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ABSTRACT

A prototype preliminary design task for gas turbines is set
up to outline the four major requirements a preliminary design
program must typically meet: assessment of all magjor engine
components and their interrelations; inclusion of all relevant dis-
ciplines; designing over severa operating points; and model fi-
delity zooming at least for individual components. It is described
how the "MOdular Performance and Engine Design System”
(MOPEDS) - MTU Aero Engines’ software package for the pre-
liminary design of airborne and stationary gas turbines - fulfills
these requirements. The program structure, the graphical user
interface, and the physical models are briefly presented. A typ-
ical design exampleis carried out emphasizing the necessity for
a numerical procedure to find a solution to the many variables
and constraintsthat the design problem comprises. Finally, some
dominating multidisciplinary effects are discussed.

INTRODUCTION

During the preliminary design phase of gasturbinesthemain
parameters are fixed. These, in return, fix most of the risks and
financia resources associated with the development, manufac-
ture, and operation of the engine under concern. The prelimi-
nary design process must in contrast to that be carried out very

*Address all correspondence to this author.

quickly so that engine suppliers are able to evaluate numerous
concepts with respect to the market requirements at a given short
time. This brings up the need for an adeguate software tool that
accurately and quickly guides the designer through the prelimi-
nary design process. MTU Aero Engines uses such a software
package. It is called "MOdular Performance and Engine Design
System” (MOPEDS).

The preliminary design of a new engine usually starts with
the thermodynamic cycle. It is fixed so that al aircraft re-
quirements are met at all relevant operating points of the flight
mission. From the cycle the engine configuration is then de-
rived. Subsequently all engine components are designed aero-
dynamically and mechanically with respect to a good matching
of the components, well behaved off-design characteristics over
the whole mission, low cost, ease of manufacture, reliability,
noise legislation, emission regulation etc. Such a preliminary de-
sign processis characterized by three major features upon which
MOPEDS s hbuilt: all major engine componentsand their interre-
lations are assessed; several relevant disciplines are considered;
designing is done on severa operating points and the off-design
characteristics are adequately checked.

Once the preliminary design phase is completed its results
must be smoothly fed into the detailed design process. For this
reason more sophisticated methods are included in MOPEDS.
These higher fidelity methods are typically applied for singu-
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lar components that are included in the company’s work share.
These methods are the ones used in the specialist departments,
so that they provide the’interface’ through which the pre-design
results are passed to the detailed design and vice versa. The de-
signer in the specialist department is then able to add one higher
order of detail to the design and, simultaneously by running
MOPEDS, is able to see how his changes affect the performance
of other componentsand the overall engine. Throughout thelong
lasting detailed design phase the overall engine behavior is mon-
itored thereby. 'Model fidelity zooming’, i.e. the application of
models of different degrees of detall, is the fourth mgjor feature
of MOPEDS.

Mo d e\ F'\de“ty

Cost
Noise
Weight
Mechanics

Disciplines

Aerodynamics
Thermodynamics

Figure 1. Cube adopted from (Claus, 1991).

Representative for several known multidisciplinary engine
simulation systems, the popular Numerical Propulsion System
Simulation NPSS (Claus, 1991) shall be mentioned. NPSS is
made to model al engine components with several disciplines
and the full range of model fidelities as is shown in figure 1.
One of the strengths of NPSS is the ability to include highest fi-
delity methods such as multidimensional CFD modeling for sev-
eral components simultaneoudly if not for all. Somewhat to the
contrary, the preliminary engine design tasks are clearly the fo-
cus of MOPEDS, so that mainly lower model fidelity methods,
such as 1d and 2d methods, are included so far. It is intended to
thoroughly exploit the first order effects using this ability before
any second order effects are tracked in the design process with
higher fidelity methods. No attempt is made to model all-engine
effects with high fidelity methods within MOPEDS.

(Halliwell, 2001) gives an excellent overview of the prelim-
inary design task. Following his ideas, a prototype preliminary
engine design task is described in section 1. The thus created

prototype problemis used to emphasize the necessity for aninte-
grated multidisciplinary tool and it is the measure for MOPEDS
which is described in section 2. In the spirit of the prototype
problem some exemplary pre-design results are then shown in
section 3.

