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ABSTRACT

A new concept in aircraft propulsion is described in this work. In particular,
variable jet engine is investigated for supersonic ASTOVL aircraft. This engine is
a Selective Bleed Variable Cycle, twin shaft turbofan. At low flight speeds the
engine operates as a medium bypass turbofan. At supersonic cruise it operates

as low bypass turbofan without reheat.

The performance of the engine and its components is analyzed using a
novel matching procedure. Off-design engine performance characteristics are
explained, compressor running lines are shown, and variable geometry
requirements are described.

The performance analysis shows that fuel savings are significant, thus
reducing aircraft take-off weight. The major advantage of this engine is that all the
components are used continuously for all operating modes, thus incurring low
weight penalties. The benefits predicted by this preliminary investigation indicate
that further research on this engine should be carried out.

The matching procedure developed and described shows itself to be very
effective for two-shaft engines with a fixed geometry LP turbine. The method can
also be extended to three shaft cases with or without a variable geometry LP
turbine.

Extensive development of compressor and turbine design and performance
software has been undertaken.
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NOTATION

- Area

- Aspect Ratio

- Position of maximum camber

- Specific heat at constant pressure
- Axial chord

- Chord

- Annulus drag coefficient

- Secondary drag coefficient

- Lift coefficient

- Non-dimensional speed relative to design (—N/VT__
(N/VT) e

- Dynamic Pressure

- Diffusion factor

- Equivalent diffusion factor

- Mean radius of curvature of the suction surface of the blade
profile between throat and trailing edge

- Isentropic efficiency

- Mach correction factor

- Reynolds correction factor

- Enthalpy

- Blade height

- Trailing-edge boundary layer shape factor

- Corrected boundary layer shape factor

- Incidence

- Minimum loss incidence angle

- Minimum loss incidence angle for a NACA-65 cascade of zero
camber and 10% thickness/chord ratio

- Correction factor
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- Average sand roughness
- Clearance

- Shrouded clearance

- Mass flow

- Coefficient (Carter’s rule)
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N/ m? 1 (8I)

- Non-dimensional mass flow

- Mach number
- Operating speed line
- Rotational speed

- Non-dimensional rotational speed

- Width of the throat between blades
- Total pressure

- Pressure ratio relative to maximum efficiency
- Surge pressure ratio

- Choke pressure ratio

- Leading and trailing edge radii

- Reynolds number

- Cntical Reynolds number

- Space/chord ratio

- Surge improvement

- Space (pitch)

- Total temperature

- Maximum thickness

- Trailing edge thickness

- Blade speed

- Velocity

- Axial velocity

- Maximum suction-surface velocity

in the graph



Vs - Whirl velocity

w - Non-dimensional mass flow
i - Loss (turbine)
Y, - Total loss coefficient (turbine)

Y:er - Trailing edge loss multiplier

Z - Surge margin parameter z=ﬂ
PR_-PR,_

GREEK LETTERS

o - Air angle

o - Inlet air angle

B - Blade angle

B, - Exit stator blade angle

Y - Specific heat ratio

A - Increment

An - Efficiency drop

o - Deviation

£ - Deflection

4 - Stagger angle

n - Isentropic efficiency
0 - Blade camber angle

O - Flare angle
®, /c) - Wake momentum thickness
(6, /c), - Corrected wake momentum thickness

A - Supersonic turning angle
v - Absolute viscosity

P - Density

o - Cascade solidity

(o) - Flow coefficient

¢, - Restagger angle

\} - Stage loading coefficient
® - Loss



SUBSCRIPT

1 - Inlet cascade
2 - Outlet cascade
A - Annulus

ad - Adiabatic
crit - Critical

F - Fixed geometry

i - Annulus inlet plane (turbine)
k - Clearance

m - Mean

max - Maximum

n, - Inlet annulus area
n2 - Exit annulus area
o - Nozzle exit (turbine)

Opt - Optimized

P - Profile

R - Rotor

S - Stator

SD - Secondary

SL - Stall

ST - Stage

Set - Vanable geometry
SH - Shock

t - Throat

T - Total

tipcl - Tip clearance



ABBREVIATION

ASTOVL - Advanced short takeoff and landing
AB - Afterburner

ALT - Altitude

BPR - By-pass ratio

DCA - Double circular arc

DP - Design point

HP - High pressure

HPM - High pressure mode

HTP - High pressure turbine

IP - Intermidiate pressure

IPR - Intermidiate pressure compressor pressure ratio
IGV - Inlet guide vane

LP - Low pressure

LPR - Low pressure compressor pressure ratio
LPM - Low pressure mode

LTP - Low pressure turbine
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NGV - Nozzle guide vane
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RPM - Rotation per minute
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TET - Turbine entry temperature

VCE - Variable cycle engine
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CHAPTER 1

Introduction

The design of an aircraft engine is a compromise between the various
operational requirements of the mission it is expected to fulfil. When engines are
required to operate over wide ranges of flight speed and altitudes this
compromise becomes progressively more difficult because to be able to achieve
all the required mission criteria, the engine designer has to accept certain
penalties at each operating point. As the range of operating conditions increases,
the penalties become progressively larger. To partly overcome these penalties,
the engine flexibility can be increased, by employing the Variable Cycle Engine
(VCE) concept. This requires hardware that will operate with radically different
thermodynamic cycles at different operating points. The most common example
of such an engine is the afterburning turbojet or turbofan. The afterburner
provides large thrust increases for a short (with one exception) period of time at
the expense of specific fuel consumption (SFC). When supersonic cruise at Mach
1.5 - 2 is considered, the afterburning engine becomes very expensive in terms
of SFC. In this case a jet engine operating in the 'dry’ mode becomes very
attractive. This engine can be a turbojet or a low bypass ratio turbofan. When the
aircraft is required to operate at subsonic speeds, the best option is a high
bypass ratio turbofan because it gives good fuel economy.

Different power plants exhibit varying characteristics for different flight
Mach Numbers. Figure 1.1 shows the variation of specific fuel consumption with

this parameter. The main cause for this variation is the increase of the inlet
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momentum drag with flight speed. This Figure shows that for different flight

regimes one power plant may be better than another with respect to fuel
consumption and other criteria, such as specific thrust. Thus it would be desirable
to be operating different engines at different speeds. If the thermodynamic cycle
of the engine can be varied, mainly by decreasing bypass ratio as flight speed
increases, this aim of operating different engines can be achieved. This is the
philosophy behind the variable cycle engine, which requires hardware that will

operate with radically different thermodynamic cycles at different operating points.

The driving force behind the research into Variable Cycle Engines has
been the desire to optimise an aircraft engine at two or mofe design points,
perhaps at opposite extremes of the flight envelope. The fixed cycle engine can
only be optimised at its one design point, all other running points being off-
design. Modern military engines particularly are expected to operate over a wide
flight envelope, in which an engine optimised for one design point may operate
very inefficiently at another running point or, more seriously, prevent the aircraft
from operating there at all. This means that cycle variation may be used not only
to benefit performance parameters such as thrust and SFC, but also may be
used to improve engine handling or response times.

There are several potential applications of VCEs in military and commercial
missions. This work is particularly concerned with military application for
supersonic Vertical or Short Take-Off and Landing (V/STOL) fighter aircraft.

Supersonic V/STOL fighter aircraft requires propulsion systems which
produce thrust well in excess of aircraft weight, for powered lift and control, and
which can be integrated into an aerodynamically efficient air frame. The powered
litt requirements, plus the flight performance requirements of fighter missions,
result in extensive compromises in the cycle and scheduling of a fixed cycle
engine ( Figure 1.2 shows some of the internal engine schemes for both hover
and cruise). These compromises have resulted in high take-off-gross- weight and
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relatively poor payload and range performance in many V/STOL aircraft design.
Because of their inherent operational flexibility, VCEs are being studied for
V/STOL aircraft. Some results indicate that some VCEs concepts offer cycle
flexibility, reduced fuel consumption, improved performance and the ability to

obtain takeoff thrust without associated penalties over the rest of the mission.

Despite the variety of variable cycle engine concepts for civil and military
application this work is concerned with the study of a new one entitled Selective
Bleed Variable Cycle Engine for Advanced Short Take-Off and Vertical Landing
(ASTOVL) multi-mission fighter aircraft. It has been suggested by Adkins and
Pilidis (1) and a preliminary study has been carried out by Gammon (2). Figure
1.3 shows a sketch of the Selective Bleed Variable Cycle Engine studied herein.

The Selective Bleed Engine comprises a two spool gas generators with
two turbines (high and low pressure turbines), and three compressors (low,
intermediate and high pressure compressors) with LP and IP compressors at the
same shaft, in which it is possible to bleed air from either the LP compressor
delivery or from the IP compressor delivery. At subsonic speed the air bleed is
taken from at the back of the LP compressor and it can be directed either
vertically downwards through a vectoring front nozzle or expanded, to give thrust
in the conventional direction, through a nozzle at the rear of the aircraft. At the
supersonic speed the air bleed from the LP compressor is shut and another air
bleed is opened at the back of the IP compressor. It is expanded through a
convergent-divergent nozzle, mounted on the top of the core rear nozzle. The

engine operates in three principal modes:

i- vertical flight
ii- loiter and subsonic cruise
lii- supersonic cruise and dash.
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The engine operates as a turbofan of medium bypass ratio at subsonic
flight conditions and it operates as a low bypass turbofan at supersonic cruise.
Full details of the Selective Bleed Engine operation are given in Chapter 2.

This work describes a technique that allows the assessment of the engine
performance based on the operability of the components. The method described
treats fixed geometry turbines, and it can be easily extended to include the

treatment of variable geometry turbines.

One of the greatest challenges, during the design phase, is how to
optimise the various cycles and then to match them to the capabilities of the
components which make up the engine.

Finally, a general matching method procedure is developed as part of this
work. The method described is based on thermodynamic relationships and

component characteristics. An example is included to illustrate the procedure.

1.1- Aim of the Work

The aim of this work is, in particular, concerned with overall engine
performance analysis of a new variable cycle engine concept in order to identify
its performance benefits. This involves cycle modelling study, engine optimization,
matching for subsonic and supersonic modes, design and off-design performance
for the specified mission and thrust requirements. In addition, the study includes
compressor design, variable geometry and performance, turbine design, engine
overall performance, and the creation of a computational model which will be able
to predict the performance map for axial flow turbines. One of the products has
been the geneses of an outlined performance analysis procedure for variable
cycle jet engines.



1.2- Bibliographic Review

There are very few works published, in the public domain, on variable
cycle engines. The majority of work have been dealt with different design
concepts and potential applications. There is very little previous work assessing

the component performance and feasibility of such engines.

The review carried out herein intends to show the tendency and analysis

accomplished so far of some VCEs concepts.

Armstrong and Higton (3) have studied some aspects of variable cycle
propulsion systems. Their work offers a broad discussion of the incentives, design
features, problems and prospects of variable cycle gas turbine powerplants,
illustrated by a number of potential applications considered in studies at N.G.T.E..
The assessment of such discussion has been carried out on the increase of
thrust capability, subsonic civil transports, military combat aircraft, fuel economy
and noise reduction. They have found that the launching costs of new
aeronautical projects have reached high levels in relation to available resources,
even for collaborative ventures between major partners, and valuable benefits of
the variable cycle need to be in prospect, together with a good level of
confidence in the success of the proposed development. This confidence,
according to them, depends largely upon the availability of a basis of practical
experience of the design feature in question and for the future, the variable cycle

will continue to face strong competition from the alternative solution.

Facey and Glaser (4) have worked in a programme entitled the "Variable
Cycle Engine Selection Program", sponsored by the Naval Air Propulsion Test
Centre, which has sought to determine the impact of VCE on advanced V/STOL
multi-mission fighters. The studies involved a description, a summary of current
results, and the conclusions drawn from the initial phase of the programme. The
results from the simplified analysis procedures, used in the first phase of the
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programme, have shown a potential reduction of approximately 10% of take-off-
gross-weight which was sufficient to guarantee proceeding to the next phases of
the programme. In addition, the most promising VCE concepts were the Detroit
Diesel Allison Variable Geometry Turbofan and General Electric Modulating
Bypass Turbofan engines. They also found that an aircraft, which performs
several missions of diverse nature will benefit from the use of a variable cycle

engine.

Willis (5) has carried out a review on the progress and current status of
variable cycle engines for supersonic cruise aircraft. The studies for supersonic
cruise aircraft research engines were designed to identify rhé most promising
VCE concepts and define their advanced techriology requirements. The review
has also included the presently-favoured variable cycle engines, which are two
P&W concepts derived from a duct-burning turbofan and two GE engines based
on a mixed-flow turbofan. It has revealed that VCEs may be prohibitively
complex, heavy and expensive unless significant design and technology
advances are accomplished. His work has concluded that the final choice among
the current VCE candidates will depend on application and installation factors as
well as further engine study/design and technology efforts.

Boxer, Morris, and Foss (6) have assessed VCEs for supersonic transports
under the NASA Supersonic Cruise Aircraft Research Program. Their work
evaluated each of three proposed supersonic cruise aircraft research propulsion
systems in terms of relative aircraft range for a fixed payload and take-off-gross-
weight with a design cruise Mach number of 2.7. A comparison of these engines,
in order to put the performance of these engines in perspective, and the former
U.S. SST engine (GE4) was made with an idealized variable cycle engine whose
performance at all operating points matches that of an optimized point-design
cycle within specified limits. In addition, range comparisons were made with and
without noise level constraints to determine the influence of noise upon cycle
selection. They have come to the conclusion that critical areas, for instance
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rotating engine components which provide the flexibility to accept wide variations
in flow with acceptable efficiency and surge margins, require new or improved

technology for each VCE.

Military aircraft which require to operate far from the engine design point
may have significant improvement of engine performance by cycle changes
allowing operation nearer the design point. Hatton and Swann (7) have carried
out a examination of cycle changes. They have illustrated the effecf of
representative losses due to cycle and geometric changes and with the inclusion
of these not all the cases examined indicated success for VCEs. Their work was
restricted to conventional aircraft and engines of moderate bypass ratio designed
at sea level static conditions. They have found that the throttled specific fuel
consumption may only be improved by variables if the high pressure turbine
capacity, the most difficult, is varied. Then, high forward speeds, good prospects
exist for increase of thrust up to 10% by varying nozzle and mixer areas.

Payzer (8) has discussed the potential applications for VCEs as well as the
payoff, constraints on these engines both from a totally installed aspect and the
internal engine restrictions. The outcomes were that installation effects, mission
sizing effects, component complexity and off-design operation, as well as weight,
all place limitations there-on to the degree of flexibility that can be achieved in an
installed engine. Furthermore, the next generation of engines for multi-mission
use could very well be VCEs if their increased weight, complexity and cost are
more than offset by reduced aircraft size, cost, more flexible practical operation
and greatly reduced fuel usage.

Allan (9) has published a review on the General Electric Company Variable
Cycle Engine Technology Experimental Program, under contract from the
government, which began in 1974. This program was established to test VCE
features designed to improve mixed mission (supersonic/subsonic) propulsion
system installed performance. He has pointed out most of the concepts identified
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in the early stage have been feasible from an engine cycle standpoint, but have
suffered from severe mechanical complexity and high weight and cost
implications which overcame the cycle advantages. Later on, after studies, GE
found two of the most promising variable cycle concepts, which were the Single
Bypass Variable Cycle Engine and Double Bypass Variable Cycle Engine. The
Single Bypass VCE is the simpler of the concepts, and is basically a low bypass
ratio turbofan engine with a variable mixing device in the turbine discharge
section of the engine called a variable area bypass injector. The Double Bypass
VCE extends this capability with the design objective to eliminate spillage drag
at subsonic cruise reduced power and during the transonic climb and acceleration
operating conditions. The studies, design, fabrication and testing of VCE’s have
resulted in the advancement of the technologies required for successful
application of the components identified as critical to the operation of the single
and double bypass VCE concepts.

A similar work, under General Electric Company, has been carried out by
Brown (10). His work has assessed a selected VCE called Double Bypass
Variable Cycle Engine, which was considered the most promising concept to
meet mission range and noise goals. The selection was based on a study with
engines installed in an engine company in-house airplane and mission analysis
results. The double bypass VCE selected is a relatively simple VCE concept. It
is basically a low bypass ratio, two shaft turbofan engine with variable cycle
features that allows the setting of engine controls to achieve installed
performance levels better than a conventional mixed-flow turbofan engine. It is
designed to operate at supersonic cruise ( Mach numbers that are within 2.2 to
2.7) with dry power settings, and at transonic climb with low temperature
augmentation power settings. The assessment on the VCEs was for a fan
pressure ratio between 3.7 and 4.5, an engine overall pressure ratio between 14
and 20, and a bypass ratio between 0.2 and 0.5. The resuits revealed that the
double bypass VCE concept has the flexibility of matching a wide range of
supersonic cruise .aircraft characteristics, design Mach numbers, inlet
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characteristics, and takeoff requirements. This VCE concept is a relatively simple
propulsion system, but it was found that, it must be fully integrated with aircraft

requirements to fully exploit its performance advantages.
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CHAPTER 2

The Selective Bleed Engine

(Design and Off-design Performance)

2.1- Introduction

The engine optimization is a very important phase of the design to select
the design point parameters as well as to achieve a good off-design performance.
Therefore, a right selection of design point parameters leads to a significant
engine overall performance.

In this Chapter, the optimization and selection of the design point
parameters, and matching of operating modes have been outlined for the
Selective Bleed Engine. The preliminary off-design performance has been
assessed by means of a comparison of the Selective Bleed Engine to a standard
Turbofan. It has shown that SFC of the Selective Bleed Engine is significantly
better than that of the standard Turbofan in all modes.

Finally, this Chapter has provided data for the design and off-design
performance of the engine components, which, therefore, has a significant

influence in the final engine overall performance assessment.



2.2- The Aircraft Mission

11

The Selective Bleed Variable Cycle Engine Figure 2.1 has been designed

with an ASTOVL aircraft in mind. This aircraft is meant to take off from a very

short runway, cruise economically at Mach 1.5 or 1.6, loiter at Mach 0. 6, and land

vertically.

Table 2.1 shows the thrust requirement for this type of engine ( A full data

presentation is in Table A.1, Appendix A ), where for several operating points in
the flight envelope, the specific excess thrust (S.E.T. ), and the thrust are shown.

Point Alt. Mach No S.E.T. Velocity Thrust
(Km) (m/s) (m/s) (KN)
1 9 1.5 0 456 100
2 0 0.9 0 306 102
3 0 0.5 0 170 92
4 0 0.9 0 306 74
) 6 0.9 0 285 101
6 6 1.2 0 380 135
7 9 1.4 150 425 121
8 9 1.5 0 456 81
9 0 0.9 300 306 174
10 6 0.9 190 285 113
11 0 1.1 0 374 144
12 11 1.6 0 472 68
13 0 0.0 0 0 146
14 9 0.65 0 197 13
(Loiter)
15 9 0.78 0 236 14
(Range)

TABLE 2.1 ASTOVL Aircraft Thrust Requirements.
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The particular mission that the aircraft was designed to fulfill has been
simplified to the sequence of operating points shown in Table 2.2.

2.3- The Selective Bleed Engine

The Selective Bleed Engine is a jet engine designed to achieve three
widely differing missions satisfactorily. These missions are good SFC at low flight
Mach numbers, good thrust split, and supersonic cruise at Mach 1.5 with a dry
engine. To achieve these goals the engine has two modes of operation, the LP
(low pressure) mode and the HP (high pressure) mode. The nomenclature
indicates the pressure of the bypass flow: in the LP mode the bypass flow is-split
from the core flow at LP compressor delivery, while in the HP mode from the IP

compressor delivery.
Take-off (pt 13) 1 min
Subsonic cruise (range) 25 min
Loiter (loiter) 60 min
Supersonic cruise (pt 8) 10 min
Subsonic cruise (range) 38 min
Vertical landing (pt 13) 1 min

TABLE 2.2 Typical ASTOVL Aircraft Mission.

The Selective Bleed Engine is a two-spool engine (Figure 2.1). It has.two
compressors in the LP spool and one compressor in the HP spool. These
compressors are the LP, IP and HP compressors respectively. Each spool is
driven by its turbine; the HP turbine drives the HP compressor and the LP turbine
drives the IP and the LP compressor. This configuration proved to be the best
after trials with two other spool engines, and with two and three compressors.
One of the main criteria for its selection was the good matching of the operating
conditions in the two operating modes. The study has been carried out with

turbines which are of a fixed geometry. Variable geometry turbines would
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increase greatly the flexibility of the power plant but the author decided to reduce
the technological risk by choosing fixed geometry turbines in the first instance.
If further studies indicate the need, a variable geometry LP turbine may then be
adopted.

As stated above the engine will operate in two modes, the LP and the HP
mode (Figures 2.1a and 2.1b, respectively). For subsonic speeds the bypass and
the core flow will be split immediately downstream of the LP compressor. This
is the LP mode of operation with the LP valve open and the HP valve closed
(Figure 2.1a). In these circumstances the engine will operate as a turbofan with
a bypass ratio of 1, ie with a high mass flow, a low SFC and a low specific thrust;
these characteristics being suited to subsonic flight conditions. The high bypass
mass flow will also give a good thrust split between cold and hot (front and rear)
streams, a pre-condition of V/STOL operations. In the LP mode the Jjets will be
discharged through separate front and rear nozzles. One of the constraints
imposed cn the engine has been a jet temperature limit of about 1000 K during
the V/STOL operating modes, because of ground erosion problems. For
supersonic cruise, a cycle with high specific thrust will be required. This is
achieved in the HP mode by reducing the bypass ratio to 0.4 and increasing the
bypass flow pressure ratio. The split between bypass and core flows now takes
place just downstream of the IP compressor, with the LP valve closed and the HP
valve open (Figure 2.1b). The cold and hot flows are not mixed downstream of
the bypass duct and the core, and they are then discharged through a separate
nozzles. The engine is a turbofan with a low bypass ratio, a cycle suitable for
supersonic cruise. The engine has an afterburner fitted to it for conditions, such
as combat, where a thrust boost is required. Table 2.3 illustrates the main cycle
characteristics of both the LP and the HP modes. The selection of design points
was carried out using a procedure (described in the next sections ) that simplifies
the process of matching and optimising the two cycles.
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2.4- S.B.E. Design Point Optimization

As mentioned in the previous section, the Selective Bleed Variable Cycle
Engine was split into two modes of operation. Each one is considered as a single
cycle engine and they have to have their on design point conditions separately.
Therefore, the simulation and optimization have been carried out in each mode
and the design point conditions for each mode were selected as follows:

Conditions LP mode HP mode
Altitude (km) 0 6
Mach Number 0 1.2
Turbine entry temperature (K) 1500 1800
Fan pressure ratio 3.0 6.2
Compressor pressure ratio 8.7 4.1
Bypass ratio 1.0 0.4
Mass flow (kg/s) 331 243
Thrust (kN) 173 134
Specific thrust (m/s) 524 552
SFC at design (kg/MNs) 16 31
Front/Rear thrust split 0.7 n/a

TABLE 2.3 Engine Cycle Details

i) LP mode - Sea Level Static (S.L.S.). This is the condition where the sea

level static hover at the end of the sortie needs to be accomplished

without reheat, due to the ground erosion and the possibility of hot gas
reingestion.

i) HP mode - Altitude 6km and Mach number of 1.2. This is the condition
that suits best the engine matching at the supersonic speed. It is explained
in section 3.3.1.1, Chapter 3.
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The design point and off-design performance, and optimization of the
Selective Bleed Engine were simulated with the TURBOMATCH scheme, a
software system developed at Cranfield Institute of Technology which can
simulate any type of open cycle gas turbine engine. The programme was
originally written by Macmillan (11) and subsequently enhanced by Palmer (12).

The programme links a series of thermodynamic subroutines, each
representing a different engine component such as a compressor or turbine. Each
subroutine takes specific input data and results from previous subroutines to
calculate output data. So that, the programme calculates the full range of engine
performance parameters both for design point and, using simultaneous iteration
techniques to calculate residual errors, for off-design performance.

Before optimization, it was necessary to draw the TURBOMATCH
configurations for the LP and HP modes. These configurations can be seen in
Figures 2.2 and 2.3 for LP and HP modes, respectively. With the help of these
configurations, the required TURBOMATCH input data were prepared for each
of the operating modes and they can be seen in Figures B.1 and B.2, Appendix
B. During the preparation process of input files, some standard values were
required and they were selected as follows:

Inlet conditions - ISA
Compressor Isentropic efficiency - 88%
Combustion total pressure loss - 3%
Combustion efficiency - 100%
Turbine isentropic efficiency - 90%
Pressure loss in unheated duct - 2%
Pressure loss in reheated duct - 3%
Reheat combustion efficiency - 90%

This selection was sought from the most recently developed fighter aircraft
engine and predictions as to the likely progress of specific technologies over the
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next ten to fifteen years.

Following the preparation of TURBOMATCH input data, the rest of the
parameters such as Bypass Ratio (BPR), Overall Pressure Ratio (OPR), and
Turbine Entry Temperature (TET) were obtained in the optimization process. The
optimization of them somehow depends on some of the constraints imposed on
the engine, related to engine-aircraft integration, in particular:

i) Runway erosion and hot-gas reingestion. Runway erosion may result

from the hot, high velocity engine exhaust during powered-lift operation.
The gases will also be reingested into the inlet, resulting in degraded
engine performance.

if) Engine location. Engine location is related to the balance problem. It
can be exemplified by transition to hover, which requires acceptable
stability during airborne flight and a balance of thrust moments during jet-
borne flight. Successful hover balance depends primarily on insuring that
thrust centre coincides with the centre of gravity.

iii) Matching conditions (see Chapter 3).

A series of design point calculations covering a suitable range of the
remaining parameters have been carried out with TURBOMATCH by using its
loop facility, as can be seen in Figures B.1 and B.2, Appendix B. Such
calculations were made for the selected flight conditions of forward speed and
altitude of each mode as stated earlier.

The following subsections have been introduced as the optimization
procedure of the remaining parameters considering the limits imposed by the

constraints and matching conditions.
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2.4.1- Bypass Ratio

The bypass ratio of each mode was carried out independently as follows:
2.4.1.1- LP mode

Figures 2.4 and 2.5 are a typical variation of Specific Fuel Consumption
(SFC) with specific thrust for TET of 1500K and 1750K, respectively, and with
OPR of 14, 16, 20, 26, 30 (Figure 2.4), and 12, 14, 16, 20, 26 (Figure 2.5) and
BPR of 1.0, 1.5, 2.0, and 2.5 as parameters.

Comparing both Figures, it can be observed that the values of SFC are
lower in Figure 2.4 than those in Figure 2.5 at a constant OPR. In both Figures,
the SFC reduces as OPR increases at a constant BPR without a significant
change in specific thrust and at a constant OPR, it reduces as BPR increases at
the expense of a significant reduction in specific thrust.

Due to the Selective Bleed Engine being a design for military aircraft with
supersonic capability, a small BPR of 1.0 was selected in order to keep the
frontal area down, to satisfy the compressor operating conditions and engine
matching requirements and to meet the engine-aircraft integration, which requires
BPR ranges from 0.6 to 1.4 (Reference 13). The other two values selected were
OPR of 26 and TET of 1500K. The selected design parameters are represented
by point A in Figure 2.4.

A higher BPR reduces SFC and increases the inlet mass flow for a given
design thrust requirement. However, the engine inlet frontal area would be larger,
making engine-aircraft integration difficult, and would increase the gap between
compressor running lines resulting in the engine operation becoming impossible
even with compressor variable stator biades.

Another aspect to be considered, it is that of front/rear thrust ratio. It is
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important for engine-aircraft integration. Figure 2.6 shows the variation of
front/rear thrust ratio with LP compressor pressure ratios for BPR of 0.8, 1.0, and
1.5. It can be seen in Figure 2.6 that at constant pressure ratios, F/R thrust ratio
increases significantly with increasing BPR. At a constant BPR, an increase in
pressure ratio causes increase in F/R thrust ratio. An F/R thrust ratio between
0.67 and 1.5 (Reference 13) has been considered as a good range of its
selection. The final value is a result of interaction of the aircraft and engine
design. Lower values cause the engine to be located nearer the front of aircraft

and higher values nearer the back.

It is important to select a suitable LP compressor pressure ratio, which
also depends on the matching between the two modes. Thus, the author has
selected a range of LP compressor pressure ratios, for BPR of 1.0, between 2.0
and 3.5.

2.4.1.2- HP Mode

As in section 2.4.1.1, Figures 2.7 and 2.8 are also a typical varation of
Specific Fuel Consumption with specific thrust for TET of 1700K and 1800K,
respectively, and with OPR of 20, 26,and 30 , and BPR of 0.3, 0.4, 0.6, 0.8, and

1.0 as parameters.

The same analysis carried aut in section 2.4.1.1, on the behaviour of SFC
with BPR, OPR, and TET, is still applicable in this section. BPR of 0.4, OPR of
26, and TET of 1800K have been selected for this mode and they are
represented by point B in Figure 2.8. Again the selection was made looking at the
matching condition, low inlet mass flow and turbine blade cooling. The air cooling
is bled at the exit of the HP compressor and goes to the turbine blades. An OPR
over 26 implies high temperatures ( A maximum of 900K is allowed for cooling)
in the last stages of HP compressor HP mode, making the turbine blade cooling
difficult.
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2.4.2- Ground Erosion

As stated before, ground erosion is caused by high velocity and hot
temperature at the engine exhaust during the takeoff and hover. Figure 2.9 shows
the variation of rear nozzle exit temperature with LP compressure pressure ratio
for BPR of 0.8, 1.0, and 1.5 at LP mode. It can be seen that nozzle exit
temperature reduces with the increase of pressure ratio at a constant BPR and
the same occurs with BPR at a constant pressure ratio.

To keep the ground erasion under control, it is suggested, in the public
domain, that the nozzle exit temperature should be below 1000K. Therefore, the

selected value for LP mode paramefers had to meet this requirement also.
2.4.3- LP Compressor Pressure Ratio Optimization

SFC may be further optimized by increasing to some extent the LP
compressure pressure ratio. Typical variations of SFC with LP compressor
pressure ratio for BPR of 0.8, 1.0, 1.5 can be seen in Figure 2.10. At a constant
BPR, the SFC does not change significantly with increasing pressure ratio, as it
does with increasing BPR at a constant pressure ratio. Therefore, an increase in
the pressure ratio at a constant BPR will not affect substantially the SFC.

2.5- Cycle Matching

The matching of LP and HP modes has been carried out in Chapter 3 with
optimized parameters selected in the previous sections, which were:

LP mode HP mode
BPR=1.0 BPR=0.4
OPR=26 OPR=26

TET=1500K TET=1800K,
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The method deals with fixed geometry turbines, which at the design point
normally operate choked. It means that the non-dimensional mass flow of these
turbines has reached its maximum value. Because the turbines are choked at the
design point, the non-dimensional mass flow of each turbine must be the same
in the two cycles being analyzed. This process of ensuring the equality of
non-dimensional mass flow is called matching. Once this equality of turbine mass
flows is achieved, the compressor operating lines of the compressors have to be
generated and checked that they can be delivered by one compressor, with or
without variable geometry. This compressor evaluation was executed in the

following section for LP, IP and HP compressors.

2.6- Compressor Map Evaluation

One of the main features of the matching method procedure, in Chapter
3, is to allow the variation of compressor pressure ratios without losing the
matching. Therefore, the LP compressor pressure ratio was chosen within the
range 2.0 to 3.5 based on the analysis carried out in Figures 2.6, 2.9, and 2.10.

For each pressure ratio selected, the compressor operating lines of
compressors have to be generated and checked whether they can be delivered
by one compressor, with or without variable geometry. The running lines were
obtained from TURBOMATCH output data by running it for each mode with the
chosen compressor pressure ratios and optimized parameters, for the given
mission profile (Table 2.1).

As a result of compressor performance analysis (section 3.3.2.1, Chapter
3), the compressor running lines for each compressor have been accomplished
and they can be seen in Figure 2.11 for LP, IP, and HP compressors. The design
pressure ratios of each mode were found to be for:



21

LP mode HP mode
LP compressor PR=3.00 LP compressor PR=2.10
IP compressor PR=2.41 IP compressor PR=3.13
HP compressor PR=3.60 HP compressor PR=3.96

As can be seen in Figure 2.11, the running lines (LP and HP modes) in the
LP and IP compressors are not aligned. Therefore, this requires compressors
with variable stator blades to operate. However, the HP compressor does not
present the same problem with its running lines.

2.7- Off-design Performance

Having determined the design point parameters, the off- design
performance of the Selective Bleed Engine was simulated with the
TURBOMATCH for the mission profile in Table 2.1 ( full TURBOMATCH output
data for LP and HP mode can be found in Figure B.3 and B.4, Appendix B). The
analysis of the off-design performance was carried out for Thrust and SFC, with
variation of TET and Flight Mach Number. Figure 2.12 shows the thrust produced
by the engine in both modes as the Mach number changes. Reheat is available
only in the HP mode of operation. Figures 2.13 and 2.14 show the change of
thrust and SFC as throttle setting changes. In this cases throttle setting is
represented by TET. It can be observed, as in all gas turbine engines, that there
is a very large change of thrust with TET. Figure 2.14 shows the change of SFC
with TET. The influence of TET on SFC, in both operating modes, is similar to
any other jet engine. Figure 2.15 shows the change of SFC with thrust. Again the
curves are similar to that of any other jet engine.

2.8- Assessment of the Selective Bleed Engine
To assess the performance of the Selective Bleed Engine, a simulation of

an alternative power plant of traditional design, a reheated Turbofan with
BPR=1.3, OPR=16 and TET=1800k, was carried out, using TURBOMATCH (The



22

reheated Turbofan used for comparison is not upgraded version of the Rolls
Royce Pegasus engine, its performance has to be optimized and reassessed).
This Turbofan has to carry out the same mission as the Selective Bleed Engine,
so one of the main constraints is engine performance in the hovering mode. This
constraint requires a Turbofan of a medium bypass ratio. The supersonic cruise
condition is met by using the afterburner. As a result a Turbofan with the
characteristics stated above was selected as a standard for comparison. As a
consequence the main difference between the two engines manifests itself in the
supersonic cruise mode where one engine is in the HP mode dry condition and
the other is employing the afterburner. The standard Turbofan operates at a
higher TET than the Selective Bleed Engine in the LP mode, but both engines
operate at the same TET for high speed operation. A comparison of the
performance of the two engines is shown in Figures 2.16 and 2.17. It can be
seen that the Selective Bleed Engine LP mode can achieve higher levels of thrust
than a conventional Turbofan (Figure 2.16). The LP mode can achieve
significantly higher levels of thrust than the Turbofan in the dry mode up to Mach
number 1, mainly because it has been designed for lower TET so there is a
significant TET margin which can be usefully employed. The HP mode in reheat,
due to the higher nozzle pressure ratio can achieve a higher level of thrust than
the Turbofan in the reheated mode. The HP mode running dry is halfway
between the dry and afterburning output of the Turbofan. Figure 2.17 shows the
comparison of the SFC for the Turbofan and the Selective Bleed Engine. It can
be seen that the SFC of the Selective Bleed Engine is significantly better than
that of the Turbofan in all modes.

When analyzing the fuel consumption required to accomplish the mission
outlined in Table 2.2, it was found that the Selective Bleed Engine saved 337 kg
of fuel (As the mission fuel bill calculation indicates in Table 2.4), this being
approximately 8.49 percent of the total fuel consumption. The largest difference
in fuel consumption manifests itself in the supersonic cruise leg, which if
increased would further increase the fuel savings.
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Table 2.4 also shows a comparison of the Selective Bleed Engine to a
standard Turbofan with a mission fuel bill greater than that of the Selective Bleed
Engine. The number of mission phases with reheat for a standard Turbofan has
been shown to be considerably larger than that of the Selective Bleed Engine.

The main disadvantage of the Selective Bleed Engine, is that due to the
requirement of having to cruise at Mach 1.5 in the dry mode, it will require a
larger compressor mass flow and therefore a larger compressor face area.
Reheated engines achieve high levels of thrust because specific thrust is very
high. A dry engine will have a lower specific thrust, so mass flow and hence
frontal area are going to be higher. In this particular case the compressor face
diameter of a standard Turbofan will be approximately 15 percent smaller than
that of the Selective Bleed Engine. Naturally this larger compressor face is going
to have an impact on total aircraft drag that needs to be quantified.

Selective Bleed Engine Standard
Turbofan
Mission Fuel Bill [kg] 4440 4777
Mode LP mode HP mode -me——e
Design point S.L.S. 6km & M=1.2 S.L.S.
BPR 1.0 0.4 1.3
OPR 26 26 16
TET [K] 1500 1800 1800
m [kg/s] 331 243 248
Hot nozzle temperature 883 | e 1299
[K]
Thrust split F/R 0.76 | - 0.58
Number of mission phase
with reheat 1 8

Table 2.4 Engine Comparison Data
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CHAPTER 3

Matching Method

3.1- Introduction

The performance analysis of the Selective Bleed Engine has been carried
out in the previous Chapter. One of greatest problems faced in this work was how
to perform the engine calculation using a computer programme which was
developed for single cycle engines. The VCE combines two cycles within the
same engine body. In fact, cycle matching is the most crucial matter in VCE

because component design requirements depend on cycle data.

A survey of the literature was undertaken to establish how the problem had
previously been dealt with and it was revealed that little research has been
carried out in this direction. Most of the technology research is regarded as
generic particularly in areas such as low weight, materials, pollutant emissions,

performance and new design concepts.

The most recent study in cycle matching was carried out by Williamson
(14). In the present Chapter his method is demonstrated and its advantages and
disadvantages are assessed.

As a result of the difficulty of engine optimization encountered in
Williamson’s method, a new technique has been developed. The new method,
presented here, enables the designer to match the cycles and to improve
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compressor operating conditions without affecting engine optimization.

Pre-assessment of the design point of each mode on the compressor map
was carried out to help the designer locate the running lines in the compressor
operating range. The method described covers fixed geometry turbines. However.
it can easily be extended to include the treatment of variable geomeltry turbines.

3.2- Williamson’s Method

Williamson’s method is based on making sure that the non-dimensional
mass flow of each turbine is the same in the two operating modes. That is, the
turbine is assumed to be choked at the design points for each mode. Hence the
size of the engine is determined by turbine components alone. This then ensures
that variable geometry is not necessary in the turbine but is automatically
introduced for the compressors.

Mathematically the method can be written as follows:

for HP turbine

(mP Dipn=( mP ripm (3-1)
and for LP turbine

(¢ myT (3.2)

where m, T, and P are the inlet mass flow, total temperature and total pressure,
respectively. LPM and HPM stand for LP and HP modes, respectively.

The systematic method is achieved by using the computer programme
(TURBOMATCH) which allows the design point looping for each operating mode.

The matching procedure consists of a run at each mode whilst varying the
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bypass ratio, compressor pressure ratios and turbine entry temperature until the
turbine non-dimensional mass flows match. Figure 3.1 shows a set of design
point loops for both LP and HP modes ( Two shafts, two compressors and two
turbines) which were carried out in "TURBOMATCH". Figure B.1 and B.2, in
Appendix B, are examples of how the "TURBOMATCH" input file should be
prepared to get the result for each mode. The set of curves in Figure 3.1 stands
for a set of design point loops, so that the intersection point is the matching point
in which each mode should be performed. In Figure 3.1 there are two curves
which overlap and more intersection points may be chosen. However, the
intersection point is only achieved by a trial and error procedure. Point A was
chosen as an example to demonstrate the method. Once the intersection point
is reached the compressor characteristics are obtained from the compressor
operating conditions. If the gaps between design point conditions for both modes
of the compressor operation are large, the VCE is not feasible even when both
compressor and LP turbine have variable geometries. Figure 3.2 is an example.
This shows the characteristics for both LP and HP compressors as a result of the
matching condition of Figure 3.1. As can be seen in Figure 3.2, the LP
compressor pressure ratio change from LP to HP mode makes the operation

impossible.

If the compressor operating condition is not satisfied the process must be
repeated. Otherwise, it is very time consuming and an improved operating
condition may well not, in fact, be achieved.

The advantages of Williamson's method are twofold. Firstly, it is easy to
manage when a computer program like "TURBOMATCH" is available and
secondly, it can be used for different types of VCE.

The disadvantage lies with engine optimization because even if the
compressor operating conditions are accomplished, it does not mean that the
VCE is optimised as a whole in terms of SFC and specific thrust. The
optimization is a function of by-pass ratio, TET and overall pressure ratio (OPR)
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(fish/hook curves). Thus, an attempt to optimise the engine mismatches the
matching conditions. To overcome the difficulties presented above, a new method
was developed and it is demonstrated in the following section.

3.3- The Engine Matching Procedure

The new method initially treats the two or more cycles as independent
engines and then assesses the operation of the components. The first stage of
the method is to make an assessment of the major cycle parameters of the
various (two in this case) cycles to be analyzed. From the point of view of cycle
selection, high bypass ratios and low fan pressure ratios are.suitable for high
subsonic speed applications. As the flight speed increases however, the
requirement is for lower bypass ratios and higher fan pressure ratios.

The method, which is described for a iwo-spool engine, can be readily
extended to a three-spool layout. The first part of the method consists of
matching the two turbines. The second part consists of matching the
compressors.

The present method deals with fixed geometry turbines, which, at the
design point normally operate choked. Therefore, the non-dimensional mass flow
of these turbines is the maximum value. Because the turbines are choked at the
design point, the non-dimensional mass flow of each turbine must be the same
in the two cycles being analyzed. This process of ensuring the equality of
non-dimensional mass flow is called matching (the same approach as
Williamson). Once this equality of turbine mass flows is achieved, the compressor
operating lines have to be generated and checked that they can be followed by
a single compressor, with or without variable geometry.
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3.3.1- PART I: Turbine Matching

As previously stated, the first part of the method consists of ensuring
equality of non-dimensional mass flow of the turbines. This is the case because
in this work only fixed geometry turbines are analyzed. When variable geometry
turbines are envisaged, the procedure can be modified to allow for a certain
pre-determined difference in non-dimensional mass flow. This will reflect the

turbine variable geometry.
3.3.1.1- Matching of the HP Turbine

In the case of the two spool engine, the high pressure turbine will be
matched first. This implies a choice of the main cycle parameters (OPR, TET
and BPR) which is carried out from the stand point of the engine mission
optimisation covered in Chapter 2 ( fish/hook curves). On a graph of overall

engine pressure ratio (vertical axis) and HP turbine inlet /mp , the appropriate

values are plotted for several turbine inlet temperatures at the two main flight
conditions. This is, one appropriate to the subsonic and one to the supersonic
mode. Figure 3.3 shows such a plot with the selected flight conditions of sea level
static and flight at 6km altitude at a Mach number of 1.2, for curves of constant
turbine entry temperature (TET). It is the variation of flight conditions that causes
the separation of the two groups of curves. For Mach numbers greater than 1.2,
it has been found that the separation of the two groups of curves becomes even
larger due to the ram ratio effect. In consequence, the core mass flow ratio
between the two modes of operation also is larger, requiring the engine to
swallow more mass flow. As a result, in the LP compressor, the LP mode running
line moves to the left and HP mode running line to the right increasing the gap
between them. The same occurs in the subsequent compressor. This reduces
possibility of accomplishing the compressor matching successfully even with
variable geometry.
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The overall pressure ratias of the two modes are selected which will yield

the appropriate values of HP turbine /fp for each cycle. The non-dimensional

mass flow of the HP turbine has to be the same for the two cycles. This will then
define the ratio of mass flows for both cases, as follows:

My py (_F e

. (3.3)
Mypy ( _@LPH

derived from equation (3.1).
3.3.1.2- Matching of the LP Turbine

Once the HP Turbine has been matched, the next step is the matching of
the LP Turbine. For the two mades of operation of the engine, for different values
of TET and overall pressure ratio (Figure 3.4), a graph of HP Compressor

pressure ratio vs LP Turbine inlet /pp can be produced from the work

compatibility of the HP Shaft. Once the plots are produced by means of a
graphical procedure, equality of the non-dimensional mass flows of the LP turbine
can be equalised for the two cycles. This calculation also determines the
pressure ratio of all the companents. The procedure is as follows:- The HP
compressor pressure ratio is selected arbitrarily for one of the modes. From. the

appropriate curve, the value of LP turbine /pp at LP turbine inlet can be found

for this mode. The ratio of the mass flows is known from the matching of the HP

Turbine and hence if /TI7p at LP turbine inlet is known for one mode, it can

easily be calculated for the other mode using the following equation:
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derived from equation (3.2), if the LP mode is selected. The reverse procedure

is now carried out for the other mode. The kaowledge of LP Turbine

inlet /p determines the HP compressor pressure ratio for the other mode, by

employing the appropriate curve. With this information. the pressure ratios of the
compressors and the HP turbine can be calculated. Bypass ratio is known, so the

LP turbine pressure ratio can be obtained.
3.3.2- PART IlI: Compressor Matching

The next part of the exercise is to ascertain that the design of the
compressors can satisfy the requirements imposed by the turbines in the two
cycles. This method of compressor matching also consists of two steps: the
determination of the compressor running lines and the preliminary analysis of the

COMpPressors.
3.3.2.1- Determination of the Running Lines

The design point parameters for the two cycles have been calculated from
the first part. It is possible now to carry out an approximate off-design
performance analysis of the two cycles to obtain the zpproximate position of the
compressor running lines. Figure 3.5 shows the results of such an analysis. All
the running lines correspond to different engines, ai having the same turbine
non-dimensional mass flow.

An example of how to employ the method has been carried out for the
Selective Bleed Engine in Appendix C. Figure 3.6 illustrates the first attempt at
compressor matching for the Selective Bleed Engine after turbine matching. The
selected parameters were:
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LP mode HP mode
LP compressor PR=3.00 LP compressor PR=2.6
IP compressor PR=2.41 IP compressor PR=2.52
HP compressor PR=3.60 HP compressor PR=3.96

As can be seen in Figure 3.6, both LP and IP compressors do not have
running lines (LP and HP mode) close enough to allow the compressors to
operate. Thus, further attempts in order to bring the LP and HP running lines
closer, were required. The HP compressor was not necessary because LP and
HP running lines are nearly aligned and therefore the HP compressor can

operate.

The second attempt has kept the same compressor pressure ratio as that
for the LP mode. For HP mode, the LP and IP compressor pressure ratios were

changed, without changing HP compressor pressure ratio, as follows:

LP mode HP _mode
LP compressor PR=3.00 LP compressor PR=2.10
IP compressor PR=2.41 IP compressor PR=3.13
HP compressor PR=3.60 HP compressor PR=3.96

The product of LP and IP compressor pressure ratio is the same in both modes.
In this case, it was not necessary to rematch the turbines again.

With the change of the LP compressor pressure ratio from 2.6 to 2. 10, in
the HP mode, the HP mode running line has moved further down for the LP
compressor and further up for the IP compressor, as can be seen in Figure 3.7.
Comparing Figures 3.6 and 3.7, a significant improvement is made in the LP and
IP compressors. Therefore, the conditions given in Figure 3.7 were selected to
carry out the compressor performance analysis.

Before moving into the next section the following points should be borne
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CHAPTER 4

Compressor Design and Performance

4.1- Introduction

After cycle calculation, optimization, and analysis, the compressor design
and off-design performance is carried out for LP, IP, and HP compressors. It is
the general purpose of this Chapter to present a summary of the major aspects
on the preliminary aerodynamics design of an axial-flow compressor, essentially
for subsonic and transonic configuration with relative rotor tip Mach number up
to 1.3, and to upgrade some computer programmes available in the SME
directory. These computer programmes are very powerful tools, but naturally they
are not so sophisticated as the design facilities available to the gas turbine
manufacture. Nevertheless, the main aim is to establish that the compressors
could be designed to perform as the cycle demanded.

Analyses and difficulties in the design imposed by aircraft constraints are
assessed and some solutions are considered in order to minimize these
problems.

Whilst the LP compressor has two transonic stages the IP and HP
compressors are entirely subsonic. The estimated efficiency of the LP
compressor is 2.5 per cent below the target efficiency. However, the other two
compressors are above their target values.
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For offdesign conditions, stage stacking techniques for performance
prediction using a computer programme have been used to obtain the overall
performance maps.

4.2- Modification of the Existing Computer Programmes

The design of the three compressors required the use of several computer
programmes. Three computer programmes were found in the SME directory,
forming a complete package for the design of compressors. The first one, entitled
ANNULUS calculates thermodynamics properties and physical dimensionsf at the
inlet and outlet of each érage. The second, called CEMCOMP, calculates
quantities related to the aerodynamics of the compressor, stage by stage at five
radial sections. The third called SCD15 executes the blading of the compressor
as well as the calculation of the blade stresses and vibration characteristics.

These computer programmes require short running time so that they
enable the designer to concentrate more on the design optimisation and
mechanical design rather than the mathematics behind it.

During the design process the following problems arose:

1- The programmes had to be used interactively with one another, by
feeding the output of the one into the input of the other. The chance of
errors were, therefore higher, especially as the number of stages increase.

2- The loss model used by CEMCOMP was insensitive to changes of,
blade aspect ratio, space chord ratio, and small variation in hub-tip ratio.
In addition, the shock model could not satisfactorily predict the shock
losses.

3- A careful examination on profile loss, secondary losses, and annulus
losses revealed that the calculation procedure was incorrect. Modifications
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in mind to give good compressor matching:

1) BPR should not exceed 1.4 in the LP mode. The reason is that as the
BPR increases, the LP mode running line moves to the left (Figure 3.5),
increasing the gap between the two running lines (especially in LP and IP

compressors).

2) A change in LP compressor pressure ratio moves the running lines up
and down in the LP compressor and down and to the left and up and to
the right for the IP compressor (Figures 3.6 and 3.7), respectively. Thus,
a higher LP compressor pressure ratio in the LP mode than in the HP
mode is advisable because it brings the LP and HP mode running lines
closer. Fewer less iterations attempts are then required.

3) The variable stator blade compressor moves the surge line toward the
bottom left hand corner in the compressor characteristics. Figure 3.8
shows the displacement of the surge line for different blade settings (0°,
10°, 20°, 30°, 4(r). Therefore, the running lines (LP and HP modes) have
to be placed taking into account what is stated above, otherwise one of
running lines will be outside of the compressor characteristics.

It is very difficult to establish firm rules for compressor matching. The only
way s to use a trial and error procedure. Following the general rules, only two
or three attempts are necessary before the designer achieves a suitable location
for the running lines. The other thing that may help is making use of imaginary
compressor characteristics for one mode of operation. This facilitates more rapid

selection of the appropriate parameters for the second mode of operation.

3.3.2.2- Compressor Performance Analysis

Having obtained the position of the running lines, the next step is to define

the compressors that can operate in the required conditions. Therefore, both
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design and off-design compressor analysis is required. The design point analysis
will produce the compressor geometry, and the off-design analysis will produce
the compressor characteristics. These have been carried out in Chapters 4 and
5 and it is anticipated that the necessary use of variable geometry will be
extensive.

If the performance of the compressors is not satisfactory, the main cycle
parameters are reviewed and the calculation repeated. Normally not more than
two iterations are necessary. If the performance of the compressors is deemed
to be satisfactory, the analysis of the engine can now be refined.

The method as described treats fixed geometry turbines as mentioned
earlier. The inclusion of turbine variable geometry is very simple. The steps of
turbine matching are modified to allow for differences in turbine non-dimensional
mass flow, these differences reflecting the variability of turbine nozzle area.
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were therefore necessary.

As a result after a considerable literature review, new loss models were
introduced to the programmes. Full details of these can be seen in Appendix D.
Basically, the modification were executed on:

a) profile loss;

b) shock loss;

c¢) Reynolds number and roughness effects;

d) secondary losses;

e) annulus losses;

In addition, incidence and deviation correlations were introduced to calculate the
blade angles in CEMCOMP and SCD15. Moreover, to avoid the frustrating
interruption of manually feeding data between ANNULUS and CEMCOMP,
ANNULUS was introduced into CEMCOMP as a subroutine.

Since the modifications to the programmes were extensive, it was decided
to change the name of CEMCOMP to COMPDES and SCD15 to BLADE. The
features of COMPDES and BLADE and the users’ guides are in Appendix D.

The COMPDES programme uses the radial equilibrium approach to design
the compressor. However, this is no longer the way compressors are designed

since numerically based methods provide generally more accurate results.

Although simple radial equilibrium is no longer a major tool for final design
of compressors, it can still be used to undertaken preliminary design and it is
therefore, appropriate for this work. In addition, very high accuracy is not
important in this work since the aim is to establish that the compressors could in
principle, be designed to perform as the cycle demanded.

Finally, the modifications to the existing programmes had as an objective
the qualitative analysis of the losses and corresponding assessment of efficiency
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change.

The following sections deal with both the design and off-design
performance of the three compressors with the help of the modified computer

programmes.

4.3- Design Point Objectives

The design points for LP, IP and HP compressors are defined by the cycle
simulation and analysis carried out in Figure 2.11 of Chapter 2. The controlling
parameters are drawn from the TURBOMATCH simulation. The selected design

point data can be seen in Table 4.1 for each compressor.

COMPRESSOR
PARAMETER LP P HP
Pressure Ratio 3.0 3.31 3.96
Target Efficiency (%) 88.0 88.0 88.0
Mass Flow (kg/s) 331.0 243.4 173.8
Inlet Total Pressure (atm) 1.0 2.35 7.36
Inlet Total Temperature (K) 288.0 406.8 580.3

Table 4.1 Design point parameters.

4.4- Design Parameters Analysis

Having modified computer programmes for the design point conditions, the
analysis on aerodynamic parameters was carried out in order to select
appropriate values to achieve the target efficiency.

The following sections provide ranges in which both aerodynamic and
mechanical parameters can be selected without serious problems as well as the
resource to make decisions during the design process.
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4.4.1- Inlet Axial Velocity

The inlet axial velocity in a multistage axial-flow compressor depends on
the application. For instance, inlet axial velocity for an industrial gas turbine is of
the order of 150 m/s whereas for advanced aero engines can be in excess of 200
m/s. The latter higher values of axial velocity are used to provide the high flow
rate per unit frontal area required for turbojet and turbofan engines.

On the other hand, exit axial velocity is usually fixed by the diffuser and
combustor requirements. Table 4.2 shows the inlet axial velocity selected for LP,
IP, and HP compressors.

4.4.2- Inlet Mach Number

For a subsonic compressor cascade at zero incidence, the inlet ‘critical’
and ‘maximum’ Mach numbers are in the range of 0.7 and 0.85. High Mach
number narrows the effective operating incidence range and can lead to poor off-
design performance. However, with the development of high speed profiles (thin
blade sections of quite different shape) such as double circular arc and controlled
diffusion airfoils, a stage can be designed to operate efficiently with a relative
Mach number up to 1.2 over part of the blade height. This is called a transonic
stage. With fans of large by-pass ratio however, the inlet relative Mach number
at the rotor tip may be of the order of 1.5. The use of IGVs will slightly reduce the
inlet relative Mach number.

4.4.3- Hub-tip Ratio

The inlet hub-tip ratio normally varies between 0.4 and 0.6 while for the
outlet no more than 0.92 is used. Using very low hub-tip ratio increases the
mismatch between compressor and turbine diameters. In addition, both

mechanical and aerodynamic design of the first stage is more complex.
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COMPRESSOR
PARAMETER LP P HP
Number of stages 5 7 7
Rotational Speed (rom) 4450.0 4450.0 10000.
‘I Inlet Axial Velocity (m/s) 200.0 190.0 220.0
Inlet Mach Number 0.58 0.46 0.44
Inlet Hub-Tip Ratio 0.43 0.70 0.74
Outlet Hub-Tip Ratio 0.71 0.83 0.91
Radial Equilibrium solution Free Vortex | Free Vortex | Free Vortex
Inlet Stage Loading 0.43 0.35 | 0.34
Coefficient (pitch)
Inlet Flow Coefficient (pitch) 0.76 0.72 0.65
Inlet Tip Speed (m/s) 367.0 308.0 388.1
Rel. Rotor Tip Inlet Mach 1.27 0.92 0.95
| Number
Annulus Geometry Const. Mean | Const. Hub | Const. Tip
Radius Radius Radius

Table 4.2 Selected Compressor Design Parameters.

For a fixed limited blade speed the rotational speed is a function of the
hub-tip ratio. There are, therefore, a wide range of solutions and final choice will

depend on the experience of the particular designer.

The chosen values for LP, IP, and HP compressors are shown in Table
4.2. Further discussion on the choice of appropriated hub-tip ratio is given in
subsequent sections.

4.4.4- Tip Speed

The centrifugal stress in the rotor blade is determined by the tip speed,
blade material, and hub-tip ratio. Once blade material and hub-tip ratio are
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selected the centrifugal stress is a function only of tip speed. In fact, the first
stage is the longest and the most highly stressed. The blades are subject to
fluctuating gas bending stresses which add to the centrifugal stress and may

cause fatigue failure.

Normally, in compressor design the tip speed is of the order of 350 my/s.
Up to this value, stress problems are not usually critical in the sizing of the
annulus. However, tip speeds around 450 m/s are commonly used in fans of high
by-pass ratio turbofans with low hub-tip ratio. The selected values for LP, IP, and

HP compressors are presented in Table 4.2.
4.4.5- Stage Loading and Flow Coefficient

The choice of a realistic stage loading is the single most important decision
in the design process. The wrong choice may lead to untold problems later with
little possibility of reaching the combination of efficiency, pressure ratio, mass
flow, and operating range originally intended. However, fundamental to all of the
aerodynamics design are the basic decisions of an aerodynamic nature. At blade
mid-height a choice must be made for the local flow coefficient, = V /U and the
stage loading coefficient w=AH/LF, where V, is the axial velocity, U is the blade
speed, and AH is the stagnation enthalpy rise.

The flow coefficient effectively determines the performance of the stage.
The axial velocity used may be the local value or the mean value across the
annulus. As ¢ is reduced at the off-design conditions, the incidence rises bringing
changes in the blade operation. Most axial-flow compressors are designed with
¢ between 0.3 and 0.6. The lower end of this range is more common nowadays.

The relationship between stage loading and flow coefficient is plotted in
Figure 4.1 (Reference 14). Typical design values are shown.

The values of stage loading and flow coefficient for LP, IP, and HP
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compressors were selected in the range of 0.3 to 0.5 and 0.3 to 0.6, respectively.
The corresponding range of static pressure rise coefficient AP/D, is 0.6 to 0.5.
Table 4.2 shows these values for each compressor at blade mean radius.

4.4.6 Degree of Reaction

The degree of reaction is a useful concept in compressor design. It relates
to the ratio of static pressure rise in the rotor to that in the entire stage. It can
also be defined in terms of enthalpy rise.

The degree of reaction can range from values 0% to 100%. The limiting
values are of particular interest. For zero reaction, the rotor blades are of impulse
type and all the static pressure rise occurs in the stator. For 100 per cent
reaction, the stators are of impulse type. Therefore, 50 per cent reaction is
attractive since both components of the stage share the diffusion equally.

Efficiency is not very sensitive to the precise degree of reaction. However,
reaction will, in general, vary across the annulus, especially for stages of low hub-
tip ratio. In practise the designer is more concerned with the levels of diffusion
factor and Mach number rather than the degree of reaction.

In the COMPDES programme the degree of reaction is function of inlet
swirl angle when the free vortex method is used. To set a particular degree of
reaction with the free vortex solution, the user has to vary the inlet swirl angle.
As a guide, increasing the inlet swirl reduces reaction.

In this work, zero inlet swirl angle has been selected for each stage of the
LP compressor. For the IP and HP compressor however it was found more
appropriate to keep the degree of reaction close to 50 per cent at mean blade
height, after trials with other values. This can be seen in Table 4.3 a,b,c for LP,
IP and HP compressors, respectively.
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Zero exit swirl angle was chosen for the compressors since the flow at
entry to the combustion chamber should be axial to avoid excessive diffuser
losses.

4.4.7- Stage Temperature Rise

In different compressor designs, the stage temperature rise can vary
widely, depending on the application. For instance, it may vary from 10K to 30K
for subsonic stages and may be 45K or even higher in high-performance
transonic stages. The temperature rise is not normally considered constant for
each stage through the compressor. It is normal to design for lower temperature
rise in the first and last stages. The first stage, for example, has a high Mach
number at the tip of the rotor and the inlet flow may become distorted with
significant variations in axial velocity across the compressor annulus. By reducing
the temperature rise these problems can be partially alleviated. For the last stage,
the outlet flow goes into the diffuser at entry of the combustion chamber. It would
be desirable to have a purely axial velocity at exit. Therefore, the swirl should be
kept as low as possible implying lower stage loading.

The choice of the number of stages is directly related to the temperature
rise chosen for each stage and individual blade loading. As tip speed increases
the temperature rise is higher for the same stage loading so that the number of
stages is reduced. The temperature rise distribution through the compressor has
been selected for LP, IP, and HP compressors and is shown in Table 4.3. The
distribution starts with lower values for the first stage gradually increasing to the

middle stage and progressively falling to the last stage.
4.4.8- Diffusion Factor
The blade loading limits are usually assessed by the level of diffusion

factor (or equivalent diffusion ratio). Essentially, the diffusion factor defines the

ratio of the peak velocity on the suction surface of the blade to that at the trailing
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edge. Additionally, the flow tumning is accounted for. Values of diffusion factor

between 0.45 and 0.6 are usually taken as typical at the design point. The lower

value relates to tip and the higher to the hub.

LP COMPRESSOR

PARAMETER STAGE

1st 2nd 3rd 4th 5th 6th 7th
Aspect Ratio 3.0 3.0 2.8 25 23 - -
Stage Temperature
Raise (K) 23 25 28 27 26
Work Done Factor 0.98 0.95 0.92 0.90 0.88 S
Tip Clearance (%) 1 1 1 1 1
Stage Inlet Swirl
angle Distribution
(degree) 0.0 a.a 0.0 0.0 0.0 -
Degree of Reaction
(pitch) 83 at 78 78 78 - -
Tip Relative Mach
Number (rotor) 1.27 1.18 1.10 1.03 0.97 =
Blade s/c (pitch)
Rotor - 0.80 0.80 0.80 0.80 0.80
Stator - 0.70 a.70 0.70 0.70 0.70 #

Table 4.3(a) Selected Compressor Design Parameters.

Another method used far assessing the allowable diffusion is de Haller

number. This is defined the ratio of the blade inlet to outlet velocity, V,/V,, values

of de Haller number are usually > 0.70. This is equivalent to a static pressure rise

(AP) not exceeding about 0.50 times the dynamic pressure (D,) into a blade row.

