW. The increase in
pressure ratio also decreases the manufacturing cost of the recuperator
component per KW.

This level of improved efficiency and deduction in manufacturing costs
will greatly enhance the potential to meet the DOE advanced micro turbine
program goals, as well as allow broader participation in the “power only”
markets where the sales opportunity is several times larger than for com-
bined heat and power (CHP) alone.
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The practical availability of ceramics allows significantly higher firing
temperatures and can enable the turbine to achieve even higher efficien-
cies and specific power ratings. The significant increase in specific power
will more than offset the incremental cost of a higher temperature recu-
perator and still yield an overall reduction in the overall manufacturing
cost per KW.

An increase in pressure ratio to 6.3 with a 90 percent efficient Rampres-
sor, and a TRIT of 1205 °C (2200 °F) results in a net electric efficiency of
~45 percent and an additional increase in specific power of 56 percent.
The added cost of the Inconel 625 recuperator is more than offset by this
increased specific power. The result is an additional reduction in overall
turbine manufacturing cost of 31 percent to $307 per kW, which is more
than enough to support a viable commercial operation selling complete
machines at $500 per kKW.

Despite the development advances with ceramics, a number of challenges
do remain before monolithic and composite designs will exhibit the long
lifetimes required for production turbine applications. If ceramics were
ever to achieve their promised potential, the net electric efficiencies could
approach a full 15 percent improvement above the DOE advanced micro
turbine program goal and significantly better than reciprocating engines in
this size class.

The potential inclusion of the RAM-Expander can further extend these
cost and efficiency impacts. Turbine efficiency exerts significant leverage
on cycle performance as can be seen from the table, returning approxi-
mately 80 percent of any improvement directly to net electric efficiency.
The cycle efficiency and product cost impacts could yield efficiencies close
to the best high temperature fuel cells at 44 to 50 percent levels.

The RAM-Turbine

Ramgen intends to offer a RAM-turbine configuration that applies its su-
personic compressor, AVC combustor and expander technologies in the
250-400kW range, low pressure ratio, recuperated cycle gas turbine. The
engine will be a single spool configuration (Figures 32 and 33).

Product ratings and component sizing are still being determined, but the
goal is to achieve some level of cross-platform component sharing with the
ASCE engine, described in the following section, to leverage development
cost and eventually manufacturing and field inventory. As such, the rat-
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ings and specific dimensions will change as these efforts continue to
evolve.

The RAM-Turbine is intended to support independent operation in either
PowerGen or Combined Heat and Power (CHP) configurations, as well as
to operate as part of either direct or indirect hybrid fuel cell systems.

Figure 33. Ram-turbine system.
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Simple Cycle Gas Turbine Advanced Supersonic Component
Engine

The gas turbine has always been the preferred alternative for marine pro-
pulsion applications, offering superior size, weight and maintenance ad-
vantages over reciprocating diesel engines, but is unable to compete at
power levels less than 10MW due to its high fuel consumption.

At the same time, larger aero-derivative gas turbines are successfully ap-
plied at 25MW and above where the size and weight of diesel engines is
prohibitive, despite the fact that the fuel consumption of the turbine is, at
best, considered a compromise. Improvements in efficiency of these en-
gines to the 40 percent level have been achieved through increases in both
pressure ratio and firing temperature, which also results in a growth in
rated engine output.

Recuperated gas turbines have been attempted for stationary power in
sizes up to 5MW at 30 to 35 percent efficiency, but these are not consid-
ered reliable or compact enough for marine propulsion applications, or ef-
ficient enough to compete with reciprocating diesel engines.

Ramgen is proposing to develop a simple-cycle gas turbine engine that has
the efficiency of a diesel, but with the size, weight and maintenance attrib-
utes of a gas turbine. This ASCE combines many of the proven features of
shock wave compression and expansion systems, commonly used in su-
personic flight inlet and nozzle designs, with turbo-machinery practices
employed in conventional axial flow gas turbines. The superior efficiency
of the ASCE is a result of high pressure shock wave compression and su-
personic expansion phenomena to produce high component efficiencies,
and a unique engine configuration designed to minimize flow stream turn-
ing losses throughout the engine.

The four technologies that make up the ASCE (Figure 34) are:

e rotating supersonic compressors

e high velocity flow combustor

e rotating supersonic expanders

e direct connect to high speed pm electric generator/motor.
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Figure 34. Proposed ASCE configuration.

The multi-fuel ASCE concept promises to revolutionize military and com-
mercial surface, and sea power and propulsion systems and is scaleable
from 300 hp to 30,000 hp shaft power requirements. The scalability of the
ASCE will make it competitive in both the diesel and gas turbine markets.
RPS is proposing a 1000 hp demonstration program as both a popular rat-
ing with immediate Naval manned and unmanned combatant craft appli-
cations, and a size that would offer a manageable financial exposure.

Additional military opportunities that have been identified are Army Tank
and Automotive Command (TACOM)/Tank Automotive Research Devel-
opment and Engineering Command (TARDEC) hybrid vehicles, U.S. Air
Force (USAF) airborne electric power generation systems for the directed
energy weapons systems and all branches of the U.S. Special Operations
Command (USSOCOM). The engine can also be applied as both a fixed
base or forward deployed stationary power generator within all the branch
services.

The proposed 1000 hp engine is a two stage counter-rotating, 30:1 pres-
sure ratio, 45 percent simple cycle efficient engine, which drives a high-
speed direct drive permanent magnet (PM) electric generator/motor (see
Figure 34) for either electric power generation or hybrid vehicle propul-
sion applications. The multi-fuel ASCE system promises a specific fuel
consumption (SFC) equal to or better than the fuel consumption of current
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reciprocating diesel engines in this size range, but with a 10:1 weight re-
duction and a 4:1 improvement in time-between-overall maintenance. This
is a 2:1 increase in fuel efficiency at full power over existing gas turbines in
this size range.

The anticipated compression and expansion efficiencies, decreased foot-
print, and reduced part count of the RPS technologies promise revolution-
ary new power generation and propulsion systems with deceased heat sig-
natures resulting from lower exhaust temperatures. These unique
aerodynamic features will open up new and creative options for engine de-
signers and package integrators that have never been realized or consid-
ered. In addition, the reduced footprint and the potential for vertical ver-
sus horizontal engine mounting will provide improvements and options to
the costly intake and exhaust systems that are difficult to integrate into
highly compact military vehicles and vessels.

The purpose of the project is to deliver a new engine that will meet future
DOD requirements for long endurance, high efficiency, and long time-
between-overhaul power generating and propulsion applications. Al-
though supersonic compression and expansion aerodynamics and high-
swirl/high velocity stabilized combustion are fundamentally well estab-
lished, these technologies have never been integrated into one cycle for
generating shaft power.

Performance and Configuration

The ASCE concept integrates supersonic shock compression and expan-
sion systems into a high pressure ratio, compact, high efficiency Brayton
simple-cycle engine. Figure 35 shows the relationship between cycle pres-
sure ratio and resulting system efficiency for existing Brayton Cycle, land-
based and flight engine systems at their design Turbine Inlet Temperature
(TRIT).