NOMENCLATURE

alt flight altitude

BCR cruise

BPR bypassratio

N net thrust

MCL max climb

Ma Mach number

P25/ P2 LPC core pressure ratio

P1a/ P2 fan outer pressureratio

P3/ P26 HPC pressure ratio

SFCrcr thrust specific fuel consumption at cruise
TO take-off

Wo fan entry mass flow

ATisa deltato |SA temperature

NHpcmcL  isentropic efficiency HPC at max climb
NHpT,McL  isentropic efficiency HPT at max climb
U] stage enthalpy diff. divided by blade speed squared

High Spool Speedyc. HP speed at max climb
Surge Marginyc. surge margin at max climb
S HPC Vanes + Blades ~ Sum of HPC blades and vanes

> Mass Disks HPC + HPT Sum of HPC and HPT disk masses

1 A PROTOTYPE PRELIMINARY DESIGN TASK

The prototype preliminary design task to be set up in the
following can by no means be generic. The design variables,
congtraints, figures of merit, and operating points considered are
generally completely different in number and type for each in-
dividual engine project. We still try to give some idea of the
preliminary engine design task:

The engine design ideally starts with the aircraft and engine
demands such as flight mission, number of engines, thrust and
SFC requirements, maximum size and weight, installation re-
quirements etc. fixed. These determine the engine's thermody-
namic cycle which in return fixes the engine configuration. Say,
for the prototype problem, a typical medium-sized commercial
aircraft is considered whose engine cycle requirements can be
met by an air-breathing, high-bypassratio, two-spool, mixed tur-
bofan engine. The major cycle design variables are then

overall pressure ratio
HP/LP pressure ratio split
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fan outer pressureratio
bypassratio

inlet flow

turbine inlet temperature

Cycle constraints are derived from the flight envelope require-
ments or typically arise from temperature limits imposed to as-
sure sufficient mechanical strength or to limit the cooling flow
demand:

net thrust required
maximum HPC exit and HPT, LPT inlet temperatures.
maximum fan diameter.

A possible figure of meritis
minimum specific fuel consumption.

The preliminary aerodynamic design variables for turbo compo-
nents are typically

rotational speed

stagewise distribution of reaction, loading, flow rate
flowpath radius ratios and flowpath slopes

blading parameters such as: pitch-to-chordratio, aspect ra-
tio, taper ratio, axial and tip clearance, profile thicknessra-
tio, rel. trailing edge thickness, etc.

Typica aerodynamic constraints, especially for compressors, are

maximum rotor tip Mach numbers

minimum de Haller numbers

minimum surge margin

several geometrical constraints like limits on radiusratios

and possible figures of merit could be

maxi mum component efficiency
minimum number of stages
minimum number of blades
minimum component length.

Preliminary mechanical design variables for turbo components
aretypicaly

materials

blade profile area and moment of resistance
blade root geometry

disk geometry

typical constraints are

maximum metal temperatures
frequency bounds
maximum low and high cycle fatigue stresses

and figures of merit could be

minimum weight
minimum number of parts

miniMum cost.

Variables, constraints and figures of merit for burner, ducts,
nozzles, nacelle, shafts, bearings, etc. are to be considered also.
Further constraints arise from noise legidations and emission
regulations as well as maintenance costs, life cycle costs etc.
This easily amounts to an order of one hundred variables and
constraints and an overall figure of merit combined from severa
weighted individual ones.

An adequate preliminary design furthermoreassesses all im-
portant operating points of the required flight mission. Each en-
gine component is given a nomina design point where the in-
dependent design variables are specified. All other pointsin the
envelopeareformally treated as off-design points and the depen-
dent variables can be taken to define constraints there. The de-
sign variables are then to be chosen to give balanced component
characteristics over the whole flight mission.

The nominal design point is most conveniently chosen to be
the point with the severest conditions or the strongest influence
on the figure of merit. This usually amountsto a high speed and
max through-flow point for the nominal aerodynamic design of
compressors, nozzles and ducts, say max climb, and possibly a
cruise point for the design of turbines. The severest mechani-
cal integrity constraints generally arise at hot day take-off so that
the mechanical designing is done there. Further operating points
have to be considered that are relevant for external constraints
such as noise legislation, for instance. An example of the impor-
tant operating pointsis then

hot day take-off

standard day max climb
standard day cruise
sideline, cutback, approach

and others must be considered for burner design, assessment of
emission limits, etc.