Because of the simplicity of de Haller number it is frequently used in preliminary

design work but detailed blading uses the diffusion factor.

For the preliminary design, de Haller number static pressure rise

coefficient, stage loading, and flaw coefficient relationship are given in Figure 4.1.

All these values have been selected, within their respective ranges for each

compressor.
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IP COMPRESSOR
PARAMETER STAGE
1st 2nd 3rd 4th 5th 6th 7th

Aspect Ratio 3.5 3.2 3.0 2.9 2.9 2.8 2.8
Stage Temperature
Rise (K) 23 25 26 27 28 26 26
Work Done Factor 0.98 0.95 0.92 0.90 0.90 0.88 0.88
Tip Clearance (%) 1 1 1 1 1 1 1
Stage Inlet Swirl angle
Distribution (degree)

0.0 5.0 5.0 5.0 5.0 5.0 5.0
Degree of Reaction
(pitch) 83 73 71 68 68 67 66
Tip Relative Mach
Number (Rotor) 0.92 0.84 0.80 0.76 0.73 0.70 0.67
Blade s/c (pitch)
Rotor - 0.80 0.80 0.80 0.80 0.80 0.80 0.80
Stator - 0.70 0.70 0.70 0.70 0.70 0.70 0.70

Table 4.3(b) Selected Compressor Design Parameters.

4.4.9- Effect of Velocity Profile Distortions
(Work Done Factor)

For a given inlet mass flow through the blade row, the effect of the wall
boundary layers is to increase the axial velocities across the mainstream portion
of the annulus and to decrease the axial velocity near the end walls. Because the
values of velocity over the major portion of the annulus are greater, the mass-
averaged energy addition at the design flow is lower than the design, resulting
in reduction of work capacity. Hence, the actual stage temperature rise is lower
than that envisaged by the design values.

Due to the non-uniformity of the axial velocity profile there is a reduction
in the effective work done in a blade row, the ratio between the actual work done

and that achievable with uniform inlet conditions is known as work done factor.

The work done factor varies with the stage in a compressor and typical values
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(for each stage starting from the first) can be seen in Figure 4.2 (Reference 15).

HP COMPRESSOR
PARAMETER STAGE

1st 2nd 3rd 4th 5th 6th 7th
Aspect Ratio 2.0 2.0 2.0 2.0 1.9 1.9 1.8
Stage Temperature Rise
(k) 38 40 43 44 44 44 43
Work Done Factor 0.99 0.95 0.92 0.90 0.88 0.88 0.88
Tip Clearance (%) 1 1 1 1 1 1 1
Stage Inlet Swirl Angle
Distribution (degree) 0.0 9.0 10.0 12.0 13.0 14.0 13.0
Degree of Reaction (%)
(pitch) 82 71 69 66 65 64 66
Tip Relative Mach No 0.95 0.87 0.83 0.79 0.77 0.74 0.72
(Rotor)
Blade s/c (pitch)
Rotor - 0.80 0.80 0.80 0.80 0.80 0.80 0.80
Stator - 0.75 0.75 0.75 0.75 0.75 0.75 0.75

Table 4.3(c) Selected Compressor Design Parameters.

The chosen values for the present work were taken from Figure 4.2 for

each compressor and they are shown in Table 4.3.

4.4.10- Radial Equilibrium Solution

The free vortex hub to casing design has been selected for all three

compressors. The reason for choosing the free vortex is that it keeps the axial

velocity more or less uniform in the radial direction. However, it gives substantial

blade twist across from root to tip especially for low hub-tip ratio.

Alternative design solutions were tried but did not show a significant

change in efficiency except for the LP compressor. However, for simplicity, the

free vortex method was adopted throughout.
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4.4.11- Space/chord Ratio

An appropriate choice of space/chord ratio for compressor blading at
subsonic speed is extremely important. For example, some correlations allow for
the effect of space/chord ratio on incidence and deviation angles. Figure 4.3
(Reference 16), displays the variation of total pressure loss coefficient with inlet
Mach number for three different space/chord ratio in the transonic range. It can
be seen in Figure 4.3 that between a Mach number of 1.0 and 1.26, space/chord
ratio 1.0 offeré lowest total pressure loss, and between Mach number 1.26 and
1.4, space/chord ratio of 0.7 offers lowest total pressure loss. Space/chord ratios
in the range 0.7 to 0.8 are used at the rotor tip where the Mach number is higher.
However, evidence suggests that near the design point, the efficiency tends to
be slightly lower if the space/chord ratio is on the low side (and low aspect ratio),
but the pressure rise and operating range are greater.

The selected values of space/chord ratio for LP, IP, and HP compressors
are shown in Table 4.3. They were selected according to the Mach number
variation along the blade height based on the values given in Figure 4.3.

4.4.12- Aspect Ratio

The choice of aspect ratio is related to the number of blades, stage length,
effect on secondary losses and vibration. The use of low values leads to an
increase the secondary and tip clearance losses. High values of aspect ratio lead
to vibration problem.

The choice of a suitable value depends on the application. For fans and
LP compressors the inlet values may be chosen between 4.0 and 4.5. However,
new design trends indicate aspect ratios between 1.5 and 2.5 for most subsonic
and transonic designs. This is because large chord blades are more effective in
the endwall regions and which are crucial in determining both efficiency and the

stall point.
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The selected values of aspect ratio, for LP, IP, and HP compressors are
presented in Table 4.3.

4.4.13- Tip Clearance

The effect of tip clearance on overall compressor performance is not
straightforward simple. Lakshminarayana (17) in his experiments found that
optimum tip clearance lies between 1.0 and 1.5 per cent of chord for rotors,
compared with between 3.0 and 5.0 per cent for cascades. However, the
optimum clearance for rotors is generally smaller than that which can be tolerated
for mechanical reasons.

Some experiments have shown that not oniy does the pressure recovery
rise and efficiency fall as the tip clearance is increased but the surge line moves
a considerable way downwards a lower pressure ratio.

In a multistage axial-flow compressor the precise effect of tip clearance
becomes confused because the performance of each blade row affects all those
downstream. For instance, increased tip clearance yields extra blockage and
extra loss in the front stages and the matching of the downstream stages is
altered. In the case of stators it is relatively easy to provide a shroud seal at the
hub.

Amongst all experimental work in the literature the following rule may be
drawn for tip clearance: every 1 per cent increase in tip clearance results in about
2 per cent deterioration in efficiency. A good range to take tip clearance is
between 0.5 and 1.5 per cent of chord at tip. The chosen values for LP, IP, and
HP compressors can be seen in COMPDES input data files in Figures F.1, F.2,
and F.3 (Appendix F), respectively.
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4.5- Design Problem and Solution

The compressor design for the three compressors has been carried out
based on the information available in the literature and section 4.4. Despite a
wide range of solutions some difficulties arose during the design process due to
aircraft constraints. The solutions taken and the difficulties met, for each
compressor, are discussed as follows:

1- LP compressor

The LP compressor plays a prominent role in determining the frontal area
of the engine. Because in general, the maximum area of the engine is controlled
by the LP compressor tip diameter, it is important to keep this diameter as small
as possible to reduce nacelle drag. Therefore, high flow capacity was required.
This is also a factor in minimizing specific engine weight.

The first attempt to design for minimum inlet outer diameter was to set
hub-tip ratio at 0.5, inlet axial velocity at 150 m/s and the inlet relative tip Mach
number to 1.2. As a result, the inlet outer diameter reached values over 1.8m,
which is very large for this application. For instance, the Rolls Royce Pegasus
engine has an inlet outer diameter about 1.23m. Further attempts were carried
out in order to reduce the outer diameter. Assessing all results within the
aerodynamical and mechanical limits stated in previous sections, the following
data were selected: inlet hub-tip ratio equal 0.43, inlet axial velocity equal
200m/s, and tip speed 367.2m/s.

As a result, the inlet tip diameter dropped to 1.59m and the inlet tip Mach
number relative to the first and second rotor reached 1.27 and 1.18, respectively,
characterizing transonic stages. Moreover, the stage loading and the flow
coefficients at the hub were 0.83 and 1.2, respectively, for the first stage. These
. values were out of the ranges quoted in the previous sections. Nevertheless, the

design can be accepted as reasonable if the pitch line values are within the
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acceptable ranges. The pitch line values are shown Table 4.2.

The compressor isentropic efficiency achieved was 86 per cent. Real
compressors of good aerodynamic design have an efficiency in the range of 86
to 92 per cent. However, the achieved efficiency is 2 per cent below the target
value of 88 per cent. For the purpose of this work the efficiency achieved can be
considered satisfactory. Any modification to improve the efficiency increased the
outer diameter.

A constant tip radius design was chosen in the first place. Constant tip
radius allows the designer to increase the aerodynamic loading for downstream
stages. This means that the temperature raise per stage may be increased,
consequently, reducing the number of stages. Unfortunately, it was not possible
to retain constant tip radius due to swan neck problems encountered between IP
and HP compressor. Constant tip radius increased the difference in levels
between exit hub radius of the IP compressor and inlet hub radius of the HP
compressor since the design of the IP compressor depends on the design of the
LP compressor, which are on the same spool. On the other hand, constant hub
radius would reduce this difference in diameter levels relieving the swan neck
problem. However, the number of stages in both LP and IP compressors would
be even larger and increase the aerodynamic problems. Therefore, constant

mean radius was selected as an intermediate solution to the problem.

The remaining parameters were within their respective ranges and a full
detailed printout from COMPDES is shown in Figure F.4 (Appendix F). The

principal values are also shown in Tables 4.2 and 4.3.

2- IP compressor

The rotational speed of IP compressor, is determined since it is connected
to the LP compressor ie 4450 rpm. This low rotational speed implies low blade
speed and therefore, lower temperature rise is achievable in the later stages. As
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a result the number of stages have been increased in the IP compressor to 7 for
a pressure ratio about the same as in LP. High inlet hub-tip ratio was also
required to keep the design within acceptable aerodynamic and mechanical limits.

A lower hub-tip ratio would indeed improve the swan neck between IP and
HP compressors, as explained earlier, by reducing the hub radius. However, the
number of stages would then increase even more because of the reduction of
blade speed and therefore, temperature rise per stage.

A three spool design could have overcome this problem. In this case, each
compressor would have been driven by a different turbine and at different more
favourable rotational speeds. On the other hand, the matching procedure would
obviously have been much more complicated.

The estimated compressor isentropic efficiency reached 89 per cent, which
is greater than the target efficiency. The final values of the main parameters and
dimensions are presented in Tables 4.2 and 4.3. The remaining values are given

in Figure F.5 (Appendix F).

3- HP compressor

Once again the need for a swan neck influenced the design of the HP
compressor. A high inlet hub/tip ratio was also require (Table 4.2) to reduce the
difference in diameters between IP and HP compressor. Consequently, a high
outlet hub-tip ratio and low rotational speed was necessary.

The design of the HP compressor is considered satisfactory for the
purpose of this work. No further problems were found during the design process.
The compressor isentropic efficiency was estimated to be of 88 per cent, which

is the same as the target value.

A constant outer diameter has been selected to reduce the number of
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stages and to improve the geometrical matching to the IP compressor, diffuser,
and combustion chamber.

4.6- Overall Analyses of the Compressor Design

Table 4.4 summarizes the main parameters taken from Tables 4.1, 4.2,
4.3. The remainders can be seen in the COMPDES output data files in Figures
F.4, F.5, F.6, Appendix F for LP, IP, and HP compressors, respectively.

Examination of Table 4.4 shows a relatively large number of stages
required by the compressors. As stated, the design tools available to the engine
manufacture are more advanced than those available in the open literature. With
the modern techniques employed by engine manufactures the compressors would
be smaller and shorter, probably a 3 stage LP compressor, a 4 stage IP
compressor, and a 5 stage HP compressor. Similarly, diameters could also be
reduced with more complex design tools.

The above compressor design matching has demonstrated the feasibility
of the design, leaving room for improvement only with more sophisticated design
tools.

4.7- Compressor Off-design Performance

Having obtained the design point performance of the compressors, the
next step was to evaluate their off-design performance and to estimate how the
actual compressor characteristics would fit within those predicted. It is well known
that there are several different methods of predicting performance maps of
compressors of known geometry. A survey of these has been carried out and the
results are presented in the following section.
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COMPRESSOR
PARAMETER LP IP HP
Pressure Ratio 3.0 3.13 3.96
RPM (LP mode) 4450.0 4450.0 9500
RPM (HP mode) 4450.0 4450.0 10000
Inlet Tip Diameter (m) 1.59 1.32 0.74
Outlet Tip Diameter (m) 1.32 1.11 0.74
Inlet Hub Diameter (m) 0.69 0.92 0.55
Outlet Hub Diameter (m) 0.94 0.92 0.68
Non-dimensional mass Flow (Sl) 0.0560 0.021 0.0057
Length (m) 1.28 0.75 0.46
Efficiency (%) 85.94 89.18 88.40

Table 4.4 Compressor Design Parameters.

4.8- Off-design Performance Prediction

The behaviour of the compressor operating at off-design condition is non-
linear and depends on the performance of the individual stages in terms of both

pressure ratio and temperature raise.

Most of the methods for predicting off-design performance are based on
the in-house data bases. Some of few methods in the open literature are by
Serovy (18), Wall (19) and Howell and Calvert (20). Some methods assess the
performance on a pitch line radius, others use blade-to-blade analysis at several
radii. The performance of individual stages, in all methods is evaluated in terms

of blade speed and inlet non-dimensional flow rate.

It was not aim of this work to develop a computer programme to predict
the off-design performance of axial flow compressors. The idea was to look for
one which could give the required compressor characteristics with least running

time. The reason is both LP and IP compressors require variable stator blades
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and a programme with reduced running time may achieve the end point more
quickly and with less cost. Precise accuracy was not vital.

A mean radius, stage stacking method to predict the complete
performance characteristics of a multistage axial flow compressor, named
HOWELL, was identified in the Turbomachinery Group of the School written by
A.R. Howell of NGTE.

The programme had been evaluated by NGTE. Four compressors were
selected for the evaluation, the number of stages varied from two to eight and the
overall pressure ratio from 1.88 to 10.26. The test and predicted overall

characteristics presented were generally in good agreement.

Analysis of the users’ guide, written by Calvert (21), and the programme
has revealed that it is very quick and easy to use. The programme provides a full
output data with the inlet conditions, performance of each stage and overall
compressor performance. The users’ guide gives complete input file data

requirements and how to run it.

COMPDES was prepared to provide an output file, which can be selected
when COMPDES is running, and used as an input file to HOWELL to avoid
lengthy manual procedures. The running sequence for HOWELL, COMPDES and
BLADE computer programme are shown in Figure D.20, Appendix D.

The LP, IP, and HP compressor input data files for HOWELL, produced
by COMPDES, can be seen in Figures F.7, F.8, and F.9 (Appendix F). These
input files were in turn loaded into HOWELL and the output prepared in graphical
form, as shown in Figures 4.4, 4.5, and 4.6 for LP, IP, HP COMpressor,
respectively. The full HOWELL output data files are not detailed here, because

of their size. These Figures represent typical axial-flow compressor performance

maps with pressure ratio and isentropic efficiency (n) against the non-
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dimensional mass flow (m7/p) for given values of the non-dimensional

speed (ny/m - Five rotational speed lines were chosen starting from 100 to 50

per cent of the design speed. For each rotational speed line there is the
corresponding efficiency line. Moreover, the LP and HP mode running lines were
placed on the characteristics in order to evaluate the surge line for part load

performance and cycle change.

Both LP and HP mode running lines present a surge problem at low speed
for the LP compressor (see Figure 4.4). In addition, the HP mode running line
operates at low speed reducing the engine overall efficiency. For the IP
compressor (Figure 4.5) the situation is significantly different. The HP mode
running line is within the compressor operating range and operates at high
efficiency. On the other hand, the LP mode running line is entirely out of the
compressor operating range. The HP compressor (Figure 4.6) has both LP and

HP mode running lines inside the compressor operating range at high efficiency.

As a result of the analysis of the compressor characteristics both LP and
IP compressors required variable geometry. This was envisaged at the outset.
The compressor variable geometry procedure and analysis is described in the
following Chapter.
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CHAPTER 5

Compressor Variable Geometry

5.1- Introduction

The demand for improved fuel economy, reduced first cost and reduced
weight has led to the development of compressors incorporating variable stator

vanes.

The improvement of overall compressor range of operation reduces to
individual blade row performance improvement. The aerodynamic behaviour of
a compressor of fixed geometry is optimised only at design conditions. At other
speeds and flows stages are mismatched to the local flow conditions. Variable
stators restore rotor incidences close to their design values, improving
performance at off-design. In addition, a compressor having variable stator blades
may be utilized to achieve rapid engine thrust modulation; a desirable feature for
ASTOVL.

In this work, the two modes of operation produce two running lines in
different positions on the compressor characteristics. Hence use of variable
stators was strongly indicated for both LP and IP compressors. This not only to
improves surge margin, but reduces mass flows when the engine shifts to the
alternative operating mode.

The LP and IP compressor with variable IGV’s and stators have been

investigated using a computer programme. For the subsonic mode (LP mode),
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the LP compressor performance, with optimal restaggers, was significantly
improved in comparison with the original. The schedule of optimal restaggers is
presented. The IP compressor performance map was achieved by setting IGV
plus all stators at 30°. For the supersonic mode (HP mode), the LP compressor
performance map was established by setting IGV's at 35° and all the stators at
15°. For the IP compressor there were no changes. These data cover a range of
operating speed lines from 0.5 to 1.00 of the design speed. Therefore, the LP
compressor requires an individual stage control system and the IP compressor

one control system for all stages.

5.2- Variable IGV and Stator Concepts

There are three ways of making variable IGV’s and stators variable

compressor operation:

1- Solid vanes rotated about a radial or nearly radial axis (Figure 5.1a).
These have the restriction that the flow direction can be optimized at only

one radial location.

2- Guide vanes or stators with variable camber along the span. This gives
additional gains in compressor off-design performance because the air
direction entering at all radii can more nearly be optimized. One possible
concept of doing this is hinging the blade along a radial axis or possibly
a canted axis (Figure 5.1b).

3- Another is mechanical twist or distortion of the vanes (Figure 5.1c).

The first was chosen in this work, since variable stagger can more easily
be incorporated using the existing computer programme and is easier to employ
in practice. The alternatives would need a special computer programme to deal
with variable camber. In addition, the mechanical complexity and method of

control must be weighed against the aerodynamic improvements. Such
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considerations could make some of the blade types impractical.
5.3- Procedure

The variable stator blade technique has a great potential for achieving
significant surge margin improvement with less mechanical and computational
complexity. Rotor incidence in the main flow is closer to design values, which are
chosen to achieve the best performance for each stage. Thus, compressor

performance at off-design points is improved.

The procedure adopted herein was the same as that employed by Lihua
and oth. (22). This obtains optimized restagger (¢,) of each stator along each
operating speed line. The optimized restagger is selected to give the highest
efficiency. The restaggers of stators were executed by decreasing stator by stator

as follows:

¢r0 >¢r 1 >¢r2 >¢r n (5.1)

where the subscripts o stand for IGV and 1, 2 and n stator numbers, respectively.

To perform the variable stator calculation, a short running time computer
programme was required in order to obtain the compressor map at each

restagger value.

The HOWELL computer programme was again selected to determine the
schedule for variable geometry stators, due to its short running time and simple

input data file requirements.
The HOWELL programme calculates overall compressor performance for
various air mass flows and compressor speed relationship. Individual stage

performance is also calculated as already mentioned in the previous Chapter.

During the investigations of the adjustable stators, the deviation angle of
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each blade row was assumed independent of Stagger angle.

For the convenience of comparison, the change of surge margin and peak

efficiency (Reference 22) were introduced and defined as follow:

1- Surge Margin

The improvement in surge limit was calculated on basis of the relevant
surge point of variable and fixed geometry stators as follow:

PR, W,

E 5.2
{PH W, ~1]100% (5.2)

where PR and W are the compressor pressure ratio and non-dimensional mass
flow, respectively. The subscript set and F are the values corresponding to
variable and fixed geometry, respectively.

2- Peak Efficiency

A qmu:qm(”ﬂ—qmﬂ (5.3)

At each setting angle, the rotor blade air inlet angle o, for the second and
subsequent stages were calculated from the following (Reference 21 )

(0.90(2 2 +0.002p )6,/f5)
2,=0.6+f, g - 4
1-0. 0029./(% )

where B, a/c, s/c, © are the exit blade angle, position of maximum camber,
space/chord ratio, and camber angle of the previous stator row at the current
reference radius. The position of maximum camber, a/c is taken as 0.5 (see
Users’ Guide).
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The optimization was first carried out in the LP mode and then the HP
mode for LP and IP compressors. For the HP compressor, optimization was not
necessary since the running lines for both modes were within the compressor

operating range as mentioned earlier.

The run was made with the inlet guide vanes to facilitate matching of the
first stage to the downstream stage, although originally, the compressors were
designed without IGV's. The off-design settings were selected to match the first
stage to the downstream stages for all stages at all operating speeds. Hence, the
optimized restagger of each stator was made stage by stage for each operating
speed line. The operating speed lines covered were in the range 0.5 to 1.00
relative to the design non-dimensional speed (N¥'T). The calculations were

executed on the above as follows.

5.3.1- LP Mode

5.3.1.1- LP Compressor

Variable IGV

Eight different values of restaggers (¢,) were selected for each operating
speed line, as shown in Table 5.1 (n is relative to the design rotational speed and
PR, is the pressure ratio related to the maximum efficiency at a constant
operating speed line). The optimized restagger was obtained by maximizing
compressor efficiency by resetting the restagger of the IGV at each operating
speed line. The optimal values of restaggering were then taken from each
operating speed line (Table 5.1) and placed in Table 5.4. The outcome of optimal
values for variable IGV only (Table 5.4), calculated by the computer programme,
is shown in Figure 5.3. This is the compressor map with variable IGV’s. To
compare the surge line displacement, Figure 5.2 (compressor map for fixed
geometry) was used.
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,I Operating speed line n=0.90
Mmax | 85.55 | 85.92 | 85.87 | 85.49 | 84.81 | 83.86 | 82.56 | 81.02
PR, | 252 2.47 | 2.41 235 |218 |222 |214 |214

Operating speed line n=0.80
Mmax | 85.18 | 85.92 | 86.12 | 85.93 | 85.41 | 84.54 | 83.44 | 80.97
[ PR, | 209 |206 |203 |199 |194 |192 |1.91 | 1.91
Operating speed line n=0.70
Mmax | 83.78 | 84.74 | 85.25 | 85.47 | 85.35 | 84.86 | 83.94 | 82.52
PR, 1.76 1.76 1.75 1.73 1.71 1.67 1.64 | 1.60

Operating speed line n=0.60
Mmax | 80.77 | 82.16 | 83.04 | 83.52 | 83.67 | 83.30 | 82.45 | 81.02
PR, 1.48 1.48 1.47 1.46 1.45 1.43 1.41 1.41
Operating speed line n=0.50
Wissu 7543 | 77.16 | 78.60 | 77.71 | 80.19 | 80.27 | 80.23 | 79.78
PR, 1.33 1.33 1.33 1.33 1.33 1.32 1.31 1.30

Table 5.1 LP Compressor Variable IGV (LP mode).

Comparing Figures 5.3 to 5.2, when the restagger of the IGV changes
from 0° the to optimal values (Table 5.4), the surge line shifts towards upper left
improving the surge margin. The surge pressure ratios, at each operating speed
line, reduced slightly, the non-dimensional mass flow falls significantly and the

efficiency lines at the lower operating speed lines, increased considerabl ly.

The phenomenon may be explained as follow: when the restagger
increase but it is close to the optimal value, the incidence of both rotor and stator
approaches the design values in the main stream. Meanwhile the mass flow is
reduced which leads to a reduction in the loss in the flow passage and the profile

loss. The overall performance of the compressor is obviously improved.

As is seen in Figure 5.3, the surge margin has improved significantly but
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not sufficiently. Thus, to obtain a desirable surge margin, a variable first stator
was required.

Variable First Stator

Lihua's work investigated whether the existence of optimized restagger
downstream would affect the optimized restagger upstream. His result revealed
little or no effect. Accordingly, the settings for both first and subsequent stators
were employed.

Using the same procedure employed for variable IGV's, the maximum
efficiencies and corresponding pressure ratios were calculated by the computer
programme within the range of restaggers (Table 5.2) for each operating speed
line with the respective optimal restagger of the variable IGV. The optimal
restaggers were chosen (Table 5.2) in a progressive way close to the optimal
ones, giving maximum efficiency. This assumption does not affect the

performance significantly. The result can be seen in Figure 5.4.

Figure 5.4 represents the compressor map for optimal restagger of the
variable IGV and the first stator (Table 5.4). Again, comparing Figures 5.4 and
5.2, the surge line has shifted towards the upper left. The surge margin
improvement is a litfle better than the variable IGV case (Figure 5.3). The
efficiency lines (Figure 5.4) increase significantly at lower operating speed lines.

The LP mode running line (Figure 5.4) is now within the compressor
operating range, but it has not met the requirements for S.B.E. to operate. As is
well-known, engine acceleration, the running line moves up toward the surge line.
In this case, for low operating speeds, the engine would need more surge margin
to operate. Hence, a variable second stator was required.
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Operating speed line n=0.90

0, 6° 8° 10°
GV 120 Npax 87.11 87.21 87.22 87.16
PR, 2.41 2.39 2.38 2.36
Operating speed line n=0.80
o, 8° 10° 12 14°
IGV=16°  j (- 87.92 87.99 87.98 87.89
PR, 1.99 1.98 1.97 1.95
Operating speed line n=0.70
0, 10° 12 14° 16°
IGV=20° Tmax 87.91 88.00 88.04 88.03
PR, 1.71 1.72 1.71 1.61
Operating speed line n=0.60
-0, 14° 16° 18° 20°
IGV=25° L. 86.79 86.90 86.93 86.89
PR, 1.43 1.43 1.43 1.43
Operating speed line n=0.50
o, 16° 18 29 22
IGV=30° Nomax 85.27 86.47 85.57 85.53
PR, 1.32 1.32 1.32 1.32

Table 5.2 LP Compressor Variable 1 Stator (LP mode)

Variable Second Stator

Table 5.3 represents the restagger optimization carried out using the same

procedure as for the variable IGV and first stator. The range of restaggering

varies from one operating line to another to suit the optimization. The optimal

restaggers, at each operating speed line, are given in Table 5.4. The outcome of

that is shown in Figure 5.5.



n Stator o, PR, S(%) Nl %) AN (%) W, x107 _Tl
Group (Sl)
Original * 1.35 e 73.53 o 1.85
GV 30 1.35 3.93 80.27 6.74 1.78

0.50 | First 3P +20° 1.36 7.72 85.57 12.04 1.73
Second 3P +20°+18° 1.36 13.64 87.55 1402 |1.64
Original o 1.55 e 78.67 e 2.39
GV 25 1.55 3.9t 83.67 5.00 2.30 I

0.60 | First 25°418° 1.55 9.33 86.93 8.36 2.20
Second 25 +18°+16° 1.55 13.80 87.70 9.03 2.10
Original > 1.82 e 82.15 —— 3.08
GV 20 1.82 4.40 85.47 3.32 2.95

0.70 | First 200414 1.82 10.00 88.03 5.88 2.80
Second 2P +18+12 1.82 14.49 89.17 7.02 2.69
Original lid 2.19 N 83.70 = 3.86
GV 16° 217 3.09 86.11 2.41 3.71

0.80 | First 16+12 217 7.43 87.99 4.29 3.56
Second 162412 +10° 217 14.85 89.00 5.30 3.33
Original * 269 S 84.78 o 4.66
IGV 1z 262 0.86 85.95 117 4.50

0.90 | First 1249 259 267 87.22 2.44 437
Second 1249 +8° 263 9.78 88.16 3.38 4.15

1.00 | Original * 335 S— 84.66 = 5.47

Table 5.5 LP Compressor - Main Parameters Obtained at Each Operating
Speed line (LP mode).

5.3.1.2- IP COMPRESSOR

Variable IGV

The settings for IP compressor were evaluated, firstly, in the same way as
the LP compressor. Table 5.6 shows the restaggers, maximum efficiency and
pressure ratio for each operating speeds. The results of optimized restagger
(Table 5.6), at each operating speed, are shown in Table 5.7.

The output produced by the computer programme for optimal restaggers
is given in Figure 5.8. Comparing Figure 5.8 with Figure 5.7, (fixed geometry), it
can be seen that surge margin has not been changed. On the other hand, the
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intermediate compressor with a single stage. Because the variable stators are
modulated to reduce the flow into the HP compressor, the same procedure was
employed for S.B.E.. The last stator was set at 40° and the result is presented

in Figure 5.10.

Operating speed line n=0.90
o, 3 4° 5° 10°
Nomax 90.56 90.60 90.63 90.62
PR, 2.62 2.61 2.60 2.56
Operating speed line n=0.80
0, & 10° 12 15°
Nima 90.49 90.53 90.53 90.48
PR, 2.14 2.13 5 b 2.10
Operating speed line n=0.70
| o, 20° 220 24° 26°
L. 89.82 89.86 89.85 89.82
PR, 1.84 1.84 1.83 1.82
Operating speed line n=0.60
0, 25° 26° 28 30
Ianx 88.95 88.97 88.97 88.94
PR, 1.56 1.56 .55 1.55
Operating speed line n=0.50
0, 28° 30° 32 34°
| M max 87.66 87.66 87.63 87.60
PR, 1.35 1.35 1.34 1.33

Table 5.6 IP Compressor Variable IGV (LP mode)

It can be seen, even though the LP mode running line had been reached,
the IP compressor characteristics was much deteriorated. In Figure 5.10 can be
seen that for medium and low speed lines, the compressor is of significantly low
efficiency. These low efficiencies are most likely attributable to a radial
redistribution of flow, which results from the upstream stages operating at off-
design incidence angles and therefore, with higher losses.
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Operating speed line n=0.90

0 P 6 & 0|
; Gl/: e sz 88.01 88.14 88.16 88.08 |
1Stator=9 PR, 2.38 2.38 2.36 2.35
Operating speed line n=0.80
0, 6° 8 10° 12
/ szfso Tmax 88.95 88.97 88.88 88.69
1Stator=12° PR, 1.96 1.95 1.94 1.93
Operating speed line n=0.70
0, 8 10° 122 14° I
Sl n. |8931 |so28 |s8a.17 |8898
1Stator=14° PR, 1.70 1.70 1.69 1.68
Operating speed line n=0.60
0, & 10° 12° 14°
’Gl/=25° Tmax 88.00 88.06 88.02 87.90
15tator=18° PR, 1.42 1.41 1.41 1.41
Operating speed line n=0.50
0, 10° 122 14° 16°
/ Gl/=30° T max 87.76 87.84 87.83 87.73
15tator=20° PR, 1.32 1.32 1.32 1.32

Table 5.3 LP Compressor Variable 2nd Stator (LP mode)

As can be seen in Figure 5.5, there is a significant surge margin

improvement, in particular between n=0.75 and n=0.80, where the main problem

lies. The change of surge margin, at n=0.75, calculated by equation 5.2 is about

14%, This is a considerable improvement for the engine operation. It can be seen

in Figure 5.5, it shows that there is a significant improvement in efficiency for both

medium and low speed zones compared with the compressor fixed geometry

(Figure 5.2). For instance, when n=0.50 the maximum efficiency is enhanced
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from 73% to 87%.

Once the LP mode running line is within the compressor operating range,
further variable stators were not required. To provide the same compressor map
as Figure 5.5, the compressor stators have to be restaggered, mechanically,
according to the schedule in Table 5.4. The mechanical and control system

complexity were not a matter for analysis in this work.

In Figure 5.6 can be seen that the IGV, at medium and low speeds,
requires a larger amount of restaggering than downstream stages. Table 5.5
illustrates all the parameters obtained at each operating speed line for the LP

Compressor.
Stage IGV First Second
n ) ¢ 0 ¢ ri ¢ [4
1.00 o o o
0.90 12° o 8°
0.80 16° 12° 10°
0.70 20° 14° 12°
0.60 25° 18° 16°
0.50 30 20° 18°

Table 5.4 LP Compressor - Schedule of Variable Stators (LP mode)

An assessment on Table 5.5 reveals that at n=0.80, the maximum surge
margin reaches about 14.85% with a peak efficiency increase of 5.30%. The
maximum efficiency achieves 89% at n=0.80. This is above the design value. For
lower operating speeds, the LP mode running line has fallen to a higher efficiency

zone, thus improving engine overall performance.
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Stage IGV
n 000
1.00 0°
0.90 14°
0.80 28°
0.70 35°
0.60 35°
0.50 35°

Table 5.7 IP Compressor - Schedule of Variable IGV (LP node).

Because the upstream stages do not match the design conditions, it was
decided to set the IGV and all stators with the same restagger angle (Table 5.8),
in order to match all stages for the new conditions, even though they did not

match with the previous compressor design.

Stator IGV | 1st | 2nd | 3rd 4th 5th 6th 7th
Attempt o, ¢, o, o, o, ¢, o, ¢,
1st 10° 10° | 10° 10° 10° 10° 10° 10°
2nd 20° 20° 20° 20° 20° 20° 20° 20°
3rd 30° |30 |30° |30 30° 30° 30° 30°
4th 40° | 40° | 40° | 4O 40° 40° 40° 40°

Table 5.8 IP Compressor Variable Stators (LP mode)

Restaggering of each stator blade by the same amount, as if they had
been redesigned for another operating condition, has rematched them all.

Therefore, the surge problem has been significantly reduced.

The first setting chosen was 10° and the outcome is shown in Figure 5.11.
As is seen, the characteristics lines shifted down and to the left. The surge
margin increased 15.42% at n=0.80. Similarly, the efficiency lines have shifted
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downwards and to the left. In spite of this efficiency deterioration, it is still within
a satisfactory range for the compressor operating conditions.

As more restaggers were set , such as 20°, 30° and 40° for all stators
(Table 5.8), the characteristics and efficiency lines shifted to down and to the left
as shown in Figures 5.12, 5.13 and 5.14 for 20°, 30° and 40°, respectively. For
40° the LP mode running line is outside the IP compressor map.

Table 5.9 summarizes the main parameters obtained so far for IP
compressor (LP mode). It shows that the surge margin may be expanded up to
64.50% at n=0.50 and the efficiency dropped by up to 10.32% at n=0.80, whilst
this is not satisfactory, it is still considered acceptable.

The compressor characteristics of Figures 5.13 (IGV plus all stators at 30° )
was chosen for the IP compressor in the LP mode since the LP mode running
line was within the compressor operating range. Figures 5.15 represents an
enlargement of Figures 5.13 in order to better display the IP compressor map in
the LP mode.

The main parameters for the IP compressor are given in Table 5.9 (IGV
plus all stators at 30°). The maximum surge margin achieves 51.56% at n=0.50
with the peak efficiency reduced by 4.43%. The maximum efficiency is 87.48%
at n=1.00.

5.3.2- HP MODE -LP Compressor

As was stated before, the LP and IP compressor are at the same shaft.
This means that at each off-design condition they must be at the same rotational
speed. For instance, in the HP mode the running line starts at n=1.00 on the IP
compressor map and on the LP compressor map about n=0.83. Therefore, the
S.B.E. can not operate at this condition even though the running lines are within
the compressor operating range.
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n Stator 9, PR, S5(%) Tmarl 56) An(%) W, x107
Group (sl)
Original r 1.40 et 85.00 — 0.670
1GV 35 1.38 1.87 87.66 266 0.653
0.50 All stators 1r 1.35 17.04 84.15 -0.85 0.552
All stators 2 1.31 35.11 82.72 -2.28 0.464
All stators 30 1.27 51.56 80.57 -4.43 0.401
All stators 121 64.50 76.98 -8.02 0.352
Onginal r 1.62 —_— 86.83 —— 0.857
GV 35 1.60 1.12 88.97 2.14 0.837
0.60 All stators 1r 2.54 21.77 85.29 -1.54 0.669
All stators 20 1.47 33.15 83.27 -3.56 0.584
All stators 3r 1.40 48.12 80.96 -5.87 0.500
All stators 40 1.32 60.15 77.75 -9.08 0.436
Original [/ d 1.92 e 88.38 — 1.07
GV 35 1.88 -0.21 89.85 1.47 1.05
0.70 All stators 1° 1.78 14.15 86.76 -1.62 0.869
All stators 2 1.68 30.00 8553 -2.85 0.720
All stators 3r 1.58 44.11 82.94 -5.44 0.611
All stators 4 1.45 52.75 78.71 -9.67 0.529
Original o 2.30 SO, 90.16 S 1.34
IGV 25 227 0.95 90.53 0.37 1.31
0.80 All stators 1r 2.10 15.42 89.19 -0.97 1.06
All stators 2r 1.95 29.69 87.51 -2.65 0.876
All stators 3r 1.80 42.48 84.40 -5.76 0.736
All stators 40 1.62 49.57 79.84 -10.32 0.631
Original > 280 e 90.66  — 1.63
GV 1 2.77 0.15 90.64 -0.02 1.61
0.90 | All stators 1r 251 13.26 90.41 -0.25 1.29
All stators 2 229 26.96 88.44 -2.27 1.05
All stators ar 2.08 38.06 86.19 4.47 0.877
All stators 4r 1.84 43.58 80.50 -10.16 0.746
Original o 3.41 m—nne S90.00 ——— 1.99
1.00 All stators 1¢ 3.03 14.08 90.74 0.74 1.55
All stators ar 2.72 26.98 89.89 -0.11 1.25
All stators 3r 243 37.67 87.48 225 1.03
All stators 4r 2.10 40.37 80.42 -9.58 0.873
Table 5.9 IP Compressor - Main Parameters Obtained at Each Operating

Speed (LP mode).
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In an attempt to overcome this problem, the same procedure as used for
the IP compressor in the LP mode was used for the LP compressor in the HP
mode. Table 5.10 presents the restaggers for each individual stator at six
different settings. Table 5.11 presents all main parameters obtained at each

operating speed line in the LP compressor for these different settings.

Stator [€1% 1st 2nd 3rd 4th 5th

Attempt ¢, o, 0, ¢, 6, 0,
1st 10° 10° 10° 10° 10° 10r
2nd 20° 10° 10° 10° 10° 10°
3rd 30 10° 10° 10° 10° 1@
4th 30° 20° 10° 10° 10° 10°
5th 30° 15° 15° 18" 15° 15°
6th 35° 15° 19 15° 15° 15°

Table 5.10 LP Compressor Variable Stators (HP mode).

The first setting was 10° for all the IGV and the stators. The result is
presented in Figure 5.16. The characteristics lines have shifted downwards and
to the left. The maximum surge margin increased by 17.10% at n=0.70. The
efficiency lines have dropped slightly. The maximum reduction of 1.34% occurred
at n=0.60 (Table 5.11). Further settings were necessary since the target had not
been accomplished.

The next setting was 20° for IGV and 10° for the remaining stators. The
result is given in Figure 5.17. The maximum surge margin, in this case, is
improved by 19.01% at n=0.70. The maximum peak efficiency has risen by
3.29% at n=1.00 (Table 5.11). It was noticed that when the IGV setting was
changed from 10° to 20°, the efficiency improved because better matching for the
first stage was reached corresponding to reduced losses.

Further attempts were carried out with the IGV and first stage settings in
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order to bring the characteristics lines of the LP compressor to the condition in
which the HP mode could work. With IGV at 30° and all remaining stators at 10°,
the characteristics lines displaced downwards and to the left. Correspondingly,

the efficiency lines rose slightly as is be seen in Figure 5.18.

Figure 5.19 shows the results for IGV at 30°, the first stator at 20° and all
remaining stators at 10°. Figure 5.20 represents the results for IGV at 30° and
all remaining stators at 15°. In both Figures, there has been a displacement of
the surge line downwards and to the left as well as an efficiency improvement.

However, the problem still remained.

The final solution was achieved (Figure 5.21) when the IGV was set to 35°
and all remaining stators at 15°. At this condition, the maximum surge margin
position risen 31.19% at n=0.70 and maximum peak efficiency reached 4.07% at
n=0.50 (Table 5.11). Figure 5.22 shows the compressor characteristic when the
IP compressor is operating in the LP mode. Figures 5.23 and 5.24 show the final
compressor characteristics for LP and IP compressors in the LP and HP modes,
respectively. Thus, the LP compressor requires an individual stage control system
and the IP compressor one control system for all stages.
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n Stator 0, PR, 5(%) Meax (%) | AN(%) | Wg x107
Group ({51}
Original 0@ 1.35 | ====-- 73.53 | --=—-=-- 1.85
All stators TS 1.32 16.70 72.24 -1.29 1.55
0.50 | 1ov + All sc. 2004100 1.32 18.22 75.25 1.72 1.53
IGV + All st. 30°+10° 132 19.79 77.55 4.02 1.51
IGV+1SC.+R" St. 309+20°+109 1.33 21.50 80.72 7.1%9 1.50
IGV + All St. 30°+15¢° 1.31 28.22 76.60 3.07 1.40
IGV + All st. 350415° 1.31 29.15 77.60 4.07 1.39
Ooriginal 0e 1.5 | -=-=-==-- 78.67 | -——-——- 2.39
All stators 109 1.50 16.81 77.33 -1.34 1.98
0. €6 IGV + all Sc. 20°+10° 1.50 18.61 80.56 1.89 1.95
IGV + All Sc. 309+10° 1.50 20.46 82.72 4.05 1.92
IGV+15C.+R"™ St. 30°+20°+10° 1508 21.73 85.21 6.54 1.90
IGV + All sSt. 309+15° 1.48 28.93 81.06 2.39 1.77
IGV + All st. 3509415° 1.41 29.14 B2.04 3.37 1.76
Original 0@ 1.82 | -——-=—--- 82.15  |==m=-- 3.08
0.70 All stators 10° 1.73 17.10 80.97 -1.18 2.50
IGV + All sc. 20°0+10° 1.73 19.01 B3.39 1.24 2.46
IGV + All st. 30°+10° 1.73 21.48 84.92 2.8B3 2.41
IGV+1St.+R" St. 30°+4200°9+10° 1.74 24.77 87.22 5.07 2.36
IGV + All sc. 30°+15° 1.7¢ 30.17 83.76 1.61 2.21
IGV + All st. 35¢4+15° 1.69 31.19 84.23 2.08 2.18
Original 0° 2,19 | -==——-- 83.70 | -==-—-- 3.86
All stators 10° 2.05 15.80 84.08 0.38 3.12
IGV + All Sc. 20°+10° 2.05 18.08 86.19 2.49 3.06
IGV + All St. 30°+10° 2.03 20.47 86.86 3.16 297
0.80 IGV+1StC.+R™ St. 309420°94+10° 2.04 24.84 88.55 4.85 2.88B
IGV + All St. 309+15° 1.99 28.47 86.17 2.47 2.73
IGV + All sc. 359+15¢@ 1.98 30.70 BE .44 2.74 2.67
Original 0@ 2.69 | ===m==-- 84.78 | -==—-- 4.66
All stators 10° 2.49 12.33 85.97 1.19 3.84
IGV + All Sc. 20°+100° 2.47 15.96 87.51 2.73 3.69
0.90 | IGV + All St. 30°+10° 2.40 14.53 B7.56 2.78 3.63
IGV+1St.+R™ St. 30°+20°+10° 2.41 19.28 B8.96 4.18B 350
IGV + All Stc. 30°+15¢° 2.36 23.14 B7.37 2.59 3.32
IGV + All sc. 3504+ 15° 2.33 22.68 87.35 2557 3.29
Original 0e 3.35  |==-=== B4.66 2 |-=——-- 5.47
All stators 1p@ 3.06 10.00 87.25 2.59 4.54
IGV + All St. 20°+10° 2.98 10.58 B87.95 3.29 4.40
IGV + all st. 30°+10° 2.85 9.75 B87.38 2.72 4.24
190 IGV+1St.+R" St. 30°+20°+10° 2.81 10.82 88.29 3.83 4,14
IGV + All st. 309+15° 2.78 14.0% 87.95 3.29 3.98
IGV + All st. 3504+15¢° Z.05 15.13 87.59 2.93 3.90

Table 5.11 LP Compressor - Main Parameters Obtained at Each Operating
- Speed (HP mode). (* Remaining)
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CHAPTER 6

Turbine Design and Performance

6.1- Introduction

The design and off-design performance of the HP and LP turbines has
been executed by a computer programme package. An existing programme has
been modified and another two, developed by the author. The design and off-
design performance have been assessed on the basis of a mean-diameter

treatment.

The design of the turbines has yielded a single stage HP turbine and a 4
stage LP turbine. The HP turbine design isentropic efficiency, predicted by the
TURBDES computer programme, was 88%, 2% below the target efficiency of
90%. The LP turbine design isentropic efficiency, predicted by the same computer
programme, was 90%, the same as the target value.

The off-design performance calculation has been successfully
accomplished by the TURBOFF computer programme and the HP and LP turbine

characteristics are demonstrated.
6.2- Design Objectives
The design objectives are given by the cycle specifications. These usually

include the turbine entry temperature and pressure, turbine outlet pressure,
turbine power required (and/or the gas mass flow) the shaft speed, and the fuel-



75

air ratio.

To achieve these requirement, degrees of freedom are:

1- Number of stages,

2- Work split (multistage turbine),

3- Annulus area,

4- Annulus shape (constant tip diameter, constant mean diameter or
constant hub diameter),

5- Stage reaction,

6- Type of vortex flow,

7- Radial distribution of work and flow,

8- NGV and rotor space/chord ratio and aspect ratio and

9- NGV and rotor profile design.

Further degrees of freedom are constrained for mechanical integrity
reasons, such as:

1- Blade centrifugal stress,

2- Disc centrifugal stress,

3- Maximum diameter for installation,
4- NGV and blade cooling and

5- Overall weight.

For the present design, Table 6.1 gives the turbine inlet parameters, taken
from the TURBOMATCH output, for both HP and LP turbines. The fuel-air ratios
for both turbines were found from Figure 6.1 (Reference 15). The value of fuel-air
ratio for the HP turbine was obtained by interpolation. The input data for the
graph in Figure 6.1 are: combustion inlet temperature and combustion
temperature rise.
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PARAMETERS TURBINE

HP LP
INLET TOTAL PRESSURE (N/m?2) 28.27x10° 10.54x10°
INLET TOTAL TEMPERATURE (K) 1800 1210.76
INLET MASS FLOW (kg/s) 152.73 160.20
FUEL-AIR RATIO 0.0280 0.0207
PRESSURE RATIO 2.328 4.365
TEMPERATURE DROP (K) 277.00 327.35
ROTATIONAL SPEED (RPM) 10000 4450
ISENT. EFFICIENCY (%) 90 90

Table 6.1 Design Objectives

6.3- Computer Programmes

Despite the existence of sophisticated computer programmes, preliminary

pitch line design calculations remain an important starting point.

It is the aim of this work to undertake only preliminary turbine aerodynamic
design and simple blade stress analysis. NGV and blade cooling considerations
were not considered in detail despite the effect on turbine and therefore, engine
overall efficiency. A fully detailed turbine design involves many interactions and
design experience. The ultimate prediction will be more accurate when additional
losses introduced by the cooling system are taken into account (Reference 15).
In this work the aim was to obtain approximate turbine characteristics to assess

the engine overall performance.

To carry out the design two computer programmes were used. The first
called TURBGEO written by the author, (a pitch line method) provides the rapid
determination of design velocity diagrams for turbine stages. It also facilitates the
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selection of the number of turbine stages and the selection of optimum work split
among the stages for any given application. In addition, TURBGEO calculates
annulus geometry as well as all mean aerodynamic parameters for preliminary
assessment. Moreover, output data for the second programme called TURBDES
is given directly.

The second, called TURBDES (formerly called CEM TURB) written by
Borthwick (23) and improved by Dener (24) is a free vortex design programme
. approach. This allows for three-dimensional effects. It also estimates design point

efficiency and undertakes a simple blade stress analysis.

The turbine off-design performance was carried out by TURBOFF, written
by the author. It also is a pitch line axial-flow turbine off-design performance
prediction method. More details about TURBOFF are given in section 6.8 and
Appendix E.

Further information about TURBGEO and TURBDES can also be found in
Appendix E. An explanation is given to how to make the input files as well as the
sequence in which each one has to be run.

The selection of the input and the assessment of the output parameters
for the design procedure were relied on the information given below (basically
References 15, 25 & 26). A laborious description of the design parameter
selections is not included, however, the oulput is discussed.

6.4- Implications of Design Selection Parameters

Blade Loading Coefficient v

Blade loading Coefficient is defined as:
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_AH _GAT (6.1)
vz U2
where
AH=enthalpy drop,
C,=mean specific heat at constant pressure,
AT=total temperature and
U =blade speed.

In general, turbines are designed to achieve efficiencies over 90%. Smith
(27) has concluded that the turbine efficiency depends primarily on the shape of
the velocity triangles. Smith’s efficiency correlation (Figure 6.2) shows that high
efficiency is obtained when stage loadings and to a lesser extent flow coefficients
are low. All of the test turbine efficiency values shown in this chart are corrected
to exclude tip clearance losses. Figure 6.2 indicates that the most efficient
turbines are designed for y between 1.0 and 2.5. If a low value of y is used then
more stages are required for a given overall turbine output. For an industrial gas
turbine, a low value of y is adopted since size and weight are not so important
but low SFC is vital. Jet engines, however, must be of low weight and small

frontal area. Accordingly, higher values of y are adopted.
All the test data collected by Smith (Figure 6.2) were taken from 69
different Rolls Royce cold flow model turbines, all having approximately 50%

reaction at mean diameter.

Flow coefficient ¢

Flow coefficient is defined as a ratio Va/U where Va is the axial velocity
and U is the blade speed. Figure 6.2 also indicates the range of values of ¢ for
best turbine efficiency lies between 0.6 and 0.8. For industrial and aircraft gas

turbines, ¢ follows the same trends as  stated above.
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The required mean blade speed U,, may be calculated by the following
equation knowing the enthalpy drop and blade loading coefficient (Reference 25).

U, - Vi AH, (6.2)
v

where

AH-=GAT (6.3)

Degree of Reaction

Degree of reaction represents the fraction of the stage expansion which
occurs in the rotor. Normally the turbines are designed for reaction of 50% at
blade mid height. For the last stage, exit swirl angle less than 20 degrees is
necessary to minimise losses in the jet pipe and propelling nozzle. In this
circumstance, it might be necessary to use a degree of reaction somewhat less
then 50% if a high value of y is also required.

Negative value of reaction must be avoided since this would produce
expansion in the nozzle followed by recompression in the rotor increasing the

losses.

Number of stages

The number of stages is determined primarily from considerations of
performance at the design point. Other factors have also to be considered such
as: engine cost and weight, engine geometry and the number of blade rows
needing to be cooled.

The calculation of the number of stages depends on the choice of work
split between turbine stages. Performance cycle data merely stipulates the overall
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work required from the turbine on each shaft. The initial choice of work split is
based on experience. Table 6.2 gives some directions on how to split the work
according to the number of stages and Table 6.3 gives the ranges of stage
loading for different types of turbine as well as range of exit Mach number.

Number Work split %

of

stages Stage 1 Stage 2 Stage 3
2 60 40 .
3 43 34 23

Table 6.2 Work Split per stage

Type of Range of exit Mach | Range of average
turbine number stage loading
Transonic HP turbine 1.0- 1.2 20-24
Subsonic, high Mach
number HP and IP 0.7 - 1.0 1.5-2.0
turbines
Subsonic, low Mach
number IP and LP <0.7 1.5-2.5
turbines

Table 6.3 Exit Mach Number and Stage Loading

There are some points to be allowed for during the work split selection,

such as:

1- if each stage falls on the Smith chart,

2- if the stages are well matched aerodynamically, in particular with
good accelerations being achieved over all blade rows,

3- if the exit swirl and Mach number are excessive for the following
turbine or exhaust system.

4- if the first stage in two-stage HP turbine is so loaded-up that it
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becomes transonic.

The choice of work spilit also affects the cooling requirements. If a work
split of 60% and 40% is assumed for a two stage HP turbine instead of 50% and
50%, the extra work on the first stage results in both rotor blades being cooler
probably to the extent that the second blade may not need to be cooled.

From the mechanical point of view, the work splits have to be selected in
order to provide enough camber and stiffness in the blading.

Hub tip ratio or hub-shroud ratio

Correct choice of hub-tip ratio in the first and the last stage is important.
Good practice is to select a hub-tip ratio for the high-pressure first stage not
above 0.875, to maintain low tip clearance annulus losses. The hub-tip ratio of

the last (low-pressure) stage should not be below 0.6, for stress considerations.
Figure 6.3 (Reference 25) is an alternative method for selecting hub-tip
ratio. It is the result of a calculation of hub-tip ratio as a function of design-point

pressure ratio.

Space-chord ratio (s/c)

Optimum values of space-chord ratio with respect to profile losses only are
given in Figure 6.4 (Reference 15). This is for a conventional T6 profile having
a thickness-chord ratio of 0.2 and a trailing edge thickness-pitch ratio of 0.02. The
optimum value of the space-chord ratio in the NGV and rotor blade rows can also
be found using Zweifel’s criterion. Zweifel’s formula at blade mid height is given

by:
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C,=2(s/C,)cos’a (tana +tana,) (6.49)

where station 1 and 2 are inlet and outlet of the blade row, s is the pitch and ¢,

is axial chord, then:

Gy opi® 0.8 (6.5)

- sirfa,
Once the space-chord is determined the following should be checked:

1- that the pitch (s) is not so small that the blades can not be
attached safely to the turbine disc rim.

2- that there is sufficient chord (c) for blade cooling.
3- that the number of the blades is not more than 100.
The number of the blades with common multiples should be avoided in

order to minimise the probability of vibration. The usual practice is to adopt an

even number for the nozzle blades and a prime number for the rotor blades.

Aspect ratio (h/c)

Low values of aspect ratio are likely to increase secondary loss for the
nozzle row and secondary and tip clearance loss for the rotor row. High values
of aspect ratio will, conversely, increase the probability of vibration problems and
reduce heat transfer. Vibration problems caused by high aspect ratio blading can
be significantly reduced using tip shrouds. Typical limits for aspect ratio are 1<
AR < 5.5, where AR for the NGV is often lower than that for rotor, because of

cooling requirements
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Exit swirl angle

The swirl angle should be kept below 20 degrees to minimise losses in the
Jjet pipe and propelling nozzle.

6.5- Design Assessment

Mach number relative to the rotor blade

A check should be made at the rotor root where the Mach number is
highest and should not exceed about 0.75, because additional losses may be
incurred by formation of shock waves in the rctor blade passages.

Negative value of degree of reaction

A check should be made at the root. Higher values of swirl angle at blade
mid height would increase the degree of reaction at the root.

Pressure ratio across the convergent nozzle

This must not be above the critical value otherwise the nozzle will be
choked. However, values slightly above the critical value can be accepted if the
rotor inlet Mach number proves to be satisfactory.

Annulus flare angle

Figure 6.5 shows the annulus flare angle ® and it is usually limited as
follows:

(0 72),, <25 degree

0r /2),,.; < 20 degree

included angle 6. < 30 degree.
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Higher values of flare angle than these will involve a risk of flow separation
from the inner wall where the reaction and therefore, the acceleration is not large.
If annulus wall are not straight, sharp corners should be avoided. Annulus flare
angle also depends on the magnitude of axial chords and axial space between

the blade rows.

Stage outlet Mach number

This should be in the range given in Table 6.3 to avoid high friction losses
in the jet pipe.

Nozzle or blade exit angle

Nozzle or blade exit angle should not exceed 70 degrees. Large angles
lead to long profile which are difficult to cool and worsen the effect of

manufacturing tolerances on throat area.

Velocity ratio

Velocity ratio across NGV tip section and rotor root section should be:
V/V, > 1.2 for first NGV and
V,/V, > 1.1 for subsequent blade rows.

6.6- Main Guidelines for Turbine Design Sequence
The guidelines are summarized as follows:
1- The high-pressure turbine should be a single-stage if possible by
specifying the blade loading coefficient of up to 1.8. However, the blade

loading coefficient in a low-pressure stage, for turbine overall pressure
ratio above 8:1, is limited by the value at the hub. Perhaps a better rule



85

for preliminary design would then be to have a limiting value of hub blade
loading coefficient up to 2.0 for the high-pressure turbine up to 4.0 for the

low-pressure turbine.

2- The use of 50 per cent reaction at the mean diameter in the high-
pressure stages gives best efficiency. The corresponding values can be
found in Figures 6.6 and 6.7. These curves should be used in the initial
design phase when the number of stages and therefore, the blade loading

coefficient has been selected.

Note:

a)- Figures 6.6a to ¢ give optimum values of flow coefficient and stage exit
flow angle, for a selected values of blade loading coefficient and reaction. The full
lines, which are of total-to-total efficiency, are suitable for all stages (except the
last) of multistage turbines. The dotted lines, for total-to-static efficiency across
the blading, are suitable for single-stage turbines without an exit diffuser. Finally,
the chain dotted lines are suitable for a single-stage turbine followed by a diffuser
with 50 per cent pressure recovery.

b)- Figure 6.7a to c represent the cross correlations obtained from Figure
6.6. Figure 6.7a shows peak isentropic efficiency plotted against blade loading
coefficient for different reactions. Figure 6.7b and c are for the effects of blade

loading coefficient on rotor outlet swirl and optimum nozzle angle.

3- The hub-tip ratios (Figure 6.3) should be specified between a maximum
of 0.875 and minimum of 0.6 according to pressure ratio. However, if the
pressure ratio is below 3 the flow path configuration and inlet and outlet
hub-tip ratio may be chosen freely.

Note:
a)- As slated before, Figure 6.3 helps to select the hub-tip ratios as a
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function of pressure ratio.

b)- It is advisable to start the design with the low-pressure turbine at a
higher mean diameter and a consequently high hub-tip ratio. High-
pressure turbine design follows. The transition duct is placed between

turbines.

6.7- HP and LP Turbine Design

The constraints stated in the previous sections are but not a unique

choice. They are the ranges in which preliminary turbine design is undertaken.

The turbine designs herein were based on the following assumptions:

1- Constant axial velocity for TURBGEO.

2- About 50% reaction at blade mid height.

3- Free vortex flow distribution.

4- HP turbine inlet axial Mach number of about 0.3.

5- Straight sided annulus walls.

6- Shrouded blades are selected, for HP and LP turbines, since they
feature inter-locking shrouds which both stiffen the blades and help to
damp vibration. On the other hand, unshrouded blades are more likely to
vibrate and therefore, the chords and adjacent gaps are larger than those
corresponding shrouded equivalents. Nevertheless, unshrouded blades are
also popular.

The HP and LP turbine design has been carried out with the help of the
TURBGEQO and TURBDES computer programmes. They were used for both
aerodynamic and mechanical design. First, TURBGEO was used to select the
number of stages and a suitable annulus geometry. When an acceptable
compromise was reached, TURBDES was then applied to refine losses,
aerodynamic parameters and stress analysis. The blade stress calculation



87

performed by TURBDES is a simple approximate method adequate for
preliminary design.

The assessment and analysis of HP and LP turbine design are carried out
in the following sections.

6.7.1- HP Turbine

After many trials, a single stage HP turbine was selected, even though a
two stage would be more appropriated from an aerodynamic point view. The
choice of a single stage was made on the basis of the fact that a two stage
turbine would increase the length, weight and cost of the engine. However, a
single stage turbine would generate higher losses in the swan-neck duct between
HP and LP turbine due to high exit swirl angle resulting from a high blade loading

coefficient.

The selected design parameters are given in Table 6.4. They have been
chosen within the ranges stated previously so that the mechanical conditions may
to a large extent, be satisfied. The input data file for TURBGEQ is given in Figure
F.10, Appendix F. A constant hub radius design has been selected taking into
account the LP turbine geometry after estimating the location of the combustion
chamber. Finally, the main design output parameters, such as Mach numbers,
deflection, hub-tip ratio, etc, are given in Table 6.5. Full TURBGEO and
TURBDES output data can be found in Figures F.11 and F.12, Appendix F,
respectively.

As a result of design calculation the stage isentropic efficiency (m) was
found as follows:

_ In Smith’s efficiency correlation (Figure 6.2), with the design values of
y=1,83 and ¢=0.57, the efficiency was found to be n=91%. Allowing for, say, -3%



tip clearance it became 88%. The efficiency, predicted by TURBDES, was the
same. The efficiency predicted did not reach the target efficiency of 90%. It could
be improved by using a sophisticated computational programme and carrying out
further interactions. Furthermore, a more detailed assessment of the mechanical
design may well change, for instance, the number of blades, aspect ratios, space-
chord ratios, and annulus geometry. In consequence, these change would affect

the efficiency.

HP TURBINE
PARAMETER STAGE
(at blade mid height)

Inlet axial velocity (m/s) 240.0
Temperature drop (K) 277.
Flow coefficient ¢ 0.57
Blade loading coefficient y 1.83
Inlet air angle (degree) 0.0
Inlet total pressure x10° (N/m?) 28.27
Inlet total temperature (K) 1800.
Design type CHD
Nozzle/rotor aspect ratio 1.2/2.0
Nozzle/rotor space-chord ratio 1.0/0.95
Outlet stage tip radius (m) 0.4453
Blade mean speed (m/s) 419.14
Annulus flare angle (degree) 19.68
Stage length (cm) 12.04

Table 6.4 Design Parameters

Note: CHD = Constant Hub Diameter
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HP TURBINE
.| PARAMETER STAGE b
(at blade mid height)
Nozzle/rotor deflections (degree) 66.8/100.7
Nozzle/rotor Abs. exit gas angle 66.8/37.
(degree)
Relative inlet gas angle (degree) 32.98
" Relative exit gas angle (degree) 67.70
Exit swirl angle (degrees) 37.0
Nozzle/rotor accelerations V,,/V,, 2.58/2.22
Rotor inlet Mach number (root) 0.37
Nozzle exit Mach number 0.78
rExir axial Mach number 0.41
|| Root/tip reaction 44/60 i
| iniet hubstip ratio 0.8750
Outlet hub/tip ratio 0.7975
Stage isentropic efficiency % 88
Overall isentropic efficiency % 88

Table 6.5 Turbine Design Assessment

6.7.2- LP Turbine

A four stage LP turbine with constant mean radius has been chosen. The
input data file for TURBGEQO is given in Figure F.13, Appendix F. The number of
stages could not be reduced from 4 to 3 for the following reasons: Firstly,
because in order to make the LP compressor operates efficiently, their tip
speeds, especially in the first stages, have to be limited. As a consequence, the
LP shaft speed became low compared to the HP shaft. Thus, the LP turbine has
more stages than the HP turbine. To reduce the number of stages of LP turbine
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would be necessary to push up the blade mid height radius. This would increase
the losses in the swan-neck duct between the two turbines and the length of the
engine. Secondly, a limit on exit tip radius of 0.65 m was imposed by the by-pass
duct in the HP mode and the low exit tip radius of HP the turbine.