The solid red line shows the theoretical Brayton Cycle efficiency limit as a
function of pressure ratio at a fixed TRIT of 2000 °F. Both the land-based
and the flight engines have been plotted along with a Brayton Cycle effi-
ciency estimate based on the component efficiency assumptions indicated.
These “curve fits” indicate a reasonable agreement with those assump-
tions.

This type of analysis, although popular and easily performed, does over-
look the impact of engine power rating. The current recipe for increasing
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gas turbine efficiency has been, and likely will remain, to increase the tur-
bine firing temperature (TRIT), which focuses much of the research and
development effort on increases in high temperature materials capability.
For each TRIT, however, and for a given set of component efficiencies,
there is also an optimum pressure ratio to achieve either maximum ther-
mal efficiency, or maximum power density, expressed as specific work

(Figure 36).
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As an example, the optimum pressure ratio to maximize thermal efficiency
at a temperature ratio of 4:1 is 15:1. Temperature ratio is defined as the ab-
solute TRIT divided by the absolute Engine Inlet Temperature, and a tem-
perature ratio of 4:1 equates to a TRIT of 2017 °F. The compressor and tur-
bine component efficiency in this representation are 85 and 90 percent
respectively, but without any system pressure losses included.

The important understanding from such analyses is that pressure ratio
typically rises along with increases in TRIT, which does improve the effi-
ciency, but also increases engine power. The result of this is that there are
no gas turbine engines available at the lower power levels, and diesels pre-
dominate in these applications. Figure 37 shows a plot of those same land-
based and flight engines plotted vs. engine rated power, and as can be
seen, there are no small and efficient gas turbines.

The ASCE engine concept is also shown on the same plot, indicating the
potential for this engine to compete with small diesels. Diesels are pur-
chased because they offer the best value in these sizes, even though their
size, weight and maintenance costs are considered serious negatives.

The ASCE Engine is Unique — The reason why conventional axial gas tur-
bines cannot be simply scaled down to these power levels is less obvious,
and a function of aerodynamic limits related to Reynolds Numbers in
combination with tip clearance effects.
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Tip clearance effects are relatively straightforward. Rotor dimensions scale
with power, but tip clearances do not scale proportionately. Mechanical
design constraints moderate the scaling dimensions such that the effect of
clearance is more pronounced in smaller sizes, and this shows up in the
form of reduced engine efficiency.

Less obvious is the effect of the Reynolds Number. The Reynolds Number
is an aerodynamic scaling parameter used to characterize the effect of
aerodynamic boundary layer blockage in flow passages. Reynolds Number
effects result in an efficiency degradation in smaller sizes, which, as a mat-
ter of practice, limits the minimum size of equipment offerings.

The National Aeronautical and Space Administration (NASA) has fully
characterized the extent of performance degradation in several representa-
tive aerodynamic designs and has published those effects (Figure 38).

The GE-90/NASA E3 core compressor, which, at 94 to 96 percent, is ar-
guably includes the most efficient axial compressor available today, is
shown at its rated 43,000 horsepower. This engine is then also shown in a
hypothetical scaled version to a nominal 1500 hp rating, and equivalent to
an ASCE engine at that size. The scaled version has been subjected to
NASA's scaling parameters for the combined effect of tip clearance and
Reynolds Number into the resulting 78 to 80 percent compressor effi-
ciency at this size. The corresponding ASCE engine maintains its compres-
sor efficiency because the Reynolds Number for its unique configuration is
substantially higher than this corresponding scaled axial design.

As a result, the ASCE engine offers the promise of diesel engine efficiency
with the size, weight and maintenance attributes of a gas turbine (Figure
39) compares the efficiencies of existing gas turbines under 5000 hp and
the proposed ASCE 1000 hp engine, indicating improvements in efficiency
by a factor of two.

The two-spool simple-cycle configuration will also allows Ramgen to con-
figure the system with two different power settings to better match the
specific mission profiles. Many of the military applications feature both a
loitering power level and a maximum power level. While the lower-power
fuel economy is of great interest, some of these applications require that
full power be available instantaneously. Ramgen is exploring concepts that
would provide a unique capability to satisfy these requirements
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Figure 40 shows the use of these two spools and its impact on overall en-
gine performance. The cross-over point can be tailored to specific applica-
tions by altering the respective Pr splits between the spools.

3.7 Military Applications
3.7.1 Small Craft and Littoral Hybrid Electric Propulsion

The size, weight and maintenance requirements of diesel engines now
serving this application are seen as limitations on both the system design
and the operational flexibility of these smaller surface craft.
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3.7.2 Future Long Endurance Unmanned Surface Vehicles (USVs)

USVs must operate semi-autonomously for long periods of time. Chal-
lenges to be overcome include: storing adequate energy for the mission as-
signed and efficiently converting that energy for use; reliability and af-
fordability; self diagnostic and reconfiguration capability; and mission
effectiveness. Much as hybrid gasoline internal combustion-electric power
plants are leading the way to fuel-efficient automobiles, marine hybrid
power systems can meet the requirements of long-endurance USVs.

3.7.3 On-board “Hotel Power” APU’s

All naval vessels require some form of auxiliary power unit (APU) to sup-
port their “in port” requirements, as well as to serve as emergency back-up
generators. These are not uninterrupted power system (UPS), but rather
continuous duty Gensets that are sized to support the dockside power re-
guirements, without operating the main engines. Power usage aboard ship
has grown considerably as a result of expanded use of power electronics
based weapons systems, and the importance of these APU’s has grown
considerably to support their quality power requirements as well as the
HVAC loads to cool them. In general, the Navy is looking for more com-
pact and efficient power sources to support these requirements. The cur-
rent approach is to use an Allison/RR 501 engines or equivalent that have
an electric efficiency rating of only 30 percent. Figure 41 shows both the
Allison/RR 501 and ASCE core engines, for comparison. Both of these en-
gines are simple cycle designs.
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3.7.4 Directed Energy Weapons Support Systems

These are laser-based weapons systems that require substantial electric
power to support their operation. These are typically in the form of an
APU. Airborne applications have stringent space and weight constraints,
whereas naval applications have somewhat more latitude. The typical air-
borne application is 2MW, but can be as high as 20MW. The operating en-
velope requires that the units be capable of these power outputs at a vari-
ety of altitudes, depending on the mission and/or the host platform. The
ASCE engine is seen as completely consistent with these design objectives.

3.7.5 Hybrid Electric Vehicle Drives Systems

There are a variety of hybrid drive systems and system concepts in various
stages of development. The ASCE engine is viewed as a cross-service, ena-
bling technology and well suited to most of these systems. This could be
applicable to the Army’s Future Combat Systems (FCS) efforts where the
application power is approximately 350-400 kW, and the current engine
platform is the Daimler-Chrysler Series 890 Engine, available in 4 to 12
cylinders at power levels of 300 to 1100kW. Although Ramgen is not tar-
geting direct mechanical drive propulsion systems, it is still worthwhile to
draw size comparisons to the existing systems. Figure 41 shows the exist-
ing AGT-1500 gas turbine engine currently used in the Abrams M1A2
Main Battle Tank.