What makes the design task so challenging are the many
design variables and constraints to be considered at severa
operating points of the flight mission. The strong coupling of
the effects of all disciplines as well as the strong interrelation
of al engine components puts up the need to consider al of
the variables and constraints simultaneously. For instance, the
limited take-off metal temperatures of the turbines are a direct
function of the cycle variables set in the max climb cycle design
point and the turbo component efficiencies. These component
efficiencies, however, are a direct function of the aero design
variables set at the aero design point max climb or cruise. This
gives for these temperature constraints a direct dependence on
several design variables of different disciplines set at different
operating points. This problem can only be adequately tracked
by an integral computer program that simulates these interrela-
tions.
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2 THE SIMULATION TOOL

The traditional way of solving the preliminary design task
described in the previous section is to run several stand-alone
programs, onefor each subtask. A loop over aseriesof such indi-
vidual programsis done until convergenceis achieved. However,
due to the time consuming process the mentioned strong interre-
lation of the engine components, the coupling of the disciplines,
and the engine characteristics on al of the important operating
points are not adequately captured. Often this shortcoming is
very costly compensated for, when the loops must be closed in
the subsequent detailed design phase.

MOPEDS was built to overcome this shortcoming. It fo-
cuses on the multidisciplinary, all-engine, multi-operating point
modelling ability and extensively supportsthe designer so that he
usually can arrive at a’ converged’ design. The following section
describes the underlying program structure before subsequently
abrief sketch of the graphical user interface and the implemented
physical modelsis given.

2.1 Program Structure

MOPEDS is an extension of the in-house performance
program "MOdular Performance Synthesis’ (MOPS) (Kurzke,
1992) and shares its program structure. Performance programs
deal with all-engine effects so that their program structure gen-
eraly iswell suited for such atask and the thermodynamic per-
formance is aways the backbone for any preliminary design. It
was therefore obvious to base MOPEDS on MOPS.

The program is divided up into the four levels

level 1. graphical user interface (GUI)
level 2: program control

level 3: modules

level 4: 'physical’ modelling.

Each level contains a self-sufficient package of programs and
data is passed exclusively through standardized interfaces be-
tween the levels. Level 1 contains the programs for the GUI
which is described in section 2.2 in more detail. Level 2 rou-
tines control all input and output operations as well as the run
time data transfer between the modules residing in level 3.
Any purely mathematical operations like those necessary for a
Newton-Raphson iteration are done in level 2 and all external
programs are called from there. One of these is the commercial
package iSight (Engineous). On command of the user a prede-
fined MOPEDS dlave process is passed to iSight at any point
of the design process. iSight’s full range of numerical proce-
dures ranging from simple parameter studies to optimizationsis
thereby available at run time. On termination of the iSight sub-
process the command is given back to MOPEDS and the neces-
sary datais passed over by the control program.

Level 3 contains al the modules. As depicted in figure 2
the level 3 program structure forms a matrix whose columnsrep-

resent the engine components, whose rows represent the disci-
plines, and whose elements are defined to be modules. Effec-
tively, each module is a standardized subroutine that stand-alone
contains all physical information associated with its position in
the matrix. It has standardized interfaces for data transfer in ver-
tical and horizontal direction and to the level 2 control program.
Depending on whether its physical content is needed or not it
isincluded in the configuration set up for a specific preliminary
design task or not. Somewhat outside the matrix the so-called
overall-modules reside which are responsible for data that can
not be related to a single discipline or engine component, e.g.
thrust and SFC evaluation or assessment of rotor dynamics. At
run time a loop over the modules, which are successively called
asissketchedinfigure 2, isrepeated until any iterationis brought
to convergenceat each operating point. An outer loop over al the
operating points specified by the user then completes the process
whichintotal is controlled by the level 2 control program. Each
modul€’s variables are uniquely defined at each operating point
and are treated by the control program as independent or depen-
dent variables, constraints, or figures of merit depending on the
problem under concern. Thereisno limit on the number of oper-
ating points and variablesto be considered by the user apart from
his own choiceto limit the complexity of the problem.

According to the modul €' s self-sufficient character, al of the
extensive descriptions of the modul€' s underlying physicsand its
variables are directly implemented in the modul€'s source code.
From thereit is automatically transated to html format to make
it accessible for the user viathe GUI (see section 2.2).