The design mean parameters selected for the LP turbine are given in
Table 6.6. Table 6.7 shows the LP turbine assessment. For the last stage, the
exit swirl angle is below 20 degrees which ensures low losses in the jet pipe. Full
TURBGEO and TURBDES output data are given in Figures F.14 and F.15,
Appendix F, respectively.

LP turbine isentropic efficiency was found in the same way as for HP
turbine, namely using both TURBDES and Smith’s correlation. For all stages, the
predictions from both were close enough that only one method need be used.

stage 1 y=1.60

0=0.86
n=90%

stage2  y=1.53

$=0.86
TI:.-SQ%

stage 3 y=1.50

¢=0.86
N=90%

stage 4 y=1.46
$=0.86
nN=91.%

The overall isentropic efficiency by TURBDES was 90%. This is the target
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efficiency.

After the HP and LP turbine design had been carried out, a final geometry
involving both turbine annulus and swan-neck duct was drawn in order to check

the overall dimensions. The drawing is given in Figure 6.8.

The swan-neck duct is a form of inter-turbine connecting duct which
provides to some extent an outward step change in radius and diffusion of the
main-stream flow. Excessive diffusion of gas flow within turbomachinery blading
should be avoided. For this reason, the swan-neck duct with slight diffusion (with
increasing flow area) was placed between the HP and LP rufbines in order to

slow-down the main-stream flow.

The next step was to estimated the turbine off-design performance using
the TURBOFF programme.

6.8- Turbines Off-design Performance

The off-design performance prediction of HP and LP turbines have been
carried out using TURBOFF. As mentioned before, it was written by the author
and the calculations were based on Ainley and Mathieson’s method (28) involving
correlations of cascade data. Some new correlations of cascade data obtained
by Dunhan and Came (29) have been introduced to replace some of those
originally used by Ainley and Mathieson. In addition, TURBOFF was especially
designed to handle multistage turbines.

Basically, the performance of a turbine, as calculated by TURBOFF, is
assumed to be the same as that of a turbine of constant section blading, the
geometry of which is identical with that at the mean section of the real turbine.
The assumption of "mean section” calculations is sufficiently accurate for the
purpose of this preliminary design assessment.
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LP TURBINE
PARAMETER STAGE

(at blade mid height) 1st o0l 3rd sth
Inlet axial velocity (m/s) 205 205 205 205
Temperature drop (K) 85.00 82.00 81.00 79.35
Flow coefficient ¢ 0.86 0.86 0.86 0.86
Blade loading coefficient y 1.60 1.53 1.50 1.46
Inlet air angle (degree) 0.0 21.0 21.0 21.0
Inlet total pressure x10° 10.54 7.73 5.62 4.01
(N/m?)
Inlet total temperature (K) 1210.76 1125.76 1043.76 962.76
Design type CMD CMD CMD CMD
Nozzle/rotor aspect ratio 2.00/ 2.38/ 3.07/ 3.20/

2.29 2.99 3.57 3.60
Nozzle/rotor space-chord 1.10/ 1.11/ 1.1/ 1.12/
ratio 0.95 1.10 1.00 1.00
Outlet stage tip radius (m) 0.5677 0.5826 0.6030 0.6311
Blade mean speed (m/s) 239 239 239 239
Annulus flare angle (degree) 14.23 14.02 14.82 19.78
Stage Length (cm) 12.58 16.10 20.02 17.59

Table 6.6 Design Parameters

Note: CMD = Constant Mean Diameter

In Appendix E, the method due to Ainley and Mathieson method and
TURBOFF are presented in detail. The input files for the HP and LP turbines
(Figures F.16 and F.17, respectively) and the output file for the HP turbine

(Figure F.18) are in Appendix F. However, the output file for the LP turbine has

not been included due to its length.
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L LP TURBINE
PARAMETER STAGE
(at blade mid height) ok P 3rd ath
Nozzle/rotor deflections 56.1/ 75.2/ 74.8/ 74.7/
(degrees) 74.9 70.4 68.5 67.7
Nozzle/rotor Abs. exit gas 56.2/ 54.5/ 53.7/ 53.7/
angle (degrees) 21.0 21.0 21.0 19.0
Relative inlet gas angle 17.84 13.33 11.36 11.7
| (degrees)
Relative exit gas angle 57.14 57.06 57.10 56.66
(degrees)

Exit swirl angle (degrees) 21.00 21.00 21.00 19.00
I Nozzle/rotor accelerations 1.79/ 1.61/ 1.58/ 1.57/
Nozzle exit Mach number 0.55 0.55 0.56 0.58
Rotor inlet Mach number (root) | 0.32 0.33 0.34 0.35
Exit axial Mach number 0.34 0.35 0.36 0.36
Root/tip reaction 42/ 44/ 41/ 31/

60 65 68 69
Inlet hub/tip ratio 0.8500 0.8119 | 0.7654 | 0.7055
Outlet hub/tip ratio 0.8119 0.7654 | 0.7055 | 0.6297
Stage isentropic efficiency % 90 89 90 91
Overall isentropic efficiency % 90

Table 6.7 Turbine Design Assessment

The turbine off-design maps for both HP and LP turbines obtained with

TURBOFF are presented in the following sections.
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6.9- HP Turbine Characteristics

The characteristics of the HP turbine are shown in Figure 6.9. This shows
non-dimensional mass flow (mvY/'T/P) and efficiency versus pressure ratio for
various values of design non-dimensional speed (NAW'T). The design point
conditions are included to compare the efficiency predicted by TURBOFF to that
by TURBDES. The efficiency, predicted by TURBOFF, has been found to be
88%. This is the same as that predicted by TURBDES.

The form of the characteristic lines presented in Figure 6.9 is for choked
nozzles. As can be seen, the constant speed lines merge into a single horizontal
line. The reason for this is that the choking conditions do not depend on the

rotational speed.

6.10- LP Turbine Characteristics

Figure 6.10 is the LP turbine characteristic. As with the HP turbine, the
non-dimensional mass flow (mv'T/P) and efficiency are plotted against pressure
ratio for various values of design non-dimensional speed (N¥/'T). The design point
conditions are also shown in Figure 6.10 in order to compare the efficiency
predicted by TURBOFF with that for TURBDES. The efficiency, predicted by
TURBOFF, has been found to be 90%. This is the same as that predicted by
TURBDES. Unlikely Figure 6.9, Figure 6.10 has characteristic for choked rotor
passages. This means that, the choking condition depends on the rotational
speed.






95

CHAPTER 7

Selective Bleed Engine Simulation

7.1- TURBOMATCH Preparation

This section explains the second simulation of the Selective Bleed Engine;
employing, in TURBOMATCH, the characteristics obtained in Chapter 4, 5, 6.
This allows the simulation of the Selective Bleed Engine with the estimated
characteristics in order to assess its overall performance and to ascertain the
compressors can perform the duty demanded. The replacement of the
characteristics was carried out separately i.e. first the compressor characteristics

and then turbine characteristics.

A TURBOMATCH input file was prepared with the same design inlet
conditions as in Chapter 2 for each mode except for the compressors BRICK
data and compressor characteristics. The replacement of compressor
characteristics for each mode followed the instructions given in Reference 30. In
each compressor BRICK data Z (surge margin parameter), CN (non-dimensional
speed relative to design), PR (pressure ratio) and ETA (isentropic efficiency) were
replaced by the appropriate design values as follows:



for LP mode

LP Compressor

96

IP Compressor

HP Compressor

Z=0.869 Z=0.986 Z=0.866
PR=3.0 PR=2.41 PR=3.60
CN=0.99 CN=0.99 CN=0.96
ETA=0.86 ETA=0.875 ETA=0.875

for HP mode

LP Compressor

IP Compressor

HP Compressor

Z=0.687 =0.95 Z=0.896
PR=2.1 PR=3.31 PR=3.96
CN=0.95 CN=0.95 CN=0.99
ETA=0.875 ETA=0.89 ETA=0.875

All above values were found manually in the estimated compressor
characteristics with the design pressure ratios and non-dimensional mass flows
calculated in the first simulation (Chapter 2).

The first run of TURBOMATCH with the predicted compressor maps failed.
It was then decided to change the LP compressor characteristics in the HP mode
because the HP mode design point CN in the estimated LP compressor
characteristics was found to be about 0.91 and in the estimated IP compressor
characteristics about 0.97. As is known, the LP and IP compressor are on the
same shaft and therefore, the gap between the two CNs had to be reduced by
varying further the LP compressor stator blades. The LP compressor stator
blades were restaggered as follows: IGV 35° and all stators 20°. The result of it
is shown in Figure 7.1. With the change, the design point CN in the LP
compressor characteristics shifts from 0.91 to 0.95, which is much closer to that
of the IP compressor. To make CN of the IP compressor the same as the LP
compressor, a multiplier (0.97/0.95) was applied to the IP compressor. With the
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new estimated LP compressor characteristics (Figure 7.1) in TURBOMATCH, the
second run it was also unsuccessful.

The problem was in the IP compressor characteristics. For some reason
TURBOMATCH did not give scale factors for pressure ratio, mass flow and
efficiency equal to unity; would indicate that the maps were not being scaled.
What could be happening in TURBOMATCH is that because of the shape of the
characteristic of the IP compressor near the surge line, the TURBOMATCH
interpolation procedure of the compressor characteristic was not working as
desired and therefore, giving scale factors different from unity. Some tests carried
out on the TURBOMATCH ARITHY brick data indicated that it was not locating
the same CN in IP compressor characteristics as that in LP compressor in the
second simulation. Because time was running out at that point, it was decided to
replace the IP compressor characteristics by the TURBOMATCH compressor
characteristics and to carry out the performance analysis on the LP and HP
compressors only.

The second step was to replace the TURBOMATCH turbine characteristics
by the estimated turbine characteristics obtained in Chapter 6. However, this was
not possible because TURBOMATCH can only handle turbines with choked rotor.
As is known, the HP turbine has choked nozzle and the LP turbine choked rotor.
Although the LP turbine characteristics could be used by TURBOMATCH, it was
decided not to replace the TURBOMATCH turbine characteristics by the
estimated characteristics and carry on the off-design performance only with the
predicted compressor characteristics, this being the most critical component.

7.2- Off-design Performance

The off-design performance of the Selective Bleed Engine was simulated
with TURBOMATCH as in Chapter 2, with the estimated compressor
characteristics as stated in the previous section. The off-design performance

analysis was carried out for Thrust and SFC, with variation of TET and Flight
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Mach Number. Figures 7.2 and 7.3 show the change of thrust and SFC as
throttle setting changes for the first (Chapter 2) and second simulation. In these
cases throttle setting is represented by TET. It can be observed, as in all gas
turbine engines, that there is a very large change of thrust with TET. The HP
mode in the second simulation achieves higher levels of thrust than that originally
predicted and the TET operating range is reduced slightly for both modes. Figure
/7.3 shows the change of SFC with TET. The influence of TET on SFC, in both
operating modes, is similar to any other jet engine. The SFC is slightly greater
for LP mode in the second than in the first simulation and slightly lower for HP
mode in the second than in first simulation. Figure 7.4 shows the change of SFC
with thrust. Again the curves are similar to that in Figure 7.3.

7.3- Compressor Running Lines

The steady state running lines derived from the second engine off-design
performance simulation for the mission profile in Table 2.2 (Chapter 2), are
shown in Figure 7.5 (LP mode), Figures 7.6 (HP mode) for the LP compressor,
Figure 7.7 (both modes) for the HP compressor and Figure 7.8 (LP mode), Figure
7.9 (HP mode) for the IP compressor, in order to see how the compressor

running lines fit within the estimated characteristics.

Comparing the LP compressor running lines (Figure 7.5) in the LP mode,
there is no significant change in the LP compressor characteristics. However, the
running line in the second simulation has more surge margin for CN between
0.98 and 0.80 than in the first simulation. This is because the estimated
compressor efficiency in the second simulation is higher than that of the
compressor characteristics in TURBOMATCH. Keeping the same engine main
conditions but increasing the compressor efficiencies will result in lower off-design

pressure ratios, because of the modifications in engine matching.

In Figure 7.6, it can be seen that there is no significant change in the
trajectory of the running line in the second simulation. The surge margin is almost
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the same in both simulations. Looking at the Figures 7.7, the LP mode running
line does not change significantly, while for the HP mode running line changes
considerably. The LP mode running line in the second simulation changes slope
with the surge margin falling as speed falls. The design point surge margin
remains almost the same as in the first simulation. The reason for that could be
the same as that explained in Figure 7.5 for LP mode in the second simulation.

Figure 7.8 shows the IP compressor LP mode running lines. Comparing
the running lines, the second simulation running line is shorter and it has a
different trajectory. This could be because the LP compressor rotational speed
is not compatible with that of the IP compressor and therefore, the LP
compressor forces the IP compressor pressure ratio and non-dimensional mass
flow towards the surge. To overcome this problem the variable LP compressor
vanes could be used to control the LP compressor rotational speed.

Figure 7.9 shows the HP mode running lines for the IP compressor. In
both simulations, the trajectory of HP mode running lines have the same
direction. However, HP mode running line in the second simulation is much

shorter than that in the second simulation.

The fuel consumption required to accomplish the mission profile outlined
in Table 2.2 (Chapter 2) for the second simulation was calculated. It was found
that the Selective Bleed Engine requires 4001kg of fuel, this being approximately
10 per cent less than that of the first simulation. The reduction in fuel
consumption is caused by the higher efficiency of the compressors at off-design,
when compared to TURBOMATCH. The supersonic cruise (Mach No=1.5 &
Alt=9km), which is the most important phase of the mission, is accomplished
without reheat and the SFC drops from 33.15 [mg/N sec] (first simulation) to
31.44 [mg/N sec] (second simulation).

A more accurate analysis of the running lines in both modes and of fuel

consumption should be made. Before this is possible the analysis of several
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problems, such as scale factors, interpolation procedures and TURBOMATCH
ARITHY brick data has to be carried out.
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CHAPTER 8

Engineering Considerations

8.1- Introduction

The aim of this investigation is to assess the performance of the Selective
Bleed Engine. This preliminary investigation shows the subject warrants further
investigation. This investigation should focus on the refining of the performance
assessment and should now be broadened to include the engineering and the
construction considerations. In this Chapter some key topics are outlined. These

topics are valves, transition phase, sizing and optimisation.

8.2- Other Design Aspects

There are several other engine features that require very careful
consideration because they are critical to the satisfactory operation of the
Selective Bleed Engine.

8.2.1- Valves

Two sets of valves will be required by the engine. One will shut off the LP
mode bypass duct (or vectoring nozzles) and the other will shut off the HP mode
bypass duct. These valves will have to be light and effective. For the HP bypass
duct, a system such as a vane valve could be employed. It would be lightweight

and would require the same technology employed in variable stator design. For
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the LP bypass duct the solution does not appear to be so straightforward
because of the relatively large area that has to be blocked. A possibility is again
a vane valve that would block the cold nozzle inlet.

8.2.2- Transition Phase

The transition from LP to HP modes of operation will require special
attention to the transient performance of the engine. When this transition takes
place, the shaft RPMs may have to change, and this change in RPM will be one
of the factors that will determine the time required for the transition. The valves
will have to be coordinated very carefully. As one of them is opening, the other
one is closing. This change of area at the compressor outlet will have to be
coordinated in such a way that there will be an adequate safety margin (the
compressor outlet area is not too small) and that the right level of compressor
pressure ratio will be retained (the compressor outlet area is not too large), thus

retaining engine performance.

8.2.3- Sizing and Optimisation

The engine has been sized for the HP mode of operation, and some
compromises, such as accepting a low TET and a degree of oversizing, had to
be made in the LP mode. Because the LP compressor is designed with the
conditions in the LP mode, the HP mode is also oversized. Similarly, the number
of stages, and the overall diameter of the engines could be reduced if the latest
turbomachinery design codes, which are only available to the major aero-engine
manufacturers, could be employed. The tools available at Cranfield are powerful
enough to demonstrate the feasibility of the concept, but cannot compete with the
most modern design procedures available only to engine manufacturers. Further
optimisation, that could yield some improvement in engine performance and
characteristics is still necessary. It is also necessary to carry out an analysis of
variable geometry in the LP turbine to assess the potential impact on overall
engine performance.



103

A variable geometry turbine can be used to improve engine performance
and its advantages and disadvantages depend on overall engine objective and
applications. For instance, some applications show that LP turbine variable
geometry is effective in increasing the LP compressor surge margin at all rotor
speeds. On the other hand, it has shown an additional engine complexity and
manufacturing cost.

Therefore, based on the information in the open literature, it is likely that
the overall engine and compressor performance for the Selective Bleed Engine

will improve by employing a variable LP Turbine.

The analysis of such an engine, the Selective Bleed Engine, has been
carried out. However, the transition from one mode to the other, a very important
engine handling feature, and the transition performance will not be investigated
here.

8.2.4- Mechanical Design

The mechanical design is a very important phase which needs to be
assessed due to the complexity of the variable cycle concepts. Some of the
performance gained may have to be compromised because of mechanical
considerations.
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CHAPTER 9

Remarks and Conclusions

9.1- Conclusions

The study of a variable cycle engine has been carried out. This variable
cycle engine operates at subsonic speeds as a medium bypass turbofan and at
supersonic speeds and combat conditions as a low bypass ratio turbofan.

The main topics investigated have been the overall performance of the
engine, the matching method and the behaviour of the compressors. The overall
performance of the engine is predicted to be significantly better than that of a
conventional reheated turbofan. One of the products of this work is a design
method for variable cycle jet engines. Some of the penalties, such as additional

weight and handling problems have still to be assessed.

A cycle matching method has been developed. It has been presented as
a mixed numerical-graphical method, but it can be easily adapted to a fully

numerical method for digital computers.

The main advantage of this method is that it starts with engine parameters
which have been selected from cycle optimisation procedures. Thus it is known
from the beginning of the study that the cycles on which the engine is going to
operate have been optimised. The procedure is a check of the capability of the
components to satisfy the requirements of the two cycles.
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The method is based on thermodynamic relations and the characteristics
of the various components. This method has been employed for the analysis of
two other variable cycle engines the Tandem Fan (References 31 ) and the
Variable Cycle Turbojet Turbofan (Reference 32) and it has proved to be a very
powerful analytical tool.

The method as described treats fixed geometry turbines. The inclusion of
turbine variable geometry is very simple. The steps of turbine matching can be
easily modified to allow for differences in turbine non-dimensional mass flow,
these differences reflecting the variability of turbine nozzle area.

The variable compressor geometry is widely used to improve off-design
performance of highly loaded multistage axial flow compressor with high pressure
ratio. This is the first time such a technique has been used in a low pressure ratio
multistage axial flow compressor to displace the surge line in order to allow
sufficient surge margin under all operating conditions. The results obtained
indicate that compressor variable geometry, a well mastered technology, is
essential for satisfactory engine operation. The use of variable compressor
geometry has expanded the surge margin up to 65 per cent at non-dimensional
rotational speed relative to design equal to 0.50 (Table 5.9, Chapter 5).

Turbine variable geometry, currently a high-risk technology, can be
avoided although it will improve the flexibility of engine operation, and will
improve the matching of the two cycles. The full potential of LP turbine variable
geometry needs to be assessed.

The study described in this work indicates that the Selective Bleed Engine
appears to yield important benefits in performance. For instance, the Selective
Bleed Engine saves 337kg of fuel compared to the standard Turbofan to
accomplish the mission outlined in Table 2.2 (Chapter 2). This is approximately
9 per cent of total fuel consumption. In the second simulation (Chapter 7), the

Selective Bleed Engine saves up to 776kg of fuel. This is approximately 18 per
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cent of total fuel consumption calculated in the first simulation (Chapter 2).
However, the main advantage of the Selective Bleed Engine is at Mach number
1.5 ( supersonic cruise) where it is approximately 50 per cent more efficient than
standard Turbofan (Figure 2.17, Chapter 2).

The modifications carried out in the existing computer programmes allow
better assessment of the aerodynamic parameters and faster running time during
the component design. Therefore, more time may be spent on overall engine
performance analysis. The turbine off-design performance prediction computer
programme (TURBOFF) is simple and can quickly predict the turbine
characteristics. A comparison of TURBOFF results with experimental data is
necessary in order to verify its empirical correlations in test cases for the

programme.

The TURBOMATCH computer programme is indeed a very powerful tool
to simulate engine design point and off-design performance. However, the scale
factors which correct the default compressor and turbine characteristics, still do
so when replaced by predicted characteristics. This affects the accuracy of the
engine off-design performance simulation. A modification in TURBOMATCH in
order to deactivate (when desirable) the scale factors could be done and it would
be very useful for further work.

Some of the difficulties anticipated need scrutiny, but the performance
gains justify further analysis of the concept.

9.2- Contributions
The main contribution of this work was the assessment of the new variable
cycle jet engine concept. This has shown that the Selective Bleed Engine is a

feasible design offering a significant benefit in performance.

An original contribution was the development of the matching method



107

procedure to match variable cycle jet engines, which can be extended to three
shatft jet engines and with or without variable nozzle LP turbines.

The successful use of variable compressor geometry to displace the surge

line in low pressure ratio compressor was another significant contribution,
especially for variable cycle engines.

Finally, equally important, was the development of an axial-flow turbine off-
design performance programme and the modifications and update of the existing

computer programmes.

This work is the genesis of a preliminary performance analysis procedure

for variable cycle jet engines.

9.3- Further Work

The present work shows that the Selective Bleed Engine is a feasible
design. A more detailed assessment should encompass the following work:

1- Analysis of the transient performance and the transition from one mode
to the other.

2- Assessment of engine overall performance with LP turbine variable
geometry.

3- Further development of the matching method for three-shaft engines
and variable nozzle LP turbines.

4- Mechanical design of components and assessment of the Selective
Bleed Engine.

5- Development of a computer programme specially designed to simulate
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the design point and off-design performance analysis of the Selective
Bleed Engine.
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APPENDIX A

This Appendix consists of aircraft mission profile and trust requirements

taken from Gammon'’s thesis (2).

Aircraft Mission Profile and Thrust Requirements

The air superiority design mission comprises:

Warm-up, taxi (5 minutes at ground idle).

STO (200m roll, dry concrete).

Minimum fuel climb to best cruise altitude and Mach number (BCAM).
Cruise at BCAM to point 200 nm from take off.

Instantaneous transfer to 9km and loiter for 60 minutes at best loiter
speed.

Accelerate at maximum power to Mach 1.5 and best cruise altitude and
hold this Mach number to a point 100nm from the loiter area.
Supersonic combat (fire 2 AMRAAM then one 360 degree, 3g sustained
turn at M=1.5, Alt=9km).

Subsonic combat (two 360 degree, 8g sustained turns at M=0.9, sea level,
fire AMRAAM, 2 ASRAAM, expend ammunition).

Minimum fuel climb to BCAM.

Return to base (300nm from subsonic combat) at BCAM.

One minute hover out of ground effect, vertical landing with 5 percent

internal fuel remaining at entry hover.

The offensive support fall out mission comprises:
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1- Warm-up, taxi (6 minutes at ground idle), tale off climb to 100m.
2- Outbound cruise at 100m, best cruise Mach number.

3- Penetration for 60nm at 100m, M=0.8.

4- Drop 6 anti-tank cluster weapons.

5- Combat (five 360 degree turns at 8g, sea level, M=0.9.
6- Egress for 60nm at 100m, M=0.8.
/- Return cruise at 100m, best cruise Mach number.

8- One minute hover out of ground effect, vertical landing with 5 percent

internal fuel remaining at entry hover.

The following mass definitions should be borne in mid whilst the mission is being

studied:

i)

Design basic mass empty shall include any fixed store
carriers, all lubricating oil, anti-icing and refrigerating liquids,
unusable fuel, avionics equipment and chaff and flare

dispensers.

Design take-off mass is designed as basic mass empty, plus
full internal fuel, any water injection fluid, crew (90kg), role-fit
equipment such as jettisonble stores pylons, launchers and
ejector release units, 4 AMRAAM, 2 ASRAAM, gun,

ammunition, chaff and flares.

Combat mass is defined as the design take-off mass less 40
percent of usable fuel, any injection water consumed during
take-off and 2 AMRAAM.

Design landing mass is defined as the design take-off mass
less 80 percent of usable fuel and any injection water
consumed during take-off.
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The following performance requirenici:i< inust be met by the aircraft at

combat mass under ISA conditions:

1-

Sustained turn rates of :

16 deg s’ at sea level, M=0.5, max dry j»ower
11 deg s at sea level, M=0.9, max o power
12 deg s’ at 6000m, M=0.9, max drv | wer

8 deg s at 6000m, M=1.2, max dry /»¢iwcr.

Attained (maximum instantaneous) i/ rate of 22 deg s' at 3000m,
M=0.55, max power.

Specific excess power of :

150 m/s at 9000m, M=1.4, max powc

300 m/s at sea level, M=0.9, max po\wii

190 m/s at 9000m, M=0.9, max powe:.

Mach numbers of : M=1.1 at sea levi! i--1.6 at 11000m.

Figure A.1 shows the air superiority dc:cji1 mission selected. In Figure A.2,

the point performance thrust requirements z/ - : own graphicly. Finally, Table A.1

shows the required engine point performanc:: Jata.
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100nm

200nm

1. Warm — up, tax! (5 minutes at ground idle)
2. STO (600ft roll, dry concrete)
3. Minimum fuel climb to best cruise altitude and Mach number (BCAM)
4. Cruise at BCAM to a point 200nm from take — off
5. Instantaneous transfer to Skm and loiter for 60 mins at best loiter speed
6. Accelerate at maximum power to M = 1.5 and best cruise altitude (BCA)
and hold to a point 100nm from loiter area
7. Supersonic combat (fire 2 AMRAAM then one 360 degree, 3g sustained
turn @ M =1.5, gkm)
8. Subsonic combat (Two 360 degree, 8g sustained turns @ M=0.8, SL,
fire2 AMRAAM, 2ASRAAM, expend ammunition)
8. Minimum fuel climb to BCAM
10. Return to base (300nm from subsonic combat) at BCAM
11. One minute hover out — of — ground effect, vertical landing
with 5% internal fuel remaining at entry to hover

Figure A.1 Air Superiority Design Mission.
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Figure A.2 Point Performance Thrust Reguirements.
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wope | MACH q |veLocrTy | " c . D Riggéggn
. NUMBER | (kPa) | (ms™1) L D D. D (kN)

z & (kN)
LOITER | 0.65 | 9.1 197.4 | 0.316 | 0.0145| 0.0146 | 0.0291 | 12.8 12.8
RANGE | 0.78 | 13.0 | 236.1 0.221]0.0142 | 0.0071] 0.0213 [ 13.4 13.4

Table A.1 Required Engine Point Performance Data.
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APPENDIX B

S. B. E. Design and Off-design Data

This Appendix consists of TURBOMATCH input and output files for LP and
HP mode. These files are for engine optimization and design and off-design

performance.

Figures B.1 and B.2 represent the TURBOMATCH input files for LP and
HP mode created to carry out the engine optimization and illustrate the use of

Loop required during the optimization process.

Figures B.3 and B.4 are the TURBOMATCH output files for LP and HP
mode with the design and off-design parameters as well as the engine input data
at the begin.
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Figure B.1l TURBOMATCH Input Data File for LP mode.

*** SELECTIVE BLEED ENGINE - LP MODE ***
*** OPTIMIZATION ***

---------------------------------------------- Iy
DP,SI,KE,FP

-1

=1

INTAKE S1-2 D1-4 R100

COMPRE 52-3 DS-10 R101 V5 V6

PREMAS S53,17.4 D1i-14 Vil

DUCTER S17-18 D15-18 R103

NOZCON 518,19,1 Dlg R104

ARITHY D200-204

COMPRE S4-5 D20-25 R102 V20

COMPRE 85,6 D26-31 R109 V26 V27

ARITHY D220-224

PREMAS S6,20,7 D32-35

COMPRE 57,8 D36-41 R105 Vie

ARITHY D210-216

ARITHY D230-236

PREMAS 58,21,9 D42-45

PREMAS S59,22,10 D46~-49

BURNER S10-11 D50-52 R106&

TURBIN S11-12 D53-60,111 V54

MIXEES S12,22,13

TURBIN S13-14 Del-68,110 vezZ

DUCTER S14-15 D69-72 R107

NOZCON S15,16,1 D7l R108

ARITHY DZ61-267

ARITHY D271-277

ARITHY Dz281-287

ARITHY D3G1-307

ARITHY D311-317

ARITHY D321-327

ARITHY D340-344

OUTFUT D7,11,22,400

OUTPUT D328,288

PLOTIT D328,288,7,11,22,400

PERFOR s51,0,0 D74-77,104,100,103,108,0,10¢,0,0, 107
CODEND

RN DATA ITEM e LP MODE o
WAIR DESIGN POINT AT S5.L.S. o
--------------------------------------------------------- 1111
1 0.0 ! Altitude

2 0.0 ! INTAKE ISA Deviation

3 0.0 ! Mach Number

4 =-1.0 1 Pressure Recoveryv (defaulr)
5 -1.0 ! Z sSurge margin {(d=fault)
6 -1.0 ! PCN Corrected RP¥ (default)
1001 7 1 1 2.0 ! COMPRE Pressure Ratio PRl (loop)
B 0.88 ¥ Isentropic Efficizncy

5 0.0 ! Error switch (off)

0 1.0 ! Map Number

1002 11 2 2 0.7 0.75 ! Mass flow factor 3Y-PASS FLOW)
12 0.0 ! PREMAS Flow loss
1
1

13 1.0 Pressure factor

14 0.0 Pressure loss

15 1.00 ! Reheat switch(of?;

16 0.03 ! DUCTOR Pressure factor

17 0.9 ! Combustion efficizncy

18 1000000.0 ! Dummy limicting fusl flow
19 -1.0 ! NOZCON Switch(Fixed exit area)

20 -1.0 Z Surge margin (default)

21 -1.0 PCN Corrected RPM (default)

. !

1003 22 3 2 9. 10.0 ! COMPRE Pressure Ratio PRZ (loop)
1
1

23 0.88 Isentropic Efficiency
24 0.0 Error switch (off}
25 1:0 Map Number
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26 -1.0 ! Z Surge margin (default)

27 -1.0 1 PCN Corrected RPM (defaulrn)

28 1.2 ! COMPRE Pressure Ratio PR3

29 0.89 ! Isentropic Efficiency

o 0.0 ! Error switch (off)

i1 1.0 ! Map Number

32 0.0 ! Mass flow factor(Surge Cantrol)
33 0.0 ! PREMAS Flow loss

34 1.0 ! Pressure factor

35 0.0 ! Pressure loss

36 -1.0 ! Z Surge margin (defaulr)

37 -1.0 ! PCN Corrected RPM (default)

38 3.0 ! COMPRE Pressure Ratio PR3

39 0.89 ! Isentropic Efficiency

40 1.0 ! Error switch (off)

41 1.0 ! Map Number

42 0.05 ! Mass flow factor(Reacticn Control)
43 0.0 ! PREMAS Flow less

44 1.0 ! Pressure factor

45 0.0 ! Pressure loss

46 0.10 1 Mass flow factor(HPT Cocling Air)
47 0.0 ! PREMAS Flow loss

48 1.0 ! Pressure factor

49 0.0 ! Pressure loss

50 0.03 ! Pressure loss factor

51 1.0 ! BURNER Combustion efficiency

52 -1.0 ! Fuel flow no:t specified

53 25000.0 ! AUXWORK

54 ~-1.0 ! TF Mass flow(defaulsz)

55 -1.0 ! CN Corrected RPM (d=faul:)

56 0.90 ! TURBIN Isentropic efficiency

57 -1.0 ! PCN-Compressor Turbine (default)
58 2.0 ! Compressor number

59 5.0 ! Map numoer

60 -1.0 1 Power law index (defaulct;

61 0.0 1 AL{WORK

62 -1.0 1 TF Mass flow (defauit)

63 -1.0 ! CN Corrected RPM (dsfaulz)

64 0.90 ! TURBIN Isentropic efficiency

65 -1.¢C ! PCN-Compressor Turbine (default)
66 1.0 ! Compressor number

67 5.0 ! Map number

68 =38 ! Power law index (defaulc;

69 1.0 ! Reheat switch (off)

70 0.03 ! DUCTER Pressure loss factor

1
1
71 0.9 1 Combustion efficiency
72 1000000. ! Dummy fuel flow limit

73 -1.0 ! NOZCON switch (fixed throa: arez)
74 -1.0 ! Power turbine (none)

75 -1.0 ! PERFOR Propeller efficiency

76 0.0 ! Scaling index switch (of=s
77 147600.0 ! Design Thrust

200 5 $

201 -1 !

202 21 ! ARITHY PCN(COMPREZ1 ) =PCN (COMPRE2 )
203 -1 !

204 ] !

210 1 !

211 -1 !

212 110 1

213 -1 ! ARITHY W(TOTAL)=W(comprel}+W!compre2)
214 101 H

215 -1 1

216 102 !

220 5 !

221 -1 t

222 37 ! ARITHY PCN(COMPRE3)=PCN(COMPREY)
223 -1 !

224 27 !



231
232
233
234
235
236

261
262
263
264
265
266
267
269

271
272
273
274
275
276
277

281
282
243
284
285
286
287

301
302
303
304
305
306
307
309

311
312
313
314
315
316
317

321
322
323
324
325
326
327

340
341
342
343
344

-1

=1
111

=1
105

109

268.
11.

o
269.
0.5

278.
-1,
268.

308

308.

400.

11.

12 331,

1004 11

=1
-3

6 4 3 1500.

ARITHY

ARITHY

ARIT:

ARITHY

ARITHY

ARITHY

ARITHY

1600.

125

W(TOTAL) =W (ccrprel) =W (compred)
BD(268)=sgrtiT(11))
BD(278)=m{11l) "sqre({T(11))
BD(288)=m({1l)~ sgrc(T11))/P(11)
BD(308)=sqrt(T(13)}
BD(318)=m{13) sgrc{T(13))
BD(328)=m {13} sqrc(T(13))/P(13)
COPY D400=5V(1l.4]) Temperature(TET)
!Dummy INTAKE mass flow
1800. !Turpine =ntry temperature
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Figure B.2 TURBOMATCH Input Data File for HP mode.

*** SELECTIVE BLEED ENGINE - HP MODE ***
*** OPTIMIZATION ***

---------------------------------------------- v
DP,SI,KE,FP

=1

=

INTAKE 51-2 D1-4 R100

COMPRE s52-23 D5-10 R101 Vs Ve

ARITHY D200-204

COMPRE S53-4 D11-16 R102 Vil

PREMAS 54,17,5 D17-20 V17

DUCTER S17-18 D21-24 R103

NOZDIV s18,19,1 D25-26 R104

ARITHY D210-216

COMPRE 55,6 D27-32 R109 vz7 wv2s

ARITHY D220-224 :

PREMAS S6,20,7 D33-36

COMPRE 57,8 D37-42 R10S vi7

ARITHY D230-2236

PREMAS S8,21,9 D43-4e&

PREMAS s$9,22,10 D47-50

BURNER S10-11 D51-53 R106

TURBIN S11-12 D54-61,111 V55

MIXEES S12,22,13

TURBIN S13-14 D62-69,110 V63

DUCTER S14-15 D70-73 R107

NOZDIV S1%5,16,1 D74-75 R108

ARITHY D261-267

ARITHY D271-277

ARITHY D281-287

ARITHY D301-307

ARITHY D311-317

ARITHY D321-327

ARITHY D340-344

QUTPUT D7,11,22,400

OUTPUT D328, 288

PLOTIT D328,288,7,11,22,400

PERFOR S1,0,0 D?G-?Q.104,100,103.108.0,106‘0,0,107
CODEND

el DATA ITEM ook HP MODE i bty
R DESIGN POINT AT 6000m, Mach=1.2 ekl
------------------------------------------------------- ritd
1 6000.0 ! Altitude

2 0.0 ! INTAKE ISA Deviation

3 1.2 ! Mach Number

4 -1.0 t Pressure Recovery (default)
5 -1.0 ! Z Surge margin (defaulr)
& -1.0 ! PCN Corrected RPM (default)
1001 7 1 3 2. 3. 4 ! COMPRE Pressure Ratio PR1 (loop)
H 0.88 ! Isentropic Efficiency

9 0.0 ! Error switch (off)

10 1.0 ! Map Number

11 -1.0 H Z Surge margin (default)
12 -1.0 ! PCN Corrected RPM (default)
13 2.0 ! COMPRE Pressure Ratio PR2

14 0.88 1 Isentropic Efficiency

15 0.0 ! Error switch (off)

16 1.0 ! Map Number

1003 17 2 3 .1 .2 .3 Mass flow factor

!
ig 0.0 ! PREMAS Flow loss
19 1.0 ' Pressure factor
20 0.0 ! Pressure loss
21 1.00 ! Reheat switch(off)
22 0.03 ! DUCTOR Pressure factor
23 0.9 ! Combustion efficiency
24 1000000.0 ! Dummy limiting fuel flow
25 -1.0 ! NOZDIV Switch(Fixed exit area)
26 -1.0 ! Throat Area
27 -1.0 ! Z Surge margin (default}
28 ! PCN Corrected RPM (default)

-1.
1002 28 2 3 6. 4. 3. ! COMPRE Pressure Ratio PR2
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30 0.89 ! Isentropic Zfficiency

31 0.0 1 Error switch (off)

32 1.0 1 Map Number

33 0.0 ! Mass flow fzcotor(Surge Control)
34 0.0 ! PREMAS Flow loss

35 1.0 1 Pressure fac:-or

36 0.0 ! Pressure loss

37 -1.0 ! Z Surge marcin (default)

38 -1.0 ! PCN Correctei RPM (defaulrt)

39 3.3 ! COMPRE Pressure Ratio PR3

40 0.885 ! Isentropic Eificiency

41 0.0 1 Error switch (off)

42 B A 1 Map Number

43 0.05 ! Mass flow fzctor (Reaction Control)
44 0.0 ! PREMAS Flow loss

45 1.0 ! Pressure faczor

46 0.0 ! Pressure loss

47 0.10 ! Mass flow fz:ortor(HPT Cooling Air)
48 0.0 ! PREMAS Flow loss

49 1.0 ! Pressure faczor

50 0.0 ! Pressure loes

51 0.03 1 Pressure loss factor

52 1.0 ! BURNER Combustion e=ificiency

53 -1.0 ! Fuel flow nc: specified

54 25000.0 ! AUXWORK

55 -1.0 ! TF Mass flow (default)

56 -1.0 ! CN Correctec RPM (defaulr)
57 0.90 ! TURBIN Isentropic «Ificiency

58 -1.0 ! PCN-Compresssr Turbine (defaulc)
59 2.0 ! Compressor rumber

60 5.0 ! Map number

61 -1.0 ! Power law irndex (default)
62 0.0 ! AUXWORK

63 -1.0 1 TF Mass flow default)

64 -1.0 1 CN Correctec RPM (defaulrt)
65 0.80 ! TURBIN Isentropic zificiency

66 -1.0 ! PCN-Compressar Turbine (defaulc)
67 1.0 ! Compressor rumper

68 5.0 ! Map number

69 -1.0 ! Power law index (default)
70 1.0 ! Reheat switcz (off)

71 0.03 ! DUCTER Pressure loss factor

72 0.9 1 Combustion eificiency

73 1000000 ! Dummy fuel Zlow limit

74 -1.0 ! NOZDIV switch (fixei chroat area)
75 -1.0 ! Throat Area

76 -1.0 ! Power turbirs (none)

77 -1.0 ! PERFOR Propeller iciency

78 0.0 1 Scaling indzx switch (off)
79 134400.0 ! Design Thrus:z

200 5 !

201 -1 !

202 12 ! ARITHY PCN(COMPRE1)=="N(COMPRE2)
203 -] !

204 6 !

210 1 !

211 -1 1

212 110 !

213 -1 ! ARITHY W({TOTAL}=W(curzrel)+W(compreZ)
214 101 !

215 -1 !

21le 102 !

220 5 !

221 -1 !

222 38 ! ARITHY PCN(COMPREZ)==N(COMPRE4)
223 -1 1

224 2B !

230 1 !

231 -1 !

232 111 1



233 -1
234 105
235 -1
236 109
261 6.
262 -1.
263 268,
264 11.
265 6.
266 =1.
267 269,
269 0.5
271 3%
272 =1
273 278,
274 -1.
275 268,
276 ks
277 Zs
281 4.
282 -1
283 288.
284 =3,
285 268.
286 11.
287 4.
301 6.
302 =
303 308
304 13.
305 6.
306 =1,
307 309
309 0.5
111 3
312 =
313 31e
314 =t I
318 308.
316 13.
317 2
321 4.
322 -1
323 328
324 -1.
325 i08
326 13,
327 4.
340 S.
241 =1
342 400.
343 11
344 6.
=]

12 201.

1004 B 6 4 3 1500

-1
-3

ARITHY

ARITHY

ARITHY

ARITHY

ARITHY

ARITHY

ARITHY

1600 1700.
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W(TOTAL) =W (compre3 ) +W (compred )

BD(268)=sgrt (T(11})

BD(278)=m(11) *sqrz(T(11))

BD(288)=m(11) *sqrz (T(11)}/P(11)

BD(308)=sqrt(T(123;)

BD(318)=m(13) *sqrz(T(13))

BD(328)=m(13}*sgrc (T(13))/P(13)

ARITHY COPY D400=SV{l1l,6) Temperature(TET]

'Dummy INTAKE mass flow
'Turbine entry temperature
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Figure B.3 TURBOMATCH Output Data for LP mode.

TURBOMATCH SCHEME-VAX VERSION (30/6/88)

Input *Program® follows

***  SELECTIVE BLEED ENGINE - LP MODE www
*** PERFORMANCE ***

oD, SI,KE,FP

-1

INTAKE S1-2 Dl1-4 R10C
COMPRE S52-3 D5-10 RI10L Vs Vé
PREMAS S3,17,4 D11-14 V11l
DUCTER S517-18 D15-18 R10Z
NOZCON S18,18,1 D19 R10<
ARITHY D200-204
COMPRE S4-5 D20-25 R10Z V20
COMPRE 35,6 DZb-31 RiO¢ V2e vz7
ARITHY D220-224
PREMAS S6,20,7 D32-35
COMPRE 57,8 D36-41 R10E vié
ARITHY D210-216
ARITHY D230-236

PREMAS S8,21,9 D42-45
PREMAS 59,22,10 D46-49

BURNER S10-11 D50-52 R10#&

TURBIN S11-12 D52-60, 111 V54

MIXEES §12,22,13

TURBIN S13-14 D61-68,110 V62

DUCTER S14-15 D69-72 R107

NOZCON $15,16,1 D73 R10E

PERFOR S1,0,0 D74-77,104,100,103,108,0,106,0,0,107
CODEND

o DATA ITEM el LP MODE el

DESIGN POINT AT SEA LEVEL STATIC
RP1=3.0, RP2=2.41, PR3=3.6, BY PASS RATIO=1.0 and TET=1500K

1 0.0 1 Altitude

2 0.0 ! INTAKE ISA Deviation

3 0.0 ! Machk Number

4 -1,0 ! Pressure Recovery (default)
S =1.0 1 Z Surge margin (default)

6 -1.0 ! PCN Corrected RPM (default)
7 3.0 ! COMPRE Pressure Ratio PR1

8 0.88 1 Iserntropic Efficiency

] 0.0 1 Error switch (off)

10 1.0 ! Map Number

11 0.5 ! Mass flow factor

12 0.0 ! PREMAS Flow loss

13 1.0 ! Pressure factor

14 0.0 ! Pressure luss

15 1.00 Reheat switch(off)

lé 0.03 DUCTOR Pressure factor

1
1
17 0.9 ! Combustion efficiency
18 1000000.0 ! Dumrmv limiting fuel flow

19 -1.0 ! NOZCON Switch(Fixed exit area)

20 -1.0 ! Z Surge margin (default)

21 -1.0 ! PCN Corrected RPM (defaulc)
22 2.41 ! COMPRE Pressure Ratio PFR2

23 0.88 ! Isentropic Efficiency

24 1.0 ! Error switch (on)

25 1.0 ! Map Number

26 -1.0 ! Z Surge margin {(defaulr)

27 -1.0 ! PCN Corrected REM (defaulr)
28 1.2 ! COMPRE Pressure Ratio PR3

29 0.89 1 Isencropic Efficiency

30 1.0 1 Error switch (on)

31 1.0 ! Map Number
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-1.0

-1.0
0.0
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5

-1
21
-1

111
-1

105
-1

109

1
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Mass flow factor(Surge Control)
PREMAS Flow loss

Pressure factor

Pressure loss

Z Surge margin (default)

PCN Corrected RPM (defaulr)
COMPRE Pressure Ratio PR3

Isentropic Efficiency

Error switch (on)

Map Number

Mass flow factor(Reaction Control)
PREMAS Flow loss

Pressure factor

Pressure loss

Mass flow factor (HPT Cooling Air)
FREMAS Flow loss

Pressure factor

Pressure loss

1 Pressure loss factor
! BURNER Combustion efficiency
! Fuel flow not specified

! AUXWORK

! TF Mass flow(defaulr)

! CN Corrected RPM (default)

! TURBIN Isentropic efficiency

1 PCN-Compressor Turbine{defaulrt:
! Compressor number

! Map number

! Power law index(defaulct)

1 AUXWORK

! TF Mass flow(default)

X CN Corrected RPM (defaulrt)

! TURBIN Isentropic efficiency

! PCN-Compressor Turbine(default)
! Compressor number

! Map number

! Power law index(defaulr)

! Reheat switch (off)

! DUCTER Pressure loss factor
! Combustion efficiency
! Dummy fuel flow limit

! NOZCON switch (fixed throat area)

Power turbine (none)

PERFOR Propeller efficiency
Scaling index switch (off)
Design Thrust

! ARITHY PCN(COMPREL)=PCN(COMPRE2)

ARITHY W(TOTAL)=W(comprel ) +W{compre?)

ARITHY PCN(COMPRE3)=PCN(COMPRE4)

ARITHY WI(TOTAL)=W(comprel)+W({compread)
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=1,

12 331. 1Dummy INTAKE mass flow

11 6 1500, !Turbine entry temperature
-1 !

LS A S S A AR B E Rl R Rk R R R g ————

The Units for this Run are as follows:-
Temperature = K Pressure = Atmospheres Length = metres

Area = sg metres Mass Flow = kg/sec Velocity = metres,s=c
Force = Newtons s.f.c.({Thrust} = mg/N sec s.f.c.(Power) = mug/J
Sp. Thrust = N/kg/sec Power = Watts

¥*wx** DESIGN POINT ENGINE CALCULATIONS ===*=

wwwkdx AMBIENT AND INLET PARAMETZRS ==*=*=

Alt. = 0.0 I.5.4., Dev. = 0.000 Mach No. = 2.00
Etar = 1.0000 Momentum Drag = 0.00

wxk** COMPRESSOR 1 PARAMETERS =w*#=*=

PRSF = 0.49020E+01 ETASF = 0.101072+01 WASF = 0.5:-=-00E+00
Z = 0.85000 PR = 3.000 ETA = 0.880C:

FCHN = 1.0000 CN = 1.00000 COMWK = 0.4£1141E+08
*xxx* DUCT/AFTER BURNING 1 PARAMETERS *===w

ETA = 0.9000 DLP = 0.090C WFE = 0.0C029

whkx* CONVERGENT NOZZLE 1 PARAMETERS =====

Area = 0.2803 Exit Velocity = 369.86 Gross Thrus:t = 75056
Nozzle Coeff. = 0.97531E+00

krwkk COMPRESSOR 2 PARAMETERS w=ww=

PRSF = 0.34559E+01 ETASF = 0.10107E+01 WASF = 0.12233E+00
Z = 0.85000 PR = 2.410 ETA = 0.BROC:

PCN = 1.0000 CN = 1.0C000 COMWK = 0.ZZ007E+08
*k**+ COMPRESSOR 3 PARAMETERS =*===

PRSF = 0.49020E+00 ETASF = -10222E+01 WASF = 0.52Z33E-01
Z = 0.85000 PR = i1.200 ETA = 0.89007

PCN = 1.¢000 CN = 1.20000 COMWK = 0.3:718E+07
**%*%* COMPRESSOR 4 PARAMETERS ====w=

PRSF = 0.4%020E+01 ETASF = 0.10222E+01 WASF = (.42 46E-01
Z = 0.85000 PR = 3.000 ETA = 0.8B9%0C:

PCN = 1.0000 CN = 1.00000 COMWK = (0.:2:39BE+08

wx*** COMBUSTION CHAMBER PARAMETERS =*==~
ETASF = 0.10000E+01

ETA = 1.00000 DLP = 0.7808 WFB = 2.977=

wxkkk TURBINE 1 PARAMETERS *#w%=w

CNSF = 0.11000E+03 ETASF = 0.10056E+01 TFSF = 0.1%:12E+01

DHSF = 0.59211E+04

TF = 430.916 ETA = 0.90000 CN = 2.84C

AUXWE = 0.25000E+05

*#k**% TURBINE 2 PARAMETERS *¥*w=w

CNSF = 0.98828E+02 ETASF = 0.1005%6E+01 TFSF = 0.BZi79E+00

DHSF = (0.92BZ0E+04

TF = 430.916 ETA = 0.20000 CN = 2.B4(

AUXWK = 0,00000E+00

***** DUCT/AFTER BURNING 2 PARAMETERS **===

ETA = 0.9000 DLP = 0.0725 WFE = 0.0

***%* CONVERGENT NOZZLE 2 PARAMETERS **w%=*»

Area = 0.4994 Exit Velocity = 539.90 Gross Thrus: = 08414,

Nozzle Coeff. = 0.97949E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers = 1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Trotal Vel
1 0.00000 331.000 1.00000 1.00000 288.15 288.1: 0.0
2 0.00000 331.000 BETANS 1.00000  »w==#*=* 09gg 15 oerwwen
3 0.00000 331.000 jefookibo e 3.00000  w===** 408 45 wwwwmn
4 0.00000 165.500 Sty il 3.00000 *=w==*w 40QB 45 wrwkww
5 0.00000 165.500 Gt 7.23000 w==wxx G338 J¢ =ewwws
& 0.00000 165.500 ok w B.67600 w=**¥* Ggg 47 wrwwwx
7 0.00000 165.500 b S S B.87600  ==x=w== Lgg 47 wexsxes
B 0.00000 165.500 Famwaw  26.02B00 ee=ers JHQ ] sewwes
9 0.00000 157.225 wwmmaw  26.02800  wmrwrr Q0 1p wEkwwww
10 0.00000 141.503 *Eww==  26.02800  *rwrx*  JRQ 1p wxwwww
11 0.02104 144,480 kwmmm= 25.24716 wEwwwEw 1500, 00 2 wwwwww
12 0.02104 144.480 wwwmme  10.5403]  wmemeer 1253 G0 wewwws
13 0.01894 160.202 whEEER 10054031 wwewww 29[ Fo wwRwER
14 0.018594 160.202 St 2.41527  wwwkwd g3 4 wwnaws
15 0.01894 160.202 EAmmn 2.34282 wwwwaw QR 4. wewwew
16 0.01894 160.202 1.27060 2.34282 755.05 HH3.4: 539.9

.73

05

Area

W
e
LR b 2 2 X
ke w
W
EwEEE
wEEE "
e
.
LR 2
- e W
e
LR R B
Wk

kW ww

0.4994
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17 0.00000 165.500 ool 3.00000
18 0.00000 165.500 rareE. 2.91000
19 0.00000 165.500 1.54066 2.91000

20 0.00000 0.000 RRER 0.00000
21 0.00000 8.275 wwww==  26.02800
22 0.00000 15.723 whwxww  26.02B00
Gross Thrust = 173470.77
Momentum Drag = 0.00
Net Thrust = 173470.77
Fuel Flow = 2.58775
s.f.c. = 17.16410
5p. Thrust = 524.081
WERERERETAT R R A AT TR ‘iii*t‘*’tﬁtttt‘l’Il'ttl-"l'!t“l'l't
-1 ! LP MODE DESIGN POINT CONDITION
11 & 1390 !
-1 !

W N AN A T AR R A A A N A N A R AN AN T TR T Tk d kW

*¥*== OFF DESIGN ENGINE CALCULATIONS. ConvergeZ after

FrEE* AMBIENT AND INLET PARAMETERS *=w==

ERET W
EERwE
340.75
EEwREEw
wwEwE >

TErwwe .

Alt. = 0.0 I.5.A. Dev. = 0.000 Mzch
Etar = 1.0000 Momentum Drac = 0.00

**%** COMPRESSOR 1 PARAMETERS *®==w

Z = 0.85540 FR = 2.7%% ET: =
PCN = 0.9362 CHN = D.93615 COMANEK
**xx* DUCT/AFTER BURNING 1 PARAMETSRS ==*=*

ETA = 0.9000 DLP = 0.0&39 WFZ =
**%** CONVERGENT NOZZLE 1 PARAMETERS ==w=»

Area = 0.2803 Exit Velocity = 365.33 Gross
Nozzle Coeff. = 0.97708E+00

***** COMPRESSOR 2 PARAMETERS **==x

Z = 0.8B3075 PR = 2.258 T =
PCN = 0.9362 CN = 0.94779 COMWNK
***==* COMPRESSOR 2 PARAMETERS *===~

Z = 0.8B3969 PR = 1.185 ET= =
PCN = 0.9683 CN = 0.98236 COMANE
*www+ COMPRESSOR 4 PARAMETERS **=ww

Z = 0.83428 PR = 2.940 T2 =
PCN = 0.9683 CN = 0.99306 COMNE
wEwE* COMBUSTION CHAMBER PARAMETERS *=w*=+*

ETA = 1.00000 DLP = 0.6874 WFz =
**%%* TURBINE 1 PARAMETERS *w*w*w=»

TF = 433.0587 ETA = 0.8989¢ N o=
AUXWK = 0.25000E+05

*wxxx TURBINE 2 PARAMETERS *#+==

TF = 432.78% ETA = 0.89893 o=
AUXWE = 0.00000E+00

**==* DUCT/AFTER BURNING 2 PARAMETERS *==x=*

ETA = 0.%8000 DLP = 0.0€20 WF: =
wwxxx CONVERGENT NOZZLE 2 PARAMETZRS wwww=

Area = 0.4994 Exit Velocity = G518.77 Gross

Nozzle Coeff. = (0.98001E+00

408.48
408.48
408.48

0.00
789.18
789.18

0.88995
= 0.337

0.0000

Thrust =

0.89957
= 0.171

0.89738
= 0.441

0.90031
= 0.319

2.3590

2.762
2.764

0.0000

Thrust =

Scale Factor on above Mass Flows, Areas, Thrusts & Fowers =

Station F.A.R. Mass Flow Pstatic Prtotal Tstatic
1 0.00000 303.921 1.0000¢ 1.00000 28B8.:.3
2 0.00000 303.921 TN 1.00000 ====w=x
3 0.00000 303.921 e 2.79854 ==v=es
4 0.00000 147.665 W 2.79854 wx==wae
5 0.00000 147.576 bt il 531951 FEwsew

Ttotal
2BB.15
288 .15
398.51
359§8.51
512.49

369.9
LA B & & X 3
- E W

rwwER®

86=+08

ke w
et de e
0.2803
LA A & & 2 2
e W
LA A 8 &

3 Loops ****«

58178.06

92=+08

8E8=+07

48=+08

TE508.90

1.0000

Vel

W ww w ok
T wwaw
EEwWWEE

Ewmw W

Area

LE R 2 22
L R R
e
LA S 2 2

koW



6 0.00000
7 0.00000
8 0.00000

9 0.00000
10 0.00000
11 0.01870
12 0.01870
13 0.01683
14 0.01683
15 0.01683
16 0.01683
17 0.00000
18 0.00000
19 0.00000
20 0.00000
21 0.00000
22 0.00000

Gross Thrust
Momentum Drag
Net Thrust
Fuel Flow
s.f.c.

Sp. Thrust

wo o an

147.576
147.580C
147.580
140.201
126.181
128.540
128.540
142.560
142.560
142.560
142.560
156.266
156.266
156.266
0.000
7.37¢
14.020

-
*
*
*
-
>
>
*
-

2
»
-

*
*
-

144686.97
0.00
144686.97
2.3590
16.30432
476.067

o
YT s
rnEEn
Wk
S
EwEww
kW
ek ww
PO
07966
- W W

TEwEw

1.43649

ok E
*w ok kW
LA S & 2 2
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7.55217
7.55217
22.20571
22.20571
22.20571
21.51826
8.99099
8.99099
2.05953
1.99757
1.99757
2.79854
2.71462
2.71462
0.00000
22.20571
22.20571

R R R R R R kT 1

3 0.5 ! M

=1
11 & 1320.

Lo
-1 !

ach number
ET

LA AR R AR AR RS R R R L e e R L R,

***** OFF DESICN ENGINE CALCULATIONS. Converged after

**=** AMBIENT AND INLET PARAMETERS ==***

Nozzle Coeff.

0.98025E+00

Alc. = 0.0 I1.5.A. Dev, = 0.000
Etar = 1.0000 Momentum Drag = 5S2805.76
wwxk* COMPRESSOR 1 PARAMETERS #****=

Z = 0.85747 PR = 2.536

PCN = 0.8702 CHN = 0.84921

*wkxx DUCT/AFTER BURNING 1 PARAMETERS *#~=w=
ETA = 0.9000 DLP = 0.0902

#w*** CONVERGENT NOZZLE 1 PARAMETERS w**==
Area = 0.2803 Exit Velocity = 368§.12
Nozzle Coeff. = 0.975202+00

*xx*x%x COMPRESSOR 2 PARAMETERS ****=

2 = 0.80730 PR = 2.067

PCN = 0.8702 CN = 0.87433

*x*** COMPRESSOR 3 PARAMETERS *=%#*w

Z = 0.83152 PR = 1.188

PCN = 0.9458 CN = 0.97593

*xwx* COMPRESSOR 4 PARAMETERS #*%*#=

Z = 0.80768 FR.= 2.830

PCN = 0.9458 CN = 0.9776¢&

***w* COMBUSTION CHAMBER PARAMETERS ===ww
ETA = 1.00000 BLP = 0.6745

wxxx* TURBINE 1 PARAMETZSRS w*%%xw

TF = 436,348 ETA = 0.897:1
AUXWK = 0.25000E+05%

**xx* TURBINE 2 PARAMETERS =*wx=»

TF = 435.928 ETA = 0.89756
AUXWK = 0.00000E+00

**wxs DUCT/AFTER BURNING 2 PARAMETERS ***=*=
ETA = 0.9000 DLP = 0.0588

wwwww CONVERGENT NOZZLE 2 PARAMETERS *+**=w
Area = 0.4994 Exit Velocity = 505.38

LA & 5 8 2
EEEEE W
ok ok
e Wk
LA S & 8 & 3
o ok e e W
LA A 2 8 8 2
oo o ok
ok ko
ek
«7
bl
Wk kW
Maade
e W e W W
LA B 5 8 8

Mach

ETA =
COMWK

WFE

Gross

ETA =
COMWK

ETA
COMWE

ETA =
COMWE

WFE

CN

CN

WFEB

n

Gross

541.44 EEEE R
541.44 *m==*
745.45 wwwwwr
745.45 wewwss
745.45 wwwnwn
1390.00 ===
1158.75  wwwwwx
1120.44  wwwmwr
813'43 ke
813.43 wreswe
B13.43 518.8
398.51 TEwE
398.51 TR EE TR
398.51 365.3
0'00 LA .
745 .45 " W W
745 .45 W

"
kA
ek
ek n
e wn
R
ek w
"k
EEE kN
e kok
0.4994
0.2803
LR B & & B

-k

3 LQOPS rEwEw

No. = 0.50
0.89955
= 0.31921E+08
0.0000
Thrust = 75294.78
0.90853
= 0.14B02E+08
0.90398
= 0.40688E+07
0.89834
= 0.29437E+08
2.0878
2.635
2.637
0.0000
Thrust = 69571.20
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Scale Factor on above Mass Flows, Areas, Thrusts & Powers = 1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area

1 0.00000 310.303 1.00000 1.18630 288,15 302.58 I7Qu2 AdEexs
2 0.00000 310.303 LRSS 1.18630 e e 302.58 ok ok ok ok Wk wWE
3 0.00000 310.303 FEwwkw 3.00865 *==exr Q)4 G5 wwrkrdr wkwwww
4 0.00000 143.675 i J.008B65 =wwxww 404 EL wwkwwk  wwwwww
5 0.00000 143 .800 o 6.210972 wwwrmsw L5 G]  wwssks kwwwws
5 0.00000 143 .800 Exrwwn T.3H779 **=w=s= 5§30 Q]  wwwmmmx smwwws
7 0.00000 143.665 foltch iz Lo T.3BTTY www=ww 537 G] wwskwn  kwwwww
g 0.00000 143 .665 ek wwkd 20.90548 W W T26.61 vk e e W
g 0.00000 136.482 #w=www D0, Q0548 HrEwwx DL ] wwwmn  wwwwws
10 0.00000 122.834 wwwmsx  D0.90548  ww*wrx  JIE gl rEwakr  xxwrww
11 0.01700 124,822 whwawx  20.23100 wwwwwrws 390 () Fwwwwrw  dxkrwn
12 0.01700 124.922 *E 8.44118 *uewxex 1098.30 o w o w *E kAR W
13 0.01530 138.570 TR EE R.44118 TEEEE® 1063.64 A W kW
14 0.01530 138.570 bodeato bt 1.94399  wx=rxw  JT( GH rEwwww  kkkkww
15 0.01530 138.570 foic Bl olh 1.BBB23 wwwmax 7] [H ewwwkw  mwkwww
16  0.01530  138.570 1.01824 1.88523 654.82 770.68 505.4 0.4994
17 0.00000 l66.682 A b S 3.00865 w*wwwx A4 g5 wrwwkw  wwamEw
18 0.00000 166.682 e 2.91848 vwwmaw 4] 65 Awwess  wwmmws
15 0.00000 166.6B2 1.54421 2.91848 337.52 404.65 368.1 0.2803
20 0.00000 0.000  *wx=xx (00000 *****w (.00 =rxres wsssws
21 0.,00000 7.183 *xxmak D0.90640 TEwxmw 706 g1 kmkkkw  kewwww
22 0.00000 13.648 wwwwww 90 GOS4H  rwErww TG F]  mEwww wmkwww
Gross Thrust = 144865.98
Momentum Drag = 52805.76
Net Thrust = 92060.23
Fuel Flow = 2.0878
s.f.c. = 22.679%00
Sp. Thrust = 296,679

R L g

1 9000.0 ! Altitude

3 0.65 ! Mach number
=1 !