A key point of differentiation is that the ASCE engine achieves its effi-
ciency in a simple cycle configuration. The AGT-1500 and its erstwhile
successor, the LV-100 both feature a low pressure ratio, recuperated cycle.
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Not only does the ASCE engine offer superior performance in a smaller
package, it does so by eliminating the controversial and high maintenance
cost recuperator in its entirety.

3.7.6 Conventional Stationary Gensets

The Army also uses a 750kW diesel engine genset as its standard power
block for field deployment. A 740KW continuous Caterpillar genset would
be a model C32TA V-12 engine (Figure 42) with a package dimension of
15v4% ft long, 6%~ ft wide and weigh 17,500 lbs. It takes an entire C-130 to
transport a single genset. The space and weight savings through the use of
the ASCE engine will reduce the logistics cost and speed the deployment of
these “mission-critical” assets.

There appears to be numerous opportunities to apply the ASCE engine in
military applications.

Advanced Vortex Combustion Opportunities

Since the mid 1970s the control of pollutant emissions from combustion
processes has become of great public concern due to their impact on
health and the environment. The combustion industry has witnessed rapid
changes both in regulations for controlling emissions and in the technolo-
gies used to meet these regulations. These harmful emissions are carbon
monoxide (CO), unburned hydrocarbons (UHC), particulate matter, ox-
ides of sulfur (SOx), and NOx (nitrogen monoxide and nitrogen dioxide).
Carbon dioxide (CO2) and water vapor have not always been regarded as
pollutants; however, they both contribute to global warming, which is now
receiving tremendous international attention.

The reduction of NOx emissions has received particular attention due to
its toxicity (precursor to chemical smog and acid rain) and the depletion of
ozone in the stratosphere. Many scientists and consultants believe that
NOx emissions pose more of a threat to public health and the environment
than the other combustion emissions, although actual consequences may
be more indirect and long-term.
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Figure 42. Caterpillar C32TA V-12 — 740kWe.
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NOx emissions have been decreasing since the mid 1970s from levels of 90
to 250 ppmv (parts per million by dry volume at 15 percent Oxygen) for
“conventional” combustion systems, down to less than 50 ppmv using wa-
ter and steam injection (Figure 43).

In the late 1980s, the dry low emission (DLE) approach was introduced
into the industry to eliminate the costly onsite requirement for water or
steam injection to control the NOx emissions (Figure 44). The introduc-
tion and further development of the dry low emission (DLE) technology in
the industrial gas turbine industry has reduced the NOx emissions to lev-
els between 10 and 25 ppmv. A comparison of conventional and DLE

(Figure 45).

The majority of industrial gas turbines are unable to achieve NOx emis-
sions below 10 ppmv with the added expense of exhaust gas after-
treatment such as selective catalytic reduction (SCR). The SCR technique
requires the injection of highly toxic ammonia into the exhaust stream for
NOx abatement. This is a very costly and hazardous option when the stor-
age and handling of ammonia in densely populated regions.
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Figure 44. Low emission approaches.
NOx emissions form in the primary zone of the combustion chamber. The
highest gas temperature and subsequent NOx emissions occur at the
“stoichiometric” condition. This is the single point between too much fuel
or “rich” conditions and not enough fuel or “lean” conditions. The decrease
in temperature reduces the NOx emissions, but increases the CO emission
as the combustor approaches “lean extinction.”

To meet ultra low NOx emissions (below 10 ppmv) requirements without a
SCR, the combustor must be operated near the lean extinction limit. The
lean extinction limit is where the combustor temperature is low and the
flame is extremely weak and very susceptible to sudden “flameouts.” Since
the early 1990s, the industrial gas turbine community has battled with
balancing extremely low emissions with engine flameouts and unstable
pressure fluctuations that can cause great damage to the engine. These in-
stabilities occur when fluctuations in the heat release rate couple with the
acoustics of the combustion system to produce pressure oscillations.

The AVC approach shows tremendous potential to provide flame stabiliza-
tion at these extreme lean conditions and minimize the destructive pres-
sure fluctuations.

Stationary gas turbines can be broadly classified into Industrial and Ma-
rine, Aero-derivative and Frame designs, and in recent years, micro and
mini-turbines. All variations include combustors and fuel requirements of
some description.
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Figure 45. Conventional vs. dry low emission.

A gas turbine combustor is comprised of two components:

e fuel injectors or “nozzles”
e combustor liner or “can.”

The cans are positioned in the gas turbine in three configurations:

e annular
e can-annular
e single can only.

The number of fuel injectors for each “can” configuration varies depending
on the specific “can” design and preference of the gas turbine OEM. Typi-
cally, OEMs maintain the same combustor configuration throughout their
product line (Figure 46).

The purpose of the fuel injector is to mix the liquid or gas fuel with the air
required to support combustion, prior to entering the combustor can, and
to provide a stable flame holding capability.

Ramgen’s strategy is to “drop-in” Dry Low Emissions (DLE) combustor
systems for both new and existing units that improve operability and du-
rability, reduced costs, add fuel flexibility, and lower emissions. Ramgen’s
strategy is also to offer its technology in the form of a component sale for
the gas turbine applications and retain control over the proprietary AVC
hardware manufacturing, supply, and replacement (Figure 47).
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Annular Can Combustor

Figure 46. Fuel injector.

Figure 47. Industrial gas turbine.

Unique CO2 Compressor

Ramgen has been awarded a DOE grant to begin the development of a
novel CO2> compressor capable of developing the required 100:1 pressure
ratio in two stages of compression.

Ramgen’s shock compression technology represents a significant ad-
vancement in the state of the art for all compressor applications, and spe-
cifically for CO2 compression. The principal advantage of Ramgen’s shock
compression is that it can achieve exceptionally high compression effi-
ciency at very high single stage compression ratios, and this results in a
product simplicity and size that will lower both manufacturing and operat-
ing costs.
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The CO, compression Topic Area #4 of the DOE Solicitation DE-PS26-
05NT42380 had defined a general set of requirements for IGCC systems
with mass flow rate capacities of 600,000 — 700,000 Ibm/hr and capable
of a pressure ratio of 100:1. Ramgen is developing a CO, compressor sys-
tem capable of meeting these pressure and flow requirements with im-
proved efficiencies and dramatic reductions in package size, weight, and
cost compared with existing technologies.

The novel Ramgen technology concept addresses the two greatest objec-
tives identified by the Department of Energy for the Capture and Storage
of CO, — lower costs and better efficiency. Figure 48 shows a 2D drawing
of one such candidate configuration, along with a dimensional scale to in-
dicate its approximate size.

1st Stage Discharge
(To Intercooler)

ﬁH Drive Motor

Return from Intercooler
(Supply to 24 Stage)

0 1 2 3 4 5 6 7 8 9 10 11
SCALE (ft)

Figure 48. Ramgen’s super-sonic shock wave Co, compressor.