From within the modules the level 4 subroutines contain-
ing the 'physical’ models (see section 2.3) are called through
standardized interfaces. The level 4 programs are the 'special-
ist's' programsheld and maintained by the corresponding depart-
ments. Any 'trandation’ of variables from MOPEDS definition
to the level 4 definition is automatically done within the mod-
ules freeing the user from this task. The user may choose to be
confronted exclusively with the MOPEDS nomenclature, which
assures a unique definition throughout al of MOPEDS, or may
use the level 4 nomenclaturefor the limited number of input data
needed to configure the level 4 calculation. The first practiceis
possibly the preliminary designer’s choice who sets up thewhole
MOPEDS process. The speciaist who is concentrated on and is
used to the level 4 program may choose the latter.

Any 'model fidelity zooming' is realized by selecting the
corresponding level 4 routines included in the module. All nec-
essary trandation of datafrom one level 4 routine to the other is
again automatically done by the module.

The modules are surely the physical heart of the tool and as-
sure the full modularity of the tool. Practically any engine con-
figuration can be set up ranging from simple single shaft engines
to multi-spool, recuperated, inter-cooled, stationary or air-borne
engines. All disciplines can be covered ranging from thermo-
dynamics and aerodynamics down to noise and cost assessment.
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Figure 2. Modularity

2.2 Graphical User Interface

The mentioned almost limitless flexibility hasits price when
it comes to setting up the design process, monitor its progress
during run time and interpret the results. The provision of well
organized input and output data sets as well as extensive help
features eases this situation.

The control program of MOPEDS reads input data exclu-
sively from ASCI| files. With help of these lengthy but all flexi-
ble and well organized files the user may set up his design task.
This includes the specification of the engine configuration, the
input of al physical data, and the setup of the mathematical
problem to be solved, i.e. the input of the iteration/optimization
scheme, the number of operating points considered, the mod-
els to be used, etc. Input data sets for standard design tasks
are provided so that the data generally must not be created from
scratch. A strict file administration assures the reproducibility of
any MOPEDS run.

The ASCII file system is manipulated through the graphical
user Interface (GUI). The GUI consists of several elements. Two
of them are the so-called input sheet and output sheet windows
for modules. No matter which module is considered the user
is confronted with the one input sheet shown in figure 3 and an
analogous output sheet window. Heis thereby freed from the nu-
merous individual interfaces of the stand-alone programsthat are
included in MOPEDS. Furthermore, a description of all the mod-
ules' variables and physical models can be invoked from within
these windows. An example of the sort of available information,

that is directly provided from the modules’ source code (see sec-
tion 2.1), is shown in figure 4. The user is thereby well guided
when specifying each modul€e's input data and interpreting its
results. Constraining himself to the proposed input values and
judging the results as advised, he may even apply the modules
methodsif heis not an expert.

A rather large collection of graphical outputs is provided.
They are initiated from within the output sheet and they display
the modul€'sresults. Examples of these outputs are turbine load-
ing diagrams, velocity vectors, flow path geometries, stress and
temperature distributions, noise levels, ICAO parameter distri-
butions, etc. The commercial package TECPLOT (AMTEC) is
directly linked to the output sheet to automatically produce the
displays during run time. TECPLOT aso providesthe basis for
subsequent postprocessing individually carried out by the user.

=]
Eile View Tools Window Help

| %

Unrestricted input ~|

Property IN and INOUT  ~|

Figure 3. Input Sheet Window for Modules

2.3 Physical Models

All in MOPEDS included programs are the in-house devel-
oped and over the years validated programs of the specialists
departments. The currently available ' physical’ models are sub-
divided into the disciplines

thermodynamics
aerodynamics
mechanics

weight assessment
Nnoi se assessment
cost assessment.

To give someideaof the modelsincluded so far they shall bevery
shortly listed as follows: Steady and unsteady '0d’ performance
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Figure 4. Online Help Feature for Modules

models for al relevant engine components. Meanline (1d) and
through flow (2d) aerodynamic codes for the turbo components
and ducts. Burner design and assessment of emissions in terms
of ICAO parameters. Blade and blade root steady and unsteady
mechanics assessed by 1d beam theory methods. Containment
formulae constraining the mechanical casing design. 1d finite
difference and 2d finite element codes solving the elasticity and
heat conduction equations for disks. Shaft design and rotor dy-
namics based on beam theory methods and a parametric bearing
design concept. Several weight assessment methods, some cal-
culating masses from the laid out geometry and some based on
simple correlations. Engine noise determined for single engine
components and the overall system. Finally, several correlations
for the costs of development, manufacture, maintenance and the
life cycle of the engine.

