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Summary

An innovative approach to aircraft gas turbine engine design that was disclosed in 1997 involves
mounting compressor and turbine blades to an outer rotating shell. Designated the exoskeletal engine, the
concept results in compression (especially preferable to tension for high-temperature ceramic materials,
generally) as the dominant compressor and turbine blade force.

It was determined that the feasibility of an exoskeletal engine lay in the challenges of structural and
mechanical design (as opposed to cycle or aerothermodynamic design), so the focus of this study was the
development of a structural-mechanical definition of an exoskeletal concept, using the Rolls-Royce
AE3007 regional airliner all-axial turbofan as a baseline. The effort was further limited to the definition
of an exoskeletal high-pressure spool concept, where the major structural and thermal challenges are
represented. A finite-element model of an exoskeletal engine high-pressure spool shell and bearing
support structure was developed. Loads and deflections were calculated and were compared with
material strengths at the temperatures expected for each portion of the shells. Magnetic and foil bearing
system concepts were also defined. The mass of the high-pressure spool was calculated and compared
with the mass of the comparable components of the AE3007 engine. It was found that the exoskeletal
engine rotating components have the potential for significant weight savings over the rotating
components of conventional engines. However, bearing technology development is required for this mass
savings to emerge at an engine system level, since the mass of existing bearing systems would exceed
rotating machinery mass savings. It is recommended that once bearing technology is sufficiently
advanced, a “clean sheet” preliminary design of an exoskeletal system be accomplished. This design
would take best advantage of exoskeletal engine features from the structural, mechanical, acrodynamic,
thermal, and engine cycle perspectives. This will better quantify the potential for the exoskeletal concept
to deliver benefits in mass, structural efficiency, and cycle design flexibility.

Introduction

To improve conventional turbine and compressor designs, it is hypothesized that ceramic materials
would provide greater operating efficiency through higher operating temperatures and lighter engine
weight. Some problems with ceramic materials are lower tensile strength and durability and damage
tolerance when compared with refractory metals and nickel-based alloys, such as titanium, Hastelloy™
and Waspaloy ' that are currently used in conventional engines. Ceramics behave well in compressive
loading situations where brittle fracture is minimized. A novel turbine design approach that relies on this
characteristic of ceramic composites is the exoskeletal engine (Christos C. Chamis, August 9, 2002,
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NASA Glenn Research Center, Cleveland, OH, personal communication), which was disclosed by
Christos Chamis of NASA Glenn Research Center (GRC) in 1997. The exoskeletal concept exchanges
the conventional internal rotating shaft with a stator and the stator with a rotating drum. Essentially, this
concept turns a conventional gas turbine engine inside out. A cross-sectional diagram of an early
conceptual exoskeletal engine configuration is shown in figure 1.

The exoskeletal engine does not in principle represent an engine cycle change, although cycle
parameters could be affected somewhat in implementation. Rather, the exoskeletal concept deals
primarily with engine structural and mechanical design. Some of the characteristic differences from
conventional engine technology are as follows:

(1) Compressor and turbine blades are mounted to the inside of a drum rotor. Stators and combustors
are mounted to a stationary hub. Blades are in compression instead of tension because of rotational
inertia. Torque is transferred from turbines to compressors through the rotating drums.

(2) The drum rotor is supported by bearings between the outside of the rotor and an outer shell. In a
multispool engine, the high-pressure drum rotor bearings may ride directly on the low-pressure spool
drum rotor. In a partially exoskeletal engine, thrust and other forces are transferred through bearings
between drum rotors and shells or hubs.

(3) For engines of sufficient size, a central core space (inside the stator rings) may be open
(see fig. 2).