Nominal Specifications:

e Capacity: 150,000 Ibm/h

e Capacity: 21,400 icfm

e Gas Composition: 100% CO>

e Inlet Pressure: 15 psia

e Inlet Temperature: 70 °F

e Discharge Pressure: 1500 psia

e Power: 9830 bhp/7333kW

e Dimensions:
0 Length 12 ft (with drive motor)
o Width4.5 ft
0 Height5.0 ft
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The proposed product is rated at 150,000 Ibm/hr, or 21,400 icfm, based
on an assumed 15 psia suction pressure and the specified nominal dis-
charge pressure of 1500 psia. The size of the proposed ¥4-capacity unit is
not dictated by any limits of the Ramgen technology, and we can design
this unit at whatever capacity increment is appropriate to optimize the
IGCC plant.

The final specifications of the system will be defined in Phases I and Il as a
deliverable of the program. Ramgen selected this size to allow for compari-
sons versus conventional centrifugal compression design approaches. The
configuration shown uses a conventional turbo gearbox similar to those
manufactured by BHS-Cincinnati. Depending on size, the compressor can
also be configured with a direct drive high speed motor.

Current centrifugal and axial compressor design practice typically limits
the inlet Mach # to 0.90 to mitigate shock effects from occurring within
the blade flow path, as both “lossy” and potentially destructive. In practice,
this limits the achievable pressure ratio per stage of compression to ap-
proximately 1.7:1 for the heavier molecular weight CO,. Consequently, a
conventional “high performance” integrally-geared centrifugal compressor
processing CO; at the specified pressure ratio of 100:1 will likely require
eight stages of compression, along with a corresponding number of
stainless steel intercoolers between each stage.

Ramgen, on the other hand, designs its rotors to create and manage these
shock structures and can realize the full effect of their ability to generate
substantial pressure ratios, efficiently. The proposed Ramgen CO, com-
pressor concept would achieve the required 100:1 pressure ratio in two
stages of compression, each rated at 10:1 (10 x 10 = 100). This configura-
tion would feature a conventional intercooler between the first and second
stages as well as an aftercooler, if required by the application.

Figure 49 shows a conventional 10-stage, 200:1 pressure ratio “high per-
formance” integrally geared CO> compressor as manufactured by MAN-
Turbo in Germany. The pressure ratio per stage is 1.7:1, (2001/10 = 1.698).
We have assumed an eight-stage design for purposes of comparison, the
corresponding T-s diagram (Figure 50) indicates that an eight-stage;
seven-intercooler configuration would be required to reach the nominal
specified 100:1 pressure ratio. For those not familiar with a T-s diagram,
the processes that move up in this diagram are compression processes,
where the pressure is increased and the temperature rises along with it.
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The processes that move down in this diagram are intercooler steps that
cool the gas before entry into subsequent compression stages.

This particular unit has an inlet capacity of 13,800 icfm with dimensions
estimated at 18 ft long, 12 ft wide, and 18 ft high. Six or seven of these
sized units would be required to deliver the 600,000 — 700,000 Ibm/hr
suggested by the specification, and this would not include any considera-
tion for a back-up spare. It is likely that one or two additional units would
be required to provide suitable back-up.

The limitations of the conventional approach are obvious, and the configu-
ration seems very much misapplied for the CO2 compression service and
would add significantly to the overall cost and complexity of carbon cap-
ture and sequestration.

Figure 49. MAN Turbo 10-stage 200:1 CO, compressor.
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Figure 50. MAN Turbo T-s diagram.
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Figure 51. Elliott centrifugal compressor designs.

In addition to the geared designs shown above, there is an entire class of
existing axial and centrifugal inline API-Type designs that serve a spec-
trum of hydrocarbon and hydrocarbon processing applications. Most of
these units, whether axial or centrifugal, employ multi-stage configura-
tions because of significantly lower pressure ratio capability per stage than
is possible with the Rampressor technology.

The centrifugal process gas shrouded impeller designs (Figure 51) are
commonly applied at heads of 10,000 ft-head per stage, or the equivalent
of a pressure ratio of 1.4 on air. The Ramgen compression technology can
achieve 80,000-100,000 ft head per stage, effectively converting this eight
stage design into a single-stage device. The efficiency is likely to be 85 per-
cent vs. the nominal 77 to 81 percent advertised in the selection guide for
this class of equipment. Since many of these applications involve high
pressure and toxic gases, the number and control of casing splits is always
a concern. The use of a single stage opens up considerable design latitude
in dealing with this issue and in a more cost effective manner.

The other conventional approach for large volume CO, compression is to
use these conventional inline process compressor trains. This type of de-
sign uses similar aero components and would likely require a three-casing,
12-stage; two-intercooler compressor similar to the two casing design.
Figure 52 shows an Elliott Turbo, two casing unit. A third, barrel-type cas-
ing would be required to achieve the 1500 psia discharge pressure. These
units can be prohibitively expensive.

Mitsubishi recently announced their version of a high performance CO>
compressor offering, but one that still appears to require 10 stages of com-
pression and use two intercoolers. They have managed to eliminate one of
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the casings by combining seven of these stages in a single barrel (Figure
53). The piping sizes suggest the unit has three stages followed by and
intercooler; then four stages followed by another intercooler and, from
their nomenclature, an assumed three stages to reach 203 bar (Pr 200:1).

VO i =l 4

Figure 52. Elliott turbo process compressor train.
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Fig. 1 CQg re-injection compressor train configuration
A both ends drive motor is installed in the center of the train, fwo speed increasing gears are provided at outer ends,
with two compressors outside them.
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Fig. 2 A sectional view of COz re-injection compressor
Required advanced technology, and health, safety and environment protection features
are shown in a sectional view of the CO2 re-injection compressor.

Figure 53. Mitsubishi advanced Co, compressor.
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The data in technical publication further indicates power levels and other
performance metrics associated with an elevated inlet pressure, which is
why the application can be met in fewer stages. This 11.7 MW offering is
described as the largest CO> compressor in the world, barely one third of
the likely requirements for a full scale carbon capture and storage (CC&S)
system.

The size of the Ramgen unit, arbitrarily selected to provide one fourth of
the 600,000 Ibm/hr stated capacity, or 21,400 icfm, would be 4.5 ft wide,
5 ft high, and 12 ft long, including the drive motor. Four operating units
and one spare would occupy only about 1/20th of the space required by six
operating and one spare unit of the integrally geared designs (Figure 53).

As indicated, the optimum design capacity of the actual Rampressor will
be determined in Phase 1 of the program, but the Ramgen concept could
be designed to handle any appropriate fraction of the plant requirement
up to and including a single, full capacity unit rated for 700,000 lom/h.

By any benchmark, physical size and weight are primary indicators of cost.
At 1/20th the size, the Rampressor will have a major impact on plant capi-
tal, space and operating costs, and do so without sacrificing efficiency.

In addition, and as a direct result of the Rampressor being able to achieve
single stage compression ratios of 10:1, stage discharge temperatures are
estimated to range between 450 and 500 °F, depending on inlet gas and
cooling water temperatures. This offers the potential for significant waste
heat recovery, without compromising compressor performance. This com-
bined compressor and heat recovery creates an even more impressive en-
ergy efficiency advantage by recovering 70 percent of the electrical input
energy in the form of useful heat. Potential uses for this available heat are
to regenerate amine solutions or pre-heat boiler feedwater.