Modé fidelity zooming is readily applied for the 1d and 2d
aerodynamic and mechanic models. The data transfer as well as
the conversion of datafrom one level of accuracy to the other is
fully automated.

The huge amount of design variables, some of which men-
tioned in section 1, that need to be specified as input to the many
physical models, make it impossible to consider all of them si-
multaneously even with atool like MOPEDS. For this reason a
data base of generic component models has been set up. These
generic component models contain all input data for a physical
model in, asfar as practical, dimensionless form to alow scaling
of components correctly taking into account the corresponding
similarity rules. It is then generally possible to consider only

a very small number of design variables while fixing all others
by the generic model. Most of the data base models set up for
MOPEDS are geometric component models like those for turbo
components whose geometry is non-dimensionally provided as
radius ratios, area ratios, aspect ratios, pitch-to-chord ratios, etc.
Since the generic models are usually set up with reference to al-
ready designed engine components, they can easily be read into
MOPEDS when it comes to analyse a given engine. Figure 5
shows the general arrangement of an engine whose geometry is
completely provided by generic models.

However, MOPEDS provides one other way to free the user
from explicitly specifying the many design variables. So-called
knowledge bases have been programmed for all input variables.
These contain rules to set the input val ues depending on the situ-
ation. Examples of which are rules for typical stage-wise distri-
butions of reaction, loading, and flow rate for turbo components.
The user may invoke these knowledge bases for singular design
values, severa, or even al. A fully automatic engine design is
done by invoking al of them. The example provided in section
3 makes use of such full automatic designs. Applying the full
automatic scheme the designer is able to arrive at afirst solution
from where he can start to fine-tune his design.

Figure 5. General Arrangement of an Engine to be analysed

3 APPLICATION EXAMPLE

MOPEDS is used to solve a simple artificial preliminary
design problem. Say, the problem is to design a high pressure
compressor upgrade for a given engine. Apart from rather small
necessary adaptations, al engine components other than the HP
compressor may not be changed and the underlying thermody-
namic cycle is kept constant in terms of pressure ratios, mass
flows, and thrust requirements.

The high-bypass ratio, two-spool, mixed turbofan engine
considered in section 1 is taken as a basis and the problem is
solvedin the spirit of the design task sketched in section 1. How-
ever, severa simplifications are made to keep the design problem
easy:
Aerodynamic design is done only for turbo components
based on meanline codes. Mechanical design is only carried out
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for blade roots and disks. It is also based on 1D methods. Be-
sides thermodynamics, aerodynamics, and mechanics no further
disciplines are looked at. The three mission points hot day take-
off, standard day max climb and standard day cruise are consid-
ered. Thethermodynamiccycleis specified at max climb and the
aerodynamic design of al engine componentsis made there. All
components can then simultaneously be run in off-design mode
thermo/aerodynamically at all other operating points. Further-
more, aerodynamic meanline calculations are only done at the
design point, where appropriate component maps are scaled ac-
cordingly. These maps are used at al off-design points, thereby
avoiding any aerodynamic off-design calculations at run time.

The max climb design point is taken to be defined thermo-
dynamically by

Ma = 0.8, alt = 10668m, AT;sa = 0, Fy = 25000N,
wy = 150kg/s, BPR =5, pps/p2 = 3.0, p1a/p2 = 1.7,
p3/ P26 = 13, fixed secondary air system

and all of these values are kept constant.
The many aerodynamic design variables mentioned in sec-
tion 1 are reduced to only the three

radiusratio HPC exit (€N}
High Spool Speedy,c 2
number of HPC stages (©)

by taking al others from the MOPEDS knowledge base. The
only explicitly defined aerodynamic constraint is

minimum  Surge Marginyc, . 4

The mechanical design is chosen to be done at hot day take-
off rotation:

Ma=0.2,alt =0, ATjsa = 15K, Fy = 115000N.