The motivations for considering an exoskeletal engine have included the opportunity to

(1) Reduce the part count and engine weight, achieve higher engine operating temperatures (or
reduce/eliminate cooling), and increase component life through use of lightweight composite materials
(particularly ceramic blades in compression and rotating wound shells under hoop stresses) in
applications that are aligned with their strengths

(2) Reduce engine noise through management of the resulting inverted velocity profile (central flow
velocity lower than surrounding flow velocity)

(3) Insert another engine cycle, such as a ramjet, into the open core space

Backbone shell (static)

Blade hub Race shell bearing case

Drum rotor (blade hanger)

Blade tip Blade

/IRner shell
(blade tuner) |

Rotor-
center ™

Figure 1.—Exoskeletal engine concept projected view of exoskeletal engine
composite fan rotor (from Christos C. Chamis, August 9, 2002, NASA Glenn
Research Center, Cleveland, OH, personal communication).
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Figure 2.—Single-spool exoskeletal engine concept.

Related Prior Efforts

General Electric unducted fan—The General Electric unducted fan (UDF), developed as part of
NASA’s advanced turboprop program in the 1980s, represents a successful, if not entirely similar, flight-
proven predecessor to the exoskeletal engine concept as shown in figure 3. The UDF engine consisted of
a standard high-pressure engine spool to which a low-pressure turbine (LPT) was added to directly drive
a set of counterrotating highly swept propellers, also called unducted fan blades. The aft row of fan
blades was driven by a conventional axial turbine, but the forward row of fan blades was driven by
several rows of turbine blades mounted at their outer edge to a rotating drum. On the UDF, this drum was
connected to and supported by a more conventional disk (ref. 1). Because the UDF low-pressure turbine
drove a set of high-speed propellers (or a low-speed unducted fan), wheel speeds were low compared
with turbofan engines. Centrifugal forces were not a factor in blade or drum design (David Cherry,

Dec. 5, 2002, General Electric Aircraft Engines, Cincinnati, OH, private communication). In this respect,
the UDF represents a significantly different set of design objectives and experience from those that
would be relevant to an exoskeletal engine concept. However, the UDF does represent the successful
implementation in flight of some elements of an exoskeletal engine architecture.

Modern Technologies Corporation exoskeletal engine concept studies —NASA-sponsored studies
of the exoskeletal engine concept were conducted by Modern Technologies Corporation between 1999
and 2001. These studies examined exoskeletal design concepts for 2000-, 5000-, and 25 000-1b thrust-
class engines. Preliminary design concepts consisted of cycle definition and stage number and size
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Figure 3.—General Electric unducted fan propulsor concept (from David Cherry,
Dec. 5, 2002, General Electric Aircraft Engines, Cincinnati, OH, unpublished
data) .

definitions (no structural analyses were performed). The studies pointed out the critical need for
exoskeletal engine preliminary design guidelines and structural constraints on preliminary design because
of the departure from conventional engine design practices (ref. 2).

Honeywell International, Inc., exoskeletal engine study —In early 2000, Honeywell International,
Inc., developed an exoskeletal engine concept based on an existing engine (NASA Exoskeletal Engine
Study Final Report, Honeywell International, Inc., May 23, 2000). Honeywell selected the AS900 engine
(approx. 6500-1b thrust at sea level static conditions) as a basis for comparison. A single-spool concept
was assembled but was rejected because of performance, operability, and engine-starting limitations as
compared with a two-spool configuration. A two-spool engine concept was assembled. A layout of this
concept was created, and an engine cycle simulation was assembled sufficient to calculate the
performance of engine components. Hoop stresses in the drum rotors were calculated and were used to
identify material options and weights. High-pressure spool (HPS) rotation speeds necessary to produce
performance similar to the AS900 required bearings operating at approximately 9 million mm-rpm,
beyond the state of the art for bearings. The performance of a lower speed high-pressure spool was
calculated for a rotation speed within state-of-the-art bearing capabilities of 6 million mm-rpm. Engine
weights were calculated for rolling-element and magnetic bearing options, and weights and performance
were compared with the AS900 engine. Major conclusions of this effort were

(1) An exoskeletal engine concept that delivers similar performance to an existing conventional
engine is feasible but would have a radius approximately 30 percent smaller and would be approximately
50 percent longer.