Conventional CO> turbocompressor designs, with their limited pressure
ratio per stage, are therefore also limited to approximately a 100 °F stage
temperature rise per stage by comparison (Table 5). This eliminates any
possibility to recover the heat of compression and necessitates an incre-
mental cooling tower capital expenditure.
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Table 5. Comparison of Ramgen CO, compressor to conventional machines.

Intergrally  Inline
Geared Process
Turbo Turbo Ramgen
Ibm/h 150000 150000 150000
icfm 21411 21411 21411
Stages 8 12 2
Intercoolers 7 2 1
Casings 1 3 1
kW [ 7382 8312 7333
hp 9899 11147 9830
bhp/100 46.2 52.1 45.9
Isothermal Efficiency 64.0% 56.9% 65.8%
Approx. Avg Stage/Casing Discharge Temp. - F 210 380 470
Max Thermal Recovery Temperature - F 250 250 250
kW 554 4172 5263
% Recoverable 7.5% 50.2% 71.8%
Power Plant Electrical Efficiency 50%
kW Electric Impact 277 2086 2631
Net kW 7105 6227 4702
Relative Cost 100.0% 87.6% 66.2%

Both the input power and the combined heat recovery impacts are summa-
rized in Table 5 above for the Ramgen technology as well as the theorized
conventional integrally geared and inline process configurations. This
analysis assumes that heat of compression can be recovered down to

250 °F. The integrally geared turbo is assumed to eliminate the intercooler
between stages 7 and 8, creating a minor heat recovery impact from the
stage 8 discharge. The average stage discharge temperature is shown to
make the point, but the heat recovery effect is based on actual stage by
stage discharge temperature projections.

As can be seen, the input power requirement for the Ramgen and the con-
ventional integrally geared design are similar, while the process turbo suf-
fers from relatively poor aero efficiency. When factored by an assumed
power plant efficiency, the heat recovery impact suggests that the net ef-
fect of successfully recovering the heat of compression can reduce the in-
put power requirements from two-thirds that of the conventional designs.
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4.1

4.2

Potential Warfighter Applications

Information Source

This chapter reports research findings on the applicability of this novel
technology to current and aging Army systems as well as further analysis
of possible future systems. Two first-class (senior) cadets at the U.S. Mili-
tary Academy (USMA), West Point, NY, coauthored this analysis as part of
an advanced independent study in the Civil and Mechanical Engineering
Department at USMA. Their objective was to assess Army systems for the
applicability of supersonic components in gas turbines cycles. Technical
information was gathered by interview from GEN(R) Kern, former Com-
mander of the Army Materiel Command (AMC), to provide a comprehen-
sive “big picture” on the Army’s energy need.

Tank Applications

A possible application for the supersonic technology is a hybrid drive for
the Army’s M1 Abrams Main Battle Tank. The current engine in the
Abrams is an inefficient and aging design by Honeywell, called the AGT-
1500 (Figure 54).

While the engine is still proving itself reliable during conducting current
urban operations in Iraq and Afghanistan, it has not been produced since
1992. Therefore replacing parts, let alone whole engines, is becoming in-
credibly difficult and expensive. Currently, it will cost an Army unit more
than $460,000 when an AGT-1500 is destroyed in the field. The US Army
recently awarded Honeywell a $13.8 million contract for rebuilding the
AGT-1500, but this is simply a contract to bring the war-worn units back
to original production specifications. This contract does not include any
money for the development of a replacement engine.

Figure 54. Honeywell AGT-1500.
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There was a study conducted by BG James Moran of Program Executive
Officer (PEO) Soldier that would have resulted in an M1 engine replace-
ment as a byproduct of designing an engine for a combat vehicle named
the Crusader. However, this new combat vehicle project was terminated,
and developing the replacement for the AGT-1500 by itself was deter-
mined not to be cost effective (Kern 2006).

In addition to the issue of replacement parts, there are other benefits that
a new power system could provide. Currently there are tanks operating in
an overwatch mode that are idling their gas turbine engines simply to pro-
vide enough power to operate relatively small power draw systems, such as
the thermal imaging sights. This is neither tactical from a standpoint of
noise discipline, nor is it fuel efficient. This inefficiency is due in large part
to tanks being used in manners other than those prescribed by their mis-
sion profiles. Tanks were designed for a long duration of sustained combat
across the open fields of the Soviet Union. While the mission profile is
changing, a replacement system should seek to improve on the current
system specifications offered by the tank and its power plant. Table 6 lists
current specifications for the AGT1500.

Despite the fact that tanks have a high power density that results in a need
for considerable electricity production while stationary, this power does
not need to come from the main engine. There are two ways to provide this
power requisite to the tank without running the main engine.

Table 6. AGT1500 system specifications.

AGT 1500 System Specifications
Horsepower at 3000 RPM 1500 hp
Length B6.75 in
Width 39 1In
Height 316 in
Dry Weight 2528 |bs
Max Output Speed 3,000 rpm
Max High Pressure Spool Speed 43,500 rpm
Max Low Pressure Spool Speed 33,000 rpm
Max Power Turbine Shaft Speed 23,000 rpm
Minimum Qutput Speed 950 rpm
OQil Capacity 6.25 gal
Max Qil Consumption 0.1 gal/hr
Minimum Specific Fuel Consumption 0.475 lbs / hp-hr
Transient Response (idle to 90%) 45
Power Decay Rate (100% to 20%) 5s
Engine Noise Level 101 db
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4.3

An auxiliary power unit, or APU, can be used for this purpose. This tech-
nology was first debuted in commercial jet aircraft, allowing power genera-
tion for auxiliary systems. This allowed air travel to proliferate into subur-
ban areas, as planes no longer had to land in cities that had substantial
ground support assets.

While the design specifications vary, the APU is essentially a smaller gas
turbine engine designed to provide a specific amount of power at low spe-
cific fuel consumption. Besides electricity, bleed air can also be produced
by an APU and used for a variety of applications. Since APUs are similar in
design to gas turbines, they can take advantage of the supersonic Ramgen
technology in the compression and expansion portions of their design. If
the supersonic componentry is as efficient as it initially has been shown to
be, incorporating a system into a tank may be beneficial.

Tank Mission Profile

The requirements that supersonic gas turbine componentry would need to
meet to replace or improve on current tank propulsion systems must be
defined. Hence, Mr. Tim Milanov, lead engineer for Abrams testing and
research with the Tank-automotive and Armaments Command (TACOM)
was contacted regarding the current mission profile of an Abrams tank.

Testing for power train durability requires first that the system has a 0.5
probability of completing a 6,000 mile life. As the Abrams is an old design,
the engine is the weakest part of the power train durability. The transmis-
sion is considerably more durable than the engine, and the final drive has
a considerable lifespan.