11 & 925. ! TET

=1 1

e R S O T

¥¥*k* OFF DESIGN ENGINE CALCULATIONS. Converged after T Loops *#**ks

***x+ AMBIENT AND INLET PARAMETERS **=*w=

Alt. = 9000.0 I.5.A. Dev. = 0.000 Mach No. = 0.65
Etar = 1.0000 Momentum Drag = 16962.78

wExxx COMPRESSOR 1 PARAMETERS ===»w

Z = 0.B3906 PR = 1.985 ETA = 0.89605

PCN = 0.6182 CN = 0.66488 COMWK = 0.52324E+07
**w** DUCT/AFTER BURNING 1 PARAMETERS **%x=

ETA = 0.9000 DLF = 0.0241 WFE = 0.0000

w**** CONVERGENT NOZZLE 1 PARAMETERS =#%x*%

Area = 0.2803 Exit Velocity = 322.20 Gross Thrust = 19118.32
Nozzle Coeff. = (0.97761E+00

**x>* COMPRESSOR 2 PARAMETERS **w=*=»

Z = 0.72153 PR = 1.682 ETA = 0.89590

PCN = 0.6182 CN = 0.70980 COMWK = 0.19459E+07
wwww* COMPRESSOR I PARAMETERS =*==#+

Z = 0.82802 PR = 1.174 ETA = 0.91309

PCN = 0.7702 CN = 0.93509 COMWE = 0.85794E+06
*E¥** COMPRESSOR 4 PARAMETERS ==**=*

Z = 0.76805 PR = 2.621 ETA = 0.89704

PCN = 0.7702 CN = 0.93819 COMWE = 0.47555E+07

wxxkw COMBUSTION CHAMBER PARAMETERS *%w**
ETA = 0.99979 DLP = 0.1429 WFB = 0.3202



***%* TURBINE
TF = 444.759

AUXWE = 0,25000E+05

ETA

1 PARAMETERS **#**+
= 0.87041

****% TURBINE 2 PARAMETERS **%*s

TF = 440.755

AUXWK = 0.00000E+00

ETA =

0.87741
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wx*** DUCT/AFTER BURNING 2 PARAMETERS ***=*~

ETA = 0.9000

DLP

0.0110

**%*x* CONVERGENT NOZZLE 2 PARAMETERS ***=*=

Area = 0.4994
Nozzle Coeff. =

Scale Factor on above Mass Flows, Areas,

Exit Velocity
0.97683E+00

Station F.A.R. Mass Flow

1 0.00000
2 0.00000
3 0.00000
4 0.00000
5 0.00000
6 0.00000
7 0.00000
8 0.00000
9 0.00000
10 0.00000

85

85.
85.
34.
34.
4.
34.
34.
.221
-899

33
29

.B64

864
864
964
970
970
969
969

Pstatic
0.30334

khk ko ww
wEEEE S
LA R 2 a
k.
ko w
EEEE W W
hEE R w W
e w w
ko w

= 311.14

Prtotal
0.40303
0.40303
0.80405
0.80405
1.3524¢9
1.58749
1.58749
4.16080
4.16080
4.16080

11 0.01071 30.219 FEEw 4.01793
12 0.01071 30.219 i it 1.68710
13 0.00964 33.541 RER Y 1.68710
14 0.00964 33.541 o Fodatiod-Tio 0.43021
15 0.00964 33.541 bekelogy bt 0.41926
16 0.00964 33.541 0.30334 0.41926
17 0.00000 50.896 Fhe e 0.80405
18 0.00000 50.896 WA 0.77996
19 0.00000 50.896 0.41201 0.7799%6

20 0.00000 0.000 A 0.00000

21 0.00000 1.748 Sl cited 4.16080

22 0.00000 3.322 koo 4.16080
Gross Thrust = 29312.48
Momentum Drag = 16962.78
Net Thrust = 12349.70
Fuel Flow = 0.3202
s.f.c. = 25.92726
Sp. Thrust = 143 .828

LA AL RS A R R R R R R d R R L R R g

3 0.78 ! Mach number
-1 !

11 & 950. ! TET

-1 !

e R e R

w*x** OFF DESIGN ENGINE CALCULATIONS,

*%*%+ AMBIENT AND INLET PARAMETERS =*===
Alt. = 9000.0
Etar =

**x%*+% COMPRESSOR 1 PARAMETERS #***==
Z = 0.84206 PR = 2.034
PCN = 0.6401 CN = 0.676H886

**%**x% DUCT/AFTER BURNING 1 PARAMETERS #*#**=

ETA = (0.8000 DLP = 0.0276

*awwk CONVERGENT NOZZLE 1 PARAMETERS *w#w=

Area = 0.2803 Exit Velocity =
Nozzle Coeff. = 0.97475E+00

#wxw*x COMPRESSOR 2 PARAMETERS *=**=w

I.5.A. Dev. = 0.000
1.0000 Momentum Drag = 23033,

N

WrB =

Gross

Thrusts & Powers

Tstatic

229.65

*kEwww
ko w
EEwwww
wwEEwa
"
PR
e w
wEE
wEkwwww
o
FExxwEw
rwwww
ok w
wEwwww
496.16
LA A b g
whEwE W
Rl
TR EwEw
wE ko w

Converged after

Mach

ETA

COMWK

WFB

Gross

€1
€2

un L
= L=
~oww
PO Y Y ah
P A

n
=
e |
.

"~
1

10194.

1.0000

Vel
197 .6

L R B k=3
oo ok W
e e ok oW
W W N W W
L R X B &3
- e kW
o ol W W o
L2 & & X B
EE R RE
- W W
EA X X 2
e e e W
LA K
LA = & & X3

311.1
-"1*-
L B R R
222
-k ko
ETEW R R R

16

Area
kA EE

dkok ko w
ko W
o e e
LA
* ot w
gk e W
e
ke W
EEEH T
EEEE K"
ke W
W™
Fw W
LA A 2 & & 2
0.499<4
LR R & 8 2
ko w
AL
koW
-k okw

Loops **x*%

0.23057E+07

23126

.67
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Z = 0.73881 PR = 1.714 ETA = 0.89955

PCN = 0.6401 CN = 0.72053 COMWK = 0.22905E+07
***** COMPRESSOR 3 PARAMETERS ===*=

Z = 0.82481 = 1.172 ETA = 0.91304

PCN = 0.7849 CN = 0.93173 COMWE = 0.7774ZE+06
**x** COMPRESSOR 4 PARAMETERS =*=*w=

Z = 0.76171 PR = 2.598 ETA = 0.89608

PCN = 0.784% CN = 0.93508 COMWK = 0.56159E+07

***** COMBUSTION CHAMBER PARAMETERS ==w»w=
ETA = 0.99986 DLP = 0.1671 WFB = 0.3707

***** TURBINE 1 PARAMETERS #ww=w
TF = 443.77% ETA = 0.8738<£ CN = 2.284
AUXWK = 0.25000E+05%

wkwwx TURBINE 2 PARAMETERS *=*=w=»
TF = 441.573 ETA = ¢.877=2 CN = 2.291
AUXWK = 0.00000E+00

T*#** DUCT/AFTER BURNING 2 PARAMETERS =w===

ETA = 0.9000 DLP = 0.0132 WFEB = 0.0000
¥**** CONVERGENT NOZZLE 2 PARAMETERS ww»===

Area = 0.49564 Exit Velocity = 352.19 Gross Thrust =
Nozzle Coeff. = 0.97809E+00

Scale Factor con above Mass Flows, Ar==zs, Tnrusts & Powers =

Station F.A.R. Mass Flow Pstatiec Protal Tstatic Trotal
.00000 37.160 0.30334 .45354 229.65 257.70
.00000 97.160 . 242354 wwwwwx 957 70
.00000 97.160 T .82257 wewwwx 333 37
.00oco 39.802 ko L2257 esdwws Q03 37
.00000 39.886 ininiinterid <5B331  w#swsx 389 07
00000 39.886 Aot .B5563 ww#wxx 407 23
.00000 39.887 ool 85563 wwwwwx 401,23
.00000 39.887 il .B2153 =*ww»w 538 7]
.00000 37.893 et LB2153 ‘mwwsxx 53 77
.00000 34.103 W A +B2153 wwwwxx 538 71
.01087 34.474 Sk .65440 =xw=w=x QgL (Op

|

—
CO0O00000COoO00ODO0COOCoCOoO
BAE OO0 OO O Ib bbb S oo

12 .01087 34.474 Ly .94904 wwwwex TR0 g4
13 .00878 38.263 R .94504 wwwwxk 53 13
14 .00978 38.263 iafaiaielail .47089 *w*=»= g§g7 48
15 .00978 38.263 ol ot .45766 wwww== LLY 48
16 .D0pe78 38.263 0.30334 .45766 492.31 551.48
17 .00000 57.209 ottt e 92257  wmwwaw 399 37
18 .00000 57.209 rEESEL JBB98  wwwwww. I 37
19 .00000 57.209 0.47228 .8#2498 268.54 322,37
20 .00000 0.000 *hw i 00000 wwwwew 0.00
21 .00000 1.994 WA +BZI5X waprsmew TRo T
22 .opooo 3.789 o 82153 wwws=e G§38.7]
Gross Thrust = 36307.52
Momentum Drag = 23033.19
Net Thrust = 13274.33
Fuel Flow = 0.3707
s.f.c. = 27.92340
Sp. Thrust = 136.623

R KRR kN S o A N T AN N R R AT R R A TN N T v e s v m o wE

1 0.0 1 Altitude

3 0.9 1 Mach number
-1 !

11 6 1420. ! TET

-1 !

bl i b B 2 E L o L R

13180.85

1.0000
Vel Area
23?'1 kw R w ok
TR W W R ok e
e W W w e e v
ek ek W e e
LEE A 2 L ek ko
W W W W o W e

LA & & 2 2
LR & 5 2 2
LA & B 8
LAk
L b 2 8
LA R 2
LA A R 3
kW W W
L B & & 2 4
52.2
*%I‘%*t
LR & B 2
.6
’33?"
LA B & B 8 3
ke w W ow

e,
Ekkwh
ke
Ak E ok
ek hx
EkAE A
ok
oW W
-
0.4994
0.2803
ek e
ek

¥=®*™ OFF DESIGN ENGINE CALCULATIONS. Converged after 7 Loops *wx+»

***+* AMBIENT AND INLET PARAMETERS *»===



Alt. = 0.0
Etar = 1.0000

*wwww COMPRESSOR
Z = 0.B5584
PCN = 0.8934

®=wxw= DUCT/AFTER
ETA = 0.9000

*wxwx CONVERGENT NOZZLE

Area = 0.2803
Nozzle Coeff. =

**=x* COMPRESSOR
Z = 0.79904
PCN = 0.8934

*xxxx COMPRESSOR
Z = 0.83131
PCN = 0.9815

***** COMPRESSOR
Z = 0.80217
PCN = 0.9815
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1.5.A. Cev. = 0.000

Momentum Drag = 124965.08

1 PARAMETERS ==v=x
PR 2.475
CN = 0.82873

BURNING 1 PARAMETERS w™*«=~
DLP = 0.1253

1 PARAMETERS **%=r»
Exit Velocity =
0.96227E+00

2 PARAMETERS =*==**

PR = 2.024
CN = 0.8B5717
3 PARAMETERS *w===
PR = 1.186
CN = 0.97106
4 PARAMETERS ===*»
PR = 2.803
CN = 0.97326

*xxkw COMBUSTION CHAMBER PARAMETERS *=%*=

ETA = 1.00000
**xx*x* TURBINE 1

DLP = 0.9129

PARAMETERS *==+~=

TF = 436.904 ETA = 0.8954%
AUXWK = 0.25000E+05

**xx+ TURBINE 2 PARAMETERS ===+*=

TF = 436.553 ETA = 0.89597
AUXWK = 0.00000E+00

wxww* DUCT/AFTER
ETA = 0.9000

*www* CONVERGENT NOZZLE

Area = 0.4994
Nozzle Coeff. =

Scale Factor on above Mass Flows, Areas, Thrusts & Powers =

BURNING 2 PARAMETERS =»==~
DLP = 0.0794

2 PARMAMETERS =w==+
Exit Velocity =
0.97760E+00

Station F.A.R. Mass Flow Pstatic

1 0.00000 407.963 1.00000 1.69166

2 0.00000 407.963 e 1.69166

3 0.00000 407.963 et it 4.18653

4 0.00000 186.696 mEEw L 4.18653

5 a.00000 186,711 i) B.47407

& 0.00000 186.711 ==wmws 10.05187

7 0.00000 186.713 wewwms  10.05167

B 0.00000 186.713 =wwm=s 28B.17850

9 0.00000 177.377 wwwww=x  28.17850

10 0.00000 159.640 wmnans  28.17850

11 0.01857 162.604 wxanaH 2026557

12 0.01857 162.604 wexxxw  11.40235

13 0.01671 180.342 =wwwww  11.40235

14 0.01671 180.342 LR 2.65296

15 0.01671 180.342 ol c ek 2.5735¢9

16 0.01671 180.342 1.38885 2.57359

17 0.00C00 221.357 Ll En s 4.18653

18 0.00000 221,357 ki 4.06121

19 0.00000 221.35%7 2.14974 4.06121

20 0.00000 0.000 mEmaEw 0.00000

21 0.00000 9,336 wwwwwx  28.17850

22 0.00000 17.738 wewwwx  2H.17850
Gross Thrust = 227262.67
Momentum Drag = 124965.08
Net Thrust = 102297.59
Fuel Flow = 2.9645
s.f.c. = 28.978B6
Sp. Thrust = 250.752

385.41

Mach Kc

ETA =
COMWE

WFB =

Gross

ETA = C
COMWK =

COMWK

ETA =

COMWK =

WFB

WFB =

526.56 Gross

Protal Tstatic

288,15
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R R Lt n h a kR L R T .

1 0.0 ! Altitude

3 0.9 ! Mach number
-1 !

11 6 1315, ! TET

-1 !

**I‘t***l‘I‘*t***il’l'l‘lvtt’t"I‘.‘fi*tiii**‘**!l‘fﬁ***“

®**** OFF DESIGN ENGINE CALCULATIONS. Converged after 1 Loops =w=»=

wwE=® AMBIENT AND INLET PARAMETERS ***=*=

Alt. = 0.0 I.S.A. Dev. = 0.000 Mach Ne. = 0.9%0
Etar = 1.0000 Momentum Drag = 111955.12

*®* 4% COMPRESSOR 1 PARAMETERS **%%x*

Z = 0.85112 PR = 2.271 ETA = 0.90256

PCN = 0.8170 CN = 0.,75785 COMWK = 0.35957E+08
**¥** DUCT/AFTER BURNING 1 PARAMETERS ***%*

ETA = 0.9000 DLP = 0.1150 WFB = 0.0000

*wE** CONVERGENT NOZZLE 1 PARAMETERS **w=xx

Area = (0.2803 Exit Velocity = 380.37 Gross Thrust = 103304.55
Nozzle Coeff. = 0.96653E+00

*x*** COMPRESSOR 2 PARAMETERS ***#%

Z = 0.77463 FR = 1.879 ETA = 0.90983

PCN = 0.8170 CN = 0.79429 COMWK = 0.14955E+08
Fwxx*® COMPRESSOR 3 PARAMETERS ****+%

2 = 0.82733 PR = 1.179 ETA = 0.9089%

PCN = 0.9397 CN = 0.95248 COMWE = 0.44479E+07
Fxwx* COMPRESSOR 4 PARAMETERS *®#**

2 = 0.78117 PR = 2.702 ETA = 0.89664

PCN = 0.9397 CN = 0.95546¢ COMWK = 0.32086E+08

*w==® COMBUSTION CHAMBER PARAMETERS ***%+
ETA = 1.,00000 DLP = 0.7692 WFB = 2.2442

ww*x* TURBINE 1 PARAMETERS **=w*%

TF = 439.786 ETA = 0.88691 CN = 2.478

AUXWK = 0.25000E+05

**xx* TURBINE 2 PARAMETERS *#**+**

TF = 438.978 ETA = 0.B8B14 N = 2.476

AUXWK = 0.00000E+00

*wxwwk DUCT/AFTER BURNING 2 PARAMETERS **%*w

ETA = 0.5000 DLP = 0.0653 WFB = 0.0000

****% CONVERGENT NOZZLE 2 PARAMETERS **%+=

Area = 0.4994 Exit Velocity = ©506.98 Gross Thrust = 83085.14

Nozzle Coeff. = 0.98000E+00

Scale Factor on above Mass Flows, Areas, Thrusts & Powers = 1.0000

Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal vel Area
1 0.00000 365.450 1.00000 1.69166 288.15 334.85 306,33 wmxaxs
2 0‘00000 365.4%90 ERkEE AW 1.69166 EEEEEE 3134 .85 EE A AW o e
3 0.00000 365.490 WA 3.84213  wwwwmw 437 13 kwwkax wewwww
4 0.00000 158.998 kR w 3.84213 whERKE A5 17 RAEARK  kEwwwR
5 0.00000 159.386 LS 7.21888 rwwwwx 593 g8 wrxssdr  swaaas
[ 0.00000 159 .386 e 8.51284  =x=wxw S5 g swEsew sewwww
7 0.00000 159.408 o ww 8.51284  ***=ew oo g wrrErr  wwwwww
B 0.00000 159.408 FrREwww 22.99820 rrrmrr 740 40 rEmAkx mwwwaw
9 0.00000 151.437 Framak  22.99820 rrrEEw 740,40 2 wAwAEE wwwwww
10 0.00000 136.294 ko ko 22 .99820 Wk R 740.40 e e e WA
11 0_0164? 138.538 Wk 22.22903 wxwwww 1315.00 LSk o
12 0.01647 138.538 HHk ke 9.28952  xxwmaw 1005 TG  wkwwkd  wsexws
13 0-01482 153.682 WEE W w 9.23952 W W Wk 1053 .44 e Ak ook
14 0.01482 153 .682 AN 2.16592 w¥wess 775 Gf  wwdkew swawuw



Gross Thrust
Momentum Drag
Net Thrust

Fuel Flow

e e L L k]

-3

15
16
17
18
19
20
21
22

Sp. Thrust

.01482
.01482
-00000
.00000
.00000
.00000
.00000
.00000

oOoCcOoOO0O00O0

s.f.c.

153.682
153.682
205.867
205.867
205.867
0.000
7.970
15.144

186289.70
111955.12
74434.59
2.2442
30.15049
203.657
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1.13300
EEE W AW
* ok
1.97237
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wE A Kk
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B b
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-10064
.10064
.84213
.72710
.72710
.00000
.99820
.99820

L2 2
659.04
ke
LA B B 5 8 2
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ER W w ww
LA A 5 & 33
e W
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0.00
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Figure B.4 TURBMATCH Output Data for HP mode.

TURBOMATCH SCHEME-VAXY VERSION (30/6/BB)

Input *Program® follows

*** SELECTIVE BLEED ENGINE - HP MODE ***
*** PERFORMANCE **¥

QD,SI,KE,FP

=

=1
INTAKE S1-2 Dl-4 R100 .
COMPRE 52-3 R5-11% R101 Vs Ve
ARITHY DZ00L-204
COMPRE S3-4 D11-15 R102 Vil
PREMAS 54,17,5 D17-20 V17
DUCTER S517-18 D21-24 R103
NOZDIV 518,19,1 D25-25% R104
ARITHY D21C-216
COMPRE 55,6 D27-:2 R109 V27  v2e
ARITHY D22(0-224
PREMAS S56,20,7 D33-25
COMPRE S7,8 D37-42 R105 V37
ARITHY D230-236

PREMAS 58,21,9 D43i-15
PREMAS 59,22,10 D47-20

BURNER S10-11 D51-323 R106

TURBIN S511-12 B5g-=E, 13 V55

MIXEES S12,22,13

TURBIN S13-14 De2-=2,110 Vel

DUCTER S514-15 D70-73 R107

NOZDIV S15,16,1 D74-75 R108

PERFOR $1,0,0 D76-"%,104,100,103,108,0,106,0,0,107
CODEND

wxx* DATA ITEM *** HP MIDE - **==
DESIGN POINT AT 6000m, Mach=1.2, THRUST=134.4 kN
RP1=2.1, RP2=3.13, PR3=3.96, BY PASS RETIO=0.4 and TET=1B800K.

1 6000.0 ! Alticude
2 0.0 ! INTAKE ISA Deviation
3 1.2 ! Mach Number
4 -1.0 ! Pressure Recovery (default)
5 -1.0 1 Z Surge margin (defaulc)
6 -1.0 ’ PCN Currected RPM (default)
7 233 ! ZOMPRE Pressure Ratio PRI
8 0.88 ! Isentropic Efficiency
9 0.0 ! Error switch (off)
10 1.0 ! Map Number
11 -1.0 ! Z Surge margin (defaulr)
12 -1.0 ! PCN Corrected RPM (default)
13 3.13 ! COMPRE Pressure Ratio PR2
14 0.88 ! Isentropic Efficiency
15 1.0 1 Error switch (on)
18 1.0 ! Map Number
17 0.28587 ! Mass flow factor
18 0.0 ! FREMAS Flow loss
19 1.0 ! Pressure factor
20 0.0 ! Pressure loss
21 1.00 ! Reheat switch(off)
22 0.03 ! DUCTOR Pressure factor
23 0.9 ! Combustion efficiency
1

24 1000000.0 Dummy limiting fuel flow

25 -1.0 ! NOZDIV Switch(Fixed exit area)
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26 -1.0 ! Throat Area

27 -1.0 ! Z Surge margin (default)

28 -1.0 ' PCN Corrected RPM (default)

29 1.2 ! COMPRE Pressure Ratic PR3

30 0.89 ! Isentropic Efficiency

31 1.0 ! Error switch {(on)

32 1.0 1 Map Number

33 0.0 } Mass flow factor(Surge Control)
34 0.0 ! PREMAS Flow loss

35 1.0 1 Pressure factor

36 0.0 ! Pressure loss

37 -1.0 ! Z Surge margin (defaulrt)

38 -1.0 ! PCN Corrected RPM (default)

39 3.3 ! COMFRE Pressure Ratic PR3

40 0.885 ! Isentropic Efficiency

41 1.0 ! Error switch (on)

42 1.0 ! Map Number

43 0.05 ! Mass flow factor(Reaction Control)
44 0.0 ! PREMAS Flow loss

45 1.0 ! Pressure factor

46 0.0 ! Pressure loss

47 0.10 1 Mass flow factor(HPT Cooling Air)
48 0.0 ! PREMAS Flow loss

49 1.0 ! Pressure factor

50 0.0 ! Pressure loss

B4, 0.03 ! Pressure loss factor

52 1.0 ! BURNER Combustion efficiency

53 -1.0 ! Fuel flow not specified

54 25000.0 AUXWORK

1

55 ~1.0 1 TF Mass flow(defaulr)
56 -1.0 ! CN Corrected RPM(defaulr)
57 c.90 ! TURBIN Isentropic efficiency
58 -1.0 1 PCN-Compresscr Turbine(defauic)
59 2.0 ! Compressor number
60 5.0 ! Map number
61 -1.0 ! Power law index(default)
62 0.0 ! AUXWORK
63 -1.0 1 TF Mass flow(defaulc)
64 -1.0 ! CN Corrected RPM (default)
65 0.90 ! TURBIN Isentropic efficiency
66 -1.0 ! PCN-Compressor Turbine(default)
67 1.0 ! Compressor number
68 5.0 ! Map number
69 -1.0 1 Power law index(default)
70 1.0 ! Reheat switch (off)
71 0.03 ! DUCTER Pressure loss factor
72 0.9 ! Combustion efficiency
73 1000000. ! Dummy fuel flow limit
74 -1.0 ! NOZDIV switch (fixed throat area)
75 -1.0 ! Throat Area
76 -1.0 ! Power turbine (none)
it -1.0 ! PERFOR Propeller efficiency
78 1.0 ! Scaling index switch (on)
79 134400.0 ! Design Thrust
200 5 !
201 -1 !
202 12 ! ARITHY PCN(COMPRE1l)=PCN(COMPREZ)
203 -1 !
204 6 !
210 1 !
211 -1 !
212 110 !
213 -1 ! ARITHY W(TOTAL)=W(comprel)+W(compre2)
214 101 !
215 -1 !
216 102 !
220 5 !
221 =1 !
222 38 ' ARITHY PCN(COMPREJ)=PCN({COMPRE4)

1

223 =1
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224 28 !

230 1 !

231 -1 !

232 111 1

233 -1 ! ARITHY W(TOTAL)=W(compre3)+W(compred)
234 105 !

235 -1 !

236 109 !

-1

1 2 243.4 !Dummy INTAKE mass flow

11 6 1800. !Turbine entry temperature
-1

E R R A kR R R R R RN R A AR R AT AR RN NN NN TR A A A dwddw

The Units for this Run are as follows:-

Temperature = K Pressure = Atmospheres Length = metres

Area = sg metres Mass Flow = kg/sec Velocity = metres. sec
Force = Newtons s.f.c.(Thrust) = mg/N sec s.f.c.(Power) = mug/J
Sp. Thrust = N/kg/sec Power = Watts

**%w* DESIGN POINT ENGINE CALCULATIONS ==%w=
*#**%x AMEIENT AND INLET PARAMETERS **==**
ale, = 6000.0 I.5.A. Dev. = 0.000 Mach No. = 1.20
Etar = 0.9915 Momentum Drag = 92460.17
wrwkk COMPRESSOR 1 PARAMETERS *****
PRSF = 0.26961E+01 ETASF = 0.10107E+01 WASF = (0.32234E+00
Z = 0.85000 PR = 2.100 ETA = 0.88B0:%
PCN = 1.0000 CN = 1.00000 COMWK = 0...058E+08
*kkx* COMPRESSOR 2 PARAMETERS *#xw%w
PRSF = (0.52206E+01 ETASF = 0.10107E+01 WASF = 0.22=35E+00
Z = 0.85000 PR = 3.130 ETA = 0.BBOI?
PCN = 1.0000 CN = 1.00000 COMWK = 0.£3440E+08
**#*** DUCT/AFTER BURNING 1 PARAMETERS **#wx
ETA = 0.9000 DLP = 0.2209 WFB = D.C30
w*%** CONVERGENT/DIVERGENT NOZZLE 1 PARAMETERS **==w
Throat Area = 0.0572 Throat Velocity = 440.2¢9 Throat Mach No. = 1.0000
Exit Area = 0.1410 Exit Velocity = 797.43 Exit Mzch No. = 2.4277
Nozzle Coeff. = 0.9700 Gross Thrust = 53789.33
*w**x COMPRESSOR 3 PARAMETERS *®**w*
PRSF = 0.49020E+00 ETASF = 0.10222E+01 VASF = 0.5<23BE-01
2 = 0.85000 FR = 1.200 ETA = 0.8980::
PCN = 1.0000 CN = 1.00000 COMWK = 0.<2827E+07
wxkkx COMPRESSOR 4 PARAMETERS *#**==
PRSF = 0.56373E+01 ETASF = 0.10165%E+01 WASF = 0.4<Z44E-01
Z = 0.85000 PR = 3.300 ETA = 0.885.C
FCN = 1.0000 CN = 1.00000 COMWK = 0.428B1E+08
*awss COMBUSTION CHAMBER PARAMETERS **#*%w
ETASF = 0.10000E+01
ETA = 1.00000 DLP = 0.8746 WFB = q4.2>313
**xwx* TURBINE 1 PARAMETERS *#**=*+
CNSF = 0.12050E+03 ETASF = 0.10056E+01 TFSF = 0.1:779%9E+01
DHSF = 0.57654E+04
TF = 430.916 ETA = 0.90000 CN = 2.84:
AUXWK = 0,25000E+05%
*wxx* TURBINE 2 PARAMETERS **w®%*
CNSF = 0.108B70E+03 ETASF = 0.10056E+01 TESF = (.R.TOSE+00
DHSF = 0.75279E+04
TF = 430.916 ETA = 0.90000 CN = 2.8%;

AUXWK = 0.00000E+00
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****+ DUCT/AFTER BURNING 2 PARAMETERS ===+=
ETA = 0.9000 DLP = 0.1161

= w73

**w** CONVERGENT/DIVERGENT NOZZILE 2 PARAMETESS =***"

0.0000

Throat Area = 0.3806 Throat Velocity = <23.:! Tr.roat Mach No. = 1.0000
Exit Area = 0.6683 Exit Velocity = 1044.Z27 Exit Mach No. = 2.0168
Nozzle Coeff. = 0.9790 Gross Thrust = ===www=>
Scale Factor on above Mass Flows, Areas, Thrus:is & Powsrs = 0.9986
Station F.A.R. Mass Flow Pstatic Frotal Trotal Vel Area
1 0.00000  243.068 0.46557 1.1 321.07 379.9 rEwwEww
2 0.006400 243 .068 e Tl 321,07 HEwwAw  mmwmaaw
3 0.00000 243 .068 wEwEE* 2.3516¢ rrrww 206 .80 LY w
4 0.00000 243 .068 - 7.36172 ww TR £80.32 PR ] TS
S 0.00000 173.624 wwmrww T G1TS  wewwwwm  ZE0.3T  wwwwsx  wwwwww
6 0.00000 173.624 o 8.83407 =vwwwEw S35 RmwwmA AR ARE
7 0.00G00 173.624 TerrEw B.R3I40T =wwwvww 717 65  wmwkkR  wmwokkH
8 0.00000 173.624  *=wwx=w 20 15347  wewess £7] .75 sxesrs  sxsxww
9 0.00Ga0 164.943 *wwwww 0 15947 wwwwwm 271 J5  wxwxkax whkkkkw
10 0.00GCQ0 148.448 *=xxx= 3G 15347 wervrwr 7] 75  wwwwmww  swmwsw
5 B 0.02E28 152 .7386 *ErrEE 28.277R= Trvvwwrw US00.00 TR E R ok ke
12 0.02&29 152.736 *xwwxx ]9 [4F5C  wrreww [T23 25 wwwwww  wwwwkw
13 0.02€30 169.230 s ok 12.1465¢% =wvewx | ro24 70 EEEE AR EERHE R
14 0.02€00 169.230 W 3.9694 mewwwww TSR GG HwwHTH kA A IR
15 0.02€00 169.230 W™ 3.7833C wwevew 1TIR QF  REmwEkR . kxmokkw
16 0.02€20 169.230 0.46557 3.7533% 1,17 1I5E.96 1044.3 0.6674
17 0.00C320 69.445 EwmEE TdGlys wwvwsw BgQRURD eslvdas  ddwkks
18 0.00600 69.445 i T.140B7 ==vw== TH(, 32  KEwEkw  wEwkww
19 0.00C00 69.445 0.48557 7.14087 Z<:.30 =80.32 797.4 0.1408
26 0.00600 0.000  *=====  (.0000C ==veer 0.00 w*wwaww wwmwwx
21 0.006000 8.6H1 wwwwkw 90 15747  wwvess  ST] TG Ak wwkk  kwwkkw
22 0.00Ca0 16.494 =Ewxwx 3G G247 wevsss -7] 5 swwwmakx  Ewwxkww
Gross Thrust = 226734.17
Momentum Drac = 92334.18
Net Thrust = 134400.00
Fuel Flow = 4.2880
s.f.c. = 31.90460
Sp. Thrust = 552.931
LAl A S A S SRS SRS RREE e AR AR R R R
1 9000. ! Altitude
3 1.5 ! Mach number
=3 !
11 6 1720. 1 TET
-1 !
B e e e
*®®=> OFF DESIGN ENGINE CALCULATIORS. Conver:=i after 1 Loops ***=**

*wwx* AMBIENT AND INLET PARAMETERS ====*=

alt. = 900C.0 1.5.A. Dev. = 0.000 Mach No. = 1.50

Etar = 0.970¢ Momentum Drag = 94s544.3-

®w*** COMPRESSOR 1 PARAMETERS ==*=~

2 = D0.88627 PR = 2.024 ITA = 0.ET408

PCN = 0.953Z CN = 0.835560 MWK = 0.17772E+08

**=w=* COMPRESS0R 2 PARAMETERS =***=

2 = 0.82735 PR = 2.890 =TA = (.89847

PCN = 0.9532 CN = 0.94055% TIMWK = 0,.34405E+08

**=wx DUCT/AFTER BURNING 1 PARAMETERS *==w*

ETA = 0.9000 DLF = 0.1899 w3 = 0.0000

*xwwx CONVERGENT/DIVERGENT NOZZLE 1 PARAMETERS ==<===

Throat Area = 0.0572 Throat Velocity = 43%.43 Tnroat Mach No. = 1.0000
Exit Area = .1410 Exit Velocity = 79z.4 Exit Mach No. = 2.4279
Nozzle Coeff. = 0.9645 GCross Thrust = 47192 .4¢

=#x*x COMPRESSJR 3 PARAMETERS ===+

Z = D.B365S8 PR = 1.193 ZTA = CU.B9982

PCN = 0.986% CHN = 0.%81882 TIMWE = 0D.49581E+07

wwwwx COMPRESS0OR 4 PARAMETERS =*===

Z = 0.829%0 PR = 3.208 =7A = 0.8B9580
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PCN = 0.9869 CN = 0.£2385 COMWK = 0.39704E+08
**ww* COMBUSTION CHAMBER PARAMETIRS w=www
ETA = 1.00000 DLP = 0.7547 WFB = 3.3670
**=*=* TURBINE 1 PARAMETERS **""*
TF = 433.042 ETA = (.359(0¢% CN = 2.769
AUXWE = 0.25000E+05
wwkwx TURBINE 2 PARAMETERS """+~
TF = 432.780 ETA = [.39904 CN = 2.771
AUXWK = 0.00000GE+00
**==* DUCT/AFTER BURNING 2 PARAWSTERS w=®*w
ETA = 0.9%000 DLF = 0.:968 WFB = 0.0000
*Hx** CONVERGENT/DIVERGENT NOZZLSZ 2 PARAMETERS *#*www
Throat Area = 0.3806 Throat “elocity = 601.63 Throat Mach No. = 1.0000
Exit Area = 0.6683 Exit Velocity = 1008.68 Exit Mach No. = 2.,0211
Nozzle Coeff. = 0.9748 Gross Torust = ***wxxx+
Scale Factor on above Mass Flows, Arezs, Thrusts & Powers = 0.9986
Station F.A.R. Mass Flow Pstezzic Ptotal Tstatic Troral Vel Area
1 0.00000 207.757 0.30234 1.11433 229.65 333.23 455,99 wwrxaw
2 0.00000 207.757 fafiolialints. 0 1.08154  #wwesws 333 93 wwwwaw  kkkwwn
3 0.00000 208.224 et o Z. 18886 wrwwxx 417 TR kwwrrw  kxrmaw
4 0.00000 208.224 rRTE NN 6.32870  wwxxxx 5TR 1 Hwwxxr swwaxs
5 0.00000 148.391 T 6.32670  xwxkAws LT () wrwwErw rxwrww
6 0.0C000 148.391 R T.548BG  *Ewxxx (G G wrwmmas o sxskwww
7 0.00000 148.271 e T.548B5 *wwwkx GO0 0 wwwmww  kwwkww
8 0.00000 148.271 FErwEE Z4.21682 rwrrkx QLG G wwwwww  skkwmww
9 0.00000 140.857 FEETEE O Z4.Z16B2  reesxx GGE G]  kkawwx wwakws
10 0.00000 126.772 Trrrew D4 21682 o wesxxw QLG Q] kkkwws  awwwww
11 0.02652 130.134 FrEEEEx 23046210 rwrwwx 173() () erewEwx  kerkkw
12 0.02652 130.134 FrEmwx o 10.04317 wkwkww JAGD 1) wwwmws wkkkkw
13 0.02387 144.220 Frwwwm o 10.04317 Awwseww 130Q 47 swwwaw kwkwws
14 0.02387 144.220 WRE e 3.21356  xwwwks 1104 .99  rrwsww  dwwarw
15 0.02387 144,220 bt b E A 3.11677 *wxxwk 1104,99 wwwwrx  wwwans
16 0.02387 144.220 0.38:207 3.11677 640.31 1104.99 1008.7 0.6674
17 0.00000 59.819 o £.32670  *wwwmx G7Q ]() AmawEx mxwkks
18 0.00000 55.819 ek fo i 6.13675  wwwwkx  GYg 1) kkwwskw  kkkwww
19 0.00000 5§9.819 0.40211 $.13675 264.88 &78.10 792.4 0.1408
20 0.00000 0.000 it 0.00000 =wexxx 0.00  **xw== swwwns
21 0.00000 7.414 FEwwmm 24 Z216R2Z xxxEwx ghE g wxkwwwk  kkwkkw
22 0.00000 14.086 FEEwEx 24 21682 wwwwkx  QLg Q]  skwwwr  kxkkkw
Gross Thrust = 194735,95
Momentum Drag = 94715.12
Net Thrust = 100020.82
Fuel Flow = 3.3624
s.f.c. = 33.61720
Sp. Thrust = 481.431
*tt'i'!'tttttﬁ"'t'\ltttl*tt**tl""‘ﬁ*"*ti‘l‘l‘***
1 9000.0 ! Altitude
3 1.5 ! Mach number
-1 ]
11 & 1606. ! TET
-1 !

t—*tt‘!“i*t*l“lt"--wwt-l’w‘-t‘ll‘I'ttt‘..‘l‘*tt"l’“

mrww® OFF DESIGN ENGINE CALTJLATIONS. Converged after 1 Looups ==x»x

wwAE* AMBIENT AND INLET PARAMETES=S ==w==w

Alt. = 9000.0 I.5.A. Dev. = 0.000 Mach No. = 1.50
Etar = 0.9706 Momentum Drzg = #5502.95

wH*=w* COMPRESSCR 1 PARAMETERS ==-===

Z = 0.91806 PR = 1.952 ETA = 0,86832

PCN = 0.8937 CN = 0.E£7725 COMWK = 0.15217E+0B
wwww= COMPRESSOR 2 PARAMETERS ~=ww« s

Z = 0.B3682 PR = Z2.707 ETA = 0.90725%

PCN = 0.8937 CN = 0D.F2238 COMWK = (.28218E+08

w***+ DUCT/AFTER BURNING 1 PARANSTERS ==**#*
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ETA = 0.9%000 DLP = 0.1704 WFB = 0.0000
*xxdkx CONVERGENT/DIVERGENT NOZZLE 1 PARAMETERS **%**
Throat Area = 0.0572 Throat Velocity = 432.57 Throat Mach No. = 1.0000
Exit Area = 0.1410 Exit Velocity = 779.84 Exit Mach No. = 2.4280
Nozzle Coeff. = 0.9679 Gross Thrust = 42186.61
**x*x%* COMPRESSOR 3 PARAMETERS ***==
Z = 0.83418 PR = 1.186 ETA = 0.90500
PCN = 0.9515 CN = 0.96870 COMWK = 0.41298E+07
*%xx*%* COMPRESSOR 4 PARAMETERS *w*w**
Z = 0.80853 PR = 3.076 ETA = 0.8945¢
PCN = 0.9515 CN = 0.97072 COMWK = (.33045E+08
wxxx* COMBUSTION CHAMBER PARAMETERS *****
ETA = 1.00000 DLP = 0.6745 WFE = 2.6948
*kx*«* TURBINE 1 PARAMETERS **w%**
TF = 435.242 ETA = 0.89835 CN = 2.687
AUXWK = 0.25000E+05
**x%wx TURBINE 2 PARAMETERS **w=**
TF = 434.623 ETA = 0.89806 CN = 2.690
AUXWK = 0.00000E+00
#xxsx DIJCT/AFTER BURNING 2 PARAMETERS *****
ETA = 0.9000 DLP = 0.08B37 WFB = 0.0000
*xx4* CONVERGENT/DIVERGENT NOZZLE 2 PARAMETERS **w=%=*
Throat Area = 0.38B06 Throat Velocity = 580.74 Throat Mach No. = 1.0000
Exit aArea = 0.6683 Exit Velocity = 971.94 Exit Mach No. = 2.02&6
Nozzle Coeff. = 0.9775 Gross Thrust = **wew=xws
Scale Factor on apove Mass Flows, Areas, Thrusts & Powers = 0.2986
Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 187.295 0.30334 1.11433 22%.e5 333.23 455.9 sraszw
2 0.00000 187.295 R 1.08154 wEdser®: A33 73 sdwwnw kKK
3 0.00000 18'?.435 LA 2 & & 5 ] 2_11092 oot v % W 413.56 W Ew W LA & & & 2 4
4 0.00000 187.435 i 5.71434 *%%*x%* [LC0Q Qg3  *wmamx wkwkkx
5 0.00000 132.951 gl dafe 5.71434 ‘##%sie L5 g3 #sasadw swenix
6 0.00000 132.951 falattio ol 6.77T743 *hwwww LRO_§3 Srewmw whewiw
T 0_00000 132‘910 RN W 6_???43 e 589'62 EREEWREW EEE 22 20
8 0.00000 132.910 wakdRs  20.84653 trrmrs gO0.4] rrEmEe weddae
9 0.00000 126.264 wxawmw 30 ,84653 mwrwws §20.4]1 remmEw wedddw
10 0.00000 113.638 whkkwe 00 F4653 wwsmwxw G320 4] wwmmas  mhkkkk
11 0.02368 116.32¢9 wxkwex 0 17205 wwwwwrs 1606.00 wamwaw wwwkww

12 0.023e8 116.329 e B.63997 swdmain |33 Q70 wEmmwE et
13 0.02131 128.956 wRER R B.63997 wwwwswx ]13(4.45 wwwwww  wwdwww
14 0.02131 128.956 whraa e 2.76053 we¥aw¥ 1036,.9] wrwrers Saddde
15 0.02131 128.956 i e Sdbaliy 2:67681 =¥wew» 1026.9]1 Frr=we wuwRde
16 0.02131 128.956 0.33176 2.67681 588.52 1026.91 971.9 0.6674
17 0.00000 54.709 W kNN 5.71434 =#mrxas. 5RG.QN. srwmaw; dawdkw
18 0.00000 54.709 ke 5.54306 wahdts: LCLOCOT: Shwmds: - ekt
19 0.00000 54.709 0.36183 5.543%6 256.51 559.93 77%.8 0.1408
20 0‘00000 0_000 IS RS L 2 0_00000 * kW R R R 0'00 EEWEEW TR RER®
21 0.00000 6.645 L2 2] 20.34653 ddd kW 320_41 kW W W e e
22 0.00000 12.626 whEEEs 20004653 mEaene: BI0.4]. Aremtd wsaewe
Gross Thrust = 166566.94
Momentum Drag = 85386.44
Net Thrust = H811B0.49
Fuel Flow = 2.6911
s.f.c. = 33.15009
Sp. Thrust = 433.437
R R R R e e e R R E R R R R R R R
1 11000. ! Altitude
3 1.6 ! Mach number
-1 !
11 6 1590. ! TET
-1 !

e R R e e s R e S e

**x*** OFF DESIGN ENGINE CALCULATIONS. Converged after 1 Loops *****
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***%x AMBIENT AND INLET PARAMETERS #*#%*%

Alt. = 11000.0 1.S.A. Dev. = 0.000 Mach No. = 1.60
Etar = 0.9624 Momentum Drag = 75961.74
*¥**** COMPRESSOR 1 PARAMETERS =*%#x
Z = 0.91563 PR = 1.955 ETA = 0.86923
PCN = 0.8899 CN = 0,.8B067 COMWK = 0.22861E+08
¥#*%* COMPRESSOR 2 PARAMETERS =*##*=
Z = 0.8B3736 PR = 2.718 ETA = 0.9067¢9
PCN = 0.8899 CN = 0.8B964 COMWE = 0.23925E-08
¥rwwx DUCT/AFTER BURNING 1 PARAMETERS »w*=ww
ETA = 0.9000 DLP = 0.1457 WFB = 0.0230
***%* CONVERGENT/DIVERGENT NOZZLE 1 PARAMETERS =***%
Throat Area = 0.0572 Throat Velocity = 429.57 Throat Mach No. = 1.0000
Exit Area = 0.1410 Exit Velocity = 774.36 Exit Mzch No. = 2.4280
Nozzle Coeff. = 0.9639 Gross Thrust = 36325.79
*¥**** COMPRESSOR 3 PARAMETERS ===*w
Z = 0.83531 PR = 1.186 ETA = 0.904%9
PCN = 0.9442 CN = 0.96B08 COMWK = (0.34831E+07
*wwx* COMPRESSOR 4 PARAMETERS =ww***
Z = 0.80735 PR = 3.075 ETA = 0.894%1
PCN = 0.9442 CN = 0,57003 COMWK = 0.Z7854E+08
*Exk* COMBUSTION CHAMBER PARAMETERS *www=
ETA = 1.00000 DLP = 0.5724 WFE = 2.2=2:7
*xxx* TURBINE 1 PARAMETERS *>==~
TF = 434.834 ETA = 0.89821 CN = 2.6E:
AUXWK = 0.25000E+05
***** TURBINE 2 PARAMETERS **==-=
TF = 434.663 ETA = 0.89812 CN = 2.68:2
AUXWK = 0.00000E+00
wwx*k* DUCT/AFTER BURNING 2 PARAMETERS w***w%
ETA = 0.9000 DLP = 0.0711 WFB = 0.0000
*%w** CONVERGENT/DIVERGENT NOZZLE 2 PARAMETERS **%+*»
Throat Area = 0.3806 Throat Velocity = 577.77 Throat Mach No. = 1.0000
Exit Area = 0.6683 Exit Veloecity = 966.75 Exit Mzch No. = 2.0262
Nozzle Coeffi. = (0.9749 Gross TRLUSE = ***awdwn
Scale Factor on above Mass Flows, Areas, Thrusts & Powers = 0.9986
Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Trtota: Vel Area
1 0.00000 160.608 0.22330 0.94970 216.65 1327.8¢ 472.3  wwwwws
2 0.00000 160.608 ok 0.91396 ****wu 377 fo  wmwwaxr  mxmwww
3 0.00000 160,607 wrewaw 1.78679 =#x=xw (7 (f *xxmas skwxsx
4 0.00000 160.607 boflolh Lot o 4.85613  xwwwxx GC) 10 wwwwws wdkwwrs
S 000000 113_52? EEW W 4.35613 e e e 552_1(, - www R
6 0.00000 113.627 e des ] 5.75979  *wxsx CQ] 42 swmmmskw  kkwaww
7 0.00000 113.628 rhwma s 5.75979 *wkw#* Q] 4 wwmews wkmsun
g8 0.00000 113.628 EEEmEr 17.71420  wrErEx QOO 4T wemmww wmwman
9 0.00000 107.947 wrmwaw 17.71420 weskrs BOG 4T wrmmww  kxwkan
10 0.00000 97.152 FrEmad 17.71420 drwrrr QOG 4T wwwmww  wkwsns
11 0.02345% 99.421 EEEEE 17014179 rewsxx J0G() (0 wwmawr  wwames
12 0.02345 99,431 TEEw N T.36565 rmwwsw 1340 (i ewwswr  wwakaw
13 0.02111 110.225 Rk T.36565 wxxrak 190] g1 wwmmwr  wskwww
14 0.02111 110.225 W R 2.35079 wwwkwx 1016 0F rwmmar wmmmas
15 0.02111 110.225 R 2.27972 *rwrt 1016.05 rrwmws  wwkkas
16 0.02111 110.225 0.28109 2.27972 581.53 1016.0= 966.8 0.6674
17 0.00000 46.974 T 4.85613  wwwk 00D 10 xwwmwr wkkwww
18 0.00000 46.974 siadlcts: 4.71039  *@wwxx CLI 17 swrxwmaw  wsnswan
19 0.00000 46.974 0.30846 4.71039 252.90 552.1C 774.4 0.1408
20 0.00000 0.000 jedlaflelonni 0.00000 **wwsx Q.00 *ewsww  shdkuw
21 D.OUUDO 5-681 T w W 1?’?1420 LE S 2 2 3 309.47 LA A R X3S o
22 0.00000 10.795 wEmwwm  17.71420 wwmkrw BOG .47 #wwwws  wwwwwx
Gross Thrust = 144112.45
Momentum Drag = 75858.231
Net Thrust = 68254.22
Fuel Flow = 2.2786
s.f.ec. = 33.38453
Sp. Thrust = 424.973

ttaitititii-*"'ltlwtnﬁwttitttt--twtw*-'--t-ttt
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1 6000. 1 Altitude

3 0.9 ! Mach number
=1 !

11 6 1685. 1 TET

-1 !

e e e e R R s

***** OFF DESIGN ENGINE CALCULATIONS. Converged after 10 Loops ****~

##wwwwx AMBIENT AND INLET PARAMETERS *****

Alt. = 6000.0 I1.5.A. Dev. = 0.000 Mach No. = 0.90

Etar = 1.0000 Momentum Drag = 52540.00

*=*wxw COMPRESSOR 1 PARAMETERS *****

Z = 0.84503 PR = 2.124 ETA = 0.87370

PCN = 0.9619 CN = 1.01272 COMWK = ©0.14744E+08

**%** COMPRESSOR 2 PARAMETERS **¥**

Z = 0.85419 PR = 3.186 ETA = 0.87112

PCN = 0.9619 CM = 1.00979 COMWK = 0.30740E+08

***%* DUCT/AFTER BURNING 1 PARAMETERS =*****

ETA = 0.9000 DLP = 0.1599 WFB = 0.0000

***** CONVERGENT/DIVERGENT NOZZLE 1 PARAMETERS *****

Throat Area = 0.0572 Throat Velocity = 421.91 Throat Mach No. = 1.0000
Exit Area = 0.1410 Exit Velocity = 760.41 Exit Mach No. = 2.4281
Nozzle Coeff. = 0.9730 Gross Thrust = 37070.83

wxxxx COMPRESSOR 3 PARAMETERS ==**x*

Z = 0.85472 PR = 1.203 ETA = 0.8847¢

PCN = 0.9615 CN = 1.00380 COMWE = 0.4316BE+07

**x** COMPRESSOR 4 PARAMETERS *****

Z = 0.85446 PR = 3.3227 ETA = 0.8804¢

PCN = 0.9615 CN = 1.00298 COMWE = 0.344B0E+0B

wwwxx COMBUSTION CHAMBER PARAMETERS *www=

ETA = 1.00000 DLP = 0.6384 WFB = 3.0163

*w*xxx TURBINE 1 PARAMETERS ****=*

TF = 431.377 ETA = 0.89975 CN = 2.824

AUXWE = 0.25000E+05

***w* TURBINE 2 PARAMETERS ***¥~*

TF = 431.279 ETA = 0.89981 CN = 2.828

AUXWE = 0.00000E+00

**%%* DUCT/AFTER BURNING 2 PARAMETERS =*****

ETA = 0.9000 DLF = 0.0847 WFB = 0.0000

***kx CONVERGENT/DIVERGENT NOZZLE 2 PARAMETERS ****x%

Throat Area = 0.3806 Throat Velocity = 594.59 Threat Mach No. = 1.0000
Exit Area = 0.66B3 Exit Velocity = 996.46 Exit Mach No. = 2.0223
Nozzle Coeff. = 0.9723 Gross Thrust = *****x*x

Scale Factor on above Mass Flows, Areas, Thrusts & Powers = 0.9986
Station F.A.R. Mass Flow Pstatic Protal Tstatic Trotal Vel Area

.00000 184.163 0.46557
.00000 184.163 AR LTS
.0oooo 184.113 falalaliols
-00000 184.113 C ki
.ooo00 131.776 gl
.00000 131.77¢ ottt
.00000 121.808 ERB AN

78773 249.15 289.63  284.9 rrwwsx
LTERTT3 LR R 289 .63 Ak ™ -k
LBT209] mwwwmww  TEQ ]] wwxwmmw  kkEwAR
.32972 *TEERER 532.40 ok www ko E
32972 wxxxxx L9 4 wxrwam  wewEAS
.41041 rEEmREE 563 .89 TExEEE ™ TR R AR A
.41041 ok EE 563 .80 EEk kW LR
L0ooo0 131.808 *H A .32791 EEEEEE 807.75 wEkEE R e s
La0000 125.217 LA S S L32791 xwwkws g7 J5  wwkwwm  wwsmaw
.00000 112.696 F At WA 21.32791 EEERER 807.75 wEE R AW EREEREEE

%]
HaRRWUE- OO

-
=
CO0000CO00CCO00COOSOO
8]
=

11 02673 115.708 *wwkww  J0 EBO54 wwwwwr JEQ5 () Aewwww  drdwds
12 0.02673  115.708  *+%*#*  B.§8267 *=+=++ 1422 .83 *+xwsz sxxwss
13 02406 128.230 hd ok kR B.HBHE2RT wxxwnw 1367 .32 ThxEwE YT L]
14 0.02406 128.230  *w*=**  2.83371 swwwwr 1078.63 rrwess wmwwss
15 0.02406 128.230  =%*w**  2.74000 w=*=sx 1078.53 *rtsrs saxwms
16 .02406 128.230 0.34086 2.74900 623.33 1078B.63 996.5 0.6674
17 .00000 52.488 LR A S £.32972  mwwxwkx G037 [J) wrxrxwww Awmwww
18 .00000 52.488 b Sl S 5.16985 =wwxxwwx 5§37 4() werxwwwm wmwwww
19 .00000 52.488 0.33839 5.16985 243.84 532.40 760.4 0.1408
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20 0.00000 0.000 WA 0.00000 wwww=» 0.00 =**#esx wxwwaa
231 0.00000 6.590 ek ok 21.32791 R A B07.75 EEET TR ek
22 0.00000 12.522 Frwwww 21.32791  wrrre= B07.75 reswww sesews

152824.08
52468.40
100355.68
3.0122
30.01502
544.928

Gross Thrust
Momentum Drag
Net Thrust
Fuel Flow
s.f.c.

Sp. Thrust

manmnun

dittittii--nn—t*ttwitn-ttt***tta'tit-ttt**ttt-t'

1 6000. ! Altitude

3 0.9 ! Mach number
=3 1

11 & 1775. ! TET

-1 !

ERE a Ak kR N W Wk Wk kW R W R R kW R R R sk o Rk W

**%%*= OFF DESIGN ENGINE CALCULATIONS. Converged after 1 Loops *#*#*#*=

Hrxk* AMBIENT AND INLET PARAMETERS *****

Alt. = 6000.0 I.S.A. Dev. = 0.000 Mach No. = 0.90

Etar = 1.0000 Momentum Drag = 55002.45%5

¥¥*** COMPRESSOR 1 PARAMETERS ****w

Z = 0,82913 PR = 2.165 ETA = 0.85793

FCN = 0.5873 CN = 1.03946 COMWK = 0.16164E+08

wwww* COMPRESSOR 2 PARAMETERS ****»

Z = 0.85940 PR = 3.299 ETA = 0.85428

PCN = 0.9873 CN = 1.03124 COMWK = 0.34356E+08

****% DUCT/AFTER BURNING 1 PARAMETERS **===

ETA = 0.9000 DLP = 0.1687 WEFE = 0.0000

*xwxr CONVERGENT/DIVERGENT NOZZLE 1 PARAMETERS **#==

Throat Area = 0.0572 Throat Velocity = 427.50 Throat Mach No. = 1.0000
Exit Area = 0.1410 Exit Velocity = 770.59 Exit Mach No. = 2.4280
Nozzle Coeff. = 0.9726 Gross Thrust = 39482.93

**¥** COMPRESSOR 3 PARAMETERS ***w»

Z = 0.B6241 PR = 1.207 ETA = 0.87636

PCN = 0.9803 CN = 1.00991 COMWK = 0.47905E+07

***x* COMPRESSOR 4 PARAMETERS **w*==

Z = 0.8B6653 PR = 3.387 ETA = 0.8B701%

PCN = 0.9803 CN = 1.00832 COMWK = 0.38243E+08

***** COMBUSTION CHAMBER PARAMETERS ****=
ETA = 1.00000 DLP = 0.6736 WFB = 3.4336

***** TURBINE 1 PARAMETERS ***==
TF = 431.626 ETA = 0.8B9976 CN
AUXWK = 0.25000E+05

2.824

***** TURBINE 2 PARAMETERS **#==
TF = 431.292 ETA = 0.89979 CN = 2.826
AUXWK = 0.00000E+00

Fu*** DUCT/AFTER BURNING 2 PARAMETERS *#*=*v=

ETA = 0.9000 DLP = 0.0918 WFE = 0.0000

***** CONVERGENT/DIVERGENT NOZZLE 2 PARAMETERS #*#wx=»

Throat Area = 0.3806 Throat Velocity = 610.70 Throat Mach No. = 1.0000
Exit Area = 0.6683 Exit Velocity = 1024.83 Exit Mach No. = 2.0187
Nozzle Coeff. = 0.9765 Gross THrust = ==xxxx==

Scale Factor on above Mass Flows, Areas, Thrusts & Powers = 0.9986

Station F.A.R. Mass Flow Pstatic Protal Tstatic Trotal Vel Area

.00000 192.794 0.46557
.00000 192.794 HEmEww
.00000 192.930 T -
.00000 192.930 ool 30
.00D00 138.183 oS
.00000 138.183 pdedn t

78773 249.15 289.63 284.9 ssssne
LIBT3 **%x%%w 200 £ wamwrkw  hkamww
.70523 -k ko 372.85 EEE W W W
.62614 wEwkwwx T46_T4 FREAER R wRAER
62614 HEAEwE Cap 74 mwamww  kwwwaw
LT923]1  mwwwkk 070 gE wwawas  wwwkww

O LN b L B
[=N=NoNelel]
PUNNM oo
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7 0.00000 138.170 seR Ay 6.7923] *rkwkxx 5TQ Qf  wEmAEE  wkAwxs
B 0.00000 138.170 kwkwwnw D (OLED  redkkrw g6 4G EEEAwx  wwwwwew
9 0.00000 131.262 kwwaws  33.00552 rkkEe  H36 69 2 AEwwas -
10 0.00000 118.136 wrwwww DY QOLLD  wrsdEw  RIE .60 2 EEEEEE  Awwsws
11 0.02903 121.565 *xxwws 22,3310 wewwAr 1775 0 2 wwAeEr  dEwwdd

12 0.02903 121.565 izt dinted 9.57693 Aikeds LEGL 7 wnkEsw  Leaane
13 0.02612 134.691 fotalldelodis] 957693 HRRwas 1447 .69 WheTae  wEewww
14 0.02612 134.691 etk b 3.04052 wtdsax 1740,10 wErrer wwwwws
15 0.02612 134.691 bl otk 2.958773 waskdwe 1140,10 FEAAAR mesRew
16 0.02612 134,691 0.37129 2.95773 664,74 1140.10 1024.8 0.6674
17 0.00000 54.670 A 562610 wawRanl BYg 7Y - weksmr  wkddd
lg D_DOQQQ 54.6?0 whww R 5_45740 A K 546_?4 LS R R 2 *wkok kW
19 0.00000 54.670 0.35723 5.45740 250.43 6546.74 770.6 0.1408
20 0_00000 0.000 R W 0_00000 Ed R 0’00 kW R R
21 0.00000 6.909 shRwas 23.00552 seswwd H3E.60) NEwaar  Ehaaes
22 0.00000 13.126 *xeswe  PI . POSS2 wwwedE Pl .59 EFAAREE  wdwdew
Gross Thrust = 167850.80
Momentum Drag = 54927.50
Net Thrust = 112923.31
Fuel Flow = 3.4289
s.f.c. = 30.36498
Sp. Thrust = 585.719
AR AR TR R A A AT AT AAAN T AT A A AT AT T T I ATRTTTFSI R
1 0.0 ! Altitude
3 0.9 ! Mach number
-1 !
11 6 1778. ! TET
=1 !