(2) Exoskeletal rotating machinery is lighter (in concept) than that for conventional engines.

(3) Bearing system weight for an exoskeletal engine increases the total weight of the engine to 20 to
25 percent greater than that of a conventional engine.

It should be noted that the Honeywell AS900 engine has a centrifugal high-pressure compressor
(HPC). Centrifugal compressors generally add weight and diameter but decrease the length of gas turbine
engines. This creates some ambiguity about the directness of the comparison between the AS900 engine
and a completely axial exoskeletal engine. However, the Honeywell study represented the first known
assessment of the exoskeletal concept applied to an engine as a system. The findings of the Honeywell
study indicated the importance of engine systems approach in any subsequent investigations, as well as
the predominance of engine structures, materials, and bearings in the application of the exoskeletal
concept.
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Scope and Rationale

The present investigation focused on development and analysis of a gas turbine engine high-pressure
spool of an exoskeletal engine concept. Goals of this investigation were to

(1) Determine the weight of an exoskeletal engine HPS concept. The HPS, rather than an entire

engine system, was selected for study because
(a) The HPS typically represents the greatest challenges to structural, thermal, and bearing design

in an engine, particularly for the exoskeletal concept characteristics of interest (e.g., high rotation speeds
in compressor and turbine and high turbine temperatures). A preliminary calculation of hoop stresses in
shells identified that small- to medium-size engine high-pressure spools, operating at comparable rotation
speeds with existing engines, would challenge limits of existing structures and materials. A medium-class
(approx. 10 000-1b thrust) engine high-pressure spool was chosen as the design example for this
investigation.

(b) The analysis of an HPS is manageable in a reasonable study period, yet is enough of an engine
system in itself to provide system-level answers.

(2) Perform requisite analysis to ensure that the concept is realistic yet aggressive. Analysis is needed
to establish feasibility and traceability of weights of an exoskeletal HPS concept components. However,
existing gas turbines benefit from 40 years of design refinement, so an aggressive approach gives the
benefit of the doubt to an exoskeletal approach appropriate to making a comparison with an existing
engine HPS.

(3) Compare the weight of an exoskeletal HPS concept with a representative existing gas turbine
engine HPS.

(4) Identify technology challenges of the exoskeletal concept.

Several aspects of the exoskeletal engine were considered beyond the scope of this investigation.
This investigation did not attempt to quantify the benefits of an exoskeletal engine for noise reduction or
for compatibility with other engine cycles, such as a ramjet. It also did not include an optimization of an
exoskeletal design, either structurally, aerodynamically, or thermodynamically, for a specific engine class
or set of requirements. It is expected that these issues are more appropriately dealt with once an approach
to exoskeletal engine structural and mechanical systems design and resolution of the inherent technology
challenges have been accomplished.

Appendix A provides the output of the Weight Analysis Turbine Engine (WATE) computer program.
The WATE code estimates the total engine weight by using the weights of the various components and/or
subcomponents, based upon user inputs and conditions experienced. Appendix B presents the output of
the NASA Engine Performance Program (NEPP), which develops a one-dimensional, steady-state
thermodynamic cycle model and generates compressor and turbine maps. Appendix C presents the input
data for an ANSYS structural analysis of the exoskeletal rotor when it is spinning at the over-speed
condition of 16 400 rpm. This input file contains preprocessing, solution, and postprocessing commands
to create the model, perform the analysis, and plot the results. Appendix D contains the input data for the
Pro/Engineer® models of the compressor and turbine rotor blades. The input data for the exoskeletal
compressor rotor blade shapes are based on the NACA 65A010 compressor airfoil shape.