Specific tests for durability of the Abrams are conducted at Yuma Proving
Grounds (YPG). Tests are run for 600 engine hours, or 6,000 miles of test-
ing using an average of 10 miles per hour for the tests. 21 percent of the
tests are conducted on paved surfaces, defined as “concrete, macadam
concrete, or asphalt. Operation shall not be accumulated on an oval or cir-
cular track or any other course where the vehicle is primarily being steered
in one direction or another.” Forty-five percent of the test is conducted on
secondary roads, defined as grated gravel and sand, with the same turning
requirement defined above. Finally, 34 percent of the testing is on cross-
country terrain. Half of the cross country tests are on hills, and half are on
level ground.
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Table 7 lists vehicle ranges for variations of the Abrams under different
test conditions. All tests were conducted using DF2 fuel, and not JP8,
which is currently the conventional fuel used in tanks. JP8 will have ap-
proximately 10 percent less range for each test due to the lower heating
value of the fuel.

This test regime has been in place for the life of the Abrams, and has been
used to define the tank’s mission profile. The testing structure, with regard
to the percentages of travel on each of the surfaces, is a reflection of the
Army’s expectation of what kind of environment the tank is operated in.

It has been identified by tank operators who are using this vehicle in Iraq
and other desert conditions that the operations mode for the vehicle needs
an updated definition due to the discrepancy between test conditions and
those conditions experienced by operators on a daily basis. While these
suggestions have been acknowledged, they have not yet been imple-
mented. However, in the testing community, there is some reluctance to
change the testing cycle because all operational data for the tank for the
past three decades has been based on the same design and system re-
guirements. Additionally, if changes are made to the tank to improve per-
formance in theater, it would be difficult to assess the effectiveness of
these changes with metrics if we had a new set of benchmarks. For this
reason, the plan is to maintain the current testing structure to maintain
more constant benchmarks. However, this recommendation has not fallen
on deaf ears. According to Mr. Mike Barton, working in the same office as
Mr. Milanov and specializing in testing, new operational modes are being
considered for future vehicles that will more accurately reflect the operat-
ing conditions in Irag. This consists of short bursts of full power operation
with long periods of idling operation. This would more closely align future
vehicles with the current nature of warfare.

Table 7. Abrams fuel consumption test data.

Test M1A1 M1A2
Test Surface Conditions | ~60 tons | ~70 tons
Paved 29 mph, 4th  |267 mi 258 mi
gear lockup
Secondary 24.9 mph, 4th|209 mi {201 mi
gear lock up
Cross Country < 10 mph 113 mi 108 mi
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4.4

Hybrid Drive

The overwatch power need for tanks or other vehicles can be addressed by
incorporating a hybrid drive application. This hybrid drive system could
not only be a solution to the current need for a new tank engine, but could
also be one of the first widespread Army applications of hybrid technology.

As part of both direct and indirect fuel cell hybrid applications, there is
both a turbine and compressor incorporated into the design. Ramgen’s
proposed supersonic components have implications on both of these parts.

The idea of a hybrid drive system is to use dual power generation to re-
claim otherwise wasted energy to increase overall efficiency, thereby in-
creasing a unit’s mission time with regard to fuel constraints. Fuel cells are
designed to operate at constant temperature, although heat is produced
while fuel and oxidant are electrochemically combined to produce electric-
ity. A high temperature fuel cell will produce high grade heat. This excess
heat can be harnessed by a gas turbine cycle, effectively regulating the fuel
cell temperature as well.

For a tank or tank replacement application, the system would need to
match or exceed the current specifications put out by the AGT-1500. Cur-
rently, the AGT-1500 is capable of producing 1500 hp and 2750 ft-Ibf of
torque in a 2,500 Ibf dry weight package. This power requirement was
based on a Cold War threat of the 1980s, where the M1 was envisioned en-
gaging Soviets in the open field of the USSR.

Tanks are still relevant in urban operations; however their mission profile
has obviously changed. Sustained travel over the Russian plains is not the
primary concern. Instead, tanks need to be able to produce a lot of power
quickly for a short sprint through urban terrain, followed by a transition
into an overwatch state where primarily electrical power will be required
from the power plant.

Therefore, quick start-up times, short-term mobility power, and power
draw for electronics support are the three main criteria a replacement hy-
brid engine for the M1 would need to meet. The current engine bay area
that holds both the AGT-1500 and its Allison transmission has a 119-in
length, 80-in width, and a 47-in height. The current compressor size is ap-
proximately 8-in by 14-in, and develops a nominal pressure ratio of 14.0.
The engine is capable of a transient response from idle to 90-percent rated
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power in 4.0 seconds, and can decay from 100-percent power to 20-
percent power in 5.0 seconds.

Power Generation

Currently, the most feasible use of supersonic gas turbine componentry for
today’s force would be in stationary power generation. The general pro-
gression for turbomachinery is to begin in a stationary phase and progress
to more specific means, while usually becoming smaller and more power-
ful. The typical path taken by General Electric, the largest producer of tur-
bomachinery in the United States, is to begin with stationary applications,
move to vehicular or marine applications, and if needed, move finally to
aerial use (Kern 2006). Each step results in a smaller product with more
power produced per unit volume and mass.

This is a practice that has been used for many years, and with great suc-
cess. Supersonic turbomachinery is a relatively new venture in gas turbine
applications, and as such, should be eased into not only in the military, but
industry in general. One of the primary concerns for our soldiers in the
field is safety, as they have enough safety concerns to worry about as pro-
duced by the enemy, let alone their own equipment. Thus, the most sensi-
ble route for the Army to adopt if it were to incorporate this technology
into its force would be to begin in an area with the lowest risk as ascer-
tained by conducting a risk assessment of implementation into the force.
This area would likely be in the realm of stationary power generation as it
is not nearly as mission essential as would be power production for a mov-
ing vehicle or crew served weapon system.

Additional benefits to the Army of decreasing size and increasing effi-
ciency of stationary power generation would be realized not only in cost
savings on fuel, but in logistical areas such as transportation and weight.
Smaller generation systems could possibly be transported on C-130s or on
current larger transport systems, but in larger quantities. A more efficient
machine would mean more possible power production per unit mass or
volume, which decreases the logistical footprint necessary for our force to
sustain itself.

Table 8 lists some of the sizes of prime power generation applications in
the current Global War on Terror (GWOT). Generators in these facilities
are 1.2 MW and are combined to total the overall production values. Cur-
rently, none of these generators are powered by gas turbine engines. This
is one of the areas that the Ramgen technology could make an impact.
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Table 8. GWOT power production.

Operation Iraqi Freedom Size
LSA Anaconda 21 MW
Al Asadd Airbase 14 MW
Speicher 16 MW
Q-West none yet
Victory Base Complex 50 MW total
Talli (Adder) 14 MW
Operation Enduring Freedom
Bagram 24 MW
Kandahar 20 MW
Salerno 12 MW

4.6 Future Combat Systems

The energy system for the family of FCS vehicles has already been decided
on. The decision process considered several alternatives including diesel
engines, hybrid drives, and gas turbine engines. Figure 55 shows some

benchmarks associated with the selected power system.

The two engines being compared here are the VTA-903 found in the Brad-
ley Fighting Vehicle, and the 4L.890, the four cylinder engine that FCS will
model its engine on. The intent for FCS is to use the same engine, butin a

5 cylinder version.