In order to keep our example simple, the blading design vari-
ables like blade profile area and blade moment of resistance are
taken from the same knowledge base that is used for the aerody-
namic blade design. The blades and vanes are then simply me-
chanically analysed at take-off. A close coupling between aero
and mechanical blading design is avoided thereby. Merely the
blade roots and the disks are designed: materials and geometry
are found during run time exactly fulfilling stress and tempera-
ture constraints at take-off and providing minimum weights. No
independent mechanical design variables then appear. However,
the constraint

maximum  StresseSyicL (5)

formally stands which especially puts limits on the values of ra-
diusratio HPC exit and High Spool Speedy,c, beyond which the
mechanical design is not feasible anymore.

The cruise point

Ma= 0.8, alt = 10668m, AT sa = 0, Fy = 20000N

is used in the example to evaluate SFC there.
The design task’s figure of merit is defined to be aweighted
function of

minimum  SFCgcr (6)
minimum z HPC Vanes + Blades (7
minimum ZMass DisksHPC + HPT (8)

The number of blades and vanes is hereby interpreted as some
measure of costs in our simple example. The disk masses are
taken as some measure of component weights.

The thus defined design task forms the basis for the follow-
ing optimization and parameter studies. To set up a problem like
thisfrom scratch takes an experienced preliminary designer afew
hours and run time on a typical workstation for each of the fol-
lowing studiesisin the order of afew minutes.

It must be clearly said that the following results are meant
to show exemplary results, that by no means are to be taken for
granted in absolute terms. Preliminary design in general first of
all provides trends and not absolute results and thisis even more
valid for the artificial prototype problem presented here.

3.1 Optimization

A numerical optimization scheme based on a coupled ge-
netic and gradient based algorithm is used to solve the prototype
problem. It is defined by the design variables (1) - (3), the con-
straints (4), (5) and thefigures of merit (6) - (8). Theoptimization
is started from some arbitrary initial solution that could represent
the given gas turbine whose HP compressor is to be improved.

Figure 6. General Arrangement before (grey) and after Optimization
(colored) .

Infigure 6 theinitial engine configuration and the optimized
one are shown and table 1 compares starting values with opti-
mal values. The improvements shown in table 1 are of course
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Table 1. Optimization

optimal value / start value

radius ratio HPC exit 0.91/0.89
High Spool Speedyc. [RPM] 13506,/12000
number of HPC stages 9/11
SFCacr 0.96
NHPC,MCL 1.03
NHPT MCL 1.02

> HPC Vanes + Blades 0.93

5 Mass Disks HPC + HPT 14

strongly dependent on theinitial solution and the choice of figure
of merit. However, the example serves to illustrate the value of
atool as presented herein. Even though the investigated problem
is somehow "academic’, it comprises a truly multidisciplinary,
multi-operating-point investigation of the overall gas turbine en-
gine. A preliminary designer could by no means produce re-
sults like this - not to speak of a more realistic problem with
more variables - in such ashort time without an integral tool like
MOPEDS.

However, there obviously can be severa pitfalls when nu-
merically investigating aproblem of high complexity. Especialy
the physical accuracy of the used models must always be care-
fully checked. Thisiseven moretrueif anumerical optimization
is used that could exploit some model’s strange trends outside
the model’s typical range of application. One means of check-
ing the validity of a numerically obtained solution is to vary the
design variables in it's vicinity. Not only the optimum can be
checked thereby but also the models by investigating their trends
carefully. This shall be donein the following parameter studies.
The parameters are deliberately varied over awider rangethanis
reasonable for anormal design to show how the models behave.
Still, these parameter studies are another typical preliminary de-
sign result that can be achieved with MOPEDS - even though one
might typically not vary the design variables (1) - (3) directly.

3.2 HPC Radius Ratio Variation

Varying the design variable (1) effectively meansthat thera-
dial position of the HPC is changed. The HPC and HPT flow
path annuli and the bladings in terms of blade inlet and exit an-
gles, pitch-to-chord ratios etc. are then individually and fully au-
tomatically designed at each run by use of the knowledge bases.
The engine’'s LP components are left aimost unchanged except
for some adaptations necessary for the extreme HPC radius ra-
tios. Minor LPT design changes automatically result from dif-

ferent LPT entry conditions during the parameter study.