Symbols
AR blade aspect ratio
c chord
DN diameter-number of revolutions (for bearings), millions of mm-rpm
E modulus of elasticity, 1b/in.”
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force, Ibs

shear modulus of elasticity, Ib/in.?
gravitational constant
blade height, in.

area moment of inertia, in.*
polar moment of inertia
matrix stiffness, 1b/in.
effective stiffness, 1b/in.
stage length, in.

matrix mass, 1b,,

mass, 1b,,

ZIToARS~NT®R QT

rotational speed, rpm

4 number of blades

PR pressure ratio

r radius, in.

%4 shear force, Ib;

w weight, 1b,

Wz blade weight (also includes fir tree), lb,,
axial location

coefficient of thermal expansion (CTE)
weight density, Ib/in.’

radial deflection, in.

angular deflection, rad

stagger angle, deg

Poisson’s ratio

material density, Ib,/in.?

stress, 1b/in.?

camber line angle, deg

rotational speed, rad/sec

S e Q0O FE O Q =

Subscripts:
ACC accessories weight (also includes other weights that show up but are difficult to assign to one
particular part)

a inner

B blade

b outer

c corrected

cu ultimate compressive allowable

cy ultimate compressive yield allowable
disk  disk

e exit

H hub

i inlet
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le maximum allowable compressive stress in fiber direction
1t maximum allowable tensile stress in fiber direction

max  maximum

min minimum

N nuts and bolts (also used to bolt disks together)

n natural or local

RD rotor drum

r radial

row  TOwW

stage stage

su ultimate shear allowable

T tip

t tangential

tu ultimate tensile allowable

ty tensile yield

vm Von Mises

T shear

1 maximum principal stress, klb/in.?
2 minimum principal stress, kIb/in.?

Assumptions, Key Challenges, and Approach
Assumptions

The first assumption was that the application of conventional aerothermodynamics design principles
to an exoskeletal engine architecture was sufficient to identify the limiting structural and materials
challenges. As mentioned above and in reference 2 (Halliwell), the design of exoskeletal engine blades
and flow paths to deliver performance on a par with highly optimized conventional engines is likely to
require significant study and development of design guidelines. For example, exoskeletal rotating blade
tips are at a smaller radius than the blade root, which results in tip leakage at the engine hub increasing
with rotational speed. Rotating blades supported at the outer radius and stators supported at their inner
radius necessitate a structural design opposite that of conventional engines, affecting thickness,
curvature, and blade dynamics. In an exoskeletal engine, the outer wall of the engine rotates with the
blades, representing a large windage area (compared with a conventional shaft). The impacts on engine
performance of these and other changes from conventional engine design are unknown. However, the
exoskeletal engine concept proposes no intended deviations from the aerothermodynamic cycle design
heritage of conventional engines. In lieu of design details, an earlier examination of the feasibility of the
exoskeletal engine concept found it acceptable to transfer engine cycle parameters directly from a
baseline conventional engine (Exoskeletal Technology Evaluation for Use in Aeropropulsion
Applications. Presented to the Ultra-Efficient Engine Technology Program, Feb. 28, 2001). It was
therefore assumed that any variations in engine aerothermodynamic cycle design are of small order
compared with the issues of viability presented by structural-mechanical design and that an exoskeletal
engine design can be assumed aerothermodynamically identical to a conventional engine for the purposes
of this investigation.

The second assumption was that turbine engine subsystem and components currently in use can be
applied to an exoskeletal engine at their existing performance levels. Typical gas turbine engine
components, such as controls, actuators, and combustors, may pose significant engineering challenges in
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their adaptation to an exoskeletal engine. For this investigation, however, the expectation was that no
new technology would be required to apply these subsystems and components to an exoskeletal engine.

Key Challenges

Development of structural and mechanical exoskeletal HPS concept —The central idea of an
exoskeletal engine concept involves a change in the structural and mechanical design of the rotating
machinery in a gas turbine engine. The concept is not proposed as a change to the engine cycle or
aerodynamics, other than that necessary to accommodate changes to the structural and mechanical
design. Thus, the system-level feasibility questions about the exoskeletal engine concept lie with the
structural and mechanical architecture. The outer rotating shell of an exoskeletal system must withstand
stresses due to the inertia of rotation, contain engine pressure loads, react to blade loads, and
accommodate the engine nominal and contingency environments. It must also accommodate engine
assembly and maintenance.