VTA-903 Vs. 4L890

VTA-903 14.8 liter V8 4 Stroke / cycle

600 Hp at 2600 Rpm
Best BSFC .335 Ibs / Hp- hr

Peak Cylinder Pressure 2400 Psi
Air Fuel Ratio at Rated 27.0
Air Flow at Rated 6610 Ibs/hr

BSHR at 600 Hp — 24.5 BTU / Hp- min

Coolant Temp 230F

Length 49 inches
Width 32 inches
Height 37.5 inches
Volume 34 cu ft

Wet Wt. 2650 Ibs

41890 engine 4.4 liter I-6 4 stroke / cycle
550 Hp at 4250 Rpm
Best BSFC .344 Ibs / Hp- hr

Peak Cylinder Pressure 3074 Psi
Air Fuel Ratio at Rated 23.0
Air Flow at Rated 4514 lbs/hr

BSHR at 738 Hp - 26.4 BTU / Hp-min
Coolant Temp 267F

Length 50 inches
Width 17.9 inches
Height 30 inches
Volume 12.7 cu ft

Wet Wt. 939 Ibs

Figure 55. Power system benchmarks.
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4.7

The VTA-903 is a good benchmark to use for comparison because the FCS
is intended to be a relatively light combat vehicle, much like the Bradley.
Comparisons of specific fuel consumption show only a small disparity be-
tween the two engines, while the advantages gained are an engine that
takes up less than half the volume of the VTA-903 and weighs one third as
much.

An area of particular interest is idle power. According to current estimates,
the difference between fuel consumption in idle mode and for full systems
draw is significant. Current analysis shows a no-load idle specific fuel con-
sumption of 0.5 gal/hr of DF2 fuel, and a 3.0 gal/hr draw at a continuous
34 kW state needed to power electrical components. The option to run in
idle mode would prove to be very useful for fuel economy, particularly in
command vehicles where a majority of operation is in idle mode.

If Ramgen intends to put its supersonic componentry into vehicular appli-
cations, they would likely have to meet or exceed the above specifications,
since these are the ones our future vehicles will rely on for power and pro-
pulsion.

The FCS system will include a series hybrid electric drive system, but it
will be a very mild hybrid approach. It will likely be something to offset the
estimated 34 kW continuous power draw for FCS onboard electrical sys-
tems. With command vehicles, this power requirement can jump up to an
intermittent 70 kW, where a temporary addition from hybrid electrical
storage will prove useful. These batteries can power the vehicle them-
selves, but they will only have a 2 to 3 kW-hr capability, which is only
enough for very short durations.

The Big Picture

The desire to increase the efficiency of turbomachinery in the Army is
merely a small subset of the greater goal of maintaining the most effective
modern force on the battlefield, part of which is through the efficient pro-
duction and use of energy. In FY0G6, the Department of Defense budgeted
1.7 billion dollars for energy (DoD Green Book FY06). The majority of this
is used in providing fuel for active military applications. If the fuel effi-
ciency can increase by just 1 percent in each of the applications, which may
operate at 30 percent thermal efficiency, that would result in an annual
energy savings of 3 percent, or over $30M annually, for the Department of
Defense. The projected cost savings may not support the cost in replacing
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old components, but new equipment with more efficient components
would provide extensive cost savings over their useful life.

There have been several attempts over the years to increase the efficiency
of the force, but the Army currently holds such a conservative view on en-
ergy that progress is difficult to achieve. In a recent joint American and
British study of a hybrid HMMWYV, the American investigators completely
discounted the input of the electric hybrid component in determining the
efficiency of the vehicle, basing their results solely on the engine. The
Army’s dependence on and affinity for diesel fuel is creating a hurdle for
possible progress in the future.

One of the largest issues according to GEN(R) Kern is that the Army does
not have a defined mission profile for each of its vehicles. Current opera-
tions bear little resemblance to the Soviet-era fighting scenarios they were
designed for. In most situations, vehicles operate in one of two capacities.
They are either running at full throttle from one point to another, or they
are sitting in place acting as a mobile field base attached to a generator.
The use of a smaller APU would remove the stationary generator from out-
side the vehicle and locate it within the frame itself, reducing the depend-
ence on an external energy source. A more mobile and modular force
would result.

Interview with GEN(R) Kern

GEN(R) Kern was interviewed for feedback on the supersonic Ramgen
technology, to probe for areas of application, and to gain insight into the
direction of Army energy needs (Kern 2006). A summary of key points in-
cludes:

e GE and Pratt and Whitney are the primary producers for turbomachin-
ery in the United States.

e GE goes through the following logical progression: stationary, marine
applications, vehicular applications, and aircraft applications. Based on
this, it would make the most sense to focus on stationary systems now,
with the possibility of upgrading to vehicular use at a later stage.

e Any system must be proven with durability, reliability, and functional-
ity before being adopted.

e ALCOA, Inc. may have interest in working with Ramgen, with regard to
materials and manufacturability.

e The tank engine is the one system most in need of an upgrade
0 AGT1500 is 1970s technology.
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The AGT1500 is highly inefficient. A study done by BG Moran on
use of a new system showed that the new system outperformed the
old one and would have replaced the M1 engine as well as going into
the Crusader. On cancellation of Crusader, the new engine was not
considered because it would not have been cost effective.

Positive pressure is necessary in tanks to ward off chemical and bio-
logical risk.

Helicopters are already more efficient.

Hybrid drives can be promising, in heating up fuel cell with turbine
exhaust.

e APUs and backup power supplies

(0]

The Army has not yet been able to configure a design to put one on
the Abrams tank. The result is 1500 hp running thermal sights as
the tank sits still. There are issues of space and cost.

Current systems were designed for high mobility operations in Rus-
sia or central Europe. Current mission profile demands quick bursts
of speed and long periods of stationary operation.

e Future of Energy in the Army

(0]

Army progress can be frustratingly slow. The prevailing Army view
is very conservative. There is a desire to keep diesel or JP8 fuel.
Three main problems

*  Army needs an effective duty cycle description

* Army is too “hung up” on diesel

* Army has no electric motor expertise.

The Federal government has tried to do work on alternative fuel
sources, but it gets lost while between agencies (DOE, Department
of Transportation [DOT], and DOD).

There is a growing need for portable energy generation sources.
Research has been done into batteries using fuel cells for radio sys-
tems that run on boron hydride fuel, producing water. Current re-
search is focusing on hand-chargeable batteries.

Batteries are a big concern. The Army ran out of batteries some
years ago. Some questions to consider are: Can fuel cells replace
batteries? From where will Army obtain usable fuel? Can an appli-
cation be envisioned for the Ramgen technology in the portable, in-
dividual soldier power market?

There are currently no clear energy goals, and energy policy is
poorly defined.

Energy policy often changes with leadership.
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Analysis on a System Level

In discussing the matter of supersonic componentry in vehicular applica-
tions with Dr. Dick McClelland, Director of TARDEC, the expected reduc-
tion size was discussed. While supersonic componentry might very well
save space in the engine compartment, this may not have a net positive ef-
fect on the vehicle as a whole. In general, the AGT-1500 has a fairly high
compressor efficiency as far as gas turbines go. For the sake of argument,
assume that a supersonic compressor will cut the engine size in half. As far
as the engine is concerned, this would be of tremendous advantage. How-
ever, when this improvement is taken into consideration with regards to
the rest of the systems on a tank, the net result should be considered. Any
additional components placed into the space where part of the engine used
to be will require a redesign of the systems of the tank to function with
this new piece of equipment or apparatus. This could end up costing more
money than it saves given the expected life of a tank engine and the re-
placement of these vehicles with FCS vehicles some day.