AR AT AR AR AT T AR S AR T ATAANT TR AN TR IR AR TN TR S oD

*x*x** OFF DESIGN ENGINE CALCULATIONS. Converged after 2 Logps Wwwwew

*%*** AMBTENT AND INLET PARAMETERS *****

Alt. = 0.0 I.5.A. Dev., = 0.000 Mach No. = 0.90

Etar = 1.0000 Momentum Drag = 103386.45

#*x*%* COMPRESSOR 1 PARAMETERS =*»=*»

Z = 0.87291 PR.= 2.052 ETA = 0.87598

PCN = 0.9791 CN = 0.95877 COMWK = 0.29536E+08

*xxx*x COMPRESSCR 2 PARAMETERS #*==*%

Z = 0.84242 PR = 2.977 ETA = 0.89166

PCN = 0.9791 CN = 0.96198 COMWK = 0.58457E+08

*wxw=x DUCT/AFTER BURNING 1 PARAMETERS =w=w*=w

ETA = 0.9000 DLP = 0.3101 WFE = 0.0000

®xxw* CONVERGENT/DIVERGENT NOZZLE 1 PARAMETERS *»=*=*~»

Throat Area = 0.0572 Throat Velocity = 4431.68 Throat Mach No. = 1.0000
Exit Area = 0.1410 Exit Velocity = 800.12 Exit Mach No. = 2.4278
Nozzle Coeff. = 0.9724 Gross Thrust = 70466.30

*w*wx COMPRESSOR 3 PARAMETERS *==***

Z = 0.84162 PR = 1.195 ETA = 0.49639

PCN = 0.9996 CN = 0.99182 COMWK = 0.83057E+07

*#***% COMPRESSOR 4 PARAMETERS *=*+**

Z = 0.83747 PR = 3.238 ETA = 0.H9354

PCN = 0.9996 CN = 0.99265 COMWK = (.66416E+08

*w*s+ COMBUSTION CHAMBER PARAMETERS *===""
ETA = 1.00000 DLP = 1.2277 WFE

5.7585
*wxx» TURBINE 1 PARAMETERS *®**=

TF = 432.065 ETA = 0.89940 CN = 2.79%
AUXWK = (0.25000E+05

***%* TURBINE 2 PARAMETERS ***=*~

TF = 432.044 ETA = 0.89939 N = 2.797
AUXWK = 0.00000E+00

*x*w» DUCT/AFTER BURNING 2 PARAMETERS #*#***¥

ETA = 0.5000 DLP = 0.1598 WFE = 0.0000

**x*+ CONVERGENT/DIVERGENT NOZZLE 2 PARAMETERS **#*ww#
Throat Area = 0.3806 Throat Velocity = 612.04 Throat Mach No. = 1.0000
Exit Area = 0.6683 Exit Velocity = 1027.03 Exit Mach No. = 2.0188
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Nozzle Coeff. = 0.9615 Gross THrust = wsswewwe
Scale Factor on above Mass Flows, Areas, Thrusts & Powers = 0.8986
Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Trozzl vel Rraa

1 0.00000 337.057 1.00000 1.89166 288,15 334.35 306.3 *wwvew
2 0.00000 337.057 oliadinilafiohg 1.69166 *w=*+* 334 95 werkawx  wrmees
3 0.00000 337.195 hotoliallsad 3.47134 wwwwww 427 44 ewwkrr wweees
4 0.00000 337.195 EEEEE 10.33505 awkxxw §EG 1] =wkxEx  sseevs
5 0.00000 240.379 Frwwar 10.33505  wwwwrs GO 1] wwswkw  swmvww
(3 0.00000 240_379 e 12.35378 ek E R 62231 - wEEEEww
7 0.00000 240.368 Frmwma 12,3537 4rwwsw £33 0] wwmmsx  mwwees
B 0.00000 240.368 Fawwwm 40.00554 swrwvm g6 20 wwwwrx swwews
9 0.00000 228.350 Frx=aa 40.00554 wrwwws  BTE 00 wwwwrw  wwweww
10 0.00000 205.515 TrEme=s 40.00554 rwerrr RUE 00 mewsxx sweevs
11 0.02798 211.265 TrewEw o 3E.TTTBI wwewww 177K ) wewsrs  xwwews
12 0.02798 211.265 rEEEEm o 16.66507 Axswww 1504 15 ewxkxx  swaves
13 0.02518 234.100 wEREwEE 16.66507 wwewwww 1447 T4 wesswr  wwa=ses
14 0.02518 234.100 wR AW 5.31586  wwwwwe= 1745 (3 =ewwkr  sxwers
15 0.02518 234.100 Riishduinad 5.15611 w#w=#*= 31]45 (3  ==xrww  xxwves
16 0.02518 234.100 0.64649 5.15611 €67.36 1145.03 1027.0 0.6£74
17 0.00000 96.741 mwkwsw  10.33505 vwwwds 50 4] wwswkw  wwwerx
18 0.00000 96.741 Framas 10.02499 rrwrAw 0RO 4] wwxkawx swwvew
19 0.00000 96.741 0.65677 10.02499 270.11 5S8%._1] 800.1 0.1£08
20 0.00000 0.000 TREEWW 0.00000 *=ww=x 0.00 =wwwitx wwzves
21 0.00000 12.018 FAMEER 40.00554  wwwwww 875 0 wwkwkxr  mswews
22 0.00000 22.835 wEmEEE 40.00554 wwwwws G7¢ 3 eEwwwx wwwers

Gross Thrust
Momentum Drag
Net Thrust
Fuel Flow
s.f.c.

Sp. Thrust

277628.53
103245.57
174382.98
5.7507
32.97732
517.369

nwuwawnnu

il i R E Uy

10.0 ! Alticude

3 1.1 ! Mach number
=1 !

11 & 1675, ! TET

-1 !

tq*wtttiwiit*ttt-tt*tt*ti--uatti-tqttt-tt-ttttt

**wx% OFF DESIGN ENGINE CALCULATIONS. Converged a‘rer 3 Loops wweww

wr*x+ AMBIENT AND INLET PARAMETERS =*===

Alr. = 0.0 I.5.A. Dev. = 0.000 Mach No. = 1.10
Etar = 0.9966 Momentum Drag = 128844.70

*wxkx* COMPRESSOR 1 PARAMETERS #*#*w=»w

Z = 0.92511 PR = 1.925 ETA = 0.8z=251

PCN = 0.9048 CN = 0.85705 COMWE = {.29336E+08

*#*%*** COMPRESSOR 2 PARAMET

RS wwwww

E
Z = 0.8B3165 PR = 2.642 ETA = 0.92383
FCN = 0.9048 CHN = 0.86800 COMWK = (.5353i5E+08
**=%* DUCT/AFTER BURNING 1 PARAMETERS *#=w»
ETA = 0.9000 DLP = 0.3243 WFB = 0.0000
3 vk CONVERGENT/DIVERGENT NOZZLE 1 PARAMETERS +*==»
Throat Area = 0.0572 Throat Velocity = 444 .He Throst Mach No. = 1.2000
Exit Area = (.1410 Exit Velocity = R02.28 Zxit Mach No. = 2.4°78
Nozzle Coeff. = (.9729 Gross Thrust = 74472 .16
*rwdks COMPRESSOR 3 PARAMETERS *w=ww
Z = 0.83032 PR = 1.183 ETA = 0.89{=92
PCN = 0.9718 CN = 0.9616H COMWK = [ .7H4Z7E+07
*H*** COMPRESSOR 4 PARAMETERS **ww»w
Z = 0.7994¢ FR = 3.03% ETA = 0.BCS423
PCN = 0.9718 CN = 0.96430 COMWK = (.82843E+08
*x*++ COMBUSTION CHAMBER PARAMETERS wwwsww
ETA = 1.00000 DLP = 1.2673 WFEB = 5.1630

***xwx*x TURBINE 1 PARAMETERS ***+=
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TF = 435.631 ETA = 0.B9504 CN
AUXWK = 0.25000E+05

2.664

*wxxxw TURBINE 2 PARAMETERS =*=~=»
TF = 435.253 ETA = 0.8B9778 CN = 2.663
AUXWK = 0.00000E+00

wwxsw DUCT/AFTER BURNING 2 PARAMETERS *w***

ETA = 0.9000 DLP = 4.1564 WFB = 0.0000
**wxx* CONVERGENT/DIVERGENT NOZILE 2 PARAMETERS *=***
Throat Area = 0.3806 Throa: Velccity = 594.22 Throat Mach No. = 1.0000
Exit Area = 0.6683 Exit Vzlocity = 995.55 Exit Mach No. = 2.0230
Nozzle Coeff. = 0.9583 Gross Thrustc = ****ixx*
Scale Factor on above Mass Flcws, Areas, Thrusts & Powers = 0.9986
Station F.A.R. Mass Flow Pszatic Ptotal Tstatic Ttotal Vel Area
1 0.00000 343 .682 1.20000 2.13583 288.15 357.85 374.4 xrurae
2 0.00000 343 .682 crewEw 2.12867  *xwwwxw JE7 /L  wwwwww e
3 0.00000 343 .6R2 wwEEE 4.00730  Hxkwwx  J47 04 HwwkEx  Akkwkx
4 0.00000 343 .682 wwerwn  10.82595 wwssrx 509 Hg  wamasR  wkakEs
5 0.00000 243.017 =wwwxw  J10.B2595 wxwwkw LgD 5F wkwwkk  kkkkkk
6 0.00000 243.017 wvwwww ]9 BOGO3 wwwwss £ ]  mwsws  wrswws
7 0.00000 242.734 seswex  12.805893  AwsEask 59721 waEkwws Aaiwws
8 0.00000 242.734 wreRAw. 3IBLBA0]4 (Aeterd BE] 6D wARRAE . ARdwkd
9 0.00000 230.597 =rrwr®  3IB.B6014 wrwwwwx Q5] BF wwwkww  wkwkkd
10 0.00000 207.538 =wvwwrrw 38 86014 Hxkwws gL GL wwawkw  kkkwkk
11 0.02484 212.693 weeand. 3T.59280 vhiewk 1875.00 wamads  wakakn
12 0.02484 212.693 wewwaa  16L165419 kwwrww 1414 14 owwmres  wkesewsk
13 0.02236 235.753 rrrwaw 16.15419  kxkwww 1363 g7 kwwkww  kkkknk
14 0.02236 235.753 WA 5. 17913 ~wwkewin JEFE BP  wwdhl SRR
15 0.02236 235.753 R 5.02274  wwxwxx (76,82  exwEaw wkkkws
16 0.02236 235.753 0.22504 5.02274 621.12 1076.82 995.6 0.6674
17 0.00000 100 .6064 =erwx=x  |() BILGL *w**xx L[Q7 LR wxkmasEk  kkkEkw
18 0.00000 100.994 meyeaw 10:50161 rrtadx BODBH wRsedd dwEand
19 0.000019 100.994 0.-2753 10.50161 271.58 592.58 802.3 0.1408
20 0.00000 0.000 . 0.00000 *=w=w=x D00 mRmkR® akAkkEd
21 0.00000 12.137 swexaw. 3P 86014 wmwsww  QE] S& oewmamws ok
22 0.00000 23.060 =wwxxx IE.B6014 wewExs QG G5 wmwaww  kkkkkk
Gross Thrust = 273944 .41
Momentum Drag = 128669.12
Net Thrust = 145275.30
Fuel Flow = 5.1559
s.f.c. = 35.49080
Sp. Thrust = 422.703
LA R A R A S e S RS AR E R RS EEEE SRR R E R ERE R
1 9000. ! Alritude
3 1.4 ! Mach number
70 2.0 ! Reheat switch on)
74 1.0 ! Nozzle area (or=n)
g -1.0 ! Compressor errcr switch (on)
-1 !
11 6 1750. L TET
15 6 1550. ! Nozzle inlet tz—perature
-1 !

R R S e S

*¥*¥w*w OFF DESIGN ENGINE CA_CULATIONS. Converged after 3 Loops kewew

**%x*+* AMBIENT AND INLET PARAMETIRS ===*¥

Alc. = 9000.0 I.S.A. Dev. = 0.000 Mach No. = 1.40
Etar = 0.9782 Momentum Zrag = 724K9.92

®ww%+* COMPRESSOR 1 PARAMETERS <w===»»

Z = 0.90581 PR = ~.951 ETA = 0.87371

PCN = 0.8831 CN = 0.:34669 COMWK = 0.131B6E+08
*w**x* COMPRESSOR 2 PARAMETERS ==we*=

Z = 0.82304 PR = 2.702 ETA = 0.91000

PCN = 0.8831 CN = (.=5432 COMWK = 0.24465E+08

*w**x* DUCT/AFTER BURNING 1 PARXMSTERS *****
ETA = 0.9000 DLP = (.1491 WFE = 0.0000
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*=ex+ CONVERGENT/DIVERGENT NOZZLE 1 PARAMETERS **%***

Throat Area = 0.0572 Throat Velocity = 423.67 Throat Mach No. = 1.0000
Exit Area = (.1410 Exit Velocity = 763.60 Exit Mach No. = 2.4281
Nozzle Coeff. = 0.5700 Gross Thrust = 36373.60

*®®** COMPRESSOR 3 PARAMETERS ===+

Z = 0.86010 PR = 1.202 ETA = 0.88440

PCN = 0.9610 CN = 0.99913 COMWK = 0.40010E+07

**x** COMPRESSOR 4 PARAMETERS ==ww»x

Z = 0.85834 FR = 3.316 ETA = 0.88058

PCN = 0.9610 CN = 0.99842 COMWK = (0.31953E+08

*wE¥* COMBUSTION CHEAMBER PARAMETERS **%#=

ETA = 1.00000 DLP = 0.5871 WFB 3.0003

[

**xxk TURBINE 1 DARAMETERS **vw=«
TF = 436,562 ETA = 0.89429 CN = 2.544
AUXWK = 0.25000E+05

***** TURBINE 2 PARAMETERS *¥**==
TF = 424.836 ETA = 0.89613 CN = 2.539
AUXWK = 0.00000E+G0

FE=w* DUCT/AFTZR BURNING 2 PARAMITERS **%%=

ETA = 0.9000 DLP = 0.0887 WFE = 1.5891
*EEE* CONVERGENT/DIVERGENT NOZZLE 2 PARAMETERS **w%%w J
Throat Area = 0.3722 Throat Velocity = 708.25 Throat Mach No. = 1.0000
Exit Area = 0.7744 Exit Velocity = 1273.67 Exit Mach No. = 2.1777
Nozzle Coeff. = (0.9750 Gross Thrust = *x*ssxs»
Scale Factor on above Mass Flows, Areas, Thrusts & Powers = 0.9986
Station F.A.R. Mass Flow Pstatic Ptotal Tstatic Ttotal Vel Area
zh 0.0000¢ 170.132 0.30334 0.96593 229.65 319.91 425.5 weikuew
2 0.0000¢ 270132 N 0.94490  ***%sx 310 G] wxkrws  srwwww
3 D.DUUOG ;‘;’0236 W W ww 1‘84390 LR & 2 8 2 396(}5 Wk kW LR X 2 2
4 0.00000 170.236 i 4.9B230 Awwxaw  L30 4R kxwaww skwwaw
5 0.0000C 121.455 ittt 4.9823g  xwwwax G35 gg wwwwmwm mwmwaww
6 0.00000 121.455 el 5.98924  **wxx  LEQ C]  wwwkww  samkww
7 0.00000 121.573 gl i3 5.98924 #x=#*%x  GEQ C] Awwwaw  wwanww
8 0.0000¢C 121.573 *EEEEE 1G9 HB29R  wRwEwx Q17 95 wwwwaw  akwwka
9 0.0000¢C 115.495 FrEwEw 19.86298 Arkwxx 413 75 wwwmww  mmwrEs
10 0.0000¢C i03.945 FrEmmw 10 86298 AkAwxw 17 J5  wkkass  wmrwew
11 0.02882 106.942 wrEEEx 19,2758 xwkwax 750 () Arwkwms  dwwwwan
12 0.02882 106.942 XM 8.50403  *%%*#*x 140G CL swwdww shswwa
13 0.02592 118.491 S B.50403  =**x*w 1428 94 wxwwxw  axwuww
14 0.02594 11B.491 inkaioniinintia 3.24775  wxkkww 1177 T4 whkwas  wwawsw
15 0’04035 120_0?8 W w W 317908 koW 1550'00 LA S 2 28 LR SR 2
16 0.0403¢ 120.078 0.30334 3.17908 904.95 1550.00 1273.7 0.7733
17 0.00000 48 .7498 Exwww 4.98238 e e e ek 536.35 W H L2 R 22
18 0.0000C 48.798 EEETwe 4.H3332 wwwwwx  CRg Qg wkwkwr  wmewkw
19 0.0000¢ 48.798 0.31594 4.83332 245.90 536.88 763.6 0.1408
20 0.0000¢ 0.000 = b e 0.00000 #xwwwx 0.00 =*==eax wkwwwx
21 0.0000C 6€.079 FEREmEme 19 BE29B  wEwaxx 813 05 wxawew  smxwwes
22 0.0000¢C 11.549 FrE=Em ]G RE29H  wEEmmaw §13 J5  wsawew  waawsw
Gross Thrust = 185443.14
Momentum Drag = 72391.14
Net Thrust = 113052.00
Fuel Flow = 4.5832
s.f.c. = 40.54064
Sp. Thrust = 664 .496

tcnttttttn:-tt"-q-wwtt*ﬁixt*ttw--wttttﬁitttttt

-3
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APPENDIX C

Example: The Selective Bleed Engine

To illustrate the technique with an example, the Selective Bleed Engine
has been chosen as a case study. The procedure is shown with the final results
obtained after several loops of engine optimisation and component matching. The
intermediate iterations to obtain the final result have been omitted. From the
engine design point analysis, (this is an assessment of engine design point
performance sensitivity to TET, pressure ratio and bypass ratio) it has been
decided that from Chapter 2, the engines to be matched are:

a) LP mode with a bypass ratio of 1.0, pressure ratio of 26, TET of 1500K
and with the design point at sea level static conditions.

b) HP mode with a bypass ratio of 0.4, pressure ratio of 26, TET of 1800K
and with the design point at an altitude of 6km and a Mach number of 1.2.

Thus, the design point analysis has yielded two satisfactory engine cycles. The
following exercise is carried out to assess the capability of the components to

perform the duties demanded by the two cycles.

C.1- HP Turbine Matching

The appropriate plot of overall pressure ratio vs HP turbine inlet jz;p Is

carried out for both modes. The pressure ratio selected is 26 for both LP and HP
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modes. This will yield the appropriate ratio of mass flows at a value of 0.948
(equation 3.3, Chapter 3) to ensure equality of the HP turbine non-dimensional
mass flow (Figure C.1).

C.2- LP Turbine Matching

The appropriate plots of HP compressor pressure ratio vs JT/p atthe LP

turbine inlet are produced for both modes for the overall pressure ratios and
TETs of section C.1 (Figure C.2). The overall pressure ratio of the HP
compressor (LP mode) is now selected (PR=3.6) and this will yield the value

of sz/p at LP turbine inlet of 3.44. From the first step the ratio of turbine mass

flows is known to be 0.984, thus the value of yT/p atLP turbine inlet (HP mode)

Is calculated (equation 3.4, Chapter 3). From the appropriate curve of Figure C.2,

the appropriate HP compressor pressure ratio is calculated.

After the process the HP and LP turbine non-dimensional mass flows were
found to be 2.21x10° and 4.85x10°, respectively.

C.3- Compressor matching - Running lines

The result of sections C.1 and C2 is the design point for the two cycles
with the matched HP and LP turbines. This information was employed in
TURBOMATCH to generate the compressor running lines (Figure C.3).

The procedure on how to obtain the appropriate running lines for each
compressor has been presented in Chapter 3, section 3.3.2.2. Figure C.3 is the
selected conditions for compressor performance analysis carried out in Chapters
4 and 5 and it is exactly the same as Figures 2.11 and 3.7 in Chapters 2 and 3,

respectively.
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APPENDIX D

Compressor Design and Off-design Simulation

D.1- Introduction

When the design and off-design performance of a compressor are
required, correlation and correlation formulae are necessary in order to predict

the losses and therefore, the efficiency.

A very large number of correlations (and correlation formulae) can be

found in the literature.

Many of these have common points; for example, the use of a diffusion
factor in estimating the minimum profile losses. On the other hand, large
differences appear when it comes to estimating the effects of the various
geometrical or physical variables on overall losses and deviation. This is a
consequence of the complexity of the flow structure.

A survey has been carried out (in this Appendix) on some topics, to
improve qualitatively the loss calculation for the existing programme. In particular:

1- diffusion factor,
2- profile loss,

3- shock loss,

4- secondary losses,
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5- Reynolds number and roughness effects for design point conditions.

It was found that the objective of all correlation is to determine the losses
from a set of parameters related to the blade row geometry and the flow
properties. This set of parameters is small and sufficiently representative to
describe all of the main effects. This will obviously require a certain amount of
empiricism but the actual trends and ways for improvement rely on a better

understanding of the basic flow phenomena.

As a result, correlations have been drawn and introduced in CEMCOMP,
for the loss calculation procedure and the ANNULUS programme has become a
subroutine of CEMCOMP. A DCA profile with low losses was chosen for blade

geometry since a transonic compressor was required.

In addition, new subroutines which substitute the manual feeding of the
correlations for incidence and deviation angles have been developed for the
SCD15 programme as well as stator blade calculations. Due to modifications in
CEMCOMP and SCD15 programmes, they have been renamed COMPDES and
BLADE, respectively. As a result, a new running sequence of these computer
programmes has been created.

D.2- Modification of CEMCOMP Efficiency Prediction

CEMCOMP is a computer programme for compressor aerodynamic design,
which is available in the S.M.E. directory of the Cranfield VAX computer. It was
developed by Dener (24) from a programme called COMPDESN which was
originally written by Locket (33). CEMCOMP calculates stage air angles,
velocities, diffusion parameters and losses at 5 radial sections from blade hub to
tip. In addition, stage and overall efficiencies, and pressure ratios are estimated.
The simple radial equilibrium approach is used by CEMCOMP to solve the
algebraic equations to determine the axial velocity distribution for a prescribed
distribution of whirl velocity or blade outlet flow direction. CEMCOMP includes
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choice from 6 radial equilibrium solutions, namely:
Free Vortex,
Forced Vortex,
Constant Reaction,
Exponential,
Graded Work,
Infinite Aspect Ratio.

However, a close examination in CEMCOMP revealed that the losses
could not satisfactorily be predicted. A small change in profile loss, shock loss,
secondary loss and efficiency prediction was required in order to achieve

reasonable standard of loss assessment.

The changes in CEMCOMPF carried out are described in the following
sections. Some simplifications were introduced as appropriate to preliminary
design.

D.2.1- Blade Geometric Parameters

To carry out the analysis on the losses, it is necessary to introduce a
cascade notation in order to understand the correlations that will actually be used.

Figure D.1 shows a cross-section of three blades forming a part of a
typical cascade (Reference 15), which also includes details of various angles,

lengths and velocities associated with cascade experiments.

D.2.2- Blade Shape

There are many different ways to specify the blades of an axial
compressor. The most common way is to base the design on families of profile
such as the C-series, NACA-65 series and double-circular-arc (DCA). The latter
has great advantages at transonic Mach numbers.
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At low Mach numbers the effect of blade shape for C-series, NACA-65 and
DCA seems to be very small. However, at high Mach numbers the superiority of
the DCA blade becomes apparent with a very much wider operating range and
no rise in minimum loss. Further information about blade profile can be found in
Reference 34. Reference 35 recommended the use of NACA-65 blades up to
inlet Mach number of 0.78 and DCA in the range of inlet Mach number 0.78 to
1.2

The need to design subsonic and transonic axial flow compressors, in this
work, has led to the selection of the DCA blade profile, for both rotor and stator
blade despite very little amount of data being available for stator blades, to
achieve the aerodynamics requirement. The DCA blade has the additional
advantage of simplicity of design and analysis. Figure D.2 (Reference 36), shows
the essential features of a DCA. To calculate the camber line and surface radii,

the following equations are given:

e
5 o, (D.1)

2 sin—
2

R,(2R,+1) (1—cos¢D)+§-rz

R= (D.2)

Z(R1 —Rloosdap-r%—r)

R (2R;-1) (1—cos¢D)+-‘f—r’-
R- = (D.3)

2(R1—R1cos¢n—%+r)

where R, is radius of camber line, R, and R, are radii of suction and pressure
surface, respectively. r is the leading and trailing edge radii and they are taken
as 6% of maximum blade thickness with a minimum radius of 0. 1225 mm, c is

the chord, t is the thickness, 6 is camber angle and ¢ is given by:
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; re . 8
(D.4)
sing,,=(1-2—)sin—

D.2.3- Incidence Angle
ROTOR

The correlation of the minimum loss incidence angle (References 36, 37)

is:
iyp=K (i) 10+ (D.5)

where (iy),, is the minimum loss incidence angle for a NACA-65 cascade of zero
camber and 10 per cent thickness/chord ratio. Figure D.3 shows how (iy),, and
the slop factor n as a function of inlet air angle for a range of blade space/chord
ratios. K, is a correction factor which is applied to (iy),, to allow for a diiferent
blade thickness and/or profile. The value of K, for different thickness/chord ratios
is given in Figure D.4. (i~i,) is the difference between the minimum loss
incidence angle for a cascade and the measured value from rotor test. It is
plotted against inlet Mach number, in Figure D.5, for rotor blade sections at the

hub, mean and tip.

STATOR

For the stator the minimum loss incidence angle was assumed as a
constant 5° (based on the analysis and suggestion given by Reference 36) from
hub to tip.

D.2.4- Deviation Angle

The correlation which is still most often used, but with local modification

and adaptations for deviation, is known as Carter’s rule. It is expressed as:
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d=m8,| = (D.6)
“Nec

where m, varies with blade stagger angle (C) as shown in Figure D.6. To facilitate

the computational design calculation the following equation is given:

m_=0.2162+0.0008595 { +0.00002786 > (D.7)

It has been found by Reference 36 that Carter’s rule can be applied to
DCA while the alternative deviation rule (Reference 37, 38), is more complex than
Carter's method, and yet it predicts the true minimum loss deviation with much
the same accuracy.

D.2.5- Diffusion Factor

The diffusion factor establishes a relevant loading parameter which
described the low speed relation between blade loading and losses at optimum
flow condition.

The diffusion factor given by Lieblein (39) has been rearranged in
simplified form and expressed as:

-V.

D= Vm 2‘1

"

_K% +ﬁ£ (D.8)
Vi 2V, c
where

Vmax IS maximum suction-surface velocity,

V, and V, are the inlet and outlet relative velocity to the blade element.

AV, is the change in whirl velocity and

S/c is the space-chord ratio.

The model is based on low speed measurements of NACA 65 - blades.
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D.2.6- Equivalent Diffusion Factor

Equation (D.8) can be regarded as a simple one. For design purposes the
inlet and outlet flow data are prescribed and the maximum surface velocity and
the wake parameters are generally unknown. Hence, Lieblein formulated the
following correlation between equivalent diffusion factor cascade inlet and outlet

flow conditions:

D = osP,
g COSBI

[1.12 + 0.61 szﬂl(tanﬂl—tanﬂz)] (D.9)
a

where B, and B, are the inlet and out let air angles, respectively, and ¢ is the
cascade solidity.

D.2.7- Profile Loss

The profile loss of rotor and stator for two-dimensional incompressible
cascade flow is given by:

cosf, 2
= 20 ___)( 1)
Bz ¢ " cosB, (D.10)

oH,, 4 3Hm—1 o

{1 (—) =17 ¥

ﬂ2 rec

where
H,.. is the corrected boundary layer shape factor,

(0,/c). is the corrected wake momentum thickness and
The momentum thickness is given by Koch and Smith’s data (40) as:

0
(—)=0.00138¢1*"P=..0,0025 (D.11)
C
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and trailing-edge boundary layer shape factor as:

H,=126+0.795(D, -1)"**' (D.12)

In the Koch and Smith correlations the values of (8 /c) and H,, given by
equations (D.11) and (D.12) are for nominal conditions of

1- a Mach number below 0.05,

2- a streamtube (annulus) height ratio of 1.0,

3- a nominal value of Reynolds number of 10° , and

4- hydraulically smooth blades.

Figures D.7, D.8, D.9, and D.10 present the correction factor for conditions
other than nominal. Figure D.7 is to correct the effect of the inlet Mach number
on calculated trailing-edge thickness and form factor. Figure D.8 is to correct the
effect of streamtube height variation on calculated trailing-edge form factor.
Figure D.9 is to correct the effect of streamtube height variation on calculated
trailing-edge momentum thickness and Figure D.10 is to correct the effect of
Reynolds number and surface finish on calculated trailing-edge momentum

thickness.

Therefore, The correction on trailing-edge momentum thickness is given

by:
("—:) =(- )(_)M-O(—)"' (_)Re of (D.13)
C = C e B -H’l=1 B = )

and trailing-edge boundary layer shape factor by:

H H
Huc=Hu(E)H=°(f{) L (D.14)
hy
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The Reynolds number is calculated by:

Res 1S P (D.15)

where V, is the relative inlet velocity, ¢ is the blade chord at blade section, p is
the density, and pn is the absolute viscosity, which can be calculated by
Sutheland’s relation as follows:

_1458187 10° T'° (D.16)
11035+T

where T is the total inlet temperature.

In crder to programme design calculations, the corrections for the influence
of Reynolds number and roughness effect were based on the following

formulations.

For the Reynolds number effect, given by Koch and Smith, it is:

Re
F. =(—\ D.17
"‘(Re) (D17

a

where for laminar flow, Re < Re,, = 2.0 10° , n=-0.5 and for turbulent flow, Re >
Re,,, n=-0.166.

For the roughness effect, given by Mill and Xu Hang (41), it is:

(2.635-0.618lo (fi))*”T
. (D.18)

F =
Corer

where ¢ is the chord, C,,, =0.006 and k. is the average sand roughness in

microns. It varies between 10° to 10* microns as average range. As suggested

by Koch and Smith, the two corrections are combined such that (8, . is given
g R~
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by the largest value of F,, and F,,

The value of k; is placed the input file. If the value is unknown, it can
certainly be selected within the range given above. For LP compressor is
recommended a value near 107 microns and for IP and HP compressors a value
near 10° microns. Re,, and C,,,,, are the reference values of Reynolds number

and friction factor, respectively, given by Liebein (42).

D.2.8- Shock Loss

A flow model for shock loss has been selected (Reference 37) to estimate
the shock loss contribution at the design condition for an inlet relative Mach
number over 1.0. The selected flow model for shock loss estimation appeared to
satisfy the requirements here.

The method is based on a very simplified shock model, with an oblique
shock in front of the cascade with negligible losses, and normal shock in the
blade passage which is assumed to be normal to the mean streamline. The Mach
number immediately upstream of the shock on the suction surface is calculated
as a function of the supersonic expansion from the inlet direction to the profile
tangent at the shock position. The Mach number immediately upstream of the
shock at the leading edge of the adjacent profile is equal to the inlet Mach
number.

Normally, the calculation of shock loss coefficient is based on the Prandtl-
Meyer flow approximation. This mathematical calculation may be avoided by
using the graph presented in Figure D.11 (Reference 36).
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Considering the geometry in Figure D.16, the supersonic turn . can be
calculated as follows:

A=a -+, (D.19)
where
: 2x = M
sing =(=-1) sin(=?) (D20)
2 2
c'=c-2r
8
¢ 1""”3 t-2
tan(—2)=( (=) (D21)
4 . 0 c
sSin—
2
and
21+ (sin2y cot-g)—cc)SZE D.22)
C
The angle ¥, is given by:
sinp,sin®
tan=— 2 (D.23)
s L)

Having calculated the angle of turn, the normal shock loss can be found

in Figure D.11 for the inlet relative Mach number.

A flow model does not exist for the inlet relative Mach number less than
unity. However, between inlet relative Mach numbers 0.8 and 1.0, there is still
some shock loss contribution. To deal with such cases Reference 24 formulated
a reasonable interpolation between zero shock loss and the value given for the
unity Mach number. The equation given by Reference 24 js:
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©4=0.035(M,-0.82) (D.24)

where M, is the blade inlet Mach number.
D.2.9- Secondary and Annulus Losses

An analysis on secondary and annulus losses in CEMCOMP has revealed
that the drag coefficients have been calculated wrongly. The programme
assumes that the two coefficients are zero at all positions other than the root and
tip. This approximation is not true once the annulus and secondary. .drag
coefficients are calculated for the condition outside the endwall region. For this

exercise the calculation is carried out at pitch.

The new calculation executed by CEMCOMP follows the following
equations for rotor and stator (Reference 15, 43).

Annulus loss

COSZCCI

3
COS {Im

) (D.25)

©,=Cp,(5X(
A
where C,, is the annulus drag coefficient and is given by:
5 :
Cpy=0.020() (D.26)

and ¢, s and h are the space, pitch and blade height, respectively. a,, is:

am=tan"[% (tanc, + tana,)] (D.27)
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Secondary loss

c b3 |
@5p= m(;)(m) (D28)

where C,s is the secondary drag coefficient and is given by:
Cps=0.0018C,* (D.29)

and
C‘L=2(£)(tanczl—tanaz)cos a«, (D.30)
c

where a,, is calculated by equation (D.27).

The secondary loss is of major importance and is significantly influenced
by tip clearance which should be kept as small as possible.

To allow for the tip clearance it was decided to keep the same correlation
as in the CEMCOMP once it is appropriated to the proposal of this work (see
Reference 24).

D.2.10- Efficiency Prediction

The adiabatic temperature-rise efficiency of the flow along a stream
surface (Reference 44), for rotor and stator, is given by definition as follows:

PZ PZ _l
[(F)“(F)‘] =1
Nzl 1 1 (D.31)
(E ) R 1
Tl

¥-
Y

From the developments of Reference 44 and for simplicity in the efficiency-
estimation procedure the equation (D.31) becomes for the stage:
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P, T,%- p 1!
[(—?)R(?’); J 7 -1
_ P1 1 PI (D..SZ)
Nadst™ T
(H)p-1
Tl
and for the rotor:
P, T 1l
[(—?)R(?’-)R"l -1]
P4 (D.33)
nauz_
2,1
T, %
where
P, 1 X
—?—=1—mr{1~[vT-—]*“} (D.34)
P, 1+"2 (M, )?

As seen, four quantities are required for the determination of the blade

element efficiency across the rotor or stage:

1- the rotor absolute total temperature T,

2- the relative inlet Mach number M,,

3- the relative total-pressure ratio (P,/P,), and

4- the relative total-pressure-loss coefficient w,,which is given by:

W= Wp+ W+ W, + W (D.35)
where
w, Is profile loss,
gy IS shock loss,
w, is annulus loss, and

Wgp IS secondary loss .
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To allow for the tip clearance effect, the overall adiabatic efficiency is given

as follows:

Nado=Nadst™ AN gpes (D.36)

D.3- Merger of ANNULUS and CEMCOMP

The traditional computer compressor design method was carried out based
on the flow chart in Figure D.13. ANNULUS and CEMCOMP calculate the
aerodynamics design, and SCD15 and SCD12 the mechanical design.

ANNULUS calculates compressor annulus dimensions, temperatures and
pressures at the outlet from each stage of a compressor of constant mean, tip
diameter or hub diameter design.

For the aerodynamic design, the input for CEMCOMP came from output
of ANNULUS, which had to be made by hand. The chance of mistakes was
enormous once the calculation was an iterative procedure. In order to avoid it
the ANNULUS programme became a subroutine of CEMCOMP, called
ANNULUS. Thus, after the change a significant reduction in running time, during
the design procedure, was achieved.

D.4- Modification of SCD15

The computer programme SCD15 was originally written by Rait (45). The
programme calculates rotor blade angles and profile geometry for double circular
arc blades based on the method from Reference 36, described previously. It also
performs basic blade stressing calculations and estimates the first and second

flap and first torsional natural frequencies.

To calculate the rotor blade angles and profile geometry for double circular
arc blades, The SCD15 needed the correlations for incidence and deviation as
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input data. These correlations had to be found in Figures D.3, D.4, D.5 and D.6
by hand reducing the accuracy and increasing the probability of mistakes. In
addition, it could not perform stator blade angles and blade profile geometry,

which are the requirements for compressor variable geometry.

Modifications were carried out on the aerodynamic design, but mechanical
design is beyond the scope of this work. The following steps describe the
modification in SCD15.

1- Conversion of Figures D.3, D.4, and D.5 into subroutines ZCIA10 and
SFN, CFN, and MLIA, respectively. For Figure D.6 the equation (D.7) was
assumed. Thus, the calculation is now done automatically according to the
flow chart in Figure D.14 for the rotor blade row. The equation for stagger
calculation, as approach, was suggested by Mackenzie (46). It is given by:

{=atan(tane_-0.15) (D.37)

where

am=%(tanal+tana2)

a, and o, are relative inlet and outlet air angles, respectively.

2- Introduction of stator blade calculation in accordance with section D.2.3.
The flow chart in Figure D.15 shows the simplified sequence in which the
programme carries out the stator blade calculation.

3- The thickness/chord ratio assumed (Reference 36) the typical values
from hub to tip section as follows:

for rotor  10%, 8%, 7%, 5%, 3% and

for stator 9%, 7.5%, 6%, 4.5%, 3% .

These values are in DATA command for automatic calculation. However,
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FLOW CHART OF COMPUTER BASED COMPRESSOR DESIGN METHOD
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Figure D.13 Flow Chart of Computer Package.
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Figure D.11 Shock Loss Coefficient.
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Input Data

s/c, o ,¢ ,M,

Subroutines
ZCIA10 -- (dg ho
SFC - oy
CFN -~ Ky
MLIA — -- (4 -iyp)

Equation D.37 -- Stagger
Equation D.7 -- m

cambor
a,-e,-(ic -ia) -Ki (do)io

1-m ¥s/c + n

Daviation

5= m ¥s/c' 0

Incidence

i=Ki(i0)m+n 0 +( ic- iyp)

Pi=a,- 1
By=a, - &

Figure D.14 Flow Diagram of Rotor Blade Angles Calculation.
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Input Data

s/fc,ay 04,1

Equation -- D.37 Stagger

Equation -- D.7 m

Camber

a3-g - i

1-m ¥s/c!

Deviation

8= m Js/c @

Bs:= o -i
Ba= g -3

Figure D.15 Flow Diagram of Stator Blade Angles Calculation.
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INPUT FILE REQUIREMENTS FOR "COMPDES" PROGRAMME

Note: The commands for running COMPDES are:

$ASSIGN SYS _$ _COMMAND: SYSb$hINPUT
$RUN USER7: [ME001T] COMPDES

TETLE « conveven o saumess o &wvei 40 characters
MNUMSTE : sseesssaness s ans Number of stages (maximum 9).
TRAD &ttt e ettt et e e e Annulus geometry selector
1 = Constant hub radius
2 = Constant mean radius
3 = Constant tip radius.
1 Radius type
0 = no IGVs
1 = with IGVs
HERD %35 cp5nd i i 7 £ e Hub tip ratio
EFFISEN ... .iiieenennen. Design isentropic efficiency
VA(N) N=1, (NUMSTG+2) ....Inlet axial velocities [m/s]
DT(N) N=1,NUNSTG ....... Stage temperature raise of each
one [K]
PINL .o vosvviies o smveves s & s Inlet total temperature [K]
PTIND 53 s - susiine = wosiwitoe = = sime Inlet total pressure [atm]
PR vacios 5 5 aviviie € auauasse s  olms Design pressure raise
ME" sais s ¢ vamias © shems © 5 gns Inlet air mass flow ratio [kg/s]
IVORTX .. v is e imeeaeann Vortex design selector
1l = Free Vortex
2 = Exponential
3 = Graded Work
4 = Forced Vortex
5 = Infinite aspect ratio

Figure D.16 COMPDES Input File Requirements.
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ALO(N) N=1, (NUMSTG+2) .. Stage inlet swirl angle from IGV
to Exit [deg]. Specify if IVORTX
= 1 or 6, otherwise give any

value.

RPM ..ttt et eeeeaa Rotational speed [rpm]

WD(I) I=1,NUMSTG ....... Stage work done factors

SCR(I) I=1,NUMSTG*2 .... Rotor and stator (s/c) ratio
respectively.

AR(I) I=1,NUMSTG ....... Rotor (h/c) ratio

REACTM(I) I=1,NUMSTG ... BMH degree of reaction wvalues

[decimal]. Specify if IVORTX =
2,3,4 or 5., otherwise give any

value.

TIPC(I) I=1,NUMSTG ..... Tip clearance values for rotors
[decimall] .

WRE oo 8 885505 5 me Equivalent sand roughness

(microns) Note: Average roughness
0.0001 microns

Figure D.16 COMPDES Input File Requirements.
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$
SRun COMPDES

B RS RS E S SRS RS RS S R S R R RS R RS RS RS SRR R SRR R RSN SRR

The programme prints on the screen your *
input file as well as a message if the *
reading is carried out successfully. *
If it does not happen you should check up *
*
*

your input file.
AhkkAhkhkhhhkhkhkhkdkhkhkhkhkhhhhkhohdhdhhthhkhhhhhhhhohhkhhbhidhsk

* F ok X %k ¥

LSS E SRS S SRR R AR SR SRR R R R RS R RS R R R EEEEEEE S

* Give input filename. ®
At S S A S S E S S S E SRS RS E S E SRS EE ST EEE S EEEEEE S S S S

COMPDESLP.DAT

eSS EEE St SRR R SRR R SRR EEREER R EEEE R EEEEEEEEE S

This programme gives you an output data
called BLADE.INP to be used as input
data of BLADE programme.

Enter:
0= if BLADE.INP is not require.

*
*
*
*
*
*
*
*
*

1= if BLADE.INP is require.

LRSS S S A SRS SRR E RS SR SRS RS SRR SRR SR A A S SRS S S S S

O % X F A * * F ¥ F

A A A A A A A AR A A A A A A AT A A A AR A A A A A A AR A A AT AAKRAAR AR AR R RN

This programme gives you an output data
called PERFORM.INP to be used as input
data of HOWELL programme.

Enter:

0= i1f PERFORM.INP is not require.

1= if PERFORM.INP 1is require.
[ Howell Multistage Compressor

Performance Prediction Programme]
IE A S S EE A RS S S SR ESEEEEEEEEEREEESEEEEEEEESEEEE SRS

O % * F %+ % % % % ok % %
* % % % % % F F % X ¥

FORTRAN STOP
$

Figure D.17 COMPDES Screen Information.



193

RAD

INPUT FILE REQUIREMENTS FOR "BLADE" PROGRAMME

Note: The commands for running BLADE are:

$ASSIGN SYS_$ COMMAND: SYS _$_INPUT
SRUN USER7: [MEO01T]BLADE

................

(1) RAD(NSC) ....

SRAD (1) SRAD(NSC)

ALPHA2 .............

ALPHA3 ......c0000..

ALPHBL . .. i cwemn s wa

.................

48 Characters

Rotational speed [rpm]

Design mass flow ratio [kg/s]
Number of rotor blades
Number of stator blades

Root and tip rotor radii [mm]

Root and tip stator radii [mm]

Rotor inlet angles at _each
section from root to tip [deg].

Rotor outlet angles at each
section from root to tip [deg].

Stator 1inlet angles at each
section from root to tip [deg].

Stator outlet angles at each
section from root to tip [deg].

Rotor space/chord ratio at each
section from root to tip.

Stator space/chord ratio at each
section from root to tip.

Rotor inlet Mach numbers at each
section from root to tip.

Figure D.18 BLADE Input File Requirements.
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TOECHE e & & wavess = & W » Enter:

VAL . e e Relative inlet axial velocities
[m/s] at each section from root
to tip.

VAR swswms o o waies s 5 s Relative outlet axial velocities
[m/s] at each section from root
to tip.

1 Inlet static pressure (atm). at

each section from root to tip.

PO soswunssagnts ol Outlet static pressure (atm). at
each section from root to tip.

0= to end the file
data

I= for subsequent
stages data set.

Figure D.18 BLADE Input File Requirements.
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$
$ Run BLADE

*** Enter Elastic Modulus [GN/meter square] *=*=*
102

*** Enter Rigidity Modulus [GN/meter square] ***
27.6

*** Enter Material Density [Mg/meter cubic] ***
7.6

*** Enter Tangential & Lean angles [deg] i
=0.014 0.15

***x Enter:
0 - for no vibration data

1 - for vibration data
0

** Rotational speeds for centrifugal stiffening **
ke Enter six values Lt
1000. 2000. 3000. 4000. 4550. 5000.

**** Enter number of section (maximum 11y *Fe%
5

*** Enter number of section (maximum 11) ***x
*** The values of (t/c) from hub to tip (k¥ *xx
**%* are:

ROTOR} - 0.1 0.08 0.07 0.05 0.03
STATOR} - 0.03 0.045 0.06 0.075 0.09

*** Would you like to place your on values? (Y/N) **=*
N

¥** Give Input filename ***
BLADE.INP

*** Give Output filename ***
BLADE.QUT

$ FORTRAN STOP

Figure D.19 BLADE Screen Information.
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Figure D.20 New Flow Chart of Compressor Design Method.
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APPENDIX E

Turbine Design and Off-design simulation

In this Appendix a preliminary aerodynamic design and off-design
performance prediction for an axial-flow turbine are presented. The methodology

employed and the computer design sequence are outlined.
E.1- Turbine Aerodynamic Design

In the following sections a description of individual programmes is given

as well as their sequence of use for a turbine design.
E.1.1- TURBGEO Computer Programme

TURBGEO is a turbine pitch line design computer programme for
multistage axial-flow turbines. Its calculations are based literally on the theory
given in Chapter 7 (Reference 15). |t is meant to calculate the annulus geometry
and to estimate the flow conditions at the mean diameter of the annulus. In
essence these calculations use mass flow continuity and the Euler stage work
equation to solve the average conditions at various planes through the turbine
between the blades and vanes. Thus, it is helpful for the very beginning of turbine
preliminary design.

TURBGEO requires a very simple input data file (the instructions are given
in Figure E.1) , and a constant tip, mean, and hub diameter can be selected for
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design and analysis. In addition, it supplies an output data file called
TURBDES.INP, to be used as an input data file for TURBDES computer

programme as the next step of the design procedure.

The design analysis, on TURBGEO, may be carried out on the blade
loading coefficient, flow coefficient, degree of reaction and Mach numbers. Due
to its short running time TURBGEO allows the users to run it more times. This

means that, the users can better assess the design parameters.

Once the design parameters are selected with TURBGEO the next step
is to refine the them and allow for three-dimensional effects. It is done by the

computer programme presented in the next section.
E.1.2- TURBDES Computer Programme

TURBDES is a new version of the original free vortex design programme
written by Barthwick (47) and modified by Dener (24) who named it CEMTURB.
It uses basrcaﬂy a free vortex solution to allow for a three-dim ensional effect and
it is meant to be a middle ground between a very simple turbine design and a
sophisticated one. Dener has introduced some new loss correlations and off-
design performance predictions. Further details about the previous version, can

be found in Reference 24.

In general, the programme was found in a good condition and a close
examination over the calculation procedure was carried out and no serious
problem was found. However, the input data file instructions were found to be
very difficult to prepare, especially for a multistage turbine, due to lack of
directions. In addition to that, a hand calculation of annulus geometry was
necessary to start with making it even more difficult to establish interrelations for
optimisation studies. As a result of this, a pitch line turbine design computer
programme, called TURBGEO, was written as stated in the foregoing section and

another input data file instruction (Figure E.2) was rewritten with more details.
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The pferamme also provides, when required, two output data files named
TURBOFFC.DAT and TURBOFFE.DAT for plotting. The first one is to plot non-
dimensional mass flow (mv'T/P) against pressure ratio (PR) for different operating
speed line. The second one is to plot the isentropic efficiency (m) against

pressure ratio (PR) for different operating speed line.

During the running time the master segment calls subroutines, which
represent the correlations for losses, incidence, gas angle, total pressure,
velocity, Mach number etc (References 28, 29) and compressible flow properties
(Reference 48). The iteration procedure stops when the maximum limit work
output at the rotor blade exit is achieved. It means that, beyond this point the
turbine isentropic efficiency reduces substantially and no work output can be
extracted by the turbine as the pressure ratio increases.

To sum up, the three computer programmes form a complete package for
the design and off-design performance prediction with reasonable accuracy for
a preliminary design approach. The short running time of the programmes
enables the user to concentrate more on the design optimisation instead of the
mathematics behind it. Figure E.5 presents the flow diagram showing the running

sequence to carry out the aerodynamic design.
E.2- Ainley and Mathieson’s Method

Ainley and Mathieson’s method is a mean line off-design performance
prediction calculation of a conventional axial-flow turbine. It makes use of data
obtained from the analysis of a large number of turbine tests and other
associated test work reported elsewhere. The method enables the performance
of a turbine to be calculated over a large part of its full operating range.

Basically, the method procedure is divided into two parts as follows:

1- Determination of the stagnation pressure loss coefficients and gas outlet
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angles for rotor and stator over a wide range of operation conditions.

2- Determination of the performance of the stage at particular entry flow

conditions and particular blade speed.

Repeating the second part for different values of these parameters the overall

performance map can be built up.

The method considers the flow path through each stage at one diameter
only. This diameter is named the " reference diameter” and it is the arithmetical
mean of the rotor and stator row inner and outer diameters. This approach
assumes that the total pressure, total temperature, and axial velocity are equal
at all points. Despite such assumptions being different from the fact, the accuracy
of the performance will not be reduced. Steps in the calculation of one operating

point are given in the next sections.
E.2.1- Notation and Convention of Signs

A full notation of signs for the gas velocity triangles of each blade row are
given in Figure E.6. Figure E.7 gives details of turbine nomenclature, convention
and trailing edge illustrating curvature of the upper (convex) surface between
blade throat and trailing edge. Figure E.8 shows the reference diameter and the

reference stations between adjacent blades.
E.2.2- Outlet Gas Angle from a Blade Row

The gas outlet angle for exit Mach number less than 0.5 (M,<0.5) is given
by:

@,=a; -4(%) (E.1)

where a, is given in Figure E.9 (Reference 28) and may be replaced by:
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w;=11.15385-1.153846 cos™’ (&) , (E2)

s is the blade pitch, o is the width of the throat between the blades, and e is the
mean radius of curvature of the suction surface of the blade profile between

throat and trailing edge.

At an exit Mach number of unity (M,) the gas outlet angle is:

a,=-cos™ (7‘4_ ) (E.3)
n2

where A, is the passage throat area and A, is the annulus area at exit.

For flared annulus the throat area may be calculated by the following

empirical equation:

L s)fs':"?*'q"“’ (E.4)

Ar-
where A,, is annulus area at the inlet and A,, is the annulus area at the exit.

For exit Mach number 0.5< M, < 1.0 a linear interpolation is assumed with

reasonable accuracy.

For blades having tip or shroud clearance, the outlet gas angle is corrected

by the following equations:

1- At the exit Mach number less than 0.5 (M,<0.5)

cosp -)Jtana;” +
w5a2 (E.5)
)tanﬁ i/

a,=tan”'{[1 —X(—- )

X2

h cosa’

where X=1.35 for radial tip clearance, X=0.70 for simple shrouded blade, k is the
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Clearance, h is the blade height o, is the outlet gas angle for clearance zero and

B, is the blade inlet angle.

2- At exit Mach number of unity (M,=1), equation (E.3) is allowed for the

tip clearance by correcting the throat area as follows:
. k
A=A, [1 '(z)]*Ak (E.6)

where A, is the throat area for zero tip clearance, A, is the flow area in the
clearance space (A,=nDk), D is the tip diameter, k is the tip clearance and for

shroud clearance the equation is replaced by:

A=A oA, (E7)

E.2.3- Profile Lecss

The profile-loss coefficient (Reference 28) for zero incidence is a function
of the exit gas angle (o) for two special cases of blade inlet angle (B,=0 and
B,=B. Figure E.10). For any other combination of angles, these graphs are

interpolated by the following equation:

By
Yot-0 =Y pip,-0* Z)z DY oip=-ap)™

Vool 3

(E.8)

where Y, ., is the profile-loss coefficient for §,=0 and - is the profile-loss

Yﬂfﬂf'
coefficient for B ,=-o, both having the same o, and s/c as the actual blade.
Equation (E.8) is restricted to 0.15< (t/c) < 0.25. For (t/c) greater or less

than the limits the loss should be taken as equal to the blade having (t/c) either
0.25 or 0.15 respectively.
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E.2.4- Stalling Incidence

Stalling incidence (Reference 28) is function of exit gas angle o, inlet
blade angle B, and space chord ratio (s/c). Figure E.11 gives the stalling
incidence for a wide range of blades having (s/c)=0.75 and the correction factor
for blades with (s/c) different from 0.75.

For a given blade with a,, B, and (s/c), the following procedure is adopted

to determine the stalling incidence:

1- With a given value of (s/c) and o, in Figure E.11 find the ratio

Olosicmo. 75702 AN hENCE Oy 75y
2- Calculate B /0tye07 and in Figure E.11(b) find i, (e0.7s)-

3- With actual value of (s/c) and o, find Ai, in Figure E.11(a) and thus,

determine i, by:
i&':fS{SfC-a?S} +A fs (E’g)

With i, and profile-loss coefficient for zero incidence, the profile-loss coefficient

(Y,) for a wide range of incidence can be found in Figure E.12.

E.2.5- Secondary Loss

The secondary losses arise from the interaction between the flow trough

the blade passage and the end wall boundary layer.

An update empirical formula for secondary flow has been suggested by

Dunhan and Came (29) as a replacement of the one in Reference 28.

The expression is:
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©0%%2)7 (E.10)
cosf,

where the numerical constant was chosen from comparisons with overall

Y,=0. 0334(——)(

efficiency data, and it also compensates for the use of reference diameter blade
loading coefficient values, where c is the blade true chord, h is the blade mid

height, o, is the exit gas angle, B, is the inlet blade angle,

L cos’a 2
- (E.11)
arva (oos"a
(9—5'-)=2(!ana: -tana)cosa (E.13)
s/c t m
am=ran-f[(ra”“";a”“'4 7, (E.12)

C, is the lift coefficient and a., is the inlet gas angle.
E.2.6- Tip Clearance Loss

The tip clearance loss is defined as the increase in end loss due to tip
clearance. Thus, it depends on the blade loading, the size and nature of the

clearance.

Dunhan and Came suggest another formula for tip clearance as a

replacement for the one in Reference 28. The expression is:
VBE)EP7 z (E.14)

where B=0.47 for plain tip clearance, B=0.37 for Shrouded blade, h is the blade
mid height, ¢ is the blade true chord, k is the tip clearance and Z is calculated
by equations from (E.11) to (E.13).
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For shrouded blades having multiple tip seal, the following expression is

given to correct the tip clearance.
k=k,(N) 04 (E.15)

where k,_ is the shrouded clearance without seals and N is the number of seals.

Equations (E.10) and (E.14) are restricted within -1.5< (i/i)<1.0. At values
of (/i)>1.0 and (i/i,)<-1.5, secondary and clearance losses are assumed to

remain constant and equal to the value when (i/i.)=1 and (i/i.)=-1.5, respectively.
E.2.7- Total Loss Coefficient

The total loss coefficient (References 28, 29) is assumed to be the sum
of profile loss, secondary and tip or shroud clearance losses and corrected by
Mach number, Reynolds number effect and trailing edge loss effect as follows:

Y=l(Y, fu+Y et Yl Yier (E.16)
where f,, is the Mach number correction factor suggested in Reference 29, which
is given by:

fy=1+60(M,-1) (E.17)

being applied only for M>1, M, is the relative Mach number at exit from blade

row, fg, is the Reynolds number correction factor (Reference 29) given by:

fog=( Ro )02 (E.18)

2x10°

and Y,g; is the trailing edge loss multiplier used for trailing-edge thickness pitch
ratio (1/s) rather than 0.02. Figure E.13 provides Y, for different values of (t/s).
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E.2.8- Stage Performance Prediction Procedure

An outlined description of the method is given here. Further details can be
seen in Reference 28. Before starting the performance calculation procedure, the

following should have been determined:
1- The reference diameter of the stage.

2- Annulus areas at the reference stations mid-way in the axial clearance

spaces between adjacent blade rows (see Figure E.8).

3- Gas outlet angle as a function of outlet Mach number at the reference

diameter for each row.
4- Variation of total loss coefficient (Y,) with incidence for each blade row.

The calculation process is described for one stage and for further stages
and rotational speed it is treat in a similar way. The specific heat at constant
pressure (C,) and specific heat ratio (y) are assumed to remain constant
throughout expansion of the gas through the stage. An inlet pressure and
temperature are arbitrarily selected at the inlet of turbine.

The non-dimensional speed (N&/'T) of a turbine is a function of the non-
dimensional mass flow quantity (mv'T/PA) and pressure ratio so that for a fixed
turbine entry values of P,T, and A only the mass flow vary to obtain one

operating speed line.
i)- Unchoked blade row
For a suitable turbine entry value of inlet temperature, inlet pressure and

a first value of arbitrarily selected mass flow, the following steps are given below

to determine the gas outlet conditions for the nozzle.
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1- Select a first approximation to outlet gas angle (o).

2- From the inlet conditions find (mv'T/A,P) where A,=A,cos o, and m is

mass flow.

3- With the value of Y, in Figures E.14 and E.15 find the value of
(mVT/A,P).... and (&/P,)_, Where o is pressure loss.

4- Calculate (mV/'T/A,P)/(mVT/A,P).... and thus from Figure E.16 find the
corresponding value of (o/P)/(w/P)...

5- From items 3 and 4 find (o/P).

6- Determine (mvV'T,/A,P,) where P, is given by P,=P . For an uncooled

nozzie row T,=T,

7- With the values of (mvV'T/A,P,) and M, find the value of VT, in any
compressible flow tables.

If the value of o, corresponding to the value of M, found in 7 differs from the
initial assumption in 1 by more than about 0.2 degree then the process is

repeated using a second approximation to o,

The following equations determine the gas conditions relative to the rotor

row at inlet. From the velocity triangle yields:
V, =V, cosa, (E.19)

where V,, is the axial velocity at inlet of rotor row, V, is the absolute velocity at
exit of nozzle blade row, and «, is the nozzle exit gas angle. o, is determined as

follows:
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tane, =-$’_ ~tane, (E.20)

at

where U is the rotor blade speed at reference diameter. From the energy

equation, the total temperature relative to the rotor at inlet is given by:

COSa,
V02(1 _[cosajf) (E.21)

2c,

To‘Tf'

where T, is the nozzle outlet total temperature, T, is the rotor inlet total
temperature and V,, is the nozzle outlet absolute velocity. The total pressure

relative to the rotor at inlet is given by:

_;“’.4% = (E.22)
0

where P, is the rotor inlet total pressure and P, is the nozzle outlet total pressure.

Having determined the gas conditions at the rotor entry, the next steps are

to calculate the gas conditions at the rotor exit.

Knowing the gas conditions at the rotor entry and assuming no heat is
transferred to or from the blade, so that the gas total temperature relative to the
row does not change (T,=T,), the rotor exit gas conditions are determined as
follows:

1- Select a first approximation to outlet angle (o).

2- Determine the value of (my/'T,/A,P,), where A,=A,,cosa., and A, is the
annulus area at the exit.

3- With the value of Y, find in Figures E.14 and E.11 the values for of
(VT /AP ) e @NA (@/P;) e
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4- Calculate the ratio (mv'T /AP )(mVT/A,P,) e @and find in Figure E. 16
the value of (/P )/(@/P,),,.

5- From items 3 and 4 calculate the value of (w/P,).
6- Determine (mvV'T/A,P,), where P,=P,-».

7- With the value of (mVT/A,P,) and M,, the value of (V/T,) may be

found in any compressible flow tables.

If the value of o, corresponding to the value of M, differs from the value guessed
in item 1 by more the about 0.2 degree, then the process is repeated using a

second approximation to o, until the convergence is achieved.

The next step is to obtain the absolute gas outlet conditions from the rotor.
So that, from the velocity triangle at the exit of the rotor, the axial velocity V_,
absolute gas angle a.,, total exit temperature T, and total exit pressure P, are
given by the following equations:

V.=V cosa, (E.23)
BT m U
ag=—--tane, (E.24)
Vﬂ.?
24 ,COS@y 2
VE[1-(- lrz3)!’ (E.25)
T,-Tg= 2C
[
Ps 1T 5 (E.26)

2 T2



211

ii)- Choked blade row

Choking is assumed to occur in a blade row when the mass flow in nozzle
or rotor achieves its maximum value, for a given Y, and «,. In another words,
when at the mean gas Mach number in the throat of the blade passage of a row
becomes unity. So that, the flow upstream of the choked row then remains
unchanged as the overall pressure ratio is increased, the flow downstream
becomes supersonic and the gas direction changes to preserve continuity. The

flow may choke again downstream as the pressure ratio is increased further.

When the outlet Mach number from any row exceeds the critical value, the

following assumptions are made:

1- The non-dimensional mass flow (mv'T/AP) at the turbine entry remains

constant.

2- The gas outlet angle differs from the estimated value at the Mach

number of unity adjusting itself sufficiently to keep constant flow.

For a choked rotor row, for instance, to calculate the gas conditions

downstream to the choked row the following procedure may be applied.

1- Select the value of M21 arbitrarily.

2- With the value of M, find in any compressible flow tables the value of

total to static-pressure ratio P and (mv'T/A,P,).
5

3- Knowing the total loss coefficient Y, rotor inlet total P,, and P,/p., find
P, by:
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9 _yry Pe (E.27
P, z_Yﬁ P z] )
2)
o_ P (E.28)
P2
P,
Py=P,-& (E-29)

4- With the values of m, T,, P,, and (mV'T /A,P,) find the value of A, Since

A=A, ,cosa,, the gas outlet angle can be determined.
E.2.9- Overall Stage Isentropic Efficiency

The overall stage isentropic efficiency is given by:

(-7

T;
. (E.30)
-1

P I-
1-(=2) 7
(P’_)

where T, and P, are the stage inlet total temperature and pressure, and T, and

P, are the stage outlet total temperature and pressure, respectively.
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Figure E.1 TURBGEQ input file requirements

[INPUT FILE REQUIREMENTS FOR "TURBGEO" PROGRAMME]

Note: The commands for running TURBGEO are:

$ASSIGN SYS.$ COMMAND: SYS._$ INPUT
$RUN USER7:[ME00TTITURBGEC

TITLE............... 80 characters.
NSTAG............... Number of stages (max. 5).
FLOW .............. Mass flow(kg/s).
PIN ......c.....  Inlet total pressure (N/m?).
TIN oo Inlet total temperature (K).
PR e Pressure ratio.
FAR ... Fuslair ratio.
VA ... Inlet axial velocity (m/s).
HTAR ... Hubtp ratio.
NOTE: HUB-TIP RATIO is equal to HUB-SHROUD RATIO.
APM ............. Rotational speed (rpm).
ETA ............ Polytropic efficiency (%).
TD ...cccon....  Temperature drop in each stage (K).

ALPHT .............. Iniet air angle of each stage(degres).

ALPH3 ... Exit air angle (degree).

IRAD .............. Design type:
1=constant hub radius
2=constant mean radius
3=constant tip radius

ARN,ARR ........... Nozzle/rotor aspect ratio of each stage.

SCAN,SCAR ...... Nozzle/rotor space-chord ratio of each stage.

LOSSN .ccccviannnss Nozzle loss coefficient.
Note:Normally the value is 0.05
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Figure E.2 TURBDES input file requirements.

JINPUT FILE REQUIREMENTS FOR "TURBDES™ PROGRAMME(

Note: The commands for running TURBDES are:

$ASSIGN SYS § COMMAND: SYS_S JNPUT
$RUN USER7{ME001T]TURBDES

Input Block 1
NSTAG ............... Number of stages
TITLE .............. 80 Characters

Input Block 2
POWER ............... Turbine Power (MW) (STOP if POWER=0.0)
DOTM .............. Inlet Mass Flow (kg/s)
REVS .......... Rotational Speed (rev/min)
ETAT ..cccoe....  Total-Total Effy (decimal)
ETAN ............ Total-Static Effy (decimal)
ALF3  .....ccoece...  Exit swirl Angle (deg)
WDF e Work Done Factor (decimal)

Note: if left blank WDF=1.0 (defaul}

FAR e Fuel-air Ratio
RHOMET .............. Blade material density (Mg/m3)
TAPER i Taper Factor

Note: See appendix AZ.1 equation A2 of
Ref(26). TAPER=1 for a parallel blade.

SHROUD .............. Additional Blade Length to Compensate for a Shroud. (mm)
Input Block 3 "
[ Inlet Total Temperature Profile:

IT=0 constant values.
IT=1 Root ,Mid,and Tip values.
IT=2 5 radial values.
Note: It is used in conjunction with TIN in block 4.

P17 - S — Rotor exit axial velocity:
IVAR=1 root & tip radii given, axial velocity calculate.
IVAR=2 axial velocity given, geometry calculate.
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IVAN ... NGV exit axial velocity: The same as IVAR.

IRDEFR ............... Datum root radius:
IRDEFR=1 constant hub.
IRDEFR=2 constant mean.
IRDEFR=3 constant tip.