Development of system-integrated bearing concept for exoskeletal HPS —The exoskeletal
approach inherently involves large portions of an engine system rotating at larger radii than those in a
conventional engine. The development of an appropriate bearing concept is a challenge that involves

(1) Integration with the system structural concept to minimize bearing DN

(2) Consideration of existing and emerging bearing technologies, including noncontact bearings

(3) Consideration of both nominal and off-nominal engine conditions, including startup,
maneuvering, and landing

Approach

A conceptual analysis was deemed sufficient to determine exoskeletal structural-mechanical viability
and to compare the weight of a conventional engine with its exoskeletal counterpart. This approach
included both identifying the key characteristics driving the viability and weight and selecting the
pertinent engine subsystems for design and analysis. A representative conventional engine was selected
and the exoskeletal analogue was created. This approach minimized the design and analysis effort while
still providing the understanding of the engineering issues involved with the exoskeletal architecture. In
detail, the process can be described as follows:

Identification of suitable conventional gas turbine engine for comparison with exoskeletal
concept—A valid comparison of an exoskeletal approach and the conventional approach required
identification of an existing gas turbine engine with the following characteristics:

(1) Representative of state-of-the-art gas turbine engine design, especially high-pressure spool
rotation speeds and temperatures

(2) Availability of design information, allowing modeling and adaptation of structures and
mechanisms to an exoskeletal approach

(3) Fully axial design (no centrifugal compressors or turbines)

Design of exoskeletal analogue HPS concept.—A conceptual design of an exoskeletal engine high-
pressure spool was developed based on the NASA model of an existing engine. The conceptual design is
described in the section Description of Exoskeletal System Concept. The approach to this design had
neither a precedent nor design guidelines for exoskeletal components. Materials and structures concepts
were defined consistent with the analogous environments from the conventional HPS example, consistent
with an aggressive but realistic concept philosophy.

Calculation of weight of exoskeletal analogue HPS concept—The weight of the exoskeletal HPS
was calculated based on the design concept, as were the weights of shells and the stationary core. Blade
weights were based on conventional engine blade weights but were modified for the exoskeletal
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geometry. The weights of components, such as combustors, that were largely unaffected by the change to
an exoskeletal design were adopted from existing engines.

Verification of exoskeletal HPS concept structural integrity—Structural analyses were performed
to verify the structural integrity of critical exoskeletal high-pressure spool components, such as drum
rotors, bladed rings, and bearing supports. The intent was to show that the weight estimates were
aggressive but reasonable. Finite-element models were not of sufficient detail to perform complete
structural analyses considering the limited thermal analysis that was performed. The operating thermal
environment was, however, considered in the selection of materials and in choosing an appropriate
allowable stress range for applied mechanical loads. This approach was considered adequate for the
purposes of this investigation. High-fidelity modeling and refinement of the environment to include all
aerodynamic, inertial, and thermal loads to a greater degree of accuracy would be required prior to
commitment to an exoskeletal engine development.

Identification of technology challenges —This investigation attempted to discover not just whether
an exoskeletal approach to gas turbine engine design is viable but also the critical characteristics upon
which viability depends. Where new or improved technologies were important to the viability of the
exoskeletal approach, they were identified. A preliminary assessment was made of the potential of new
technologies to satisfy the requirements of the exoskeletal approach.