1.10 T 1.50
——+8— SFC,BCR 1
—A— nHPC, MCL 1
—S—— N HPT, MCL 1
i ——&—— Surge Margin, MCL 1
1.05 gi 3 HPC Vanes*+Blades 1.25
3 ||—>—— X Mass Disks HPC + HPT L 1
]
1.00 1.00
| 1
0.95 / ‘ N 0.75
I left axis <- open symbols ‘
I filled symbols -> right axis |
0.90 . . I : e — 0.50
0.88 0.9 0.92 0.94 0.96

Radius Ratio HPC exit

Figure 7. HPC Radius Ratio Variation. Dependent variables are divided
by the optimal values of section 3.1

Some of the most dominant effects of this parameter study
are shown in figure 7. First, an optimum of the HPC efficiency
NHPc,mcL can be identified around radius ratio 0.9. For lower
radius ratios the higher stage loadings Y and the associated large
profile losses become dominant so that nHpc mcL falls there. At
very high radius ratios the lower loading can no longer compen-
sate for the increasing secondary flow losses and radial clearance
losses caused by the "short’ blades especially in the rear of the
HPC. nupc,mcL falls there again. The highly loaded HPT stages
benefit from higher blade speeds over the full range of radius
ratios. The SFCgcr distribution directly reflect the nxpc mcL
and nupc MmcL trends, since all other component efficiencies are
merely unchanged. The exchange rates between SFC and the
component efficiencies directly follow from the underlying ther-
modynamic cycle and the aerodynamic off-design characteris-
tics.

The number of blades and vanesgiveninfigure 7 isalmost a
linear function of the flow path radius since pitch-to-chord ratios
and aspect ratios are amost constant for each run. The number
of blades and vanes can be closely linked to the costs of manu-
facture.

The disks are strongly influenced by the increasing centrifu-
gal forcesat higher radiusratioswhich leadsto larger and heavier
disksascan beseeninfigure7. Thedisk temperaturedistribution
has a minor additional effect: The mainstream gas temperatures
and the secondary air system temperatures are affected by the
HPC efficiency. This leads to higher disk hub and rim temper-
atures for the rear HPC disks and the HPT disks at lower HPC
efficiencies. More stringent temperatures then generally lead to
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heavier disks.

3.3 High Spool Speed Variation

Exactly in the same spirit as before the design variable (2),
the high spool speed, is varied leaving everything else constant.
Merely the HPC and HPT bladings and disks are individually
designed for each speed and some minor LPT design adjustments
follow automatically.
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Figure 8. High Spool Speed Variation at MCL. Dependent variables are
divided by the optimal values of section 3.1

The HPC, HPT efficiencies and the HPC surge margin are
strongly affected by the spool speed asis seen in figure 8. High
losses result from the high loadings at low speeds and the surge
margin vanishes at some point. At higher speeds the loading is
reduced but the Mach number |osses become increasingly dom-
inant so that an HPC efficiency optimum is again found. This,
again is not the case for the highly loaded HPT. The disk design
is equally strongly affected by the centrifugal forces changing
with speed and at some speed no solution for the HPT disks can
be found anymore.

3.4 HPC Stage Number Variation

Finaly the design variable (3), the number of HPC stages,
is varied leaving everything el se constant. Merely the HPC flow
path annulus design, the HPC blading design, and the HPC disk
design are significantly affected by the varying number of HPC
stages.

The typical strong dependence of HPC efficiency and surge
margin on the different stage loadings, as aresult of the variation
of the number of stages, is observed in figure 9. Higher loads
lead to drastically falling efficiencies and surge margins whereas
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Figure 9. HPC Stage Number Variation. Dependent variables are di-
vided by the optimal values of section 3.1

only for very high number of stages the increased wetted area
finally outweighs the benefit of lower loadings and reduces the
HPC efficiency.

4 CONCLUSIONS

The overal engine performance is to first order dominated
by the parameters set by the preliminary design. These main
parameters must therefore be selected with highest care before
any second or higher order effects can be exploited such as those
catched with three-dimensional blade design, for instance. It has
been shown that a solution to these main parameters can only
be found with help of an integrated multidisciplinary tool such
as MOPEDS due to the complexity of the problem. The com-
plexity arises from the need to consider many design variables
and constraints at several operating points of the flight mission.
The strong coupling of the effects of all disciplinesaswell asthe
strong interrelation of all engine componentsfurthermore putsup
the need to consider al of the variables and constraints simulta-
neously. Any shortcoming in the preliminary design is generally
very costly compensated for in the subsequent detailed design
phase.
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