IRDEFN ............... Datum NGV radius:The same as IRDEFR

NO .. No of radial positions:
No=1 Three stations; Root,Mean, and Tip.
No=2 Five stations; Root, 25%, Mean, 75%, and Tip.

IETA: iz “Va specified” route efficiency:
IETA=0 non-isentropic turbine.
IETA=1 isentropic turbine.

MULTY ............. Multi-stage?:
MULTY=0 single stage turbine.
MULTY=1 first stage of multi stage turbine.
MULTY=2 second stage or subsequent stage of multi stage turbine.

IREPEAT............... Ranga of design:
IREPEAT=0 single set of data.
IREPEAT=1 changes in input data.

ICALIN ............... NGV inlet plane:
ICALIN=0 inlet root & tip radii given, inlet velocity calculate.
ICALIN=1 inlet velocity given, annulus area calculate.
Note: see variables VINF and ALINF balow.

LOAD(T)............... NGV blade loading:
LOAD(1)=0 axial chord & h/c input or found internally.
LOAD(1)=1 blade numbers given, axial velocity calc from Zweitel coefficient.
LOAD(1)=2 blade numbers specified, loading variable.

LOAD(2)............... Rotor blade loading: The same as LOAD(1)
IDELTA .............. Threedimensional losses:

IDELTA=0 not required.
IDELTA=1 required.

Input Block 4 (Skipped if 2nd stage of multi-stage)
TIN  .eeee.. Inlet Total Temperatures (K)
Note: If the variable IT above is set:
IT=1 only one value is need.
IT=2 three values are need.
IT=5 five values are need.

PIN! G Inlet Total Pressures (kPa)
Note: Five values are required from Roat to Tip.
Input Block 5 (Skipped if multi-stage)
ALINF ... Inlet Swid Angles (deg)

Note: Five values are required from root to tip.}f ICALIN=0 only the Mean value needs to be given
and the rest equal zero. Eg. (0. 0. 30. 0. 0.)

VINF ... Inlet Axial Velocities (m/s)
Note: Five values are required from root to tip. If ICALIN=0 only the Mean value needs to be given
and the rest equal zero. Eg.( 0. 0. 206. 0. 0.)
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Input block & (Note: see Figure E.3 )
S, SR e— Axial station distances (mm) (four values)
RAD ... Root radii (mm) (four values)
RAD ............ Tipradii (mm) (four values)

Input Block 7 (Note: specify the following if blade data is
———— available. Give zero if not known.)

NBLADE ............... NGV/Rotor Blade Numbers
Note: If unknown give zero values.
TCHORD .............. NGV/Rotor True Chords (mm)
EDGET ..ovvuerveeee. NGV/Rotor Trailing Edge Thicknesses (mm)
BLADET ............... NGV/Rotor Maximum Blade Thicknesses(mm)
CLEAR .............. NGV/Rotor Blade Tip Clearances (mm)
AR  ........... NGV/Rotor Axial Chord Aspect Ratios
CAX .....c..... NGV/Rotor Axial Chords (mm)

NSEAL .............. Number of Blade Tip Shroud Seals
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Figure E.4 TURBOFF Input File Requirements.

| INPUT FILE REQUIREMENTS FOR "TURBOFF™ PROGRAMME ;

Note: The commands for running TURBOFF are:

$ASSIGN SYS_§.COMMAND: SYS_§JNPUT
$RUN USER7{ME001T[TURBOFF

TURBINE INLET CONDITIONS
1) TITLE oo TITLE (60 CHARACTERS)
D) FAR  iicssiuiciisisnin FUEL AIR RATIO
3) TIN oooooeeen. TURBINE INLET TOTAL TEMPERATURE (K)
4) PIN oo.........  TURBINE INLET TOTAL PRESSURE (N/m2)
5) WF oo INLET MASS FLOW (kg/s)
&) BPMD cicvnsisisiasiinss DESIGN ROTATIONAL SPEED (pm)
7) NBPM ..ooceoeco.....  NUMBER OF ROTATIONAL SPEED
NOTE: NEGATIVE VALUE.
8) RPM(l) I=1,NRPM ......... ROTATIONAL SPEEDS (rpm)
NOTE: ONE ABOVE THE OTHER AND
NEGATIVE VALUES.
NP STAGE CONDITIONS .

ANNULUS GEOMETRY:

9) RAD oo TIP RADII (cm). FOUR VALUES.

10) RAD oo HUB RADII (cm). FOUR VALUES.
NOZZLE:

11) BETAN cooovene: BLADE INLET ANGLE (degree).

7 X [R—. CHORD (m).

13) SN oo SPACE (m).

14) ON oo BLADE OPENING (m).



PEVTORN. wnecsssoscrssanmsass

18) XHN oo,

ROTOR:

19) BETAR woeeeeeeeerreeseree,

HOR  cmsimsmasiaitiions

21) SR

22)OR oo

23) ER

24) TCRR ooveosreereere

25) TER oo,

28) INDEX «oooooeoo...
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MEAN RADIUS OF CURVATURE OF THE
CONVEX SURFACE OF A BLADE BETWEEN
THE THROAT AND TRAILING EDGE (m).
THICKNESS/CHORD RATIO.
BLADE TRAILING-EDGE THICKNESS, MEASURED
NORMAL TO CAMBER-LINE AT TRAILING EDGE
(m). SEE FIGURE E.7.

BLADE HEIGHT (m).

BLADE INLET ANGLE (degres).
CHORD (m).

SPACE (m).

BLADE OPENING (m).

MEAN RADIUS OF CURVATURE OF THE
CONVEX SURFACE OF A BLADE BETWEEN

THE THROAT AND TRAILING EDGE (m).
THICKNESS/CHORD RATIO.

BLADE TRAILING-EDGE THICKNESS, MEASURED
NORMAL TO CAMBER-LINE AT TRAILING EDGE
(m). SEE FIGURE E.7.

TIP CLEARANCE (m).

BLADE HEIGHT (m).

B=0.47 FOR PLAIN TIP CLEARANCE.
B=0.37 FOR SHROUDED.

NUMBER OF TIP SEALS FOR SHROUDED BLADE.
0= STOP

1= FOR SUBSEQUENT STAGE.
NOTE: START FROM LINE 9 FOR SUBSEQUENT STAGES.
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Input Flle

Programme
TURBGEO

Cheking

OK?
]Y

QOutput File
TURBDES.INP

|

Programme
TURBDES

|

Cheking

OK?
Y

Qutput File
TURBOFF.INP

Programme
TURBOFF

|

|

Output Flle
TURBOFFC.DAT

]

QOutput File
TURBOFFE.DAT

Qutput

Cheking
QK?

END

Figure E.5 Computer programme flow chart
for aerodynamic design
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mnOQow

ot O

B ' . + |- sign convention for:
: metal angle 8 and
gas angle «

CAMBER LINE

sign convention for:
metal angle  and
=T gas angle «

P

|

7

Distance of point of max camber from L.E.
Maximum camber

Chord

= Mean radius of curvature of upper blade surface
between throat and T.E. (e=j%/82)

Blade opening

Blade pitch

Maximum thickness

Trailing edge thickness

Blade angle

Stagger angle

nnu

e Moo

TRAILING
EDGE.

Figure E.7 Turbine Blade Nomenclature.
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REFERENCE STATIONS
(MIDWAY BETWEEN BLADE ROWS)

§ ROTOR

: g TIP

: | CLEARANCE

(k)

: 5 ;
{ g !

1 ; ' DIAM.
DIAM_;% DIAM. ; E (C)
(A (B) | :

[ i ]

. o e

':| STATOR - | ROTOR :

! ROW ; ROW :

] 1

1 lJ I

SHROUD
BAND
(D) (k) (E) (F)
REFERENCE

DIAM.

REFERENCE DIAM.-(A+B+2C+2D+E+F)/8

Figure E.8 Typical turbine stage wlith choice
of reference stations and reference
diameter for calculations.
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o

=20l
20° 30° 40°

e0° 70° 80

Figure E.9 Relationship between gas outlet angles
and cos'(o/s) for 'straight-backed"
blades opening at low Mach numbers.
(R=2x%10°; M<0.5)
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NOZZLE BLADES (B,=0)

012 i
£ |
010
g VALUES OF '

.0 OUTLET GAS mGz.Eoczj
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=] = -80
9 pos ‘_?5. _70°
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Q — —55’
-50
2 o =0
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= e {
) 0z 04 ' D06 0-8 10 =
PITCH /CHORD

020 IMPULSE 5!.»@55 (Bi= =o<2)

o018

018 :

e 014 e
>
i
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o
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., 006 -
3 ?
L
2 00 2=
o
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] ;
0 oz 04 06 0-8 0 12
PITCH / CHORD
Figure E.10 Profile-loss coefficients

conventional section blades
incidence.

at
(t/c=0.02; R=2x10°; M<0.6)

(b)

for
zero
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Figure E.13 Effect of trailing-edge thickness on
blade loss coefficients.
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APPENDIX F

This appendix comprises input and output data for the computer programimes

mentioned in this work.



n
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5 STAGE LP COMPRESSOR
5
2
0
0.43
88.
200. 200. 200. 200. 200. 200.
23. 25.0 28.0 27%7. .26,
288.
1.
3.
331.
1
0. 0. 0. 0. 0. 0. 0. O.
4450,
.98 .95 .92 .90 .88
.8 .7 .8 .7 .8 T 8 .7 8 7
3o 3. 2.8 2.5 2.3
0.80 0.70 0.6 0.6 0.5
.01 .01 .01 .01 .01
0.00001
Figure F.l LP Compressor
7 STAGE IP COMPRESSOR
7
I
0
e |
88.
180. 190. 2190. 190. 190, 190
23. 25. 26 2. 2T. 26, 26,
406.8
2.35
3.13
243.4
1

0. 0. 5. 5. 5. 5. 5« 5. 0.

98 .95 .92 .90 .90 .88 .88
8w 8 T BT 8 VT BT
3.5 3.2 3. 2.9 2.9 2.8 2.8
05 0.5 0.5 0.5 0.5 5 .5
.01 .01 .01 .01 .01 .01 .01
0.00001

'TITLE

!NUMBER OF STAGES (MAXIMUM 9)
'RADIUS TYPE

!INLET GUIDE VANE

IREFERENCE RADIUS SELECTED

I ISENTROPIC EFFICIENCY

200. !INLET AXIAL VELOCITIES
| TEMPERATURE RISE DISTRIBUTION
'INLET TOTAL TEMPEZRATURE
IINLET TOTAL PRESSURE
'PRESSURE RATIO

1INLET MASS FLOW RATIO
IVORTEX DESIGN SELECTOR
!SWIRL ANGLE DISTRIBUTION
'ROTATIONAL SPEED

! STAGES WORK DONE

! (s/c)RATIO,ROTOR & STATOR

' (h/c)RATIO, ROTOR & STATOR
! BMH REACTION

!TIP CLEARANCE

'EQUIVALENT SAND ROUGHNESS

Input Data File.

190. 190. 190.

Figure F.2 IP Compressor Input Data File.
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7 STAGE HP COMPRESSOR

7

3

0

.74

88.

220. 220. 220. 220. 220. 220. 220. 220. 220.
38. 40. 43. 44. 44. 44. 43.
580.32

7.361

3.96

173.86

1

0 -0 9. 20. 12. 33. 14. 13, 0.
10000.

.99 .95 .92 .90 .88 .88 .88

.8 .75 .8 .75 .8 .75 .8 .75 .8 .75 .8 .75 .8 .75
2. 2. 2, 2. 1,91.9 1.8

0.5 0.5 0.5 0.5 0.5 .5 .5

.01 .01 .01 .01 .01 .01 .01
0.00001

Figure F.3 HP Compressor COMPDES Input Data File.
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Figure F.4 COMPDES OQOutput Data for LP Compressor.

PROPERTY DISTRIBUTION THROUGH A S STAGE AXIAL COMPRESSOR WITHOUT IGVs

CONSTANT MEAN RADIUS TYPE

THE FOLLOWING CONSTANT DATA HAS BEEN USED FOR THIS RUN:

MASS FLOW (kg/s)=——— 331
OVERALL PRESSURE RATIO———— 3
INLET AXIAL VELOCITY (m/s) 200
ISENTROPIC EFFICIENCY (%)-—— 88

OVERALL TEMPERATURE RISE (K)——12¢
INLET TOTAL TEMPERATURE (K)——288
INLET TOTAL PRESSURE (atm)—— 1
ROTATIONAL SPEED (rpm) — 4450

INLET IGV'S STA 1 STA 2 STA 3
TOTAL TEMPERATURE RISE (K)

23.00 25.00 28.00

OUTLET TOTAL TEMPERATURE (K)
288.00 288.00 311.00 336.00 364.00

AVERAGE TOTAL TEMPERATURE (K]
2¢2_50 323.50 350.00

OUTLET STATIC TEMPERATURE (K)
26B.06 268.06 291.00 316.12 344.17
OUTLET TOTAL PRESSURE (atm)

1.000 1.000 1.274 1.625 2.083
OUTLET STATIC PRESSURE (atm)

.178 .778 1.010 1.313 1.71%
OUTLET DENSITY (kg/cubic m)
1.0249 1.024% 1.2255 1.4658 1.7635
OUTLET SPECIFIC EEAT (kJ/kg K)
1.0030 1.0030 1.0043 1.0061 1.0087

AVERAGE SPECIFIC HEAT (kJ/kg K)
1.0036 1.0051 1.0073

OUTLET ANNULUS AREA (squace m)

1.6147 1.6147 1.3505 1.1291 .9385
OUTLET INNER RADIUS (cm)
34.15 34.15 37.85 40.85 43.62
OUTLET OUTER RADIUS (cm)
79.41 792.41 75.71 72.60 69,93
BLADE HEIGHT (cm)
45.26 45.26 37.86 31.65 26.31
OUTLET HUB/TIP RATIO

430 .430 .500 .564 .624

ABSOLUTE OUTLET VELOCITY (m/s)
200.00 200.00 200.00 200.00 200.00

OUTLET SWIRL ANGLE (DEGREES)
.00 .00 .00 .00 .00

AXIAL VELOCITY (m/s)

200,00 200.00 200.00 200.00 200.00

PRESSURE RATIO
1.2737 1.2761 1.2879

ENTHALPY RISE (kJ/kg)
23.083 25.128 28.205

COMPRESESOR POWER (kW)= — 43

OVERALL PRESSURE PRATIO—————=

.00
.00
.00
-00
.00
.00
.00
.00
STA § STA S STA 6 STA 7
27.00 26.00 -00 .00
391.00 417.00 .00 .00
377.50 404.00 .00 .00
371.23 387.30 .00 .00
2.626 3.222 .000 .000
2.187 2.71S .0co0 .0c0
2.0798 2.4124 .0000 .0000
1.0117 1.0151 .0000 .0000O
1.0101 1.0134 .0000 .0000
L7957 .6860 .0000 .0000
45.62 47.16 .00 .00
67.93 66.39 .00 .00
22.31 18.23 .00 .00
.672 .710 .000 . 000
200.00 200.00 -0o .00
.00 .00 .00 .00
200.00 200.00 .00 .00
1.2544 1.2262 .0000 .000O
27.274 26.347 .000 .000

042.170

3.2217

STA 8

.00

.00

.00

-00

. 000

. 000

-0000

0000

-0000

L0000

.00

.00

.00

.000

.00

.00

.00

0000

. 000

5 STAGE LP COMPPESSOR

STA

.00

.00

.00

.00

.000

-000

.0000

.boo0

.0o00

.0000

.00

.00

.00

.000

.00

.00

.0000

.000

AXIAL COMPRESSOR/FAN "FREE VORTEX™ DESIGN

CONSTANT MEAN RADIUS TYPE

ALL ANNULUS DIMENSIONS IN CENTIMETRES

STAGE 1 STAGE 2 STAGE 3 STAGE 4 STAGE 5 STAGE 6 STAGE 7
OUTSIDE RADIUS 79.41 75.71 72.60 €2.93
HUB RADIUS 34.15 37.85 q40.985 43.62
INLET HEIGHT 45.263 37.856 31.649 26.306
INLET HUB/TIF RATIO .4300 .5000 .5641 L6238

SETAGE 8 STAGE 9

67.93 66.39 .00 .00 .00

45.62 47.16 .00 .00 .00

22.306 12.231 .000 .000 .000
.6716 .7103 -0000 .0000

.00
.00
.000
0000
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ASPECT RATIO 3.0000 3.0000 2.8000 2.5000 2.3000
MID CHORD HEIGHT-ROTOR 44.049 36.82¢ 30.750 25.637 21.795
MID CHORD HEIGHT-STATOR 40.303 33.68¢ 28,047 23.616 20.242
TRUE CHORD—ROTOR 14.683 12.27¢ 10.982 10.255 £.47¢6
TRUE CHORD~STATOR 13.434 11.230 10.017 9.44¢ E.801
ROTOR AXIAL CHORD 10.643 2.021 8.231 7.673 7.078
ROTOR AXIAL SPACE 4.405 3.683 3.225 3.076 2.843
ETATOR AXIAL CHOERD, 13.389 11.174 8.920 2.360 E.724
ETATOR AXIAL SPACE 4.030 3.36¢ 3.005 2.834 2.640
TOTAL STAGE LENGTH 32.478 27.247 24.451 22.944 21.286
KUMBER OF ROTOR BLADES 30.4 36.3 40.6 43.5 47.1
NUMBER OF STATOR BLADES 37.2 45.4 50.9 53,82 57.¢
TOTAL COMPRESSOR LENGTH 12g.405
STAGE 1
LADE 25% BLrzDE
2301 MD
HEIGHT
BLADE SPEED {U) i6l.¢ 213.3 264.%
ABS. STATOR OUTLET VELOCITY (Vo) 200.0 200.0 200.60
FEL. ROTOR INLET VELOCITY V1) 257.3 292.4 3.7
REL. ROTOR OUTLET VELOCITY (v2) 206.7 224.9 266.2
ABE. STATOR INLET VELOCITY (V3) 247.3 228.5 218.¢
ABS. STATOR OUTLET VELOCITY {v4) 200.0 200.0 200.0
AXIAL VELOCITY AT ROTOR INLET (VA1) 20¢.0 200.0 200.0
AXIAL VELOCITY AT ROTOR OUTLET (VA2) 200.0 200.0 200.0
STATIC PRESSURE AT ROTOR INLET (PS1) . 666 .587 .52
STATIC PRESSURE AT ROTOR OUTLET (PS2) +B76 .925 -850
REL. ROTOR INLET MACH NUMBER (M1REL) .78 .89 1.01
ABS. STATOR INLET MACH NUMBER (M3ABS) -74 .68 .64
ROTOR DECELERATICON {(Vv2/v1) .78 17 .BO
PRESSURE RISE COEFFICIENT (DP /D) .3e .41 .36
STATOR DECELERATION (VO/V3) .81 .88 «21
STAGE LOADING (DELTA H/U SQUARED) =80 .52 .34
FLOW COEFFICIENT (VA/U) 1523 -9 7€
ABS. STATOR AIR OUTLET ANGLE (ALPHAO) <0 0 .0
REL. ROTOR AIR INLET ANGLE {ALPHAL) 32.0 46.8 S2.%
REL. ROTCR AIR OUTLET ANGLE (ALPHAZ) 4.7 212 41.3
ABS. STATOR AIR INLET ANGLE (ALPHR3) 36.0 28.9 24.0
ABE. STATOR AIR OUTLET ANGLE (ALPHA4) -0 -0 L
ROTOR DEFLECTION 34.2 1¢.6 11.¢
ETATOR DEFLECTION 3£.0 28.% 24.0
REACTION 55.1 74.1 B3.2
SPACE CHORD RATIO (POTOR) - 548 -748 -800
SPACE CHORD RATIO (STATOR) -243 -373 700
DIFFUSION FACTOR (ROTQOR) -a03 -372 -205
DIFFUSION FACTOR (STATOR) -321 -263 .22¢
EQUIVALENT DIFFUSION FACTOR (ROTOR) 1.559 1.610 194
EQUIVALENT DIFFUSION FACTOR (STATOR) 1.544 1.448 1.500
SHOCK LOSS COEFFICIENT (ROTOR) 20000 .00304 -£2332
SHOCK LOSS COEFFICIENT (STATOR) .90000 .00000 -20000
REYNOLDS NUMBER (ROTCR) «o0Z+06 -21E+06 -2ZE+06
REYNOLDS NUMBER (STATOR) <30E+06 -31E+06 -22E+06
AXIAL VELCCITY RATIO (ROTOR) 1.000 1.000 1.000
EXIAL VELOCITY RATIO (STATOR) i.000 1.000 1.000

.0000
.000
.000
.000
.000
.000
.000
.000
-000
.000
.0
-0

75%

23%.9
200.0
373.9
213.4
213.4
200.0
200.0
200.0
.446
.964
1.14
-63
.84
.30
.94
.24
-€2
.0
57,7
50.4
2C.4
.0
7.3
20.4
8s8.2
.826
.826
244
.207
1.400
1.371
.03509
00000
«23E+06

-33E+06

1.000
1.000

-0000
. 000
- 000
-000
.000
-000
. 000
.000
. 000
. 000
.0
.0

BLADE
TIP

367.2
200.0
4l18.2
363.1
210.0

1.333
1.353
.06640
00000
. 24E+06
-33E+06
1.000
1.000

.000C
.00¢
.000
.00C
.00C
.00¢
-000
.000
000
-00¢

.0

M/E
M/E
M/s
M/E
M/E
M/s
M/E
M/s
ATM
ATM

-0000
000
-000
. 000
.000
.000
. 000
.000
.000
. 000
.0
.0

. SUMBER

NUMBE=R

CASCAROZ PREDICTION METHOD

FOR ESTIMATING EFFICIENCY

PROFILE LOSS COEFFICIENT (ROTOR) .02388 .02071
PROFILE LOSS COEFFICIENT (STATOR) .03518 .02880
SECONDARY LOSS COEFFICIENT (ROTOR)
SECONDARY LOSS COEFFICIENT (STATOR)
RNNULUS LOSS COEFFICIENT (ROTOR)
ANNULUS LOSS COEFFICIENT (STATCOR)
TOTAL LOSS COEFFICIENT (ROTOR)
TOTAL LOSS COEFFICIENT (STATOR)
EFFICIENCY LOSS DUE TO TIF CLEARANCE
ROTOR ISENTROPIC EFFICIENCY
STAGE ISENTROPIC EFFICIENCY
ETAGE PRESSURE RATIO
BLARDE 25%
ROOT
BLADE SPEED (I 178.8 221.7
ABS. STATOR OUTLET VELOCITY (Vo) 200.0 200.0
PEL. ROTOR INLET VELOCITY (V1) 268.3 298.¢
PEL. ROTOR OUTLET VELOCITY vz) 202.3 224.7
ABE. STATOR INLET VELOCITY {v3) 248.8 232.9

.02239 .02503 .028B20
.02430 .02082 .0182¢
.00617
.00854
.00797
.005898
06375
03829
025
BE.08 PERCENT
B4.31 PERCENT
1.26
STAGE 2
ELATE 75% BLADE
MID TIP
BEEIGHT
264.6 307.5 350.4
200.0 200.0 200.0
331.7 366.8 403.5
259.0 298.4 340.0
223.6 217.7 213.8

M/E
M/S
M/E
M/s
M/E



ABS. STATOR OUTLET VELOCITY (v4)
AXIAL VELOCITY AT ROTOR INLET {Val)
AXIAL VELOCITY AT ROTOR OUTLET (Vaz2)
STATIC PRESSURE AT ROTOR INLET (PS1)
STATIC PRESSURE AT ROTOR OUTLET (PS2)
REL. ROTOR INLET MACH NUMBER (MLREL)
ABS. STATOR INLET MACH NUMBER (M3ABS)

ROTOR DECELERATION (vz2/v1)
PRESSURE RISE COEFFICIENT (DP/D)
STATOR DECELERATION {(VO/V3)
STAGE LOADIKG (DELTRA H/U SQUARED)
FLOW COEFFICIENT (VA/U)
ABS. STATOR AIR OUTLET ANGLE (ALPHAO)
REL. ROTOR AIR INLET ANGLE  (ALPHAl}
REL. ROTOR AIR OUTLET ARGLE (ALPHA2)
ABS. STATOR AIR INLET ANGLE (ALPHA3)

ABS. STATOR AIR OUTLET ANGLE (ALPHA4)
ROTOR DEFLECTION

STATOR DEFLECTION

REACTION

SPACE CHOPD RATIC (ROTOR)

SPACE CHORD RATIO (STATOR)
DIFFUSION FACTOR (ROTOR)

DIFFUSION FACTOR (STATOR)
EQUIVALENT DIFFUSION FACTOR (ROTOR)
EQUIVALENT DIFFUSION FACTOR (STATOR)
SHOCE LOSS COEFFICIENT (ROTOR)
SHOCK LOSS COEFFICIENT (STATOR)
REYNOLDS NUMBER (ROTOR)

REYNOLDS NUMBER (STATOR)

AXIAL VELOCITY RATIC (ROTOR)

AXIAL VELOCITY RATIO (STATOR)

200.¢C 200.0 200.0 200.0 200.0
200.¢C 200.0 200.0 200.0 200.0
200.¢C 200.0 200.0 200.0 200.0
-E27 .764 .687 .608 .532
1.337 1.187 1.216 1.234 1.245
-78 .87 .97 1.07 1.18
<21 .66 .63 .61 .60
=75 .75 .78 .81 .84 DE
W43 .43 .39 .34 29
.BC .86 .89 .92 .94 DE
-E3 -54 .38 -28 .22
1.32 .20 .76 .65 «57
-C .0 .0 .0 .0
41.¢8 47.9 52.¢2 57.0 €60.3
B.8 2Tl 398.5 47.% 54.0
36.5 30.8 26.6 23.3 20.7
.L -0 .0 .0 .0
33.0 20.8 13,5 9.0 6.3
36.% 30.8 26.6 23.3 20.7
56.€ 73.1 81.1 B86.0 8e2.2
-€89 =761 .B00O .821 <833
.4E3 .583 . 700 .B06 - 912
W43 -400 -340 .283 .235
-3240 .293 .262 241 «225
1.734 1.654 1.548 1.455 1.385
1.568 1.488 1.443 1.413 1.393
.00000 .00244 .0056% .02412 .04107
. 00000 .00000 .00000 00000 .00000
-Z2E406 «22E+06 -24E+06€ «25E+06 -26E+0€
-SZE4+06 -34E+06 -34E+08 .35E+06 .35E+06
1.000 1.000 1.000 1.000 1.000
1.030 1.000 1.000 1.c00 1,000

M/S
M/S
M/s
ATM
ATM

HALLEF. NUMBER
HALLER NUMBER

DEGREES
DEGREES
DEGREES
DEGREES
DEGREES
DEGREES
DEGREES
PERCENT

CASCADE PREDICTION METHOD FOR ESTIMATING EFFICIENCY

PROFILE LOSS COEFFICIENT (ROTOR)
PROFILE LOSS COEFFICIENT (STATOR)
SECONDARY LOSS CTOEFFICIENT (ROTOR)
SECONDARY LOSS COEFFICIENT (STATOR)
ANNULUS LOESE COEFFICIENT (ROTCR)
ANNULUS LOSE COEFFICIENT (STATOR)
TOTAL LOSE COEFFICIENT (ROTOR)
TOTAL LOSE COEFFICIENT (STATOR)

EFFICIENCY LOSS DUE TO TIP CLEARRANCE
ROTOR ISENTROFIC EFFICIERNCY
STAGE ISENTROPIC EFFICIENCY

STAGE PRESSURE RATIC

BLADE SPEED (U}
ABS. ETATOR OUTLET VELOCITY (Vo)
EEL. ROTOR INLET VELOCITY {v1)
REL. ROTOR OUTLET VELOCITY (vz)
ABS. STATOR INLET VELOCITY {v3)
ABS, STATOR OUTLET VELOCITY {V4)
AXIAL VELOCITY AT ROTOR INLET (VAl)
AXIAL VELOCITY AT ROTOR OUTLET (VA2)
STATIC PRESSURE AT ROTOR INLET (PS1)

STATIC PRESSURE AT ROTOR OUTLET (PsS2)
REL. ROTOR INLET MACH NUMBER (MLREL)
ABS. STATOR INLET MACH NUMBER (M3AES)

ROTOR. DECELERATION {(Vv2/Vvl)
PRESSURE RISE COEFFICIENRT (DP/D)
STATOR DECELERATION {Vo/V3)
STAGE LOADIRG (DELTR H/U SQUARED)
FLOW COEFFICIENT (VA/T)
ABS. STATOR AIR OUTLET ANGLE (ALPHAO)
FEL. ROTOR AIR INLET ANGLE (ALPHAL)
REL. ROTOR AIR OUTLET ARGLE (ALPHAZ2)
ABE. ETATOR AIR INLET ANGLE (ALPHAZ)
ABE. STATOR AIR OUTLET ANGLE (ALPHA4)

ROTOR. DEFLECTION

STATOR DEFLECTION

REACTION

SPACE CHORD RATIO (ROTOR)

SPACE CHORD RATIC (STATOR)
DIFFUSION FACTOR (ROTOR)

DIFFUSICON FACTOR (STATOR)
EQUIVALENT DIFFUSION FACTOR (ROTOR)
EQUIVALENT DIFFUSION FACTOR (STATOR)
SHOCE LOSS COEFFICIENT (ROTCR)

-€2178 -.01287 .02117 .02352 02624
.£3185 .02727 02372 02087 .0187¢
.00768
-0103¢2
.00765
.00584
.0525]1
.04075
026
90.80 PERCENT
B7.0¢ PERCENT
1.27
STAGE 32
25% BLADE T5% BLADE
MID TIP
HEIGHT
228.8 264.6 300.4 336.2
200.0 200.0 200.0 200.0
303.9 a3l.a 360.9 381.2
221.3 24¢0.2 281.7 316.3
2490.7 231.1 224.5 219.6
200.0 200.0 200.0 200.0
200.0 200.0 200.0 200.0
200.0 200.0 200.0 200.0
« 990 .810 .828 .748
1.530 1.567 1.591 1.608
.85 93 1.01 1.10
.66 .63 .61 .60
72 .73 .75 .78 .81 D=
&7 .47 .44 .39 .35
.TE -3 .87 .89 «91 DE
B2 58 .44 .34 .27
1.02 .87 .76 .67 .59
.0 -0 .0 .0 .0
44.C i8.8 52.9 56.3 52.3
oy 25.3 36.6 44.8 50.8
38.5 23. 30.1 27.0 24.5
.0 -0 .0 .0 .0
34.32 23. 16.3 11.6 8.5
38.5 33. 30.1 27.0 24.5
58.8 Fle P 78.1 82.0 6.4
o ol .B00 .816 .826
<217 - 608 .700 790 .B79
-£75 -442 .388 .335 .2B8
.3178 .33¢ .310 .288 272
1.761 1.725 1.627 1.535 1.459
1.627 1.555 1.508 1.476 1.453
00200 .00177 .00439 .02121 .02577

M/S
M/S
M/s
M/S
M/S
M/S
M/
M/S
ATM
ATH

HALLER NUMEER

HALLER NUMEER

DEGREES
DEGREES
DEGREES
DEGREES
DEGREES

DEGREES
PERCENT



SHOCK 1OSS COEFFICIENT (STATOR)
REYNOLDS NUMBER (ROTOR})
REYNOLDS NUMBER (STATOR)

AXIAL VELOCITY RATIO (ROTOR)
AXIAL VELOCITY RATIO (STATOR}
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-00000 00000 .00000 -.00000 -00000

«25Z+406 26E+06 .2TE+06 -2BE+06 .29E+06

-37E+06 -3BE+06 -39E+06 - 40E+06 .40E+06
1.006G 1.000 1.000 1.000 1.000
l.000 1.000 1.000 1.000 1.000

CASCADE PREDICTION METHOD FOR ESTIMATING EFFICIENCY

PROFILE LOSS COEFFICIENT (ROTOR)
PROFILE LOSS COEFFICIENT (STATOR)
SECONDARY LOSS COEFFICIENT (ROTOR)
SECONDARY LOSS COEFFICIENT (STATOR)
ANNULUS LOSS COEFFICIENT (ROTOR)
ANNULUS LOSS COEFFICIENT (STATOR)
TOTAL LOSS COEFFICIENT (ROTOR)
TOTAL LOSS COEFFICIENT (STATOR)

EFFICIENCY LOSS DUE TO TIP CLEARANCE
ROTOR ISENTROPIC EFFICIENCY
STAGE ISENTROPIC EFFICIENCY

STAGE PRESSURE RATIO

BLADE SPEED {U)
ABE. STATOR OUTLET VELOCITY (Vo)
REL. ROTOR INLET VELOCITY {V1)
REL. ROTOR OUTLET VELOCITY (V2)
ABS. STATOR INLET VELOCITY (V3)
ABS. STATOR OUTLET VELOCITY (V4)
AXIRL VELOCITY AT ROTOR INLET (VAl)
AXIAL VELOCITY AT ROTOR OUTLET (VAZ2)
STATIC PRESSURE AT ROTOR INLET (PS1)

STATIC PRESSURE AT ROTOR OUTLET (PS2)
REL. ROTOR INLET MACH NUMBER (MLREL)
ABS. STATOR INLET MACE NUMBER (M3ARS)

ROTOR DECELERATION (V2/V1)
PRESSURE RISE COEFFICIENT (DP/D)
STATOR DECELERATION {Vo/v3)
STAGE LOADING (DELTA H/U SQUARED)
FLOW COEFFICIENT {VA/U)
ABS. STATOR AIR OUTLET ANGLE (ALPHAO)
REL. ROTOR AIR INLET ANGLE (ALPHAL)
FEL. ROTOR AIR OUTLET ANGLE (ALPHA2)
ABS. STATOR AIR INLET ANGLE (ALPHA3Z)
ABE. STATOR AIF. OUTLET ANGLE (ALPHA4)

ROTOR DEFLECTION
STATOR DEFLECTION

REACTION

SPACE CHORD RATIO (ROTOR)

SPACE CHORD RATIO (STATOR)
DIFFUSION FACTOR (ROTOR)

DIFFUSION FACTOR (STATOR)
EQUIVALENT DIFFUSION FACTOR (ROTOR)
EQUIVALENT DIFFUSION FACTOR (STATOR)
SHOCK LOSS COEFFICIENT (ROTOR)
SHOCK LOSS COEFFICIENT (STATOR)
REYNOLDS NUMBER (ROTOR)

REYNOLDS NUMBER (STATOR)

AXIAL VELOCITY RATIC (ROTOR)

AXIAL VELOCITY RATIO (STATOR)

.02030 .01827
.0z87e .02551
BLADE 25%
ROOT
204.8 234.7
200.0 200.0
286.3 308.4
207.2 226.2
248.8 238.1
200.0 200.0
200.0 200.0
200.0 200.0
1.380 1.301
1218 1.968
<17 -83
.63 .62
.13 .73
.47 .46
.80 .84
S i) -55
«28 -85
.0 .0
45.7 49.6
15.9 27.8
36.5 32.8
-0 .0
29.8 21.7
36.5 32.8
€3.2 72.5
.738 177
-54€ .624
465 .429
-.358 -32¢
1.76¢ 1.702
1.521 1.539
.Qocco -.00100
.0ocoo 00000
312406 .32E+06
.47E408 .48E406
1.000 1.000
1.000 1.000

.01961 02148 .02377
.02287 .02072 -01823
.01011
.0131¢9
00772
.00603
-04928
-04259
.027
82.12 PERCENT
Bg.43 PERCENT
1.28
STAGE 4
BLADE 75% ELADE
MID TIP
HEIGHT
264.6 294.5 324.3
200.0 200.0 200.0
331.7 35€.0 381.0
250.0 276.¢9 305.5
230.5 224.¢9 220.8
200.0 200.0 200.0
200.0 200.0 200.0
200.0 200.c 200.0
1.218 1.133 1.048
2.002 2.026 2.044
.89 26 1.03
.60 -59 .58
15 .78 1] CE
.43 38 .36
.87 .82 .91 DE
.43 «35 .29
.76 .68 .62
-0 -0 .0
52.9 55.8 58.3
36,9 43.8 42.1
29.8 27.2 25.0
.0 .0 .0
16.0 2.1 2.2
28.8 27.2 25.0
78.4 B2.5 BS.6
-800 -B814 -823
.700 <115 -850
-384 .340 .289
-306 .288 .274
1.621 1.543 1.478
1.503 1.476 1.456
-00310 .0052¢9 .01621
-00000 .00000 -00000
-33E+06 -34E+06 .35E+06
-4BE+06 -48E+086 -S0E+06
1.000 1.000 1.000
1.000 1.000 1.000

M/s
M/s
M/s
M/
M/s
K/s
M/s
M/s
ATM
ATM

HALLER NUMBER
EALLER NUMBER

DEGREES
DEGREES
DEGREES
DEGREES
DEGREES
DEGREES
DEGREES
PERCENT

CASCADE F2EDICTION METHEOD FOR ESTIMATING EFFICIENCY

PROFILE LOSS COEFFICIENT (ROTOR)
PROFILE LOSS COEFFICIENT (STATOR)
SECONDARY LOSS COEFFICIENT (ROTOR)
SECONDARY LOSS COEFFICIENT (STATOR)
ANNULUS LOSE COEFFICIENT (ROTOR)
ANNULUS LOSS COEFFICIENT (STATOR)
TOTAL LOSE COEFFICIENT {ROTOR)
TOTAL LOSS COEFFICIENT (STATCR)

EFFICIENCY LOSS DUE TO TIP CLEARANCE
ROTCR ISENTROPIC EFFICIENCY

STAGE ISENTROPIC EFFICIENCY

- 01817
-02718

.01870
- 02457

.01941
.02243
elel-1-3-]
.01285
.00869
00678
.04381
.04250

028
92.66

88.84

.02024
.02061

PERCENT
PERCENT

.02280
.01907



STAGE PRESSURE RATIC

BLADE SPEED (7)
ABS. STATOR OUTLET VELOCITY {V0)
PEL. ROTOR INLET VELOCITY (V1)
FEL. FOTOR OUTLET VELOCITY (vz)
ABS. STATOR INLET VELOCITY (v3)
AHS. STATOR OUTLET VELOCITY (V4)
AXIAL VELOCITY AT ROTOR INLET (VA1)
AXIAL VELOCITY AT ROTOR OUTLET (VAZ)
STATIC FRESSURE AT ROTOR INLET (PS1)

STATIC PRESSURE AT ROTOR CQUTLET (PS2)
REL. ROTOR INLET MACH NUMBER (M1REL)
ABS. STATOR INLET MACH NUMBER (M3ABS)

ROTOR DECELERATION (Vv2/v1)
PRESSURE RISE COEFFICIENT (DP/D)
STATOR DECELERATION (Vo/V3)
STAGE LOARDING (DELTA H/U SQUARED)
FLOW COEFFICIENT (VA/U)
ABS. STATOR AIR OUTLET ANGLE (ALPHAOQ)
REL. ROTOR AIR INLET ANGLE (ALPHAL)
REL. ROTOR AIR OUTLET ANGLE (ALPHAZ)
ABS. STATOR AIR INLET ANGLE (ALPHA3)
ABS. STATOR AIR OUTLET ANGLE (ALPHA4)

ROTOR DEFLECTION

ETATOR DEFLECTION

REACTION

SPACE CHORD RATIO (ROTOR)

SPACE CHORD RATIO (STATOR)
DIFFUSION FACTOR (ROTOR)

DIFFUSICN FACTOR (STATOR)
EQUIVALENT DIFFUSION FACTOR (ROTOR)
EQUIVALENT DIFFUSION FACTOR (STATOR)
SHOCK LOSS COEFFICIENT (ROTOR)
SHOCK LOSS COEFFICIENT (STATOR)
REYNOLDS NUMBER (ROTOR)

REYNOLDE NUMBER (STATOR)

A¥IARL VELOCITY RATIO (ROTOR)

AXIAL VELOCITY RATIO (STATOR)
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BLADE
RCOT

213.8
200.0
292.86
213.2
244.2
200.0
200.0
200.0
1.747
2.419
.16
<62
o
.47
B2
.65
.94
«0
46.9
20.2
35.0
.0
26.7
35.0
67.3
752
.569
-452
.344
1.744
1.566
.00000
.00000
.37E+06
.S6E+06
1.000
1.000

25%

2392.2
200.0
311.8
230.2
235.¢9
200.0
200.0
200.0
1.865
2.462
.B1
-60
74
-45
.85
.52
-84
.0
S0.1
29.%
32.0
-0
20.4
32.0
73.8
-781
.635
.418
«321
1.683
1.527
.00000
.00000
.3BE+06
-S5TE+06
1.000
1.000

.00000

.29E40%8

.SBE+0€
1.000
1.000

ELADE
TIP

315.4
200.0
373.4
297 .5
221.4
200.0
200.0
200.0
1.402
2.536
.27
.56
-1
.36
.20
.30
.62
.0
57.6
47.8
25.4

o.8

5.4
B1.8
-821
829
-307
274
1.491
1.4357
.005€64
L000C0
+AlE+0S
«SBE+0€
1.000
1.000

-

M/S
M/s
M/s
M/s
M/S
M/S
M/S
M/s

ATM

HALLEF. NUMBER

HALLER NUMBER

DEGREES
DEGREEES
DEGREES
DEGREES
DEGREES
DEGREES
DEGREES
PERCENT

CASCADE PREDICTION METECD FOR ESTIMATING EFFICIENTY

PROFILE LOSS COEFFICIENT (ROTOR)
PROFILE LOSS COEFFICIENT (STATOR)
SECONDAFRY LOSE COEFFICIENT (ROTOR)
SECONDARY LOSE COEFFICIENT (STATOR)
ANNULUS LOSS COEFFICIENT (ROTOR)
ANNULUS LOSS COEFFICIENT (STATOR)
TOTAL LOSE COEFFICIENT (ROTCR)
TOTAL LOSE COEFFICIENT (STATOR)

EFFICIENCY LCSS DUE TO TIP CLEARANCE
ROTOR ISENTROPIC EFFICIENCY
STAGE ISENTROPIC EFFICIENCY

STAGE PRESSURE RATIO

OVERALL PRESSURE RATIO
COMPRESSOR ISENTROPIC EFFICIENCY

COMFRESSOR POLYTROPHIC EFFICIENCY

.0l1862
.02603

~01B43
02320

3.13
85.23 PERCENT
87.36 PERCENT

.01828
.02210
-00967
.01270
.00250
.00732
04126
.04245

EE AR A R R R Rl R R L B R EoR e L e

.0205¢
02054

PERTINT

PERCENT

.02212

01818



Figure F.5 COMPDES Output Data for IP Compressor.
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PROPERTY DISTRIEUTION THROUGH A 7 STAGE AXIAL COMPRESSCR WITECTT

IGVs

CONSETANT HUB RADIUS TYPE

THE FOLLOWING CONSTANT DATA HAS BEEN USED FOR THIS RUM:
MASS FLOW (kg/s) o —-——243.40
OVERALL PRESSURE RATIO—— 3.21
INLET AXIAL VELOCITY (m/s) 120.00
ISENTROPIC EFFICIENCY {%) 88.00
OVERALL TEMPERATURE RISE (K)~-—180.00
INLET TOTAL TEMPERATURE (K)——406.80
INLET TOTAL PRESSURE (atm) —— 2.35
ROTATIONAL SPEED (rpm) 4450.00
INLET IGV'S STA 1 STA 2 STA 3 STA 4 STRA 5 ST 6
TOTAL TEMPERATURE RISE (K)
23.00 25.00 26.00 27.00 27.00 26.00
OUTLET TOTAL TEMPERATURE (K)
406.80 406.80 429.80 454.80 4B0.B0 507.80 534.80 560.80
AVERAGE TOTAL TEMPERATURE (KE)
41B.30 442.30 467.80 494.30 521.30 547.80
OUTLET STATIC TEMPERATURE (K)
38B.99 388,99 411.922 436.98 463.06 49%0.15 517.24 543.33
OUTLET TOTAL PRESSURE (atm)
2.350 2,350 2.800 3.354 4.008 4.780 5.653 6.507
OUTLET STATIC PRESSURE (atm)
2.006 2.006 2.408 2,909 3.505 4.210 5.011 5.881
OUTLET DENSITY (kg/cubic m)
1.8210 1.8210 2.0641 2.3506 2.6720 3.0322 3.4204 3.821¢
OUTILET SPECIFIC HEAT (kJ/kg K)
1.0137 1.0137 1.0170 1.0209 1.0253 1.0304 1.0358 1.0414
AVERAGE SPECIFIC EEAT (kJ/kg K)
1.0153 1.0189 1.0230 1.0278 1.0331 1.0386
OUTLET ANNULUS ARER (sguare m)
-7035  .7035 .6206 5450 .47924 .4225 3745 3352
OUTLET INNER RADIUS {cm)
46.38B 46.38 46.38 46.38 46.38 46.38 46.38 46.38
OUTLET OUTER RADIUS {cm)
66.26 66.26 64.24 £2.34 60.64 59.13 57.82 56.73
BLADE HEIGHT (cm)
12.88 12.88 17.86 15.96 14.26 12.75 11.44 10.25
OUTLET HUB/TIF RATIO
700 .700 -122 -744 . 765 .784 -802 .818
ABSOLUTE OUTLET VELOCITY (m/s)
190.00 190.00 190.73 190.73 190.73 190.73 190.73 190.73
OUTLET SWIRL ANGLE (DEGREES)
.00 -00 5.00 5.00 5.00 5.00 5.00 5.00
AXIAL VELOCITY (m/s)
150.00 1920.00 150.00 190.00 190.00 190.00 120.00 190.00
PRESSURE RATIO
1.1913 1.1979 1.1852 1.1825 1.1826 1.1670
ENTHALPY RISE (kJ/kg)
23.352 25.471 26.599 27.751 27.8¢3 27.003
COMPRESSCOR. POWER (kW) -—————— 45082.410
OVERALL PRESSURE RATIO— - 3.2557
7 ETAGE IF

ETA 7 STk =
26.00 R
SBE.EQ .30
572.80 el
SE2.56 30
7.€51 «5G0
6.E62 -230
4.2537 .0I30
1.0872 .CLfco
1.0442  .CLZ0
-3G12 .0ITC
46.2 P
55.77 ==
8.38 et
.832 L022
le0.00 =20
.00 <L3
120.00 -2Q
1.1588 .0I%0Q
27.251 520
COM=ZESSOR

s

TA @
.00

.00

.00

-00

.000

-000

.0000

. 0000

.0000

.0000

.00

.00

. 000

.00

.00

.00

. 0000

.000

AXIAL COMPRESSOR/FAN "FREE VIRTEX™ DESIGH

CONSTANT HUZ PADIUS TYPE

ALL ANNULUS DIMENEIONS IX CENTIMETRES

STAGE 1

OUTSIDE RADIUS 66.26 64.24 62.3

STAGE 2 STAGE 3 STAGE 4

4

STASE

60.64 22.23

5

STAGE 6
57.82

STAGE 7
56.73

ETAGE 8 STAGE ¢

$5.77

.00

.00
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HUN RROGOS 46,20 44,38 45,38 £L, 38 S6. 30 46,38 de_ 3 &,
INLET HEZSHT 1%.87F - 17956 15856 14.2%p LI TER 11,440 18 34E L
IMLET BOSSTIF RATID = TR0 S T2EG T TEEE ~THES B Ly -B178
ATPECT BATIOC 5.500¢ A,.7000 23,0000 T 8000 . J.@000  Z_BpOOD T E0QD
HIT CHORD HEIGET=ROTN 1B, 588 I7.53F 1%.665 1l o¢sc 17,808 11.34E 10.17H
HIT CHOFRD HEIGET=STRTOR IB.%40  16.B&D 14,851 13.32F  CLL.EED 10,400 ¥.&53
IRTE GH T 5.5ES L o .33 i,z 4. 3RE 4007 x, £33
TRUE EHGRE=STASSR 5,207 S5.imd £.837 4.563 L, Org L 3. 462
ROTOR AXIAL CHONE I, E6E 4188 {0 5 861 L] 31T Z 853
BOTOE RKIAL EFACT 1iETE 1.6k TG L L L.a94 1. G0
ETRTOR JHIAL CHORD, E_351 5070 4,803 4,453 s L 3.488° 1.173
STRTOA RNIAL =RcE 1. 589 Lo At i.4EL 1.36% 1.227 Lilad 1.029
TOTAL FTAGE LESSTH IZ. 4B3  12.d%4 1mET 3. 081 b EEL: £.31% B_48E
HEBESR OF BOTOR ELADES Th.% TE.0 A1.3 e, L LT 188,73 113.3
EiHEERD, &F SIATOE SHLADES Fi.3 LT 97.8 10,3 118, 8 b5 1328
ToTAl COUIRESEIE LERGTH TE_Ydd
ETRGE 1
ELRDE =17 BLROX 5% ELADE
DO MID I
HEIGAT
ELADE - EFEED M 236N FARLT Fl3 .5 ] 1080
ARE . STRTAE TOTLET VEILOSITT |y 180,05 1900 1R0.0 190.0 Lan.n
AEL. RoTOR IHI=T VELGCITY i} SEE.,A 308 324.0 3.1 381.80
REL. RCTOR OUTLEY WELOCITY w21 2481 98,3 E5E.L 217,13 20E.%
ARS_ BERTOE TMLET VELOCITY %31 219.8 144 F10.4 2076 10501
ART,. STTRTON GOTLEY Wl 1800 1860 180,09 10,6 Lad. 0
AXIRL VILOCITT AT ROTOR IMLET  {¥All 180,58 BE ] 1808 1#0.0 1860
ANTAL WELOCITT AT ROTOR ORFFLET (VR3] 1ap.0 186.0 180, 5 180.0 18,0
rTATIC TRESSURE AT BOTCR IMIET P81 1. 64% L.BES 1911 1. 563% 1_3£&
ETATIC FRESEUEE. AT BOTOH OUTLET 7531 2,209 1,313 Z.337 340 3,550
EEL, BOTOR INLET HACH MUEEER (ECFEL] .Td +Th £ 7 .02
LEE; STATOR ISLET MACH WOMBER (HIRRE| «Hd «33 -5 -} « 01
BELTan CECELFHAT SV T «T7 T8 - L e
FRESSTRL RISE CLEFF IEENT AT B 43 LA « 38 # 3% .23
HTATTE UECELERATT AVHTIE BT 0% o] .82 83 ==
=TAAE LAARIHG (EELTA H/0 SLORRED| .51 A7 5% X 2K
FiLOW COEITY Vaa'Tl . 78 i ) A3 =
KEE, ETATOR ATR DOTLET ASILE {ALPHAQ) .0 L ] .2 -
REL. REOTOR ALR THLET RIPERT 4.0 21.4 5d.-1 5E_3 4.3
mEL, ROTON REH OTTLET ARGLE  (ALFHRI! 29 .4 i 4.1 gE_7 <3
REF, STATOR RIR INLET RMILE (KLPAAD) 30,0 ¥1.8 EE -5 23.9% Fr
ABE, ETATOR AR OUTLET AMGEE (AT FHhd) 3.8 L. 5.0 4.4 -
AOTOR DEFLECTION 19.4 15.3 126 N TLE
EIATOR DEFLESTION 541 0.3 0.8 1%.3 IT.E
BERCTIOG 24,9 To.4 a2.7 S 4 Y4
EFRCE CEARED RATIC (ROTDRI o] « THA -HOD -Ell 1Y
TFRCE CxanD BATIS (ETATOR =574 EAT « 100 .10 LELE
DIFFUSION FREYOR (HOTORN Lapk 385 ~ER -1 1] 2E3
BIFFOE:d FACTOR (FTATOR A TR =] - Pt 1) - I 239
LATIVALFET DIFFUEICH FACIOR {RITCE| 1.633 1.57% 1.818 2444 1.424
CICTVALENT DIFFUHATON EACTIOR (FIATSRI 1.431 I.&0E L3288 1,371 L. 35%
SHDOK 1LASE COETTICIENT (BOTOR) -l Lo i] R aliLi] LO007E L0230 LOoey
sHeds Lads SHEFFICIENT  (STNITR] el [ ] OG0 01 [ BT L DDDED
EETHOLIE [FRAER (RrTOER| STOE+DE  (SIESQE  LJLE+QE L FIEaDA L Z3FaGE
EEYHOLIE WIMBELR § 3 JEOEFDE L I0EEDE  JBOESDE  (JIE40DE L A3Ee0d
A¥INL VELDCITY RATIC [ROTOX] 1.004 L.000 1,400 1060 L.600
RETAL VELOCITY EATID (HIRTORI L JBEG B - 897 5T

A8
kLT
8311
<0008
LBan
<00
- 050
«
« 000
« 000
<000
=000
.0
=0

LI
| TE
Mg
H/a
MiE
LhE
ATw

CASRIANE FREDICTICON HETHOD FoR EETIMATINS EFFISIENCY

PROFILE L0800 COSFFICIERT (ROTDN) - arfak
PROFILE Loos COEFFICIERT  (ETATOR] -AZTR4
EEZENDART LOBE DUEFF Y |
FECTOIbRY 1458 GOEFTICIENT [STARTDR|
ANNULET LOoSS COEFFECIERT (ROTORI
RANKULRE LOGF CORFFICTENT (ETATOR|
TETRE Loss CGEFPICIENT I.'FI.D‘I"!JRI:
TOTHE: Tdss coEFFICIENT (BEATERI
EFFICIENCY LOSS DOE TO. TIF CLEARKECE
RSTOR ISEsTnoH It EFFICIERCY
STRESE THEITRACFIC EFFICTEMCYT
ETRGT FRESEDTE RRTITC
HLAIE
BODT
Bi-RDE- 2FEED {8 A18,9
m. ETATOR OOTLET VELOITTY L] 191.0
. ROTOR IHIET VELGTITY L & 3.8
r_r'__ ROTOE, OUTLET VELDCITY 1¥T3 23,7

= BI1EE
02550

LA E SOX4ER <0262 E&
Lazave o.r 21 L0207
~DO&ET
L DGEED
= DNERE
- BOEZET
T
= BT
017 EFERCLEWT
P2 FERCERT
FEB_51 FERCERT
1,18
BINGTE T
FI-ENE TN BERTE
HIB TiF
HEIGHT
257.8 i 2wl 4
X057 180, 190, 5
307.0 324.3 41, ¥
=3&.3 1534 Z11. %

HE
E ]
WS
HSE
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ABRS, FTATOR INLET VELOSITY YAy 23a.0 23008 L5 ] 2204 210.T
RS, STRTOR SOTLET VELOCITY e ] o, o 180.0 153,0 I 150, 0
ANLAL VELDCTTYT AT ROTOR IMLET “Thdh 1800 1.8 19,0 190.8 Ll &
RXIAL VELGCITY AT ROTOR CUTLIET AT 1B0.0 1%0.0 100,40 1o0.0 46,0
ZIATIC PRESSDRE AT EOTDR IMEET  .251) S.08s 1,004 1.018 1.84] 1762
STATIC PRETTORE AT ZOTOH OOTIRT -5 2.EB7 2T TR 2712 I, T
EEL. ROTOR IFLET MAain NOMBELGR (%050 BT 1] T8 B0 -l
ARG, FTATOR ZMLET MASE FOLEER |M1AZS) i S v a L " -]
BOTCE DECELTAATTON [Vo-%1) « T =15 16 -1n 1 DE
PREEEURE FIEE COESTIcEmT {23 "o} 45 LAl A 38 3T
SIATOR DECELERATICN WA 1.3 L S B -EB - HE Br
STACE Loahtus FOESTh BID BETATED| 8T call <41 =L 1]
ELOM COLFFICENT ] T g -T4 -t . Bd
AAS,. FTATIR AIR OUTIET ARCLE 5K .4 L 4.0 .3

FEL. BOTOR ZIR INLET RHNELE 46,5 8.3 A1.% i i | 56,2

REL. ROTHE ALR SOTLET RKGLE 213 - P | 5.4 43.2 5.7

AAT, BTAICE AIR IMLET AKGLE i - 34,6 13,4 IC. 5 38.7

ARE. BETRION AGF OTT-ET MECLE 5.1 Ld 50 .1 £.4
BOTAR BEFLECTION T4.8 13 % 15.8 12.82 10,6
STRATGE DEFTE=Tiim Nl ¥ 28.2 - | 1= 4 284
REACTION L _d GH_6 & T B2
EPACE CHORD- RRYTO i Rofom| T el 1] ~E0d EDE 812
EFRCE CHGFD RESIO (| ¥TRTOR: -1 T | J1om LT JEiz
DIFFREIOE PASTOR (RITON) o] | 483 TR P T 11 2311
DIFFDETAR FACTOR (2=RTan) =384 S3a4 PR ] 303 i §
EQUIVRLENT DISFUSI0E FRCTOR (ROTTE: 1a703 1,055 1,463 1.5€8 1.apm
EQUIVALENT DISFu= 0K FRCTUR |ETESTR] 1,581 1.544 1.51m Loqmi 1.478
SHOCE Lbss COEFFICIEST (R =40 T T P Le T ] B 1=h ] ~HoE g2
ERGCR LDSS DOEFFICEEwT |[STATGHI LODon « D000 cAn-a0 5T R=1 1T
BIIRILDE WUREER (RoTORI ~ESE0-E R AE4+HDE SSAADE aTEsDE <2 TE+0E
FEYEOLOE HNUESIE [ETATOH| +SAEDE JHaEeoe +IGESDE +38E406 LASEAE
AKIAL YELOCITT REZIC [ROTOR) 1.G00 1._@00 - T 1.000 1,000
AXIAL VELODOITE: RATIC [STATSR) LERS SFEA % ] L7 BT

TRSCADE PHENICTION METHID FON EETIMLTING EFFICIERDY

FROFILE 1lo=r OCNEFFICIERT (ROTOR! SGURE FE OZONE OI1EE <Liaps
FROTTLE LOE2 COECFICIERT {STATON! 02544 03268 GBI . B30HZ DL BEA
AECONDRKY Loax OErr ICIENT [ROTCs : onEE]
FECCHDANY LOSS CSETCICIEWT [STATTS LGLL4E
ABNILUT LOSF COZEFISIENT [ROTORS T
AREULTE LOE* COOTTICTEMT (BTRTCR -1 i
TOTAL LOZE OOEFTICIINT (ROTos) JEITLY
TOTAL LDSS QOEFTICICNT [(STRTGR) LE3Rld
EFFICIERCY LOEE BOE TT TIF CLEARANTT . |
FOTOE TEENTROFIC EFF Slemcy 5.0k FERCEHT
EPALE TERNTEAPIC EFTSCIRNDY B, 34 FERCERT
BTASE FhESSURT RATIC 1.5
ETaGE 3
BLADT 258 BLADE TEY BLANE
ROCT BT TIF
WEFET
ELALF Bb¥en 1]} 21e.n Z35_ 4 153.3 27131.6 20
AHE . STRTOR O0TIET VELDCITY 158 1¥l.0 Iab.a 180.7 1806 188 .6
FES. ROTOR DMIET YELOCITY i Z74.0 Iam .8 3.5 J1E-8 334,58
FEL. ROTOR OOTLET VoLicTrT {731 30a.8 2.1 F26.:1 245, 8 2587
AES. ETATOR THLET VELOSITY N T43.8 2365 2306 3%, % L]
ABE, STATOR OUTLET VELDCITY o I =4 1= Y N TEdLB 195,40
AKIAL VELOSITY AT ROTOR INLET realh 184,08 I8¢.0 10,3 I, 1s0.0
AXIAL VELOCITY AT ROTOR OUTLET o\mdy 180.0 A1 I 180,08 Ted.0 2804
STATIC FRES&DRE KT ROTOR INLET FE1) .51 ] - 2088 2.20E
ETATIC PRES=NED AT FEOTOR OUTLET 2834 = 217 3 2En 3,285 3383 3.3
EEL. ROTOR INIET HESH HUMEER - (MDFRSL HE g .73 «TH N1
REE. ETATOR HELT MAZH NUMSER [(¥2aaF| .81 JEH « 94 5% - b
ol - OECTLERRTT wa<71] .13 s | =74 T8 7T =34
PREEECRE RIS CORPFISENT et T A 1] L " 1 .48
STATOR TECEIERETICN =R §] STE q [ 1 ~Hd 1 E=
ETARE 1iADIRG COELYE WA SHELEED «B1 Y- 5] Lae L |
FLOW CUEFTISERT VRS -EA B 35 .10 .BE
ARS, ETATOR Adk COTLET ARILE jALFRAD) 58 >4 5,0 4.7 d.4
REL. ROTON-ATR INLET ADGLIE (airsAal a1 - 5 B34 554
REL, ROUTOR AIR OUTLET AEGLE JALFER®) 19.% 2d.e 3.8 & 1: e} 42,1
REE. ETATOR IELET RNGLE  (aissqdy) 8.8 ] 34,5 C 2l.0
REES. EYATCE RIR QOTLET RHCLE (AL=Shl 5.1 5.3 L ) &4
ROTIR DEFLECTICH 7.8 2.5 18.4 1813 b5
ETATIE DEFLECTION 331 L 23.5 THLD 26.8
EEACTEON [0 | BE.2 . 14,5 T B
EPASE CHOND BRTIO ECTTON| < 7 E 1] B0G =07 -BEZ
TPACE OHOED ERTIO (ETRTOHR) ] AR ST 2 TH2 LHD3
DIFFOETOH FACTOR (ROTOR) = ] .43E L40n LY T JhgE
BIFFHSIaN FACION [STATOR 3 LT L] =513 B F I
EOUIVALENT DIFTOEIOE FARCTOR (ROT-@ 1.7¢7 .70 i.€58 106 1537
EQUITHLERT BIFFUEIOE FLLTOR [STRTIS| 1. 638 1.553 1508 I.548 1.523



SHQCE LOEE OEFFICIERT (BOITR1

hNTRL VELGTTY RATIO IFTATOM

243

] Nk Lol ~Opadn
i fea] 8Ll L]
TPEHDE + 3 PO =JNE=TE
«IFBE+DE P IEE+OE ~IPE«DE
1 .0 Lo i.000
+¥HE . FEE o 0

. BDOSD
s BDgEa
JA1E=DE
-3%EPOE

.00
«IFT

- DG

P [t il ]

»AIEL00

IR HDE
1000

PR LA

PROFILE LOSS CUEFTICIENT (ROTOR)
FROFILE LOBE CCEFFICIENT [STETIA
SECOHORNY LOSE SOEFFICOIERT (ROTIR]
SECONDRRY LOS8 COEFFICIENT (E2TATOS!
ARMULOE L0682 CORFFICTENT (ROTOR)
EHMMLGE LG8E COEFFICIENT [BTATOE)
TOTAL Likn CAEFFICTIENT [BOTOE)
TOTRL LEES CORFTICITNT (3TRTUN