Architecture Description

Since the exoskeletal concept presents an aggressive departure from conventional turbine engines,
it is imperative to look at the concept using a systems approach. A solid model of the concept was
generated as the first step of the analysis and weight determination of the system. The method for
developing reasonable weight comparisons consists of building component models for finite-element
analyses (FEA) of the exoskeletal engine system. The intention is to look at all major components in the
engine system with some consideration given to mounting and assembly procedures for all rotating parts.
Hopefully, this approach will unveil any potentially significant benefits as well as any possible technical
hurdles pursuant to a new direction in turbine engine technology. Finally, the comparison of engine
weights as a product of the investigation will serve as the principal metric for an evaluation of
exoskeletal versus conventional engine benefits.

Description of Exoskeletal System Concept

The exoskeletal engine architecture for this study is based on the Rolls-Royce (Allison) AE3007
engine. The design dimensions were scaled from a sketch of a longitudinal section through the AE3007
in Jane’s Aero-Engines (ref. 3). These scaled dimensions were input to NASA’s engine weight estimate
computer code WATE (Weight Analysis Turbine Engine, refs. 4 and 5) to develop a government
interpretation of an AE3007-like engine. Scaled dimensions and the output from the WATE code
(appendix A) were used to generate a Pro/Engineer® (ref. 6) CAD model representation of the AE3007
exoskeletal engine.

The AE3007 engine shown in figure 4 is a two-shaft subsonic turbofan, and the shafts are concentric.
The AE3007 engine has an axial-flow, high-pressure compressor, a combustion chamber, and a high-
pressure turbine (HPT) all spinning on the outer shaft. The HPC has 14 stages, variable-inlet guide vanes,
and variable-inlet stators in the first 5 rows. The overall pressure ratio of the HPC is 23. The combustion
chamber is an annular design with 16 fuel nozzles. The HPT is a two-stage axial design with air-cooled
blades. A three-stage, low-pressure turbine drives the inner shaft, which in turn drives a single-stage,
wide-chord fan. The fan has a mass flow of 260 Ib/sec and a bypass ratio of 5. The outer fan duct and jet
pipe are composite designs.

NASA/TM—2005-213369 9



Figure 4 —Rolls-Royce AE3007 longitudinal section. Inlet diameter, 38.5 in;
overall diameter, 43.5 in.; length, 106.5 in.; length with spinner, 115.1 in,;
dry weight with bypass duct, 1581 Ib; specific fuel consumption, 0.33 Ib/hr/Ib st.

Heritage of Rolls-Royce (Allison) AE3007-based NASA engine cycle model —The NASA AE3007
cycle model was developed to support NASA’s goals assessment (ref. 7). Analytical models of various
airframes and propulsion systems representative of the current state of the art were developed in
sufficient detail to allow the inclusion of new technologies to assess the benefit of these technologies on
system performance (size, cost, emissions, maintainability, etc.). To disseminate study assumptions and
results, NASA developed models of these airframes and propulsions systems, based on publicly available
information and good engineering judgment. Although the models developed may be similar in overall
performance and capability to the actual airframes and propulsion systems in use, there could be
significant differences between the NASA-developed models and the actual systems.

Development of AE3007 thermodynamic model —As part of that activity, a model of a
50-passenger regional jet based on the EMB145 was developed, with its propulsion system based on
the Rolls-Royce (Allison) AE3007. For its size and thrust class, the AE3007 is a moderately high-bypass,
two-spool, mixed-flow turbofan. It uses only axial-flow components, reducing engine and core diameter.
For this study, it was thought that its core diameter was within the state of the art for composite rotating
materials. A one-dimensional, steady-state, thermodynamic cycle model was developed using the NASA
Engine Performance Program (NEPP, ref. 8). A block model of the engine is shown in figure 5,
indicating gas flow paths and mechanical connections. Table 1 shows gas conditions throughout the cycle
at sea-level static conditions based on assumed component and overall engine performance (the actual
NEPP output is listed in appendix B). Compressor and turbine maps were generated (refs. 9 and 10)
based on component size and performance or were scaled from existing in-house maps with similar
characteristics. The actual compressor and high-pressure turbine maps used are shown in figures 6 to 8.
These maps are used for estimating the off-design performance of these components while the cycle
model is “flown” over a range of Mach, altitude, and engine power conditions to generate performance
data to be included in mission analyses. In addition, component maximum performance points are
recorded (mass flow, temperature, pressure, torque, etc.) to be used to develop a flow-path weight model.
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TABLE 1—NEPP AE3007 STATION PROPERTIES