Assuming that the extra space was used for fuel storage capacity, then an
additional 5 gallons of fuel could be carried. The normal fuel tank for the
Abrams holds over 500 gallons of fuel, so this would only be a 1 percent
increase. Thus, to simply maintain the same level of performance, the new
engine may not have any less than about 99 percent of the original AGT-
1500 efficiency. Hence, the savings in space must not be accompanied by a
decrease in efficiency. More importantly, a significant increase in effi-
ciency would be needed to outweigh the logistical burden of retrofitting
the M1.

Warfighter Recommendations

The AGT-1500 is currently an effective power source for our Abrams tank
(Honeywell 2006). The Abrams itself has undergone many costly over-
hauls and upgrades, and it does not appear that the engine will be replaced
any time soon. In fact, Honeywell was awarded in January 2006 a contract
worth up to $1.4 Billion in support of the AGT-1500 full life cycle man-
agement.

Helicopter or other vehicular applications also do not seem to hold much
promise. These engines either are working well enough for the Army’s cur-
rent needs, or have been designed already in the case of the FCS vehicles.
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Thus, the most feasible and useful application for supersonic turbo-
machinery in the Army would be in stationary prime power generation
units. Our deployed forces in Afghanistan and Iraq currently provide their
own power for forward operating bases and other facilities due to the un-
reliable nature of the power infrastructure in theater. This requires that
thousands of generators run continuously on a daily basis to sustain the
energy requirements of our armed forces. These applications do not re-
quire a throttled process, such as vehicles do. If Ramgen can improve not
only the compressor, but complete system efficiency as well, it may indeed
be an advantage for the stationary power generation systems.

The largest portion of any logistical deployment is energy, which usually
accounts for 70 percent of deployment weight. For an Army numbering in
the hundreds of thousands, a one percent increase in fuel efficiency from
stationary power generation could not only reduce the Army’s reliance on
fuel, but limit the amount of weight, materials, and shipping vessels
needed for deployment. This could result in a more flexible and mobile
force due to quicker deployment times or lighter logistical requirements.

As the latest Ramgen compressor is currently being tested on a lab scale
and data is still being collected, it is not possible to make recommenda-
tions on its implementation. However, if testing suggests that the fuel effi-
ciency is shown to significantly surpass that of current Army systems and
other logistical factors are weighed, a further study should be performed
on how to phase this novel technology into conventional Army systems.
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5.2

Conclusions

Conclusions

This work has reviewed the development of Ramgen power systems for
military and commercial applications. Potential applications were pre-
sented from the perspectives of the technology supplier, Ramgen Power
Systems, Inc., and from that of the warfighter. A macro roadmap of tech-
nology development and deployment from the former AMC commander
and an exploration of specific issues related to the level of system devel-
opment suggests a future direction for Ramgen power technology research
and development. Current Ramgen research focuses on three areas:

e Rampressor compressor technology based on oblique shock
e expander technology optimal for the Rampressor
e combustion technology based on the advanced vortex combustion.

This work concludes that each of these technologies may potentially im-
prove overall engine efficiency such applications as an auxiliary gas tur-
bine for the hybrid fuel cell power plant and hybrid drive for the Army
tank. Note, however, that these technologies are still in early stages of de-
velopment. Potential military and commercial applications are yet to be
realized through rigorous laboratory and field testing.

Future Direction

Energy and power source are critical resources for the Army to drive cur-
rent and future forces. The Ramgen Power System offers a potential solu-
tion to the Army’s need for energy resources. The current team of re-
searchers, composed of the technology developer, technology development
manager, and the warfighter, share the following near-term interests in
developing this technology for military applications:

e Technology Developer (RPS). Ramgen is pursuing use of the turbine
technology for a number of military applications, including (but not
limited to) the hybrid fuel cell, standalone electric power generation,
hybrid propulsion, and lightweight auxiliary power unit for laser-based
weapons.

e Technology Manager (ERDC-CERL). ERDC-CERL will coordinate and
manage the Congressional funding for the development of the Ramgen
Power System. Of particular interest is application of the technology in
the Army installations for fixed facilities. The hybrid fuel cell for sta-
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tionary power generation as a part of the distributed generation system
is one example potential application.

Warfighter (USMA). USMA strives to reduce the energy footprint of
the Army by continuing to explore both current and future platforms
for the Ramgen technology. Studies suggest that stationary systems
should be the starting point for Ramgen technology development. For
example, early candidate applications might include the use of Ramgen
technology with hybrid fuel cells, or stationary power generation.
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Acronyms and Abbreviations

Term Spellout

AMC U.S. Army Materiel Command

ANSI American National Standards Institute

API American Petroleum Institute Recommended Practices
APU auxiliary power unit

ASCE American Society of Civil Engineers

ASME American Society of Mechanical Engineers

ASNE American Society of Naval Engineers

AVC Advanced Vortex Combustion

CC&S carbon capture and storage

CDT central daylight time

CEERD U.S. Army Corps of Engineers, Engineer Research and Development Center
CERL Construction Engineering Research Laboratory

CFD computational fluid dynamics

CHP combined heat and power

CO carbon monoxide

DLE dry low emission

DO dissolved oxygen

DOD Department of Defense

DOE U.S. Department of Energy

DOT Department of Transportation

EGT exhaust gas temperature

ERDC Engineer Research and Development Center

FCS Future Combat System

GE General Electric

GWOT Global War on Terror

HMMWV high-mobility multipurpose wheeled vehicle

HVAC heating, ventilating, and air conditioning

IGCC integrated gasification combined cycle

IMECE International Mechanical Engineering Congress and Exposition
LHV lower heating value

MW megawatt

NASA National Aeronautics and Space Administration

NETL National Energy Technology Laboratory

NOx nitrogen oxide

NSN national supply number

NTF nozzle test facility

ODDR&E Office of the Director, Defense, Research, and Engineering

OEM original equipment manufacturer
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Term
omMB
PEO
PM
PSN
RMS
RP
RPM
RPS
SCR
SFC
SS
SSME
TACOM
TARDEC
TR
TRIT
UAF
UHC
UPS
URL
USAF
USMA
USSOCOM
USSR
YPG

Spellout
Office of Management and Budget

Program Executive Officer

permanent magnet (electric generator)
pre-swirl nozzle

root mean square

Rampressor

revolutions per minute

Ramgen Power Systems, Inc.

selective catalytic reduction

specific fuel consumption

stainless steel

space shuttle main engine

U.S. Army Tank-automotive and Armaments Command
Tank Automotive Research, Development and Engineering Center
Technical Report

turbine rotor inlet temperature

University of Alaska at Fairbanks
Unburned hydrocarbon

Uninterruptible Power Supply

Universal Resource Locator

U.S. Air Force

U.S. Military Academy

U.S. Special Operations Command

Union of Soviet Socialist Republics (USSR)
Yuma Proving Grounds
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