EFFICZIENET LORS UUE 75 7IF ClEsmanmce
FOTOR ISENTROFIC EFFICINHCY
STAGE ISERTROFIC EFFISTENCY

STAGE FRESGFURE RRTID

BLAGE OFEED (7}
AEE, STATON OUILEY VELGEITY Ve
HEL. ROTOR DINLET WVELOCITY N
NEL. BVIOR SUTLET VELDSITY IRCE
AmE, STATOL IMLET VELOCITY V3
REF. ETATON OOTLET W4}

VELCCITY AT ROTOR JHLET VAL
AXIAL WVELOCITY AT ROTOR T AVRIE
STRTIC FRESSURE AT ROTHE INLET {FEL}
ETATTS FRESSURL AT HOTOR OUTLED [PAT}
EEL_ ROTOR IKLET WACH VOMEER [(MUREEE

BOTORE DECELTRATION WLFELY
PREEZEE BISE COEFTICENT Ao
STATON DECETERRTION LCeTaL T
FTAGE TORDIRG (DELTR HIU 2

FLIW COEFFT ¥R
ABE. ETATOR AIR OUTIET AFSE (A 3
FEL. POTOR AIR ISLET RHGLE  (AZFHAIL)
EEL. ROTOR AIR OUTLET AMGLE  (RIRHAL)
AB3. ETATOR AIR IHLET R ]
HES. STRTOR AIRL OUTIET MHGLE {RIFHAL

SPACE SHORD RATIA STATOA
DIFFAICE FACTOR (BOITER)

DITIOETON FRSTOR (STATONL
EQOIVALENT DIFFURIDH FACICE (F0Iak|
EQTIVALENT DIFFOSIGH FACTGE
FROCY LOSS COEFTICIENT  (nOToh|

PIVHOLEE IFOMBLS (TTATLN)
ANIAL WELOCITT BATID (ROTOR)
AXIRL VELOOITY RATIC [ETRIORY

CRACREE PRELICTTME HETHOR FUR EFTMATING EFFiCIEEscY

B13TY JE1ETE ~DL¥ID
Ardls B2 D212
~OL13]
«03324
ODEEL
«OOSER
~OITET
« DEa3N
-kl
{ L F |
B0 8
L.20
FLALE i1
BT
sag. 33,3
LE1.Q Ipc.m
2T4 3 IJET.L
18,9 =073
24%.1 921
RO RGO
ipo. .G ieoln
RO, 0 LR, 0
=1 . BE3
3.E5]1 3900
A L1
BT o5
=72 w1l
48 ~AE
L TE «TH
«E6 BT
-EH ik
5.1 .3
.l 58,0
15.3 234
&0 .5 LT PR
1.1 2.3
- P 2E8
LI o [
LTI g0
«T72 TRY
L HEE EE3
« 67 AR
«ELO & Lp
L_TEE 1.754 L]
i b L o ]
el ] « DO Mpadel el
- BEnng _oeaon = OO
P b ~AIE4OE SBAEHDD
SAIEFTE RZE+TE MIEPE
- 3 LI 1] s 1.000
<A B5 SREE ~Fad

VETEGT
SATRTE

e 1

= = LilE
- GanG
B L1 )
~ARE+DE
SATEFOG

B L
<E¥T

2 BI130
AL

2B2.0
1po.E

B A

1.614
1548
Tl [
M el [
~AEE+OE
SAIE+0E
1 .0
SAET

CRICADE FREDICTICE HETHOD FoOb EETTHRTING EFFICTENCY

SRDFILE 188 OHFFICIENT [ROTHR
FROFILE LOSE CSEFFICIFNT (STATHA
EECOSTART LOSS COEFFICIENT [RODCR)
SECONDREY LOSS DOEFFICIENT LITTmi)
RREULLn 1098 COEFFICTENT (ROTSS
ARRULIS 25T COEFFICIEST (STRZTRD
TOTAL LOES COEFFICIENT [ROTOR|
TUTAL LOSA DOEFFICIENT (STATCRI

ETICIENRSY LOEs WE T TIF TLEASAITE
ROTTR TEDNTROFIC EFF ICICNCE
FTASE IEENTROPIC EFFICIERCT

LELENY
03432

L1800
I 1R

LOLENE
L30T
B3
-L4EE
,BOETY
Jpnagk
PRerd:L 1
- Sk153

- 2T
5.5

PR AR

- D1EE4
~ELETE

FERCENT
PERCENT

~O1%T&
. D1 &g



244

STASE FRESUUHE RATLIO 1.1
STAGE T
hLRGE 208 BLADE ™ ELAOE
foie o MID TF
HEISHT
BLIDE SPEED (]| 218, T 331.3 235K a6G.4 e M2
RES, ETATOE OUTLET VELOCITY ] 1%0.% 1E0.E 180,79 1es.4 180, 4 Hiz
EEL. FATOR JHILET VELOCITY =11 el ] - LR el T | 108 B =1 M
EEL. BOTGR OUTLET VELOSITY =21 197,19 TOELD AT 2338 I40.5 wia
ABS . STRTOR INLET VELOCITY {¥3 L AL 337.% IS I8 s
AR5, “ETATON OOTLET VEIDSITY frap 186,54 1850 1%0.0 1800 1B0.0 MiE
AXTAL VELOCITY AT ROTOE TRLET  [VAL; TR .G 190,10 L H 1w, 0 A
RX1AL VELGCITY AT ROTOR OUTLET (VAR Leg.0 LT e 180,00 H/E
BETATIE PRESSURE AT ADTDR IELET {Poi) 5_E2d 1547 L 5] 13T AT
STATIC PREEGIRE KT RETOE SOTEET (FEZ| BE1 s.76% £ ilg 4. 770 AT
FEL, ROTOR INLET MACH NOMEER: [MIBEL| £S5 7 - =73
RS, ETATON INLET MARCE FMEER (RIa=E| -E5 L] o 5%
FOTOR DS FRRTIoN V2w - T3 - ek TS OF HAZLER sy
FHEERISY RISE COEFFICENT DI 13 S .48 ol
FTATOR OECEIFRATION V0 ey - ] M = S 3 DT WALIER WTEBER
FTAGE LOAGTIEG [FELTH B/ BOURRED) 8 +53 LAE 43
FLAW COXFFITENT TR +B2 i ] P b B
AERE, FTATOR AIE GUTLET RNGLE (ALFHED) E.3 5.0 4.7 L -] bdGarrs
AEL. BOTOR AfR IMIET AHOLE RIS &n .3 &0 & =5 53.9 DEGSEES
REL. BOTON RIS DOTLET AMGIE [RLEHAAD| i 27 o 33.5 310 DESREFS
AES, STATORE ALE DMLET ABRGLE (ALFERF| B 36,8 A5_A 3.8 EEIEES
ARG . FTATOR RIN OOTLET ANGLE {ALPHR{) 5. | LN .7 8.5 DEGFEEE
BOTOE OCFLECTION N o 0 BT 16.0 DESEEp=
STATOR . DEFLECTION B 3.8 P ] I8 DELATTE
BEIRCTION e | 1.4 T TH.E FEACET
SFPACE CHoRD BATIC (ROTORI JTEE B LB07 ALY
EPRCE CHORD FATIO [(S2Adaii EHE oo e T +IRT
LIFTOSION FACTOE (BOToR) 454 a3 -axn L3EE
DITFUEION FRITIR (STATTH) T « 204 LATE LR
EOUTVALENT SIFFURION FASTON (RITOR: 182 1.T74 T 1. dnt
EQOIVALINT TIFFDAION FACTOR {STATORI L1.E47 14621 155 L. BED
EHCCK LOSE  CSEFFICIENT {RTTORI BT D0 .Goonn D@80
SHUGK LO2S. COEFTICIENT {STATOR| LT EBO0d < B0Em -bEaon
EEYHILIS JHpER IRITGR) «HREHFE RELHO0E  IVESDE L 3RE-DS
REXMGION IMTHER (STATOR] LSARELOE AERE  CaSpLre AEEeDd
ANIAL VELOCITY RATID (ROTON| i.-000 P 2 .000 Loban
ANIAL VELOCITY RATIO (STATGR JEEE i JERY SApe
CASCANT JPZDICTTIOR METHOD FOR CSTIMATING EFFICiCicT
FROFILE LOZE CORFFISIENT (MOToR| LElEan L G17EE LO1asd LBLEIY LEIEDE
EROFILE LonE COEFFISIENT (=TATORS By ot 1 ] JOILEE ~OZaS 8 LOL8E2 -ELEEL
EECOKDARY LOEE COEFFICIENT [ACTOR| 01372
ECCONDhRY LOS= OOEFTICTENT [STRTOH) LT
ANMIPOL . L05F CDEEFICIENT (ROTOR! LODER T
MINYLES LOGE COEFFICIENT [STRTTES L OOSED
TOTAL . LOGE COEFFICIENT (ROTOR) JOZEES
TOTAL La88 CoEFFICIENT [ETATOR) LB4IES
EFFILIENCY 14565 [OE 0 TIF CLEMAAKCE ey
ROTOR ISENTRAPIC EFFICTEBRCY 4, 49 FRERCENT
ETAST IEENTROTIC EFFICIRRCY .48 FERCENT
ETHSE PREESSURE FRTTO b £
ETKIE &
BEANE TEN BEzOE Tk STATE
ROCT Him TIF
EETAET
SIANE AFEED [l 236.€ ZIB:T bt = 4N | 25i.= 1 ) HoE
2B, STATOR OUFLET VELOCITT Wi 1wb. W 10 B $#0,1 1541 1#0.% HSE
FREL. -Frith TMIZT VELOCITE "1 2T&. 4 2ag.m 195 4 3.3 FET_2 HsE
EE: . POTOR OUTLET VELOCITY 73y 1aE.2 1T 4 2154 3.8 30,0 Hyim
ART. STATOR 1NLEY VELOLCITY =3 sam, 4 T4 § 217,80 2SS 8.7 'z
ABE. ETATOR OUTLET VEIDCITY {94 199 ,G 5 L] 1050 G, 0 190, 6 MJE
AXIRL VELOCITY AT ROTOE IMLET 4 NE] L8O L. 1.0 TRGLG 180,10 M=
AXIAL WELDCITY AT ROTOR SUTLET  [WAS) LG, 0 L L -1 ] T 19,0 s
STATIC FREASORE- AT BOTDR IMLET [Poi) 4. 854 4. 361 §.2B3 5.187 4,108 AT
BIRTIC FRLUSDRE- AT FOTOR OUTLET [PEI} 5453 .a58 E_Bag 5.87¢ .81 ATE
AEL .- BOTOE IKLET HECH WIMBER (HAWEL) o -EE LS _BE STO
MBS BTATOR TELET HMACH HUHEEN [HiANS) -1 -5 52 51 -50
ROTOR BECK! SRATION VIAULY .32 = | .11 « T3 15 EE HALLER MUOMBER
PELSIUNE WIEE CLEFFICEHT e ] -RE - AT L ]
SEINTOR DECELERATION o) T T JED B L OE HALLER MIHEFE
STASE LOKhEMS IBELTA 170 FIGARED] Rl - 58 o L I &
FLOW OOEFF ICENT VRS -EE =H3 T =T& +13

KBS, STATOR RIF SUTLET ANGLE |AbbER0) 5_¥ 5.3 5.0 3.3 4.5

OCSRETS



EEL. poios ATEH INIET ANEE (ALFIERL G 4E.2 482 S0.0 ‘514 53.2 DEQREES
PEL. POTOR AIR OUTLET ARGLE  (ALPHERI) Y6 % rrJ e .3 JE.4 DECAEEE
AHS, STATTR AIR IMLEY RWGIE  [ALFPHARI] ah.3 5&.5 7.0 8.2 N,z DEGRELS
AEE. ESATOR AIR OUTLET ANGLL CALPHAL) BoE .7 k.4 E.E LoE CEGREE S
RATOR DEFLESTIEN T o =3 1§.3 LE. & LECENFES
STATIR DEFLECTIION a4..£ = 35 .e 35,8 2. E DEGRELE
ERACTION Lo B €35 L B 0. d Er - PERCENT
ERACE CHORD FATIO {ROTOEI LTTH « 18D = i =207 213
SPACE CHERD FATIO §8TATGHI w2l D il « 7D e ]
B IFFUSIal FRCTGE  {RSTOR) =4TH + 550 ~dER oy - LA03
DIFFNEIEN FACTOR {STATARI e RE e <IEY +XTH A6E
EQUIVASEHT DIFFOSION ENCITR  (RDTURI 1.788 1,789 1378 1,480 L.&d%
EOUIVALEAT DIFFOSIioN FARETOR (STATGER) L.8TY 1.838 - e L 2 L.a0%
EHOCE, 146F SORFTICIENT  (RoTaRj LT i) Rae]ili} BT LD G
SROCE LObs CO=FEFICIENT  {5TATHS: +0Dhmd Mldal ] ~rDaan =G 0aG + DG
REYROLDE WLk [RSTOR| =1 BE+hE S[E+OH ACESDE o Reh AZESTE
HEYROLOF WIIMALCH |:‘L1ﬁl? ~ABERGE LR EExOE ,!ﬂErﬂi = HOE+0H JF1E+E
AKIAL VELOCITY FATEQ IRETDR) 1.a50 1040 - L 0G0 1. oog
AMIAL VELAGITY RATIQ {ETAICAY - EBER oL .‘I'H- «HET L]
CRECADL FPREDICTION METROD Foh CrTTHRTIME EFFICTRiACYE
FRSEILE LIGH COEFTIGIENT (RTTGRI AOLTTR SECTHG f172 <] TE .{ILB5E
PRSFIEE LEER OUEFFICIENT (STATOE] JOZIEE TRl ek o M-l LB +QLEET
ERCONDARY Los= (OEFFTEIENT (ROTOR) OIS
SESCHMATY LOSE OEFTICITHNT [EFATON -C15a4
AMILEE Lb2s. OYEFFICIENT STDETY
AMETLUD boss DEEEPTIEIENT (ETATIED ]
TOTAL LAEE COCFFICIENT (ROTR) «DERET
DOTAL LGS GOEFFICIENT (ETATIR -Gelan
EFFICTIERCY LAO5F THE 15 TIP CLEMMAGTE =027
ROPOR ITENTROR IT EFFICIENSY 3 S PERTEFRT
BPRIGE - IEENTEQSIC EFTICIENCT Hh_ 11 PERCEET
ETAFE PRESTONC RETIC 1.37
FIAGE 7
BLEDE 254 BLAEE 158 BLERE
ROOT i TR
EETaRT
ETADE SREED 1) 218 E IzE.4 a3 =221 ek -Fi 3
ARE . STRIOE DUTLET £l L L ama.u 1801 e - 105, E 2]
REL . EOTOA INLET VELOCITY Y] aTd. 83,.= 2.1 3.7 p HiE
KEL. BOITCE OOTRET TELOCITY Ik *85.0 s P B - 233 5 . bR
ABE. ETATOR [WLET VELDCITT A 24w, 2431 -5 - 2350 ISl 4 Hi=
ABE. ETATOR OUTLET NELOEITE [ k] 1000 1900 AP0 180,80 0,0 Mrs
RADRL VELOCITY AT RSTOR I R ¥ i i9¢.0 199 5 1205 1.9 10,0 EiE
ANTRL VELDGITY AT ROTOR DOFLET VA2 ipd.0 1md. 0 130 .0 1901 15%0.8 B
=TATIC FRESEORE AT ROTOR TWLET . [(FE¥1} .75 .13 L.ORE &, %0 L 1] RTH
FTATIC. FRESSTHE AT RODIR DUTLET  [BGL) #.373 [ 9 5. G470 LA £l E,543 AT
REL., BOTOR INLET HACH MUEEZR  (HIREL) - JEL -3 5 JET
ABE, =ETATOR INLET MACE TOMEER  (HIARS) ] - - 51 <30 AN
FOTAOR PECTLERATIOH 25510 “TE iy s TE =T -7 DE HA—LER NKUMBER
PEESSURE AISE COLITICLCHT {HF /B3 A8 ~AE 1] AT AE
FEATOE DECELERATION L e ] W T -TR « TR -8k ¥ PE RAZLEm SUHBER
STAGE LOROTIRG I;DEII.‘.!I. HfD BSUREED) ~EE =55 <53 AB oAl
TLOW COEET ICERT (WA BB «BE =18 ] « 1
HER., SIATIR AIF OUTLET FMGELE [ALFIEAD) -3 5,2 5.0 .8 4.8 i ety
L. ook 2R THLET hHGLE (ALPRAL] 6.3 L E ] .k 21.7 5.5 PEGRERS
FEL, ROTOR AIF DOUTLET ARGLE [(ALPERS) 7 B 2E.B 30.¥% LT EEGHEEE
ASEH. STATCR AR INLET MEGLE  [RLPRRY] e . B 3v.a 6.0 & B DECpETa
ARE. STRYAR AFR GUTIET AMGLE (ALPERA) = L0 i - . TEGREEE
ROTDE DEFLECTEON 0. ¥ ad o [N 0.3 iT.H TEGAERS
ETHTON DEFLBCTION o,z b.n 7.4 3E.D e B CEGHEEE
PEACTIoW . LR L1 | L TI.1 PERCERT
STACE CRIRR RATIO {RoItR) ST78 L] LB = BiET A
EPATT CHISD RRTIOD (STATGR) ARE LEds TR «T2E <171
OIFFUSION FASTOR (POTCE)N 1 EET L RIS &1
DIFTUSIAN TACTOE  (INTON) «&17 ] | +3ED BT
EQUIVALENT DIFFRSIRN FRSTOR |[POToR) I .TAw 1.7 1.75T -] 1.868
ESOTVALERT LDIFFOSIOH FATTOR. LSTATARI I ) 1.8k L.AtR L.E4% 1882
FHOCE. LOSF COErTICIENT (ROTOR| B Teel i M Eeli]i] onng <ROnng & RO
EHETE LOSE CORETICIENT (STATOM) SOOI s o] i bl M Eali]i el G000 .
PEEFMGLOE UMESER SE2EwlHl ASTand o Y yAREaSl SAEEaDE
RETHOLDE wiieSER  (STATOR) SATEARE BaE+0F SAFE-0E AER=-CH «BIE+0E
KETRL VEIGSITY mATIO mSdoelh 1.0Ce L Sl 1.000 Z.0D0 1,000
FOCLRL VELDZITY RATIC [HITRTOR: it le 1000 1. 600 1.c0n 1000

CASCASE FREDICTIOL BETHOD POR EETIMATING EFCICTENCY

PROFILE LCSS COEFFICTENT |RODan)
PROSTEE LOES COEFFICIENT [STATRHR)
sEOOntakY LOBS COEFFICIINT {ROTOR|
SFECOMOCARY LOEE OOEFFICIEHAT JETATORI
AMEULES [oEd OSEFFICIENT (MODTO0R)

Sl TEE -EIT4Y.. OLTER JULTTE L BLE0s
Lol ] s of o] - D -GLesR SOTERL
JGLERG
0 Fld
JDEES



245

KIFLOE Las= COETTICIENT |[STATOR; AOSS2

TOTAL LO=x COEFTICIENT (ROTAR) ~OINTI

TOIEL LOSF COEFFICIENT |STATOR)  OEFTE

EFEICICRCT LOBE BOE T3 TIF CLEARRNCE BT

FATOR I[SSNTACRIC EFFICTENCT B4.3T PEFCENT

=IAST TECHTRORIC EFFICIERCY [ B9 B EERCENT
I.im

ETASC FRESSURE MATIO

it i LR LR LR BT e gt st i rrmEm

OVERRLL EARSSTRE. AATIO o 1]
ELHPEESEDR  JEENTESHIC EFFICTENCY 07,13 PERCENT

CEMFRERIDN SOLTTROPEIC EFEICIERCY .0l FERCEINT



247

Figure F.6 COMPDES Output Dats for HPF Compressor.
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Figure F.7 HOWELL Input Data File for LP Compressor.
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Figure F.B8 HOWELL Input Data File For IP Compressor.
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Figure F.9 HOWELL Input Data File for HP Compressor.
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HPF TORBINE DESIGH POINT
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Figure F.10 TURBGEOQ Input Data for HP Turbine.
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Figure F.11 TURBGEC Output Data for HP Turbine.
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Figure F.12 TURBDES Output Data for HP turbine.
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Figure F.13 TURBGEQ Input DPatz File for LP Turbine.
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Figure F.1l4 TURBGEQ OQutput Data for LP Turbine.
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®=ach appropriste section.
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SUTLET AIR ANGLE {dogres) .-.::sssciccses 1%.4049
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BWOZZLE ASPECT BATIO .. .vicvvmmarrrnansns w03
ROTOR REFECT FATYC . cvsiocanmmnrrrnsss re 2.32
WOIILE (ROTOR, SPACE—CHORD RATIO ... ..o. .. 1.13/ 00
HOZELE LOEE COPFFICEERT .. oiccccucaacans LAE0g
ROTOM LOSS COEFFICIENT ocvucoviina-n- aphg
- T [ W e et 1. 3g"
EFESIEIC HERY [Cpal I9/Rg®l ..ciacaeoa.. 1687, 2180

ARKUVLEES GECMETRY

ITIEF ARDITE §EM) ..cemssssssess BO-31  EEI35  E1.46L $3.13
HUR RESTUE (oml coecisnaseaans g2 .55 41,51 §1.2% 3874
WOZZLE AMIAL CHORD |em) - .-.. 5. BEEa

HWOTLLE CHCORD (em) ..... .28V

ROTOR AXNIAL CHORD {omi ..-.... B.E311

BMOTOR CHORD (O] - o-vocooozors 9. 4099

ENTEF. GAFP (em] .~ ... ..cvcnais 1.4923

DOTEET GF [em) . .civevawainiis 215874

OBTLET HUB-TIF RATIO ........, LEZET

ANNULDS INLEY ABER {mi) ....., L5713

WOZELE EXIT ARER (®mi} ....... L3TE2

FOTOR -EHIT ARER (@%) ccociuwaas . T140

ANNULGEE EXIT ARER (m'} ....... .TEEZ

AKNULTS FLARE AWELE (degres) . 19,78

FREER OF BLAPES (HOZILE) ... 1%

HELA OF BLADEF [ROTOR] ..--- 34

INEIFEL § CONRELATION

FOZZLE/MOTOR SFACE-CBORD RATIO .ouu-o-.- 1,08 1.22

PITOH LINE GAS FPARRMETERS

BOZZILE IHMLET HESH WUBBEN .. ...0nceersoresss CAE1Y
HOZILE OOTLET MACE FMEER -o.coeco--. 5809
EOTON ITWLET MACE WIREER .., ., ..--:..e. 3433
RITOR. . INLET ROOT MAECH MOMBER .....coocvania -42EL
FOTOR EXIT MACE WUMBEER . ..ccivenciacscsnnsa .37
HERM BLADE SPEED (m/@) . -ueuas-o- P 238 .66
FLOW R P I RN . - i s driaamem il s e e BB
ELADE LOADIRS -:nﬂ'n:mr.-.............-. L.48
RERETTOME - W s 5 ok 7m0 ok ot s T s S, 4227
BEACTION AT THE ROOT Mi.cuicooemonmssnnssan 2ER_8T1E
HOZIZLE RES, INLET WELDCITY (mfs) ._... PR &19.58
MOZILE RBS. DUTILET VELOCITY [B/%).-.ccoeen: 3d45.495
FOTOR RELRY. TNLET VELOCITY (mfE) occvaoas 20E. A2
ROTON MELAT. OAUTLET VELOCITY (B8} ..-vwe-a. 371 .05
ROTOR KBS, OUTLET VELOCIZT [B/#) i -ccrrunnnns 216.82
ANHULLS EXTT AXTRL VELOCITY (BIEF ciicwceny 205,40
MOZZLE AB5. IMLET AIK ANGLE (degresi ...... 21.0a
HOLZLE RBS. EXIT AR AMGLE (degreal ,...... 53,74
EOTOR RELAT. IKLET AIR ANGLE (degres) .... 10,84
ADTOR EELAT. EXIT AIR RMELE (degres] ...... 56.54
BOTDOR ABS,. EXIT RIN RNGLE {degres] ....-:5.. LE. 0D
KIIZLE I[NLET ELADE ANGLE {(SagEes] . .u-a. Z1.00
BIZZLE EXIT BLADE ANGLE (289000} ......-2.. 46 7R
ROTON, IHLET BLADE ANGLE {d8JEo@) ..y oreess 10,99
EITON, EXIT BLADE BMHOLE ([Sagresl - ...su.... 45,74

L R R e e e E R R L]

EIAGE OVERRLL COMBITION

PRAEMSURE BRTIO ... ccriirasnmncmonssosnrad 1.42BE
FREDICTED IEERT. EFFICIENCTY (%] ..evwcsics a0, 2060

RN R T T TN R A AT RN E NG R R C RS
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This is tThe warni & orror sectlons which
give infarmstion fiow eendlflars For
mach appropelate eertlon.

LR R R L LR LR L by g s b b o bbbt d e p R BT Lot Ry s il lyl
WhRENING: ANNULUS IHLET SUESCNIC FLOW
WASHING: ANWULUE CUTILET EUBSONIC FLOW
HARNING: WOIILE OHTIET SIE=OMIC TLOW

B R R R L Y

TORRINE OVERALL COMOITION

DYERALL PRESSUVAE RATIOD {FinfPowt) ...... “ i 3.%410
OYEFALL TSEWT, EFFICEENCY [8} .. coeccoce-n 31.36
POLYTROPC EFTICINBCY (B] ..cceiomnanncanes nh, 63

PORER OUTEUT LRI/E} orsrnnmnnrrnreesnenry ‘S5A42:11
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Figure F.l15 TUREDES Output Data for LP Turbine.

Foee Wortax Torhims Dewiicn Poocgram

LY TIMATHE DESIGN POINT

1nput Data

Inmlet Hazs Flee Babks

1ED,20 kgin

Fowar Dubtput 16,7558 MW
Shaft Fotational Speesad 4450, 0 reavimin
Inmlet Swirl Engle 00 deg
Turbing T/T Tesptoopic Efficienaoy W
Cblek Ewirl Angle Z1.00 dag
Inlet Fuel/Rir Eario ~0z07
Work Dons Fastos l.o0
Fiinf} Tiini)
(EFa) (8.4]
L0 1054&.4 12108
Hmagn 1054.0 1ZID.E
Foat 10%54.0 LI10.0

Olads FErecs

Input Inferestion

Matal Dengite 8.040 Mg/ouim Tapar Facstor 1.000 Shreud Bsuivalsns Lemgrl 04 ==
Flans Yhoobor i X 3 5
Rxial Distancs -0 Is.9 sh.= 103,55 {m)
Tip Madias 3548 88 550, pE 85271 25765 iEm)
Haan Paddus 5i4&.z8 214,28 514, 70 S14.2E  (mm)
oot Radius 472,58 4ET . B0 46K, 15 E L 1] {mm
H,.&G.V. Marocfatil Datas Boter Asarafoil Data
Traa Chord 45,24  |mm) Tros  Chord 4633 (mm)
Rxial Chagd 39,93 (mmh axtal Chord 23_4£1  im=)
Hax Thickness .04 {mmj Hax Thicknaes 037 fmm)
T.E. Thicknass B8 mm) T.E. Thicknacs L300 jEmmd
funber of Soals <]
Tip Seal Cleasaramcs 25 [mm)
Ainley.Hathissen, Duntham & Cane Lobs Coaffléjsntz
H_ &%, Robar
¥Frofile Locs [YE} .02% Frafils Lops {¥F) L0352
Bocondary lLogs [(T5) AO33 Seoondary Lass (TE) 082
Tip [T} oo Tip == LOLE
Tetal 4 R.E. ~OEC Tecal & B.E. e
Reynolids Hisbar F.ATESDS Peymolds  Hombes s i.TEE+0%
Hundss of W.G.V.'s -BE Space Axial Cheord Ratls 1.33 Axial Crhes=d Rapect Ratic 2.34
Epace/Chord Fatis 1.00 Aspeer Watic 2.08
Husliar of Robtor "s T2 Spacwfhnial Chord Ratio 1.03 A=ial Cherd Rzpect Ratio 2.32
Fpaca/Chord Ratis B hapemet Batio - % |
Hezzle Goide Vana Outlet Triangles,
VG Tl Ve [ ALFA (O} ALFAIL} HE[O} HE (L FA0. 1]
[ETE imf s} e m ) {dag) ldag] [ = {=1 [m/ 5}
Tip 147.1 205.0 278.9 53_9% 4 .54 L .31z 05,2
Haan 357, 8 15,8 30%.3 6. 0p 17.74 +EBEE ) 2042
Reot ¥93.5 23T € 335.A 5857 30.FE 50N .3ga 205,32
Rotor Outlet Triapgles
via VIiZ) W3 RLFA [3)  RLER{Z} BEE(D) HA (2] TA[2,3)
(mie}p (mi 5] la/e} fd=g] [ { =1 i=r {mlsd
Tip 217.9 493, 1 TL.8 19.1E = A8 337 -E607 0% .9
Mo 220.5%5 TR T5.0 21 .00 57.14 -344 .11 20%_9
Roat 223. 9 T3 863 23.19 55.82 - 34E EET 2059

Bragnation Temperaburad & PEesasuras
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o] Ti1} TiZ] T{3} »io) Eil) i) P id)
] K} [} (K} (P&l TEFa) (EFa) (kPaj
Tip 1210.8 117E-E L1TE-& 1134.5 10438 W3l E 4.0 7780
Mean 1216.0 1174.1 1174.1 113%4.% 1042.68 215,17 gas, g TrR. 0
Root 1210.8 1170.2 11T0.2 113%.3 1p41.2 501, & BRE. & T7e_8
Valosity Ratios Daflacliche Blads SEimanm Cotlat Static
[0k f damEy (250 finf, Bi1h €1, 21 Tanslle Bending Fressore
{= =1 1dag] 4=t ] [HEa] {BMFal [
Tip 1.60 L.81 53;8 £3:] H =0 TIZ. 0
Maan 1.78 I.7é 5.1 LB " i1.0 TR2E 4
oo 1.81 = 1 58,6 dE. & +F 1131_-% TRL .V
Stage Parzpotecs
u e di/g. 88 Reasscion Ewalfel] LIfe Coal
Shatso Fotor
imfm} imSe} =i %1 =) =l
TEp 2633 A81. 58 1.3 B, & 1.16 .aT
Hmas I30.7 IE4-3F 1.60 5. % 1.05 1.04
Foak  T16.1 424.0 1. 84 42.0 - 8a 1.31
ETR{TT] = SG.8 & CF dT/T = 147.1 B ET = -B
ETAITE] = T3.1 & Yafii o= o 1]
Fraa Vorta: Torbipe Sesisn Frogras
L TUORETHE SEETSH POFHT STAGE -]
Ipput Dats
Inlet Macs Flow Raco I160.20 kosfe
Fowar Cutpot 168 -LIT3 MWW
Ehaft Rotabisnal Spesd 4850.0 ey :in
Inlet EBwicl Angle 2L.00 deg
Torbindg T)T Isantropic Efficienoy B0
optleal Swirl Anglie 2L.00 S
Inlat Fusl/hic Ratio (OZAT
Work Dore Factor L.ad
PAinfE) TilnL)
{kPa) 1K)
Tip 78,0 il 5L A
Maan 17§, 0 1134, %
Rant 138, 0 1134 .5

Elida STtrams Imput ITnfarmaries

Metal Density S.00 Mgfoa.m Taper Factor I.000 Ehrovd Egqoivalent lapach G068 m
Planes Fodbac 1 a . &
Rxrial Distance 1z5.@ 173.2 195.4 259.3 | ]
Tip Radius 55T.6% BET3. 36 534,70 LEZ .63 [wmi
Haar Badiue El14.28 El4.20 514,20 514.29  [mm}
Foot Fadius 460, B0 455. 20 453,77 44553 [mm)
E.G.¥, Regofail Tata RBoter Rercfoill Data
Trus Cherd 52.2%3  {mm) True rd E8.70  [mm]
Reial Chord 4&6. 582  {mm) Rxial Choed E3.TE [mml
Hax Thicknese 10.44 {mm) Hax Thickness 13.7%4  (mm)
T.E. Thickness 1.19  |mm) T.E. Thicknass 1.54 [EEm)
Hupbhear of Saals ]

Tip Zmal Claafafcs 28 [neal
Alpiay. Mathisdan, Donham L Came Loss Ceafficiemts
WG, ) Bator
Prafile Loss IE} 038 Frofile Loss [§ 3] L O35
Sscondary Loms [¥5) - 047 Sscondary Loas (Y5) 045
¥ 1] -aag Tip IEEy =
Tatal = RB.E. ~OE3 Total # R.E. .04
Baynslds Musbuas H.BRE+#0O% Raynolds Hesbar 1, A5s406

Number of H.G.W.%E

a9

Space/Axlal Chord Patioc 1.18
Space/Cherd Ratio

1.0% hepact Ratie

Axial Chord Aspaot Hatia 2_5%

Z.38



Fumber of Hotos ‘=

43
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Epace/A¥ial Chord Ratio 3.21

Axial Chord Rapect Ratie 2,03

Space/Ihard Ratdo 3.1 Aupmet Rabis 1.8A
Mozrle Guide Vans Catlet Trianglas,
wia) i) WH D) ALFN(D) AIFA{1l) HA{O) BB ED b TR0, 1)
im/a} imn) LY (dag) (dwg) 1 =} =i (mia)
i 330.4 205,85 2587 51.52 =3.01 518 323 208 . &
Hman b LT B i3 FEH. 4 54 .52 13,33 LJE54 L3330 208.E
1. 114 1. B ] 2363 335.8 57.9% 9. 47 . B0G 3T 2056
Roter Cutlet Toisngles
Wiap w2y el RLFR(Y)  ALFRI2}] HA(3)] HRIZY  wA(2.3)
(m/ sk {nimh fmsa) () {edem) 1 - =1 imfzl
Iip 2318.2 87,6 ) 18.73 50 69 A48 . B34 06,6
Maan F31.3 dag.1 TR.32 a1 .00 57, 08 -353 606 JOE.E
Moot 2200 AL .3 Pl .5 2388 55.54 360 SEz ZE_E
Ebagnakzion Tomparaturas & Fressuceoo
i TiE] Tids T3] Fia #i1h F{Z) i3]
1Kl [E) 1Kl 1K} 1kEa) (kFa) Tkial {rPa)
Tip 311348 1TEE.T  110E-7 I6E6.T FE8.1 693, 3 0. SEE. %
Hean 1134.8 1101.%  1101.2 1Ds1.4  TET.] é77.0 LT3 I 5EF. 3
Foot 3231353 108&,7 1055.7  1o0ex.4  TE5. 8 G628 50,5 576, 0
Velocity Batblas Peilections Elade Strmer Outlet Statie
{0 (angy {2340 dand, 011 41,23 Tuhnlle Bending Frossues
=} =l fdegl  {Segh {HFa) [HEa) {EFa}
Tig 150 1.83 FO.T 9. h . =] 525.0
Mean 1:6L 1.80 755 0.4 .4 20,7 s2%.0
Foat Z.75 1.55 #0.5 BS.G | Ti.8 4238
‘Etage MPararmisis
u dvw dHfu. sy Rasciion dweifel Lift Coaf
Stator  HReter
im ) (m/ &) 1-1 %} (=} =
Eip Z68.T 20,7 1.x3 65.3 1.4%8 1.08
Hean 2389,7 AET.T 1.53 56,6 1.8 1.16
Ros  J03.6 £IT,. 2 1. 9% LLTE L. L 1.3E6
ETAITT) = 65,2 & CF AT = 1481 ¥/ RY = N
LIRIIE) = T1.5 w Wl - JBE
Warning Mator Space/Troo Chord Fatle cutsids Ainl wy®a Corfelation
Froe Vortex Tusblms Deeign Program
LF TURBINE DEESICH BOIMT ETRIZE 3
Input Data
frlet Hass Flow Fate 160,20 kgls
Power Jutpuat 135302 MW
Shaft FRotatlensl Speed 4450.0 sevimin
Inlat Swizl Angle il 0 deg
Turbine I/T Isentreple Efficiency %0
trtlet Ewirl Ansle 21.00 dag
Inler Foalfhis Patio LGy
Wark Dehs Factor 1,00
Fiing) T iimf)
(E=a) %)
Tip He5_3 1062, 4
Haun 603 1061. 4
Rzat S68.3 1060.7
Elades Steesa Ihpot Information
Hetal Density §.00 Hgfce.m  Taper Facter 1.000 Ehroud Equivalant langih 00 mm
Flanm Mk 1 - 3 i
Axial Distance 2068 lag.2 372.8 458, 4 {mm)
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Tip Radius SRE. 6 Ss0.10 SEL. B8R E03. 05  (mm)
Haar  Radios 514.28 214.38 534,20 514.28  [mwn)
oot Madlius 45,53 d3E:dE d3E Ed 425,48 [rom
H.E.¥. Aarcfoil Data Boter Merofoil Saba
Trus Chard E4_dE  [mem) True Chesd 52,96 (mm)
Axial Chpord 57.45  foum) axial Cheood RE 47 fmm)
Hadx Thickmena 1Z2.B8 [mm} Haw Thickness 10.55%  {mm]
T . E. Thicknain 1.35 [mm] T.E. Thirrnass 1.80 (]-iiik]
Husbss of Saals a

Tip Seal Cles-ance 28 fmm
Rinley, Makhleson, Dunham § Caps Logs Cosfificients
- Rotaor
Prefiles Less %34} -B3E Profils Leas (FE] -DZ%
Fecomdary Lass (YE} G455 Seconsasy Loaa (EX) .45
Tip [TEd e e]u) Tip el .11
Total &« K. L. -DED Teral = K.E. - FES
Reynolds Wumbes W, 3EEs0% Revpolis WiscSes 1.14E+0E

Hesbar of H.G.¥.'s 48 Zpace/hxial Chord Ratio 1.17 &xial Chord Aspect Ratic 2.64
Space/Chord Ratio 1.05 hupeacT Ratio
Hombar of Rotor *s 34 Sh=ial Chord Batio 1.11 Axial Chord Aspsct Patio 1:88
Spaca/Chord Ratie 1.0Z kepact Hatio
Kozele Suwide Vane Outlet Triangles.
wig wilh L E1s)] RLFR (O} ALFR[1] ER{O} HR{1] WR{D, I}
{m/el {m/s} {mf=] {dmgrh ldeg) i =} i=1 {m/s)
Tip JI0.1 208.8 e .5 ¥, —-2.23 -5 E] SASE 2063
LT 348 .5 210.2 2EL.1 23.78 1136 SEE3 ¥ 41} 2.1
Aoot EL L 243.0 328.7 57,88 3z.ol ~E32 -3EE L
Roter Cutlsr Triamgles
R w2y 1) ALFA(D) REFR{TY =m{3} o W VRiZ, B
{mf i) (rafal fmfn) {dareh {deg) { =} =1 fmfa)
Tip 2170 4028 &7.5 16,13 2521 - 258 . BES I0E.Z
Mean  23G,9 78,7 .2 41,09 7.1 - 365 - BET IEE. 2
fisst 23 T.4 361. 2 85,7 24.H9 L LA78 .B5E ZDE_2
Stagnation Temparatures § Poresssices
T Tk T2 Ti3) iy Fili r 2} F 13}
1K (K} {K) X} {KPa) {kia) (kFal (L= 1]
Tip 1DER.T 1035.8 1035, W 87,3 s6d.2 e, 185, 4 A%, &
Masar: L0EL. 4 1038-8 bl - - -] SER, 6 &&1.0 423.3 eB4.2 dlo.&
Root 10624 1e23.5 10ZXX. 35 L] 559.3 §TR.5 471.32 41L.3
Velesity Ratioa Dt LpiCE Lo Biades Etreds Turles Htatilc
10 A dmEl {2340 (im0 1) {1.20 Yamsils Basdips Presssre
=] =) (el {degl (HFa) iHFal {kEal
Tip 1. 45 1.53 BB. 6 0.0 1] o ] ITE. &
HMean 1 .58 1.8} T4 & 6E.5 A 3.4 ITE .4
Eook 1.T& 1.4% . s BT E .4 §5.7 ¥15:2
Stage Farametern
[T] e di/m.5q Feaoction Iwoifsl Lift Coes
Stacss EaTar
imfa} im/5] i3 (%] =4 -1
Tip ZTE. 4 IE.5 1.17 1 1.4 i
Maan Z3B.7 Is0.F 1.56 57.8 13X I_04
Root 200.9 42%.4 2.12 §1.9 1.08 1.15
ETA{TT} — 608 & oF dT/T = L53.0 P BT = -
ETIRITE) = 1.7 % Valfu = -B&
Frea Vartax Torbine Design Peogras
LT TURRIKE CESIGR POINT STARE ]

Trput Data
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Inlwt Hass Flow Bate 160.30 kgfm
Pimewr Dnrkpot 3, 4392 W
Shaft Rotatiopal Spesd A450.0 rew/min
Inlet Swirl Angls 21,00 dag
Suebine T/T Isentreapics Efficiancy - g
Outlet EwArl Angls 18.00 deg
Inlat FusifRiz Ratie 0207
Work Done Factar 1.00
FlLnE) Ti{inf)
{KRa) K]
Tip 410.6 #80.3
Haan 410, & SHE. &
Rant 4140.k 3

Blads Stress Inpot Infatmaticn

Hetal Density 8.00 Hgimu.m Tapar Faster 1.000 Bhroud Egulvaleot Longth =00 mm
Plans Wanbar 1 2 3 4
Arial Diatancs d{ET, D E4E.7 STE.& GGz.9 (oEnj
Tip' Radigs 60308 F13. 4% &LE. 0B B31.33 e}
Hean Radios 314.2E 51a.28 =14.28 S14.38 [nmm)
Foot Fadivs 425.48 415.08 a1z, 47 397,43 [mm)
H.&. ¥, asrcfoil Data Aoter Rarsfcil Data
Trods Chagd Ef.8L (=) Tran Chard U362 fom)
Relial Chord S59_E5  {(=m} Lxial Chard B6.31  {men)
Hay Thickness 13.38  em| Ha= Thickness IS T3  {mm}
T.E. Thicknoss .44 dmml T.E. Thickness 1.90 [}
Humbar of Sasls e
Tip Emal Cisarance 25 )

Alnley.Mathissson, Ducham § Came Loss Cosfficients

H.&. ¥, Reber

Frofils Lass (k1] 018 Profile Loas (%8 L BZS

Escondary Loga (TS .03& Eecondary loes (Y5 034

Tip 1¥E) - OEE Tip (4 ] ]

Tetal + R.E. = e Tatal + R.E. ATl

Foynolds Husber 6. S4EHDS Reynolds Huomdes 8. 1 EE+05
Hishear of N.E.V.'a 45 Space/Axial Chord Batic 1.30 Axtal Cherd Axpect Ratio 3.32

Spaoa fChord Rabls .o hepicct Ratiao 3.8

Homber of fetec ‘s 34 Space/Raial Chord Batio 1.10 Axipl Chord kspact Ratic .53
EpocafChord Ratis l.0% Aspect Matic 2.34

Kozzle @Guide Waoe Cuclset Trisngles,

VB Wil VWiDF CALFRIO) ARLEAIL) HR{D) MELY O WR(D,1)

=/8) insel [L:T Y] {cdegh [deg) i -} =) {mie)
ip 311.m Z12.8 d34. 6 48 ED =15 .26 - R 355 295.3
Hman 347.1 0¥, 2 S 23,73 11,67 581 L350 205.23
Rooz 403,40 #95.1 46T 5%, 19 37,58 - ERD 4an Zos_3

Botor urlst Triangles

i3] wiZh R A RIFE[I} ALTR{2] HE{Y) HE{Z] VAIZ. 3]

(S m) imis} {TF Y] {elmeg} {daqg] i =] =] i)
Tip 22Xl 7 403, .1 57,3 A5.67 58 p2 =383 LERD 203, 5
L FE 156 370,39 T0,.2 La.o0 HE.6E L3EE LE1S 63,9
Ragt 223_F J4e.0 S0.H 24.0% 538G 3B .58 2038

Stagnation Tempatratuine § Prossores

Tiby TiL) ol T1d) BO] Fal) B2} F i3
{K) [E] 1Kl [E] (kP&] (kFaj) iEEa ) (kEnj
Tip $EY.2 eSO 26530 914 .8 aa%5. 9 3Tg.0 36338 282,131
Heman SEE.E PEE,T 9587 w1E. 7 adig. 9 352.9 ART. 3 293,37
Ropz  GB90.3 49, 5 #d9.5 B1E.E §03:1 LR 3% _a: 2061
Walesity Matbion Deflecticns Blade Straan utlay Sxatde
oy A langl 12179 (4nf, 0110 1. 3) Tonzile Bending Fressure
(=) =1 ddsarg} g ) (HEa) M=a) (eEal
rip 1.43 1o Eg EE. 8 dd.d B A RET.H
Haan 1,57 1.77 4.7 7.7 0 16.8 68,1

BRoot  1.8) 1.34 BE. 3 1.5 ] LT 2E7.3
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Srage Paramsteos

i3 e di/a.eqg HReacrion EZwelfel Lafe Coaf

Etater Rooor

{msE) {m/n) (= (%) 1=} i=]

Tip 190, & 281.0 1.00 68.1 1.64 BT

Mean 7397 280.0 1.4 85,3 1.35 1.03

Ropt 1007 437.6 2.3% EE 1.04 1.1%
ETA(TT) = 51.0 % CE J4TJ/T = 1587.2 " BT = -4

ETAITS) = J3.8 & Va/o = LBA

GRS IR AR E SRR T TR AR AR R RS R TR

CVERRLL FRESIORE BATIO. .. ... ...- R 3.559%
TUREIFE ISENTROPIC EFTICIERCSY.... .
TURBINE POLYTROPIC EFTICIEROY. .o ivuuan ER, 40%
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Figure F.16 TURBOFF Input File Data for HP Turbine.

HF TURBINE DESIGN POINT ETAGE 1
2. 767000E-D2
1800,000000
2827000, 000000
152.730000
=100G0. 000000
4
=10000. 200000
59000, 000000
=§000. 000000
—7000.000000
;g,gggggg dE-DHgELD 42 394720 44.533410
& 35.515520 35.513520 3.
0. 000000E+D0 F8-sassa0
4.8397TTEE~D2
5.Bl444BE-DZ
2.230997E-02
1.871483=-01
1.725639E-01
9.370282E-D4
E.7958B3E-D2
32.879160
L2651 B4E-02
«B41183E~02
LEFOFO4E-02
.280354E=-01
1.BZE982E-01
1.28228%1E-03
2.5000008E-04
7.8485408-02
4.700000E=D1
0
il

Ll = ]
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Figure F.17 TURZ0FF Input Data for LF turbine.

2.070000E-02
1210, Tad0fd

1054000, 000000

160. 200000
=4 450, 000000

4
-4 450 . 000000
—40035.000000
—3560 . 000000
=3115._ 000000
IS 59TTED
47, 258110
0.000000E40D0
4.524139E-02
. 547364E-02
3.001772E-02
i1.48121E=-01
1.630241E-01
5. TS1850E—-04
f_B3AZ14E-D2
i7.740870
§.63ZZ20E=-D02
4. TEE3ZEE=02
2.5156%95—-02
I_.5889753E=0T
1.9435%418—-01
B.S75862E—04
2500000504
1.013055E-08
&.700000E=0L

#]

1
EE. TES480
HE_ORO3IS0
21000000
5.2Z2ETIE-02
G.l1B391TE=02
3. 456571E-02
2.053638E-021
1.685330E—01
1. 085358E~03
1.124581E—01
13.334500
. ESEERE-02
B.285%6TE-02
4. ABZEIZE-DZ
2,TE3322E-01
1,65T519E=01
1.538719E—03
2 500000E=-DOd
1.2BESE4E-D1
4. ToDDO0E-OL

o

i
5E_ZEZE30
44 . 533250
210006000
f.440225E~02
7.547073E-02
4 E085705-02

LP TORBINE DESIGN FOINT

. 0096320
&< TAS6L

E7.336200
£E.518670

SF. 009620
&3 B4EZED

STRGE

SE. 220560
40 .6345930

S7T.eTREA0
42 .378%80

A&, 136340
4z . 629540

F§. TES5BU
ac. 080400

ER.2EZERD
£4.5593240

E0_30T6ED
Ld.348230



2.515691E-0%
1.706505E-01
1.3463802-03
1.441636E=01
1l . 360630
2 TEIE5E-02
L0314 7RE-O]
A4B45RE=02
-A38250E-01
- TRRESSE-0L
LHU0TITIE—=D3
LSO0000E~04
-EE4R1ZE-D]
L TO0R00E-01

a

1
&60.307660
A2 _ 548230
21 . 000010
B.691498E~02
8.0485884g=-02
4.5947075=02
2.8683155E-01
1.602007E~01
1.436L3RE=03
1.6B0004E—-01
11.0%4570
F.252048E-Q2
1.0308768E~01
5.504009E=02
J.436252E-01
1. 836521E=01
1. 9007 TEE-D3
2. 5200000E=04
2.18855BE=01
4.700000E-01

0

0

a4 PG R Lal LR D

6l.3L8ZE0
41.507620

278

LEORSED
247460

63.113040
30.742840



281

SAE CUTLET AMGLE [(degres)......., =&7.4581
SUTLET MACH HUMBEM. ..---rironnnis 417
INLET TOTAL FRESSURE (R/m?)......2552065.00
IHLET TOTAL TEMPERATURE (Ej...... 1753.383

CUTLET TOTAL PRESSONE (W/mi)_., .. 130753900
COTIET TOTAL TEMPERATURE (K)..,.. 1741.490
TOTAL LOEBS COEFFICIEEBT oo iscsiss LTA5E5
INCIDENCE ANGLE [degres)...... voo =EE.GHETS

STREE OVERALL OOMDITIOND:

FLOW CGEEFICIENT [Va/0). . P 26080
RIADE LOAOTHE ﬂﬂﬂE‘:FIE]:Eﬂ'H’ I:IJE.n"U] immaa SAQRES
GAMME [meab) I8} - cciciiiceiiiseana L.33001
(-1 [maan} ABT)isveracrsmnniian=-rs BEEEERD
FRESSOFE RAIID ... ... R M FEE]
ISENTROFPIC EFFICTENCY f%] - -is-cxs4 A8 AT04E

FEESANFA AR FA AR RN FAER PR TR TR

ErEED® —10000.00 (rp=] KDMF= 001 3EE483 (I

SINGLE FTAGE

HOZELE :

GRS OUTLET ANGLE [Smgres) . ..--... =& BAET
COTLET HACH WUMBER. . covrivoorerie -S40
SOTLET TOTAL FRESEURE (R afl.....2775537,00
CITLET ToTAL TEEERATORE (Kl_.... 1800.000
TOTAL LSS COEFFICIEMT . .vvoreres -1asa9
INCIOENCE AWOLE (degres] .. ....... BT
TR

GAS OUTLEY ANGLE (degres]. cos =87 4591
SUTLET MRCH WUMBER ... ...,....... - 4ELT
IWLET TOTAL PREESURE (H/mt)......2354075.00
INLET TOTAL TEMPERATUEE (K)...... 1928.176
OUTLET TOTAL PRESSURE {H/mT)__ . __ 2002F31 .00
GUTLET TOTAL TEMPERATURE (K)..... L6€78.816
TOTAL LOSE COEFFICIEMT .ovuioeace JA5E5
IRTIDENCE ANGLE (degres)...... .. =32 SNETY

ETASE OWVERALL DORCITIONS:

FLIW COEFFICTENT {Va/U). - JAdE5E
BLADE LOADING I:l:l:l"ﬂ!ﬂm rnn.-'nl ----- ~E3AGL
GAMMA (mean] [BI)..srsssmmciimeeiae- 3. 330ED
tp (maan] [BL)aesassaamsrsnnaras 1155,.344
PREGSHORE MATIO .- ....iudasccssssnnsaan TR E
ISENTROPIC EFFIGIENCY (&) .........-. “81.4103]

Al FEEEEEEETEEAR R T TR TR adasesdiese et enddddhedaenasE

EPEEf= =10000.00 [Cpm) HOMEs [CECCEIRG POLMT] DFO2Z32i07 (1)

FIRGLE ZTAGE

HOZZLE

GhE OUTLET ANGLE . {dogred)- . ...-. -4, 2a20
ITLET HACH WIMBER . i aqqaneimn=n= L BT
SOTLET TOTAL FREEEURE [(Him®).....2738056,00
CQUTLET TOTAT. TEWMFERATIFAE [E] .. 1E0G, OO
TOTAL LOSE COEFFICTEMT .- - -..as LOEEE

TMCTIDENCE ANGLE [degret)  ..o..-- -BDEo0
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KOTOR:

QRS OUTLET ARELE (dagreaed--...... —BE.S028
CUTLET MACE WIRS¥E .. ... .. 1.00040
INLET TOTRL PRESSURE (M/mt|.....: 2051 344, 00
IRLET TOTAL TEMPERATURE (F|...... 1875.68%9
CUTLET TOTAL PRELSSURE (Wfmd). ., ..1231649.040
OUTLET TOTAL TEMFERATURE (K)..... 1502.E78
TOTAL LOSS COSEFICIERT ,.vwdunaans Jigeuz
INCIDENCE ARGLE (degres).,....... - 354EE

STAGE OVERALI, SAaBETioNs:

FLOW COEEFICIENT {Va/O)...... . B6310
BLATT LORDIHG CEEFFICTEMT [DE/M) . .... 2.05915
BRMEOR. [maan} . {EBX] i isseirsrioicmnmans 1.33315%

Cp fed@e ) (FT) 0 0aan censnan 1IS3.089
FEESSURE RATIO ... .., e R Ly _4357
ISEENTROPIC EFFICIERGY (%) cuccicueaoa 68 .355R6

TN EN AR A A AR R T T T TR R RN E RS S SRR R R TR RN RS

ERPEED= =10000, 00 (rpm] WOHE=, 0023082107 (8I)

SINHCLE STRGE

ROZZLE:

SRE OCTLET ANGLE (dagres)....... ., —&T.Fas0
OUTLET MACH HUMEER .- Cvovnnnnny, e
OUTLET TOTAL PREESUME (H/mt).....273005&.00
QUILET TOTRL TIMPERATURE [E]..... L800,000
TOTAL LOSS COEFFICIEMT . ... . Pt .1n38E
INCIDENCE ANOLE [deSres) ....,q ... - 000ag
ROTOR:

GAS QUTLET ARGLE (degoeel.......- =67, 4645
OOTLET MRACH HUMBEHR . ....--..... . 1.z000
INLET TOTAL PRESEURME (M/mi}......20851245.00
IKLET TOTRL TEMPERATURE [Kp...... 1675, £%9
QUTLET TOTAL FRESSUREE M /md)..... 109191id.040
SOTLET TOTAL TEMFERRTUORE (Kl..... 1464.93E
TOTAL LOS8 COEFFICIENT ......__.. ~1&0802
INCIDEMCE ANGLE [degres)-...... i —.d9g8p

ETREE CANERALL CONDITIONS:

T COEFFICIENT (VA T) i iiusacannnn LALODG
BLADE LOADING COEFEICIENT (DY) ..... F.32211
SAMHA {mman) MELY e e cah @i i e s ms s 1.3313%
o p mamar) L - o L Tl rers A1SX., 009
FREEEURE BATIO (.cccecrnmsnmnn +38E2
TSEWTROPIC EFFICIEMEY (8} -ovvviea... EE.29103

SEEETEEEE AR R e e

SFEET= =10000.00 (rpm] MOHF=, G02392207 (51

EINOLE ETRGE

HPOELLE|
GRS OOTLET ANSLE (degres)........ =—B7.26820
OUTLET MACH WUMEES . ., .. .._._... I -2

OUTLET TOTAL PRESSURE (MARE] . oo - ZTHBESE, 00
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OUTLET TOTAL TEMPEFATURE (E}..... L1200,000
TOTAL LOSE COEFEICEENT .vacussass L1ESEE
INCIDERCE RMSIE [dogres] -...... .. - BOOED
RTOR -

ChS OCTLET MHGLE [degree)........ =66 38&0
CETLET MACH MOMBEE .., _....... L. A0
IMLET TOTAL PRESSURE (K/mi)...... Z0ELEdE. 00
IMLET TOTAL TEMPERATURE (K} ...... 1&73.€BE
CUTLET TOIRL PRATZSSURE (W m? ). ... 1036000, 00
SUTLET TOTAL TEMSEREAYURE (¥} _ .. taai. 748
TOTAL LEF COEFFICIENT . ... ... 16852
INCIDERSE ANGLE (degres)....----- =- 35488

STLGE OVERRLL CONDITIORS:

FLOW COEFTICIENT [Ma/U). ..o uaneeaa. - <5363
BLADE LOADING COEFFICIENT (DL/U).....  Z.43430
G {moan)  (EIl.iisiscacraarianeane o 333139
= {EATE ) [REY e isnsiasn iaerannere g, DRD
PRESSUPE PATIC .:ov-yeramronsnasmnnnn .3BES
ISENTROFIC EFFICIERCY (%) .---vc..:.- BE;IGBEE

ODTELET DATA AT BREFERENCE RROIDE

CALCTLATION OF (W.D.M.F.) RAANGE AT —¥000, 00 {EpEn)

HDME=, DO13T5264 (SZ) PR= (FlE EFFIC= 5I1.413

WiMr=_ 001451666 [9I] TR« .BEE EFFIcs 55,180 &
KisfF=_ 001328071 (5X] FRe 060 EFFICe £3.543 A
FOMIr=, G0LE04475 (8Z] DRe B33 EFFICs 66.811 %
WDMF=_D0LSEDETE (EI1 FR= 013 EFFIc= T1l.66€ &
BDME= OOLTETIET (8I] FiE=- .793 EFFIC= 7T&E.114 &
WOMP=, 001833686 {81} FRa .T73 EFFIce 78 850 &
BOMF=, 001510008 {51} FR= 750 EFFIcC= £2.872 %
HOMF=, Q0L SRE493 (5T) FR= .T2Z% EFFIC= 85.230 §
HOMF=_ 002062836 (51} FE= .694 EFFIC= 66.746
NOME=. 002138500 (EI} #R= _&37 EFFIS= 87.E3F &
MOMF=. 002215703 [EI) ER= L01Z2 EEFIC= HHE, 149 %
WOMF=. 003292107 {EI) FR= .520 EFFIC= O6.760 %
FoeE=, DOTAGESIT (EI) (CHOCKING FOINT) PRe 375 EFFICe
HWoMEe, OGIAENE11 (HI) PR= _ 353 EFFIC= BL.340 %
¥iedV=_ O0OZIEES11 (E8T) FE= . A8 EFFIC= TR.8#E7 &
WDMF= . 0OZ366511 (511 FR= 319 ETFIC= T9.609 &
mOME=. O03368511 (5I)] PEBR= 307 EFFIC= 78,230 &
M PP EEEEEETEEER AR ETEEY

EVEED= ~=9000.00 |rpm) HoHE=, O013T5I€4 (85I}

ROZELE:

B0, TSTR
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CRE COTLET ARSLE (degreal.-....., =65.5T7EE

OOTIET MACE WUMBEER ... .ivvnerses P
OOTLET TOTAL BRESSUREE (W/mf).....Z805954, 00
OQUTLET TOTAL TEMFEEATIUVEE (K)..... IE00.000
TOTAL LOGEF COEFFICTERT .......... .1088%
IRCIDENCE BENGLE {Segrea] .cw.e.oo. L 00gan
POTOR

CAE OOTLET ANGLE (desfes)...,.... —87.4551
UDTLET HACE WOMBER .. ...ccorcnmms 2kl
INLET TOTAL PRESSURE (H/®].,,,..26858444.040
INLET TOTAL TEMFERATUNY (Kl.,.... 1780.52%

OUTLET TOTAL FRESSURE (N/m¥).....2SETEEZ. 00
OUTLET TOTAL TEMFERATUHRE (K)..... 17785350
TOTAL LOES COEFFPICTRNET ... uucaess .T3533
INTIDENCE ABGLE (degres]......... =2 39354

STAGE OVEERLL cCoslDITIONE:

FLOW OOEFTICIEAT (Wa/T-c.._. T Y LT S2110)
ALADE LOACING COEFFICIENT {DE/TH .- .- 2 THES
ot L o 1.3Z2=e8
Cp (Pman)  EL) wsaciisiiicneneanss 1387 53]
PRESAUNE RATED .. cucconaa reraEE R e - #1554
IRENTROEIC EFFICIENCY (%) .oooco--.. «  E2.d1513

EETETECEERAAEAEE RSSO TETETREES

EPEED= =S000.00 (rpmi NOMF=, 001880870 (85T

SINGLE STAGE

HOEZLE:
GRE DUTLET ANGLY (degreed....... . =dE BTES
OUTLET MACE WUMEER . . ., .o ivnneesa +4228
OCUTLET TOTAL FRESEUNRE (Himd)...._ 2794431, 00
DUTLET TOTRL TEWFEBATURE (K)..... 1800, 0040
TOTAL LOSE COEFFICIERNT .o svmens JADBEL
INCIDENCE KNGLE (dagcws)......... - G000
ROTOR:

GAS DUTLET ANGLE (degroe)....... - =8T.d591
OUTLET MACH WUMBEN - ..., ccomamiis AZEE
PHLET TOTAL PRESSURE (K/m%)......2537683,00
INLET TOTAL TEMFERARTUBE [Kl-..... 1787.82&

QUTLET TOTAL PEESSORE (Mfm!).....22970B5. 00
GUTLET TOTAL TEHFERATUNE (E)..... IT35,104
TOTAL LOSS CONFFICIENT ......... F 59813
TRCIDENCE AWGLE {d8gfes) . ..., =53 04601

STHEE CVERALL COMDITIOCMNE:

FLOW COEFFICIENT (Va/O)...... araraea . FEESE
BLADE LOADIWG COEFFICIENT (BH/U]..... «SEE24
GAMME imsan) (8T)........cc0cconn. = 1.33088
cp immgR) (BXaccccsa.. sinnmmawsa 'TLEE.ETH
FRESSURE RATIO ...... S S, clddE
LEERNTROFIC EFFICIENCT (%) covew--a-o- 71,7233

R R L L b e R N e e s s Lt LIl TT

APEEL=  =0{00.00 (rps) WOMF=. 001086253 (A1)



SINGLE STAGE
HOEILE;

GRS OOTLET RSGLE (degrae]........ —&§.8467
COTLET WACH NUMBER ... . 000.000s -S480
COTLET TOThL FREESURE (H/m#) 2TT5507. 00
OOILET TOTAL TEMPERRTURE (K} 1800, oo
TOTAL LOSS COEFFICIENT .. ... ... 108599

INCIDEWCT AMGLE (degres)......... .ooonog
ROTTOR:

GRE OUTLEY ANWILE [degreda)_. ... cre =ET.458]
QIFTLET MACH WUMAER . . . i swesssmia 4185
INLET TOTAL FPRESSURE {H/mi)...... SAKREEI0. OO0
INLET TOTAL TEMFERATUEE (K] ..... . 17ZE.885
OUTLET TOTAL FRESSURE (M/Bi]...,,2047353.00
OUTLET TUTAL TEMPERATURE [M]..... L6%l.E33
TOTAL LOSS COEEEICIENT . ovvwvuaua 24433
INCIDENCE AWGLE [degres)......... =318, 75280

ETRGE OWERRLL CONDITIONS:

FlLoW COEFTICIERT IVa/T) v nonnasmnns «3TH2T

ELADE LAOADING SOEFFTICIENT (DE/O} .- -.. 1.01576
GhHHE (maanl (BT) ... ciicicicseecses 1-EF051
Cp IBaan} AEL) .. -crrrassnnnnansns AEBE. 377
FPREESORE BATI0 ..cvvanmivsansnnnmssns 1243
IEENTRDPIC EEFICIEMCY (%] . i--o.-:ns + BES,.EZTE34

EEEATAATE R TR A AT R T E AR W

EFEED= =0000.04 frue| WOMF= [CHBOCKING POINT) _OCZ36B8311 (EI)

ROZELE:

GAE DUTLET AHGLE [da0Tedf---o600. =7, di1E
CUTLET MACH WUMBER . v isaccsrania 1.040400
OUTLET TOTAL PRESEOFE (H/m?) .....2E92380,00
OFTLET TOTAL TEMFERRITRE [E} ... .. LTROG, 000
POTAL LOGE COEFFICIERT . ...iiaaas Jlpnal
IKCIDENCE AWGLE [Gegoesid......-.- D000
ROTOM

GRE CUTLEY ANGLE (deg=esl...,,... —62, 9608
m‘rmﬂm-..-.-....“.- L. o00a
INLET TOTAL FRESSORE (W/imfJ...... IEINLOT.00

INLET TOTAL TEMFERATURE (K)...... J1633.362
OUTLET TOTAL FRESSUPE (Mfm') .....1060%42.00

OUTLET IDTAL TEMFERATUDRE (K] .. ... =4€83,.037
TOTAL LDEE DOEFFICIENT ... ii-nn XEIDR
INCIDENCE ARGLE |degoea) ... c.-.- 1634758

STRGE GVEFALL COMDITIONS:

FLOW COEFFICIEHT [Wa/Ti.....c vvnmmnne  BPeEl
BLADE LOADINS CORFTICIENT (PH/Tp oo . 2.70756
G Imean] (5T} .eeicceriaiidoiaans 1_3331F
= L R 1= riwsemane  ALE1,ELT
FREGSURE RATIO ..... kil
LEENTROFIC EFFICIERCY 0%| :vicssncca. W1_20642

T T T TR TR T T e SRR T IS IS NATA R R T R T IO RSN

EFEED= —8000.00 [(rpm) WOMF=, DOZ3IEBS5IT 4ETI)
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EINGLE ETMIE

ROZZLE:
GAS OQTLET ANGLEY . (degrme)........ =£7.481€
COTLET HACH WIMEEE .. ...., e e 1.0000
GUTLET TOTAL PRESSURE (B mbij..... 2E8ZIB0, GO
CUTLET TOTAL TEMFERATURE (Kb..... LEOD. 000
TOTRL LosSE COSEFICIENT ... . ; J10EEL
THEIDENCE MNGLE (degres).....,, .. LO9aan
EOTOM

GhE OUTLET ANGLE (degresl. ... .... —60,51EE
OUTLET MRCH WUMBEEE ... vviioanas 1.30040
LINLET TOTRL PREESURE M/ mij...... LHERI0T. 04

IHLET ICTAL TEMFERAIURE (Kh...... 1833.3e2
QOTLET TOTAL FREEEURE (M/mi | L. B43883 .00
GOILET TUTAL TEMPERATIRE (E}..... 1453 333

TUTAL LOEBE COEIFICIENT ..o vuarn 3E283
IRCIDEACE ABGLE (degréas)......... 1F.3475%
ETREE OVERRLL CONDITIONS:

FLOW CORFFICIENT (Va/T ..o, 1.32814
BLADE LOADING COEFFICIENT [(DHSU)..... 2.886135
GRMBA (mman) [EI)..._...... AT 1-33113
[= -} fmeant {BIY . -reenrenriinsscine. LES1 .31y
PRESFIRE RATID ., .. uwrnraccisessa 3338
LiEEHTROFPIC EFFICIENCY (%] .cvtvvwnan 2045730

"IIIIIlllbi-“-p'_".....----lii--'-i-ﬂ'r“‘...---‘j--i'-'-

EFEED= —2000.00 (rpmp WOHE=.QO02Z3IEBS11 (EI}

HWOEZLE
GRS OUTLET RNGLE [dmgess)........ =57, 4014
QOTLET MACH NUMBER ... .uuccoecesss 1,003
COOYLETY TOTAL FEEESDRE (M/m?].....2633380.489
COTLET TOTAL TEMFERATURE (F|..... 1B04.000
TOTAL LO93 COEFTICIENT . o.cc.o.. . .lomaz
IRCIDENCE ANMGLE (degree)...... alalelele}
FOTOF:

GAS OUTLEY AMGLE [degres)....... -59.2347
COUTLET MACH HUMEEER _ .. .. 'y ceanan 1.3040
IHLET TOTAL PEREEEOURE (M /m¥p...... ERIFLOY . 00
IWLET TOTIRL TEMFERATURE EMb...... 163).362
SUTLET TOTAL FREEEDEE (Mfmlj..,,. 200734 658
CUTIET TOTAL TEMFERATURE [K]..... 14451.86%
TOTAL LOEE COEFFICIEMT ...... FEREE 36383
IHCIDERCE ANGLE (degTow) -........ I16.3875E

STRGE OVEPALL COMNDITIONS:

FLOW COEFFICIEHT [vVa/ D). .-, uaueee 1.3E54]
ELADE LOADIWG COEFFICIENT (D T)..... 2, 058348
GRHMA (mean) =L P e e Sl 1:33212
TP (mman} . [($flecscssssacnnnmnns #a ALBT.2LY
PREBEMME MATITO ..o g smnasonsannses -3ALAR
ISENTRCRIC EFFICIENCY (4) ......o.. .. EHO.1701p

OUTLET DATR AT REFEREECE RABITSE
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CALCULATION OF [M.D.H.F. | RARGE AT =000 90 ek

L

HOpF=_001375264 [E8I) FEm _E9% E-sIcs E1.84%

RikF=. 001451660 (L1 PBR= B71 EFFIC= &4-T2T %

(L}

HOMF=_ 001528071 (8] PRe JE%4 EXTIC= F0.036
HOME=_o01&04475 IEL) FRe 038 EEsIce 4.09% &
WOMF= . OCLEE0ATE (21} FR= _Egd EFTIC= T3.08T &
HOpEF=. OOL 75728 |5@) FPR= .E04 EF=1C= H2.285 &
HOME=. GOIOA3ERE (BT} PR= .TE4 EFFIC= $4.620 %
HOMF=, GOl 91000 (EIj PH=- .7&7 EFF1C= E£E6.14% &%
HOWE=. C01S8 6493 [EI) PR= 734 EFFIc= #7067 &
HOHF=. QRIREIA0E (8T) WFh= .70E EFTIC= B7_ET0 %
HOWFs_ 003135300 [EX) PRe (@70 EFTIC= AY.414 &

ROME=, OBIXLETY (EI}) PR= £33 EFFIC= E6.E39 &

HOHF=. 0022921407 [EI} (CHICEIME POINT) PA= 460 EFFzCe=

HOHF=_ 003253147 [EL) FR= €3¢ EETice Bl.BA] &
HOME=.0GI2%21407 8L} FPR= (€14 EFTIC= BI.5E1 &
HNEHF=_ 0022521407 (ET) FA= 398 EXT-ic= £1.323 &

HOHE=_OR2292107 ISI} TPR= .J00 EFTic= O1.110 &

TEEEE RN TErTrTrrrEEEsETEEEE A SRS

EPEED= =B000.00 |[rpmi WOME= GODIXIS3E4 (I}

SINOLE ETAGE

HOEELE .