Station Mass flow, Pressure, Temperature, Fuel-to-air ratio
number 1b,/s psia °R
1 257.4 14.7 545.7 0.0000
2 257.4 14.5 545.7
3 257.4 24.0 641.9
4 41.7 24.0 641.9
5 41.7 23.7 641.9
6 36.1 3534 1465.0
7 36.1 348.1 1465.0 v
8 36.8 332.5 2792.1 .0221
9 41.5 72.4 1942.6 .0196
10 41.5 72.0 1942.6 .0196
12 257.3 21.0 775.7 .0031
13 257.2 20.9 775.7 .0031
14 257.2 20.9 775.7 .0031
15 41.5 18.1 1426.0 .0196
16 41.5 18.0 1426.0 .0196
20 215.8 23.6 641.9 .0000
21 4.8 3534 1465.0 .0000
22 215.8 23.6 641.9 .0000
24
Corrected
speed, NC,1
20 —
16 —

Pressure ratio, PR
o
|

16 20

Flow, Ibm/s

24

28 32

Figure 6.—Compressor map for corrected flow as function of total pressure ratio.
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pressure ratio.
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Development of the AE3007 flow-path and weight model —An engine flow-path and weight
estimation model was developed using the WATE program (refs. 11 and 12) and was based on maximum
conditions determined from NEPP. A graphical output detailing the WATE analysis of the engine flow
path is shown in figure 9. The WATE code estimates the total weight of various components and
subcomponents based on user inputs and conditions experienced. The weight of each component is
developed from its subcomponent parts. For example, the compressor weight is determined on a stage-
by-stage basis, based on the flow conditions and performance of each particular stage. Input parameters
include blade hub-to-tip ratio, aspect ratio, disk type, and compressor end support (e.g., frame and
bearing type). Different materials may also be chosen for the various parts (disk, rotor and stator blades,
surrounding case, etc.). Such detail was required for previous study efforts to assess the effect of
technologies that might be applicable to only one part, such as blades, disks, and so forth. This level of
detail was also helpful to start the analysis of an exoskeletal version of the AE3007. However, the WATE
analysis does not go into detailed blade design, the development of which will be discussed the following
section. Since the exoskeletal analysis was limited to the high-pressure spool of the engine, more detailed
gas flow conditions (from NEPP/WATE) and mechanical data (from WATE) were used for subsequent
analyses. Tables 2 and 3 show these data.

COMP# Type NSTAGE WT

Bare engine weight 1491 1 INLT 0 250
Accessories weight 141 2 FANH 1 294
Total engine weight 1632 3 SPLT 0 0
Inlet/nacelle weight 249 4 DUCT 0 33
Total engine pod weight 1882 5 HPC 14 262
6 DUCT 0 2
Engine length 109.0 7 PBUR 0 130
Total engine pod length 128.2 8 HPT 2 193
Engine maximum diameter 38.5 9 DUCT 0 2
Nacelle maximum diameter 45.8 10 LPT 3 269
Engine pod center of gravity location 33.4 15 DUCT 0 0
14 DUCT 0 117
11 FMIX 0 47
12 DUCT 0 0
13 NOZ 0 67
30 - 21 SHAF 0 15
I 22 SHAF 0 60
20 -
| B | =
10 r— B - U\D
- I~
ot 7T T/ e L e ——

40 Lot b e e e b e e b b e b b b L]
-40 -30 -20 10 0 10 20 30 40 50 60 70 80 90 100 110 120 130

Figure 9.—WATE analysis of AE3007 flow path. (All dimensions are in inches and weight is in pounds.)
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TABLE 2—NEPP/WATE AE3007 FLOW CONDITIONS THROUGH