GRE OUILET AMOLE [Q0Qres)........ -Gf. 87&5
COTLET MACH WUMBER .. ..--.ciiee- 3743
CUTLET TOTAL PEERSURE {W/mTh, .... 005854, 00
GUTLET TOTAL TEMSEEATUEE (M). ... 1000, Do
TOTAL LG5S COEFFISIEMY - .. .s-.-- -1BEBY
INTIDENCE AMGLE (degres] ... .. .. L poong
FASTER

GhE OUTIERT AMGLE (degres).....-... =&57.4591
QUTLET MACH NUMBEN . . cravistionsn JE4EE
INLET TOTAL FPREEEIRE (HFmY) .. .... 2683706, 00
INLET T0TAL TERFERRTIOME {H)., . ... LITE. 946
QOTLET TOTAL PRESSURE (M/=T)]..,,.J7530340, 00
OOTLET TCOIAL TEHFEFATURE (Kl . ... LTRY, 604
TATAL LOES COEFFITIENT . oocvscuo- JTANA3
IHCIDERGE ANGLE (degresf........, =70, 8307E

ETAGE OVERALL CORDITICHE:

FLOW COEFFICTERY [Va/m)._ -ccusliciasa RNSET
BLADE LOADING COEFFICIENT [(DHD}..... SIETLE
ORMME  [maan) BEE Y 5 it b B e 1_3297T&L
Cp imaan) (BE)isisicsnssssiiarnna dREV.HEL
PREEOTME BATID  ..viisssmesoeainsnas 1 BRSE

ISENTROFIC EFFICIERSY (Bl . .......---. $L.6602L

B, 103k
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R LR R R et s e e et EE L L T T T o

EFEED= —0000. 00 (rpm) HOMHF=. 001600878 (8T

SINGLE STASE

HOZELE:
BAS CUTLET ANCLE (degiee}........ =EE.8765
CUTLET MLCH NUMEER . ...ovcoveoo.. ]
GOTLET J0TAL FRESEDRE [W/m?).....37R4431.00
SUTLET TOTAL TENFEMATHRE (K)..... 16830.040
TOTAL LOZE DORFFICIENT ;ousces-.s - wQREL
IWCTRENCE ARGLE [degreel ; ..-.... oagos
ROTOR:

HAS CUTLET ANCLE (dagree)........ =€7.4581
OOTLET MACH WUMBER .occccvecessas -AALE
IHLES TOUTAL PRESSUEE (M/87)......253317007_ 00

INLET TOTAL TEMFERATIRE [K)...... 1756 506
CUTLET TO0TAL PRESSOEE (N/m¥).....233234649, 00
SUTLET TOTAL TEMEERRATUEE {K}..... 1732.297
TOTAL LDEE COEFFECTEMT .. .i..cuias 39456
INCIDENCE RRGLE (dagree] ......... =IE_-6T073

STAGE CVERRLL SONDITIONS:
FLOW CORTFICIENT [Va/U......... +ILE4E

BLADE LORDING COEFFIOINNT 1= £ 1l = R - TASI2
GAMME fmianl (8T eeomaamnsrrsaon,ion 1.3300%
Cp frmant  [(SIlvecscascccsacias .ev= 1158, 538
PRESSUOPRE FATID ..cvcvscnsons [ s BZ1R
IEENTROPIC EFFECTERCY (%] .vsecccecc- TH. 16553

i L b b o T e e

BFERD= =000, 00 (rpm] WDeSF=.001966483 (5I)

ETRGLE STARCE

WORZLE®
ChE OOTLET ANGLE (degreel ....-... —&4.9&E7
CUTLET HACH NUWBER - ..., .. .00.-. 5400
OUOTLEY TOTRL PREESSURE [H/m).....2775507.00
OUTLET TOTAL TEMFERATURE (¥)...., 1E00.600
TCTAL LAOEE COEFFICIEHT . ..cvwewes L1oEan
INCIDERCE AMGLE jdegres) ..______. . Bpoon
ROTOR:

GRE OUTLET RMGLE [degres)........ ==7,4581
OUTLET MARCH MUMBER | i onaccosssss ad41s
INLET TCOTAL PRESSURE [HW/m?)......237718.00
INLET TOTAL TEMPERRITAR (K)...... 1T731.050
OUTLET TOTAL PRESSVRE [H/m7) ..., .J086107.00
OUTLET TOTAL TEMFERRTURE [K).,... LGH&.H17
TOTAL LOEE COEFFPICIENMT ...cusaucs LLEEET
INCIDEHCE RNSLE f[dogree] ..-...... =7.860558

ETRGE OVERRLL CONBITIORE:

FLOW CUOEFEICIENT (Vall) . .ucececceonas - 41533
BLAOE LOADTHS COEFFICIENT (DH/U]. . ..- 1. 24083
CRMHN (maar) (BI)....cc,.0n.-s 1. 33047

CR 1S T R F: o o D caiis 1185 A6F
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PRESSOPE PATIC - ocvmeciaqscrssramnnis + 7350
ISENTROPIC EFEICIENCSY (&%) . iiacaes. 8720258

R TSR

SEEED= =B0{M1-00 {Cpmp HOHEws (CHOCHIKG POINT) 002292107 (8L

ETHSLE ETHGE

HOZELE

GRE OUTLET ANOLE (dogrea]........ —E7.2820
OOTLET MACH HOMEEN _ . (.. ......-- STE27
GUTLET TOIRl PRESIUME (Mfml)._._- Z738056,00
OOTLET TOTRL TEMPEFRATURE [E). .. _. 1moo. 000
TOTAL LOSY COEFFICIEMT ... ,.-.-- .10986
IRCIDENCE RMGLE (degres)........- B Ll B
oTiR

GAE OUTLET ARGLE (degrem]........ —68.3411
OUTLET MRCH HUOMBER .. .. ... ..oo-- 1.4o00a
IFLET TOTAl PREESTHE [Rfmil...... #118100.00

INLET TOThL: TEMPERATURE (K)...... 1600.068
OUTLET TOTIAL FEESETURE (R /m¥).....1301446.08

SUTLET TOTAL TEMPERATORE (K)....-. 153E. 855
TOTAL LOES COEFFIGIEMT .. ii.asss safaEa
IKCIDENCE ANGLE (degres]., . ...... 211.70414

ETAGE OVERRLL COWNIETIONE:

FLOW SORFFICIEHT (Wa/ /0] ciiwisioooncas -1 p k- 15
BLADE LOADING COCFFICIERT (DM H)..... Z.BaRI0
CAVMA - maan | Ellssnmsnsioiicsmmns i 1.33114
cp qmsaan | [ 4: 3 e e e a 1153, ETL
FEEESURE MRTIO .- - oo cdam oy - - BEDL
ISERTROPIC EEFICIENCT 181 o iu.oweeaas B2, BI2EE
LR b A b ] - - LA AR A L L

SFEED= =B8D00.00 (rpm| MOMF= ODOZ292107 [8X)

EYNCLE STAGE

WOIZLE |

GRS OOTLET ANGLE ldegees) .-...... =&7, IBR0
HITLET MACH HUMEER .o oo saawiiiaus 1637
QUTLET TOTAL PRESSURE (W/m?],....273508c6.00
OOTILETY TOTAL YEMPERRITRE (H]...-. LEDO.ODOD
TOTAL LOBE COEFFAICIENT s.vcrvrvnns LO%AE
THCIRENCE ANGLE [degreal.......: LGDDEE
FOTOR ¢

GAE CUTLET AWSLE [Lagtes),....... =66 92703
GUTLET MACH WIMBER & .06 iioeeans 1,2000
INLET TOTRL PREESHRE (W mi)...... F11BLOD, 00
IWLET TOTAL TEMPERATURE {Kh...... JE88. 068
OUTLET TOTRAL FRESSVRE (H/ m*).....L3 70683, DO
HUTLET TOTAL TEMFERATORE {¥)..... 1508, 857
TOTAL LOSS CORFFICIENT ... .....-- _Z63BG
INCIDENCE AAGLE (degres]......... 11.70434

FTAGE OVEPARLL COMNITIONS:
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FLOW COEFFICIENT (Va/OF...... e T 1.03261
ELADE LOADIMNG COEFFICIENT {DH/TH..... 3.315363
GRHHA |mean)] 1125 & R e et 1.33114
cp ({maar] L R e vaas 1153671
PAESATRE BATIO ..ccicissicmnsns L4141
ISENTROPIC EFFICIERCY &) . ococinua-- EP_ DL

Rl L e S L et il

EPEED= =8000.00 [rpm] H0eF=, (022821097 (51}

ETHEIE STRGE

HOZELE:

hE OUTLET ANGLE [degsesl.,...... —67.2820
CUILET MACH HUMEER .. .....00000.- - TERT
BUTLET TOTAL PRESSOEE (H/m7)..... FIARGEG. 00
CUOTLET TOTAL TEMPERATURE (Kj..... 1800.000
TOTIAL LOEE COEFFISTENT | 0. vwvwc.o Sea-11 L
INCIDENCE AWGLE (dSesfroa) ........ H =[] ET 10
BOTOR .

GAS OUTLET ANGLE [degreal...,.... -65.7762
OUTLET MACH HUMBEE . .\ .00iissian- 1.3000
INLET TOTAL FRESSORE (Himvj..._.. 1183060 .00
INLEY TOTAL TEMPERATURE (Ki.._... 1d88. 068
CUTILET TOTAL FEESSUFE (M/mi).....111B417.00
OUTLET TOTAL TEHFERATTRE: (K} ._... 1498,310
TOTEL LOEE OORFFICIENT ......., il LE2ERED
IHCIDENCE AMGLE (degres)........, I1.70414

ETACE OVERALL CONDITIGHS:

FLOW COEFEICIENT (WU}, .owiiccnaoonn, 1.16078
BLAGE LOADIHG COEFFICTENT (B T} ..... I.2P0323
GheiR {mean)  [BI}....... PR RS I Ve k% 1] 1
= LT - L I ) 1153, 672
PR R e e et L ¥85g
TEENTREFIC EFFICIERSY (&) . .......... 1. 80537

QOTLET DATA AT BEFEEFHSTE, RADIUE
CRLOCULATION OF (M.B.M.F.} RAKSE AT —H00.00 {rp=)
HDMF=, DOLITS264 (3T} PR= 008 EFFIC= &9, 340 &
WOdE=. DO1450668 [BI) FR= 075 EFFIC= 74.502 &
HOMF=. (I1EZ80TL [S@) FR= .BE61 EFFrice TH_ T8 &
HOHF=, 00160447% (ET) PR= .B47 EFTIC= &2, 054
EDHF=_J0] 680870 |5I} FR= _E3]1 EFFice B4.417
KOMF=. 001757282 (51} FA= _§13 EFFice g5_90%
HoMF= BOLBAIEHE (EX) PR= 724 EFFI== 06,783

HDMF=, FOLPLOO8R [HE} FR= 772 EFFIC= 67.334

* W O F W 8

HOMF=. D019EE493 [SI] ERE= .747 EFTIC= AT.071
HOMF=, 002062895 [SI) PR= .71& EFFIC= E6.2T6 &
HOME=_00213%300 {EL) PR= _&78 FEFFIc= EB4.E43 %
HDHE= . Q022157}3 {81} PR= _62% EFFICe EBZ.733 &
HDHF=. 0022823407 44T} [(CHOCEING POINT] PR= 445 EFTIC= 76.7354
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HOMF=, 002282107 (47} 445 EFFIC= TE.198 &

HOMF=. RRIZSI10T [(8T) A2) EFFDCw TI5.758 &

HDMF=. 00352107 (83) 05 EFFIC= T3.336 %

R R

HDMF=_ BR2252107 [8I) A& EFFIC= TI.048 &

SRR EFE NP AR TR S EFTF A AR EEEAT R TETEYE R AR E TR EE W

BPEED= —%0040.00 [rpm) HOME=. 001375364 (23]

SINGLE STREL

MORELE
mmm [dsgres) .. ...... =86 8753
m'rm:: MACH WUMBER «.ciianmssmans -3353
SUTLET TOTAL PREEEURE (N/m?},....2E050%8L 30
CUTLET TOIAL TEHFERATUEE [Ei..... 1800619
TOTAL LOSS COEFFICIENT ... -vie0-0 -A0EE2
INCIDENCE AWGLE (degres)....:..=. B
ROTCH 1
GRE OUTLET RMGLE [degres)......_. -E7. 4151
OUTLET HACH NUHRER ... ovanrrmnns ~ 240
INLET TOTAL PRESSURE (W/m!)......265074§. 00
INLET TOTAL TEHFERATURE (Ef...... 1774.851
CUTLET TOTAL PRESSURE (H/mT)..... #510155.04a
CUTLET TOTAL TEMFERATURE (XK)..... 1763.73%
TOTARL LOBE COEFEICIENT woassisias «BL429

INCIDERSE RNGLE [dogres) ....:s.:. —S8.1554%

HSTASE OVEFRLL CONDITIONE|

FLOW DOEFFICIENT [Val0) i ivisrovannns -2T273
BLENE LOADIWG COSSFICIERT (DE/TH..... SAAF3
GAMMA. (MaBR] 5T} . -uuoceirranmnnann *. 32977
op TR I - § 128788
FRESEOFRE BRERTIC ...« B I T T LARTa
ISERTROFPIC EFFICTEHCY (8] s:icis-ssc= B2 37508

caad s g P ol l o d R RS R R R RS AR S RS EELERE EER RN RS

EFEED= —T000,00 (cpm) BOF=.001 &G08TR (5.

SINCLE STRGE

MOETLE:
ERE ODTLET KWELE ([degred)..-...-. —66.8%74%
OUTLET MACH WOUHBER .. .. oo....ooas -RIZE
OTTLET TOTAL PRESSURE (W mik.....Z2T4431.20
QUTLET TOTAL TEMPERATURE (%) ..... 1800,£20
TOTAL LOGS OOEFFICIEHT .......... «10z2L
ITRUIDERCE AWGLE: [degres). ... .- Loas2g
ROTORAT
GAE SATLET LMRCLP (degres)........ —£7, 4Z8L
OUTLET MACH WUHEER .. ..cv.ovwosas Jazsd
IHLET TOTAL FRESFURE [(H/m%]......2534098. .00
:um-rmmrmmmma L L 4
T TOTAL PRESEURE (M mi). ... 2a4R920.00
Q'HTII.'I TOThRL TEMFERATURE (K] .---- 1731540

TOTAL LOSE COEFFIUIERT ..... mmamE ~AEITE
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INCIDERCE AWSLE (dagEas), , ....... =18, 8%z

STASE OVERALL COHDITIONS:

ELOW COEFFICIERT (Wa/Ui.._._.. iz _ZEEQQ
BLADE LOADINRG COEFFICIENT IDH.n'tI] N FEASE
GRERIR  |Eaary) B ih wn G e 1.337008
Zp Isaam]  ETh-cicoooo-. S P
FPEESSURE BATIN o oo n e e mssmaaaamalaass L iEae
IEENTEOEIC EFFICIENCY (%) .....-..... BE&. d5&20

L R R N D I P e ——

EPEED= —TO0O0.00 (=pa) WaMEs. OOLSEE4%3 (55

STRELE STAGE

AOZILE-

mmm:mmr....... =66 R4
QUTLET KACH NUMEER ;...... g < SHED
OOTLET TOTAL PRESSURE H'I.FIIJ':I ‘i .E'.".'_'.!E'.r oz
ODTLET TOTAL TEMPERATIME {%)..... I1B0C.DCC
TOTAL LOES COEFFICEENT ......._ .. A OEEE
IKCIDEMCE AWGLE [degree] ......... %12 e
POTOR

EAS OUTLET ANGLE (deg=zes). ... . ... =67 LEHL
OUTLET HACH WOIHBER . -0 iuvciasnan- CHIES
IHLET TOTRL PRESSURE (W/mf)......7300432 0
THLET TOTAL TEMFERATURE (Kj....,. 173&.&4%
QOTLET TOTARL FRESSURE (MSmi).__. . F110437, 02
QOTZET TOTRL TEMPERATURE (X)..... LERpE. 52
TOTAL LOSR COEFFICIEMT _,...... i L1TEES
INCIDEDNCE AMGLE {degres]......... Z_203E3

STREE OVRRALL CONDITIONS:

FLOW COEFFICIENT Valli.....o.... 00 .. ~1551]
BILGE LOADIEG COEFFICTENT mt.rm...__ 153817
GAMME  [moan) L L o e e et 1. 13043
op L u::r......-....._...,.. 11483 624
PRESEPE BATIO ....... TGS
IEENTROPIC EFFICIENCY til .......... §7.x24%

e L e A R L L LT PR R p

SPEED= ~TO00.00 (Cpm) KOWF=|CECCEIRG BOIXNS) ,GOZZHSIOT (2T

ATHGLE STRGE

MOZELE)

GAE OUTLET ANCLE Hug:nl. ....... =67, 208
OUTLET MECH MUMBEE .....,..cc.... - TEET
OUTLET TOTAL FH!EEEDH.E m.-':q.ll. . n a2 TABOSELAT
OUTLET TOTAL TEMPERATURE (K1, .... 1EQD D57
TOTAL LOXS COERFFICIENT ......... <1O9ES
TRBCTEENCE ANGLE {dengzea) .. .\ .... - 0000z
RETON:

GAS OOTLET AWILE [degroal ....... =E7.8371
OUTLEY MACH NEMBER - ......i.... 1.0007

IRLET TOTAL PRESSURE (Mimib..._.. FLEILGE LT
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INLET TOTAL TEMPERATUBRE (@], ..... 1&8T7.507
QIMITLET TOTAL FRESETRE (K/=f]...--T325T7S57.00
SUTLET TOTAL TEMPERATUAE [E]..... 1E5&EL,747
TOTAL LSS COREFTICIENT - -0 ina s  BEALI
INCIDENCE ANGLE (degres}d ., . ..... 1&-35328

STASE QVERALL COWDITIOHE:

FLDOW COEFFICIENT [VASB] . cnoeonans i ~BESRT
BIADE LOADING COEFTICIENT [OH/T] .. 0., . ITESE
GAHME lmean) BEL s onciiisnmsae == da it L.3310L
&p e T R EE B 5 o e et 1154 . 053
PRESEURE PATIO v - - AEF0
IEENTROFIC LEFICIENSY (%) seansddas o LTzllNY

LA s A s sl S il i s e R d R R e bR R bl e i il n R Ry BT

BFEED= ~T7000.00 {epm) WDETF- 002282107 (=21

SIHGLE STAGE

WOZZLE

GRS ODTLET ANOQLE f{dagre®]........ =7, 2830
COTLET MATH NUHEER ... . -c....s ~1Ed7
OUTLET TOTAL FPRESSURE [(Himl).... .11'3!4]51 oa
QUTLET TOTAL TEMPERATORE {%)..... 1B040.000
TOTAL LOEE COEFFICIEHNT ...-c.aiaa -10086
IHCIDENCE ERSLE [degress]....... = 00000
ROTOR

EAE DUTLET AKGLE (degIed]..... vae TEEOALED
QUOTLET HRCH HUHBER .. .. ccooeuaas L.3800
INLET TOTAL FRESSURE (M mib......31€3082.00
IHLET TOSAL TEMFERRITRE AKb...... 1697.907
OOUTLET TOTAL PREESSIAE (MW /=i)..... 1136E68.00
OUTLET TOTAL TRHFEMLATURE ﬂlb sesae 2535 RED
TOTAL LOES QOEFTICILNT e i s AB4LD
INCIDENCE ANSLE (degoes) ......... 16.35824

SFTASE CVERALL COHDITIORE!

FLOW CORFFICIERT IVA/D) ..o cvenuonen. L 22654
BLADE LOADING CUOEFFICIENT (DH/TJ..... 3. T3TzR
AR [nehars) {BL] jsagiishmasastaciaas 133161
op {maan]  [BE) . --ciiancenssnmscas 1154, D53
FRESEURE PATID & i issciasinncancnnsns -AIIE
IEENRTROFIC EFFICIEHRCY %) - c-s-ocu-a-s T6. Z0CES
LA AR RS T E R R R R RS R R SRS E S - LR R LR

FPERD= -~T000.00 {rpn} WorE=. 002252107 (BI)

EIRGLE FTAGE

HOZILE:

GAE OUTLET ABGLE (dagres)........ —&7.2820
OUTLET MACH HUHEER, .. . -TE2T
OOTLET TOTAL PRESSUNE (Rf=i).....373B056.00
OUTLET TOTAL TEMFEPATURE iKj..... 1800.000
TOTAL LOSS COEFFICIENT . ... ... .. 10984
THCIDEMWCE AKELE [dageee] . .- o0. 0. - 00000

ROTAR 1
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Ghel  SOTLET ANGLE (degroe] . .... .- ws —RA.ETES
OUTLET MACH WUMBER .. ----trsmiias 13000
INLET TOTAL PRESSURE (HSul),.....21E319F .00
IHLET TOIRL TEMPERAIURE {H)...... 1697707

OOTLEY TOTAL FEESSURE (H/=mi).....1Le5462. 00
CUTLET TOTAL TEMFERATURE (M)..... I1%2%.257
TUTAL- LOSE COEFFICIENT ..cvvccoas i3E413
THCIDENCE AFGEE (O&gres) .. ....... L16.35329

EIRCE CVERALL CONDITIONS:

FLOE COEFFICIENT (Va/T) .. oo vvnnrmnns 1,3783%
HIAOE LOADIRG COEFFICIERT §Ri/O)..... 1.BE5D%
EAHHA (pman] (BI}..... 1.33101
Cp e T T I — < 1154, @53
FRESEURE RATIO ........ . 40583

TSENTROPIC EFFTCTENEY (%1 ..o onvoon.. 95.A5428
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SFC |kg/MN sec]

140

AB Turbojet
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Figure 1.1 SFC of Jet Engines.
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Figure 1.2 Internal Engine Hover Cruise Scheme.
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Figure 1.3 The Selective Bleed Engine.
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Figure 2.1 The Selective Bleed Engine (LP and HP modes).
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Figure 2.2 TURBOMATCH LP mode Configuratiaon.
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Figure 2.3 TURBOMATCH HP mode Configuraticn.




LP MODE OPTIMIZATION

SFC Img/N sec]

| |
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TET=1500K
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—<~ QPR=30
10 . T — -— ]
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Sp. Thrust [Ns/kg]
Figure 2.4 SFC versus Sp. Thrust.




LP MODE OPTIMIZATION

SFC |mg/N sec]
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Figure 2.5 SFC versus Sp. Thrust.




LOW PRESSURE COMPRESSOR

F/R Thrust Ratio
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Figure 2.6 F/R Thrust Ratio versus
Pressure Ratio (LP mode)




HP MODE OPTIMIZATION

SFC [Ima/N sec]

Sp. Thrust [Ns/kg]
Figure 2.7 SFC versus Sp. Thrust.
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HP MODE OPIMIZATION

SFC [mg/N sec]
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Figure 2.8 SFC versus Sp. Thrust.
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LOW PRESSURE COMPRESSOR

3

*10 Mozzle Exit Temperature [K]
"
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Figure 2.9 Nozzle Exit Temperature
versus Pressure Ratio (LP mode)




LOW PRESSURE COMPRESSOR

SFC [mg/N sec]
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Figure 2.10 SFC versus Pressure Ratio
(LP mode)




COMPRESSORS

Pressure Ratio

5
4- HP Compressor
ﬂlﬂ
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0 0.01 0.02 0.03 0.04 0.05

Non-dimensional Mass Flow [SI]
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Figure 2.11 Compressor Operating Lines.




OFF-DESIGN PERFORMANCE

3
*10 Net Thrust [N]
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Figure 2.12 Variation of Thrust with
Mach Number.




OFF-DESIGN PERFORMANCE
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*10 Net Thrust [N]
250

—=— 5.1.8.

| T M=.85 & Alt=6km LP mode ~__ .

¥~ M=.85 & Alt=Bkm e

200 — M=1.5 & Alt=6km /
//
y HP mod
150 - / mode \
/ <
| Fa 4
1(}{] B ,-'/ ’_ﬂf;’i )
/ LP mode P
A K
! o i
; o P ,’Q/ HP mode
v A
50 - / e j(
/ A A
f. += } ”/ﬁ(
_FII.-"'-...- ‘:4{-
ﬂ 5 I [ | ] I T ] ]
0.9 1 1.1 12 13 14 15 16 1.7 18 1.9,

TET [K] R

Figure 2.13 Change of Thrust with TET




OFF-DESIGN PERFORMANCE

SFC [mg/N sec]
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Figure 2.14 Change of SFC with TET




OFF-DESIGN PERFORMANCE

SFC [mg/N sec]

50
|
| —=— S.L.S.
—— M=1.2 & Alt.=6km
40 - \
) HP d
}* / mode
B e L
30 -
. LP mode
20 — ..m*-h
\\_ d_r___-—"’
Ly ﬂd__;ﬂr
'“m_____f___——r*"’
1(] ¥ T | =1 T
0 a0 100 150 200 250
=t
Net Thrust [N] *10

Figure 2.15 Change of SFC with Thrust




OFF-DESIGN PERFORMANCE

3
10 Net Thrust [N
400
—— LP mode - Dry
~+= HP mode - Dry

. —t— HP mode - Reheat

= - e
300 - Turbofan - Dry j*,_,

| —*% Turbofan - Reheat 3 :

| )
Vol P ALT =6km
X TET=1800K |
200 : j
o 9 .~ TET-1800K
100 F A+ Wgie > 28
S.L. } N
TET=1500K N, E
T(AB)=2000K (where applicable) \u
ﬂ | 1 | L —
0 0.5 1 1.5 2 2.5

Mach Number

Figure 2.16 Comparison of the Selective
Bleed Engine to a Turbofan.




OFF-DESIGN PERFORMANCE
SFC [mag/N sec] .
140 ;
[ — :
—= LP mode - Dry ‘
120 L _.|._HF'II1DE|E'DTY i
_-*-'_ HP mode - Reheat TETF.I.S':}[}K I/'
—=- Turbofan - Dry \I.-"'I
100 | — Turbofan - Reheat | ]
S.L. / /
TET=1800K =/
80 - f’i__.ﬁ
. e
60 - S :
40 - s
" : ' ALT.=6km
25 R TET=1800K
20—t
T(AB)=2000K (where applicable)
ﬂ | | 1 1 i
0 0.5 1 1.5 2 2.5

Mach Number

Figure 2.17 Comparison of the Selective
Bleed Engine to a Turbofan.




Matching

=5

*10 4P Turbine NDMF (SI)

800

(1) TET=1500K
(2) TET=1600K |
(3) TET=1B00K | 'I

600 - L
4
500 - — i

(a

A
)
2]
400 - Xﬁ* : &\*\3“!
o

Tl

700 -

300 -

NDMF=Non-Dimensional Mass Flow

200 T T T I )
600 700 800 8900 1000 1100

LP Turbine NDMF (SlI)

—— LP mode —— LP mode —*— LP mode

—=— HP mode == HP mode —%— HP mode

Figure 3.1 Crossplot of HP and LP
Turbine Non-dimensional Mass Flows




Matching

Pressure Ratio

12
10 *
HP mode
B i
| |
&
. LP mode
4 -
HP mode ;
2 O LP mode
|
ﬂ | | T T
0 2 4 (5] 8 10
Non-dimensional Mass Flow (SI) *10
* LP Compressor +— HP Compressor
| % LP Compressor . HP Compressor

Figure 3.2 Compressor Design Paoint
Characteristics.




Matching (HP Turbines)

OPR (excluding Ram Ratio)

40
M=1.2
Alt=6km
HP mode
30 -
LP mode
20
—— TET=1500K
—— TET=1600K
—¥— TET=1700K
= TET=1800K RO
107 | = qeTea500K
£~ TET=1B00K
—=— TET=1700K
——= TET=1800K
U ] 1 T
0 1 2 3

HPT (VT/P) (SI)

Figure 3.3 Effect of TET for Both Modes.




Matching (LP Turbines)

HP Compressor Pressure Ratio

14
12 -
OPR=26 (LP mode)
10 L&,
—s— TET=1500K
8 -4 —t TET=1800K
—#- TET=1800K |
=~ OPR=16
671 - opr-18
—%— OPR=20
4 -
2 i
TET=1500K (LP mode)
0 1 | ] I | 1
0 | 2 3 4 B 6 7

-5
LPT YT/P (SI) *1d
Figure 3.4 Effect of TET and OPR




LP Compressor Running Lines.

Pressure Ratio

4

OPR=26,TET-1500K 4 BPR-1.0 ll'u
OPR=26,TET-1800K & BPR*1.0 ————— \
3.5 - OPR-22,.TET-1500K & BPR-1.0 IHI

OPR=26,TET=1500K & BPR=0.5

- f(/ | /Ei/d'/:';

1.5 -

1 ] I | | I
0.01 0.02 0.03 0.04 0.05 0.06

Non-dimensional Mass Flow (Sl)

0.07

—— LP mode —t— LP mode —#— LP mode
—=- LP mode —#— HP mode

Figure 3.5 Effect of TET & BPR.




Matching

Pressure Ratio

5
4 -
HFP Compressor
2] * .
ﬁ _,..|-—--|--—ir|'="'|_ ,-/
& + /
D - ; .~ LP Compressor
1P 1Gﬂmpressur
-1 —
0 - - | | | I
(8] 0.01 0.02 0.03 0.04 0.05

Non-dimensional Mass Flow (Sl)

0.06

—=— LP mode —— HP mode —#— LP mode
—=— HP mode == LP mode ~&—= HP mode

Figure 3.6 Compressor Operating Lines

-




5

Matching

Pressure Ratio

HP COMPRESSOR

IP COMPRESSOR
../

2 - Mcnmpn‘essnn

T T I ] I

0 0.01 0.02 0.03 0.04 0.05

Non-dimensional Mass Flow [SI]

0.06

—— LP mode ~—t+— HP mode -#— LP mode
—=—~ HP mode —— LP mode —%— HP mode

Figure 3.7 Compressor Operating Lines.




Matching

Example - IP Compressor

Pressure Ratio

4
—— VSVA O deg.
—#- VSVA 10 deg.
3.5 = vsvA 20 deaq. .3
— VSVA 30 degq. -"X
| —o= VWSVA 40 deg. /
Ll #*

2.9
2 e
1.5F
VSVA - Variable Stator Vane Angle
1 1 | 1 |
O 0.005 0.01 0.015 0.02

Non-dimensional Mass Flow (SI)
Figure 3.8 Surge Line Displacement.

0.025




2

|

0l an T

¥0

L] T T ¥ g

IMYISHDD = ®& I 3100 720

oo

1o

BD

n__u ,

Bl 50 90 to o« ® ol

4470 ihita 2880 S5g = 'wWATA o= M

Jnren) + | “ "W B
Tz W v R U

ST HOSS IR
TS R i R L

I

Figure 4.1 Compressor Stage Loading Chart.



=10

=]

5

-

2 09

+

&

z

=

- o8 | | | 1
= 4 B 12 16 20

MNumber of stages

Figure 4.2 Variation of Mean Work-done Factor
with Number of Stage.

Figure 4.3 Effect of Inlet Mach number on the
Loss Coefficient of Double-circular—-arc Blading
at Different Spacejchord Ratios.




Compressor Characteristics

Efficlency (%)
o0

a0 - I._,-r""d_ >
TN 0.7 |
o b |
&0 -
0.8 o8 1.0
40 - 0.8
MWAST
frelafive 1o denlgn valwel

20

o § ] I T

0.0n oz o3 D4 005 0.08 Q.07

Mon-dimensional Mass Flow (S1)

Pressure Ratio

Surge Line
H.E i \
LP Hm:l: \
a4 .
___.--"’
245 '.--;‘-
: HP Mode 5% |
_"\-- | 1.0
: e, |
= a ale N/AST
1.5~ [+ By tralative ta
k Fa deaign value)
T DA |
1 Y - t
.01 0.02 0.03 0.04 0.05 008 0.07

Mon-dimensional Mass Flow (SI)

Figure 4.4 LP Compressor.




Compressor Characteristic

Efficiensy (%)

100
mwﬂ -_'_,_:—'_-
B0 - A . OB o8 L
’\ 0T
B : /,,,-“
MfST
40 _| (rolative to design valus}
0.5
Eﬂ -
o T T f
0 0.0056 LR 0,015 Oz 3.025
Non-dimensional Mass Flow (S1)
4 FPressure Ratio
Surge Line
3.5 \i oP
=W
HF Mode P
34 - \
! g
DpP e H““’& .
o LP Moda v )
- :
‘-“"‘-.‘_‘ L -\__\_\"'\-\.\_\_\_\II ?
2 - -
- A
/ e 2 N ST
i R N
1.5 % lralative to
— : . design valus)
1 ] T T
o 0005 0,01 0.015 0.02 0025

Non-dimensional Mass Flow (Sl1)

Figure 4.5 IF Compressor.




Compressor Characteristics

Efficiency (%]

100
B0 - A “fﬂﬁ;.a ]
- - 0.8 0.9
- oy
0.8 1"-,
60 - ' :
MrST
{refative o design value)

40 4
20 -

0T T T T T =T T

1] 0.001 0.002 0,003 0,004 0.006 0.006 0,007

Non-dimensional Mass Flow (S1)

g Pressure Ratio

SBurge Line
HPF Mode Q oe
2 LP Mode 7 /\'\
o 1.0
al ]
= “—n_q__\ ﬂ.‘ﬂ/
W x N/ST
at ; e irelntive 1o
0.7 design valua)
e o 0.5
.I i L i i i
o 0,007 QuOg2 .003 0004 0005 0 00HE 0.007T

Non-dimensional Mass Flow (SI)

Figure 4.6 HP Compressaor.




‘| oy |p G
s unypas serg (o abuew 13y

duligy
A apquies uoyas ape 0 alirey) 1)

N

.J......—-...-r_.

g

dyj

“H[uw [RpR s B ThOGE SR i W (e

™

e
.......;_...
.
e
s
{
—
—_——

Guide Vane and Stator Adjustment Concepts.

Figure 5.1



Compressor Characteristics

Efficiency (%)
oo

ﬂ'l:l T .-";-F'_ - - * i
-
e 0.7
s "'q.
I"\.
G0 A
0.8 1.0
o.e

0.5

40 =

20 =

0 T T T T
.01 0.02 0.03 0.04 0.05 0.08
Mon-dimensional Mass Flow (S1)

Pressure Hatio

3.5
Surge Ling 1"“‘--.,_ g
= P mode — o o
<
A
2.5- =~ |
HP mode A
2 \ ,_,;'f’"";‘ bE..
A= \ olg
== 0.8
1.5 or |
I r Ll (NFST
=3
i -
‘ 1 T T T
.01 .02 0.03 004 0.05 0,06

Non-dimensional Mass Flow (S1)
Figure 5.2 LP Compres=sor Fixed Geametry,




Compressor Characteristics

Efficiency (%)

100
80 - P /\ i /\ |
\ 0.9
60 =7 =] 0.8
0.5
40 1.0
0.7
20
{N/ST)
n L ] 1
001 0.02 003 0,04 0.08 0,06
Non-dimensional Mass Flow (S1)
Pressure Ratlo
Surge Line o o .
3 + ___.-*l
LP mode \3,//
2.5 g
E -
1.0
Tl
1 L) 1 T T
0.0 .02 0.03 004 005 0.0

Non-dimensional Mass Flow (SI)
Figure 5.3 LP Compressar Variable [GY.




Compressor Characteristics

Efficiency (%)
100

-

0.2
GO

0.5
&0 -

0.7

G.B
(WS ST

BO - x‘""\n < ..;ﬂﬁl “

1.0

0.01 0.02 003 0.04 0.05
Non-dimensional Mass Flow (S1)

Fressure Ratio

.08

3.5
Surge Ling — \I
5 -
LP mode L —
\\.'\, =
2.5 :
2 -
0.9
1.0
1.6 - ‘,,..r/
e NS ST)
1 T T T ]
0.1 o2 QU3 0.04 0.05 .06

Non-dimensional Mass Flow (SI)

Figure 5.4 LP Compressor Variable 1HEWs
1atator,




Compressor Characteristics

Effi
A ciency (%)
|
\ 0.8 |
[
{ 1.0
|| 049
A0 -
0.5
I | o.r
20 7
| [N/ ST)
D L] L L] T T
o.01 0.0z 0.03 .04 0.05 .08

Non-dimensional Mass Flow (S1)

Pressure Raflo

3.6
Surge Line \ .-“\
%] LP n‘mda e
25 . B il
HP mode \:\}(‘ L
4 /";ST'
1.0
0.8
1.5 -
— (N/STY
. 0.6
1 : ;
0.01 0.02 0.03 ﬂ.l.'ut 0.05 0.06

Non-dimensional Mass Flow (S1)

Figure 5.5 LP Compreasor Variable 1GVs
1ztater«25tator,




35
-GV
30 - 1 stator
' —— 2 stator
20T
20 “
HH‘-»_____
-H_\-H-- —
15 - TG
~_
5 N
X
ﬂ | | |
0.5 0.6 0.7 0.8 0.9
rom (%) *10

Restaggering

Restagger (degree)

Figure 5.6 LP Compressor Schedule
of Variable Stators.




Compressor Characteristics

g Efficiency (%)

.-'-"-""_'_\_"'-'_'"H_ﬂ_'_\_-'.-"""._'_-_‘_\-\- —
80 - — N 0.8 0.8 1.8
0.7
&0 -
1
40 - \
o5
20 -
(NAST)
o . - .
0.005 0.01 0.015 n.02 0.025
Non-dimensional Mass Flow (SI1)
Pressure Hatio
Surge Line
3.8 \\ (]2
HP mode
a : \ o
. P
LP mode i Ok E::“” 1.0
2.5 \_ ™
.f". sl an
y
2 o =
o 0.8
X iN/ST)
1.5 o.r
T
-H-'H 0.5
1 L] T T
0.005 0.0 0015 0.0z 0025

Non-dimensional Mass Flow (Sl1)
Figure 5.7 IP Comprezssor Fixed Geametry.




Compressor Characteristics

Efficiency (%)
100
- f‘\ N 0.8 0.9 -
0.7
B0
IIIIIII. .
40 -
&5
20 -
(M ST
o :
0.005 0.01 0015 0.02 0.028
Mon-dimensional Mass Flow (Sl)
Pressure Ratio
Surge Line
3.5 \ e
-
HP mode Py
3+ \\ “\
LP mode op ine - 1.0
e
b = 0.9
2 - o = w.,\ /
.-"'-. *_\_"‘-\-\_\,
0.8
s : (NS ST
-8 - 0.7
0.5
1 x
0.008 0.01 0.015 0.02 0.025

Non-dimensional Mass Flow (3l)
Figure 88 IP Compressor Variabla IGV.




BIZZ0U JHENCIE Liapiain saedin
PR - Dy

IBNLLRGT

RO HLDEGNS

£ afieE usalp - aion

SN sanssasl
- W3] BITELEN

apo asinda Juossadng |

ey s

auibua sjaha -agelaep

Figure 5.9 G.E. Variable Cycle Engine.




Compressor Characteristics

Efficiency (%)
oo

BO - - -
0.5 1| T
60 o 1 W
0.8
40 pg 1.0
20 -
N/ ST
&) T T -
0,005 0.01 0.015 0.02 0.025
Non-dimensional Mass Flow (Sl)
Pressure Ratio
3.5
-
HP mode \;’ >
*1 g Li ' s
LiT: neg F
,
26 oo i i
--._.______-___
i 1.0
2 - 0
0.9
: 0.8
a.7 ;
wl /
0.5 My ST
1 L} T
0.005 0.01 0.015 0.02 0.025

Non-dimensional Mass Flow (S1)

Figure 5.0 IP Compressor Variable Last
Stator by 40 degrees




Compressor Characteristics

Efti (%)
= ciency

80 - ’_\ fﬂT-ﬂ _
oy 08

B0 - - Cx
|
40
\
20 - l
| 0.5
| (M)
[} ! T T T
0,008 0.01 0.015 0.02 0.025
Non-dimensional Mass Flow (S1)
i Pressure Ratio
Burge Line HP mode ?--‘
. \ ; /__/
| -. }
257 LP mode ’ S
\}//’ '*-.\\ 1.0
]
J e
2 Vg T 0.9
! e x'-
. &E
1.5 S E-? ' N/ ST)
BT - )
-H".
1+ - T T T
0.005 0.01 0.015 0.02 0028

Non-dimensional Mass Flow (Sl)

Figure 5.11 IP Compressor Variable All
Stator by 10 degrees.




Compressor Characteristics

Efficiency (%]
oo

B0 - -
_,-'—"'_'-‘1,_\

80 =

|
40 -
20 - 0.8

N/ STY
1] T T T T
i 0.005 Q.01 0015 0.02 0,025

Mon-dimensional Mass Flow (Sl1)

Pressure Fatio

3.5

HP mode __f’r
a4 e

o

B L
TN

/
2.5 -
LP mode \
.,
2 4 \ & * \
b IIII 1.0
“hH 0ga

1.5

%

~._ 08 0T lpa (NS ST

: | : - ; . X
0 0.005 0.01 0.015 0.02 D026
Non-dimensional Mass Flow (S1)

Figure 512 IF Compressor Variable All
Stators by 20 degrees.




Compressor Characteristics

Efficiency (%)

100
|
B0 L ﬂ
=y 0.7
0.8
e 0.5
40- |
0.8
20 1.0
(AT
ﬂ T T T T
o 0005 0,01 0.015 0.02 0.025
Non-dimensional Mass Flow (Si)
Pressure Ratio
HP mode —.o""
a1 /
J-;__.-"'
Burge Ling Y4
2.5 \ >
LP mode J,.-/fh
2 \H‘\??“\\ \
_?‘f_\\"
T - — Ill o]
2 1
< 05 97 loa 10
1 . - . :
0 o0o0s 0.0 0.015 0.02 0,025

Non-dimensional Mass Flow (S1)

Figure 5.13 IP Compressor Variable All
Stators by 30 degrees.




Compressor Characteristics

Efficiency (%)

100
BO - . ,,--li -
W‘n. \ o.g 10
60 - 0.5 f:8
orF
#03 [N/4T)
20+
-ﬂ T T ¥ L}
o 0.005 o.M 0.015 0.02 0.025
Non-dimensional Mass Flow (Sl)
FPressuns Ratio
HP mode —
3 =
.-‘-r_.-l'
LP mode .-’-/
2.5 \.;
Hurge Line \\ ;.
i iy 4
2 —u,:’; 1.0
o & 0.9
1.5- s E 4 /
i . (N/T)
— 08 O.TF
1 T T ] T
(+] 0.005 0.01 0.015 0.02 0.025

Non-dimensional Mass Flow (S1)

Figure 514 IF Compreasor Variable Al
Statlors by 40 degrees:




Compressor Characteristics

Efficle 1 %)
oo =

80 N g
S 0.7 I|
. o8
G0 :
40
0.8
B0 - 1.0
WS ST
o - x . -
o 0.005 0.0 0.015 0.0z 0.026
Non-dimensional Mass Flow (Sl1)
Pressure Ralio
3.5
I__.-"
HP maode ?
3 =
2%
Surge Line g /
25- ki W
LP mode r

2 - =

1.5 - ) n
<08 o7 loa 0 L m
1 T t T T 1
4] 0.0085 0.0 0.015 0.02 0,025

Non-dimensional Mass Flow (S1)

Flgure 513 IF Compreasor Variable All
Stators by 30 degrees.




Compressor Characteristics

Efficiency (%]

100
BO - e, .--'|I
~ 71
\ ! | pg 10
B0 - 0.5 L
0.7
40 - (/ST
20
a T T T 1
o Q.005 001 0.018 Q.02 0.025

Mon-dimensional Mass Flow (S1)

Prossure Ratlo

4.5
___.-I'
HP mode 7
a
LP mods e
26 - N
Surge Line \ /-'
] e 4
-
EL 0.9
TR W {NFST)
0.8 ~U.T
1 T T T 1
O 0008 0.0 0.015 0.02 0.026

Non-dimensional Mass Flow (S1)

Flgure 514 IP Compressor Variabls All
Stators by 40 degrees.




Compressor Characteristics

Efficlency (%)

100
80 P
0.5
60 -
410
20
{(NsST
g T T T
0.002 0.004 0,006 o,008 .01 0,012 0,014
Non-dimensional Mass Flow (SI)
Pressure Hatio
e . DP
Surge Line
Ao
LP mode
24
"
- \
< 0.9
1.5 1 T
B QT ; o
_""\—\_\_‘__. &
.05 o8 NEST)
1 . - . - !
0.002 0004 0006 0.008 oo oz O.014

Non-dimensional Mass Flow (51)

Figure 5.15 IP Compressor Variable All
Stators by 30 degrees (only LP mode).




Compressor Characteristics

Effici (%)
. ciegncy
.___r" il 0.9
p -' 1.0
f".- /_\
60 - 0.8
0.5
40 -
o7
20 -
IMF ST
ﬂ T T T L
0.01 0.02 0.03 0,04 0.085 0,08
MNon-dimensional Mass Flow (Sl1)
Preassure Fatio
a6
Surge Line
3~ S
LP made Q/\\/,
2.5 S
HP mode i}“ﬂ a 1.0
I \\; ?‘/\"’H
it \ /
1.5 - - k'-,ll 0.8
il M/
i Ak 0.7 N/ YT
1 = T T T T
0.0 ooz 0043 0.04 0.05 0.06

Mon-dimensional Mass Flow (SI)

Figure 516 LP Compresaor Variable Al
Stators by 1 degrees.




Compressor Characteristics

Efficie %)
Rlule) =
0.7 0.8
a0 - ’J_,.-"Z—'_ //”—F e -
~ F L
t
A
E-u -
0.5
0.9
0 |
WS
20 1
i} t T T T
0.0 .02 0.03 0.0s .05 0.0E
Non-dimensional Mass Flow (SI)
Pressure Ratio
Surgo Line P nide
H X./
2.5
HF mode \N o
ol " ':———”"‘tﬂ.\
— 1.0
",
1.6 = i B
T 06
T 1 1 T T
Q.0 0.02 0.03 0,04 0.05 005

MNon-dimensional Mass Flow (S1)

Figure 5.17 LP Compressor Variabie I1GV
by 20 degrees+All Stators by 10 degroes




Compressor Characteristics

Efficioncy (%)

60

o7 0.8
80 - ) ,-""f : / /r"'
._,-f/\ 2
0.5 0.8 1.0

A0
(NS
20
n L] T T T
.01 0.02 0.03 .04 0.08 Q.08
MNon-dimensional Mass Flow (Sl)
Prasaure Ratio
as
LF mode
3 :F\:,,r
Surge Ling H“"\ -
. \\‘ __.-""'-
2.6 » L
HP mode .
a A ‘-’_.__'_....'-'—"'_T_
S | 1.0
i = " -\___\""'\-. i, \ |
1.5
= 0.7 08 0.9 (MST)
0.5
1 T t T
oo 0.0z 0.03 .04 0.05 .06

Non-dimensional Mass Flow (SI)

Figure 5.21 LP Compressor Variable 1GY
by 3& degrees+All Stators by 15 degrees.




100

B0 - //"—F % r,,#’ff u‘g,/ﬂﬁ

Compressor Characteristics

Efficiency (%)

I A o '|
|

0.8 1.0

0.5
40
il (NS ST)
0 T T T
0.0 0.0z 0.03 0.04 0.05
Mon-dimensional Mass Flow (30)
Freszure Ratia
Surge Line
NN
2.5 4 -
HF moda _ \
&H_x DP
. A
2 “—-—\_(/J\V ‘
T s \'l |I
1.5 - : [ AT R +o
e - 23
- N/ ST
T L 1
0.01 0.0z 0.03 0.04 0.05

MNon-dimensional Mass Flow (S1)

Figure 522 LF Compréessor Variable 13V
by 35 degrees+All Stators by 15 degrees
[only HP mode).




‘Anjewoan ajqensp Jossaidwod d1 ETS ainbiyg

(15) MO SSYIN ﬁzo_mzmz_n.zoz

SOILSIHILIVHVHO HOSS3IHAWNOD

vy g o S oz &1 O
AN 10 N N O O Y,
u___nn__m__u.n_.mfr

--:____._-ﬁ..-.w..”.}__”um ..___..._.lll._._...-l.l.r.-_ -
-. .f_r . - ;_..-IL. :
L el e —0 |
; oL _
a -‘I-l.-l-_.-
F o~ L,
[l - --1
L 02
=g
= 1"E
=G0
Loy

S53Hd

Ollyd 3HN




Fuel s ratsh
0.CAE 0.8 0020 0022 a0za B02e

- - T S

SRy et

G5

ESD

=0 =
E==

Rl —=—

650

Cornbustion temparalung nse B {assummng complele combusiaon)
o
m
o=

Combwanon mmporajurn e, K [assasig Soinpless combasiiong

= T =z
200 S =
150 g 5 e s S e e i e L B
el G00E ooo0g Q.o 0012 0oa

Fuelfan g

Figure 6.1 Combustion Temperature Rise versus Fuel/fair Ratio.



8|14 S3WELD PROJYS— 4N H

¥ €1 T WF o1 & & L 9

oyl 2anssard joop auigang

L]
s
.
e

i L (. i i

odier Apsuap ims

PROIYS [eatspuiha e i

JUIQING B 40 04168 Bangsaad EE_.HVA i

50

90

£a

g0

60

ol

[||I|III|III|.|-|I|II-I-|II

——— AT [EReiep

Wi

fry jeatipuy 4
© s S0IqAnt € 10)
OES Dinssae nnwEsy

THIMLE T ERL [ SR

gy nnu_T-u._..:hu LMy SILIGIN] J0F DT PRGNS |
| |
il
1 | r

POCEAYS [EMp (£ i SSUEIN] 30) QLIRS POOIyS — iy

|

EFMIUHILL MOTAIVIXY 40 HOLIOIEIHL IDRYIRIOIHTS Oy §D150

Tt R TER L

5

Variation of Turbine Static Density

Ratio and Hub-shroud Diameter Ratio with Design

total Ratio.

Figure 6.3




Helative inlat
1-0 - g%::_anglatu. or fiy
-9 &
2 h‘_x
€ 0a h%
£ S
2 5{}'% '
“ 07 ~
&0
EIE _ \
D5
40° 50° B0° W
Relative efflux angle (x. or 8,)
Figure 6.4 'Optimum' Space/chord Ratio.




a|buy ale|d sninuuy

G'g a4nbiy4

jooy
z2/'e

18ing

¢/ ©
diL

aju




Tanal-1osoial lseniropic
itepe clficiency sdeoqs bladang
Tiotad-60-EEI0IC rhs i e
cificicnsy acroas rage plu dallsser
Teazl-4e-=1a1e Sonrapic
siapr eificiensy scmss Mading

| RRA LTI DN FY

I s
Flivar pocf¥iciom

{(a) Reaction 0.3

Towal aoeiaial ERifopas
slage clficicsey sroas ading
Todal-lo-wtsia irnirapar ]
<lliicney across aape et dilfuicr
Tomb-lp-ristic monopic
sigpe eflicicncy acrois Blifing 1||

B /)

% h
o
A
J"'-"‘-IFJ I,
[}
el : M
T
Ji ':f
_.l’f,i - gt
Egmil onm it awir] angl=

Be - .t [ 1 141 12 L4

Ladeng FeE e m

Fliow coetlazszer

(b) Reaoction 0.5

Figure 6.6 Axial-Flow Turbine Stage Efficiency
Versus Loading and Flow Coefficients.




T« oorereal Fhen il
ptage efficiency scrods hiading
Tiowal 4o-glains Essreraped
cffigicney sorons sage phut dilTuser /
Toialn-Siares ST OpsD 1
wapz cfhbiendy doroes blading
[

[{ET

L it siy

o (FR L1

1.4

Flse gozfiscien

(o) Reaction 0.7

Figure 6.6 Contd

951
—_
-_'_-—'—-_.
& ,%"‘a‘{ 0.4. 0.5
. —— 0.3, 0.6
5 . 0.2,0.7-0.%
-3 e = e e -\-‘-\—\ 0.1
b = I e T, o
e R it e
k. —_— . = T s [
= s i i ~ =
= IS — -'T"'-'h.,_ sierioel e a
;; i g ':"‘-.n. o % -:::? w E
= N JESG T, CSlgR e
: R R S |
ST o S
z - \ ™ . h“‘:'-:. X e 31
= = 0l
= SR | T
W v % 1N
bk ey Fd
ko 0.9 0yF |07
o .
i 1.5 ) 25 3.0
Louding coclficiem
Teralaoagusl isensropic slage r_l‘ﬁ:i:n:::cu
o= Tot#l-seestanic iseniropic e MMoencies of 3 wrbine

stage plus 3 diffuser recovering hall the srage-exi

kinsies encrgy

Figure 6.7 (a) Maximum

Efficiencies versus Loading

BReacstion.

Stage  Isentropic

Coefficient

and




stage-ouiil Now swel angle

Loding cosiTiacni

Figure 6.7 (b) Stage Outlet Swirl Angles at Maximum
Efficiencies versus Loading Coefficient and
Reaction.

Ty
i S |
w o
T T
= = I
e L
- e
: |
- 0,3 1 — ]
u * |
S e————— /H,,l_.—'——ﬁ
2 s —] i
2 ih i | ] :',//
= _._._._,_.—-—'_'_'_ |
= e L = ]
E _,_.u—F"'H-FFFF L_..--""rﬂr
= _'_'_‘_,—o-""'-f_
E Ve /”’/
R
F )
|
- -
pes]
o (1) 1.5 .00 1.5 3.tk
Pavsaling vesr i

Figure 6.7(c) Optimum Nozzle Flow Angle wversus
Loading Coefficient and Reaction.




%
| ! :
L1

| T '

f Y, T T T
. (0 Tt = r
E Y ] - =
= —~ ~ ~ -

Figure 6.8

[m)

D

HPE and LF Turbkbine Annulus Geometry




Axial-Flow Turbine Characteristics
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Figure 6.2 Single-Stage HP Turbine.




Axial-Flow Turbine Characteristics
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Compressor Characteristics
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OFF-DESIGN PERFORMANCE
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Figure 72 Change of Thrust with TET.
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