TURBOMACHINERY
Component | Stage | Mass flow, Entrance Entrance Pressure
Ib,/s temperature, | pressure, ratio
°R psia across stage
HPC 1 41.68 638 233 1.34
2 699 31.2 1.30
3 759 40.7 1.28
4 820 52.0 1.26
5 880 65.3 1.24
6 940 80.7 1.22
7 999 98.6 1.21
8 1058 119.0 1.19
9 1117 142.2 1.18
10 1175 168.4 1.17
11 1233 197.7 1.17
12 1290 230.5 1.16
13 1347 267.0 1.15
14 1403 307.4 1.14
Exit v 1465 3519 | e
HPT 1 40.06 2693 329.2 2.01
2 42.62 2319 163.5 227
Exit 42.62 1944 721 | -
15
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Exoskeletal Engine High-Pressure Spool

Figure 10 shows the conceptual design of the exoskeletal drum rotor assembly. Inverting the AE3007
design, the HPC and HPT rotor blades are mounted to the drum rotor and the stator rows are mounted to
a stationary core. The stationary core outlines the rims of the original rotor disks on the AE3007 engine.
Previous exoskeletal engine studies call for the complete elimination of the shafts and disks from the
engine center (ref. 13), which would provide an open channel along the centerline (ref. 14). However, a
stationary core with closed ends has been designed to support the stator blades. An AE3007-like
exoskeletal design provides a convenient break at the LPT since it runs at a slower speed. Conceptually,
the low-pressure spool would drive the fan via a separate drum rotor. The low-pressure spool drum rotor
has been neglected in this study to focus on the exoskeletal high-pressure spool, which has greater
physical demands.

A hypothetical exoskeletal engine assembly is depicted by the Pro/Engineer® model in figure 11, and
the overall dimensions are shown in figure 12. To minimize the complexity of the study, three sections of
the high-pressure spool (the HPC, combustion chamber, and HPT) were converted to an exoskeletal drum
rotor design. The Pro/Engineer® model is intended for use in the conceptual design and analysis of an
exoskeletal construction, and it is not a complete representation of the propulsion system.

Figure 11 shows the high-pressure spool as four sections. The HPC drum rotor assembly is broken
down into two sections to permit material choice flexibility. Figure 13 shows the HPC drum rotor design
in more detail. Graphite polyimide was investigated for the first seven stages where the temperature was
below 600 °F. A titanium drum rotor is used for the last seven HPC stages where temperatures could rise
to 950 °F. Hastelloy™ is used in the combustion chamber and HPT drum rotors because gas temperatures
could approach 2500 °F.

A bearing system is located at each end of the high-pressure spool to support the rotating drum. As
shown in figure 11, the bearings transfer the loads between the drum rotor and the struts and permit
relatively free rotation with minimum friction.

High-pressure

High-pressure ,
turbine drum

compressor
drum rotors —~ eitel Y
// S \
/ S \
/ ~ A
i ~
//
/
//
o < High-pressure
. P turbine rotor
Stationary core — blade
W
e q
. / o
High-pressure /L High-pressure  Combustion / \
Compg|e8§0r4l compressor chamber I’ - High-pressure
rotor blade stator blade drum rotor —' turbine stator
blade

Figure 10.—Conceptual design for AE3007-like exoskeletal engine high-pressure spool.
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High-pressure spool
rotating drum assembly

( Struts

Inlet diameter 38.5
Overall diameter 43.5

Length 110.25 I ‘

First high-pressure , Second high-pressure

compressor drum rotor compressor drum rotor

Bearing locations

Combustion chamber drum rotor High-pressure turbine
drum rotor

Four high-pressure spool sections of drum rotor
Figure 11.—Pro/Engineer® model of AE3007—like exoskeletal engine. (All dimensions are in inches.)
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Figure 12.—Overall dimensions for AE3007-like 