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OVERVIEW 

This paper outlines a strategy to scale axial high pressure 
compressor components for civil aircraft engines in 
preliminary concept studies to achieve higher levels of 
component detailing. Features based on parts were 
developed and equipped with design-rules to maintain 
compatibility between detailed concepts. Examples are 
presented why such detailing level has become necessary. 
To show this goal a typical commercial compressor is 
deconstructed into a set of similar parts. From the 
similarity so called features or generalized parts are 
derived which have the capability of scaling themselves by 
physical design rules. The feature tree of the described 
axial compressor is presented. Also the design 
methodology of the single features is described. The 
compressor component is then reassembled by the 
application of the derived features and a generalized form 
of an axial high pressure compressor is generated. Finally 
results from the application of the model to known high 
pressure compressors are presented and discussed. Thus 
the paper shows how generalized design based on 
features can be used to achieve high levels of detail for 
compressor preliminary design. The advantage of the 
methods is that during the concept phase only little input 
data from performance calculation and design rules from 
knowledge based engineering are required. 

NOMENCLATURE 

C Constant 

E Modulus of elasticity 

FEM Finite element methods 

HPC High pressure compressor 

IGV Inlet guide vane 

m Slope 

n Constant 

PD Preliminary design 

r Radius 

SF Safety factor 

T Temperature 

ΔT Delta temperature against reference 

u Displacement 

α Thermal expansion coefficient 

ν Poission number 

ρ Density 

σ Stress 

σy Ultimate strength 

σavg Average tangential stress 

σe Equivalent stress 

σy Yield strength 

ω Rotational speed 

 

1. INTRODUCTION 

When looking at the overall development of preliminary 
design (PD) processes it is found that recent research 
aims to include a much broader field of topics into the 
investigation of new engine concepts than has been done 
in the past. The prediction of economic aspects of every 
engine study case has become a significant aspect in 
preliminary design. At very early stages new concepts are 
evaluated for their full life cycle costs, including topics 
such as maintenance or production cost. Also the growing 
impact of the ongoing discussion on how to tackle the 
world’s climate problem pushes the aerospace industry 
into the challenge of finding more and more 
environmentally friendly engine concepts. Thus ecological 
questions are addressed as early as possible in the 
preliminary design stage trying to evaluate the 
environmental impact of studied concepts in a clearly 
economically orientated business world [1] [2]. Engine 
manufactures do also face a constant pressure to lower 
development times and costs, thus it becomes very clear 
that the availability of high quality preliminary design tools 
has become significantly more important.  

When topics addressed in modern PD activities are 
investigated, it is clear that rather traditional PD tasks such 
as engine performance optimisation and weight prediction 
are no longer the final target but have developed more and 
more into necessary steps towards the evaluation of full 
life cycle costs including the engines ecological impact. 
Models which do address advanced PD topics such as 
production or maintenance cost are often only applicable 
when the detailed engine design already is known [3]. 
Since PD concept studies are aimed for finding the 
optimum solution out of thousands of possibilities this level 
of detail cannot be provided by the traditional design 
finding process because detailed design is time intensive 
work and usually comes in a later phase of the engine 
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development process when decisions from the preliminary 
design have already been made. 

Thus the challenge arises to provide preliminary design 
with higher detail. The work presented in this paper does 
concentrate on the question whether the generation of a 
high pressure compressor PD tool is possible which does 
provide a detailed component on a rather generalized 
manner (instead of a optimized component design). 

2. COMPRESSOR PRODUCT STRUCTURE 

Over the last decades high pressure compressors have 
been developed to very high levels of sophistication 
leaving only little degrees of freedom left for improvement. 
Looking into the forward direction this fact challenges 
engineers harder to improve models and methods to push 
the boundaries even further. From the current PD view on 
what has been achieved over the last years it can be 
recognized that only very little changes in compressor 
product structure have been made over the last years. Not 
taking into account aerodynamic improvements, the 
introduction of Blisks and new materials have been major 
changes. High pressure compressors appear to be 
matured pieces of engineering. This level of consolidated 
component design and its continuity are the very basis of 
the methodology presented here.  

When investigating existing axial HPC components one 
will find that all designs contain the same structure almost 
right from the very beginning. Axial compression is 
achieved by stacking a number of compressor stages. 
Each single stage itself is built from a rotor and a stator 
component. To contain the gas channel casings are added 
which give the shroud and hub walls for the stators. Rotors 
are structured in rotating blade rows which need to be 
supported by disks, and over the years only a limited 
number of connection strategies have been developed to 
attach the blade to the disk. For a conventional HPC 
design the disks are then connected by arms to form the 
high pressure shaft. Comparing the parts in the individual 
compressor stages the similarities in shape become very 
obvious. But not only the geometry is similar, also the 
underlying design methodology is equal and thus the 
observed geometrical similarities are a function of the 
same design algorithm using individual input data and 
stage dependent characteristics.  

For the model presented here the full HPC component has 
been deconstructed into such similar parts. The parts 
themselves have then been developed into so called 
features. A feature represents a certain part of the 
compressor, e.g. a disk, which has been generalized in a 
manner that all designer and engine individual 
characteristics have been removed and only the pure 
basic-design features have remained. Further each feature 
was equipped with a suitable design algorithm. As a result 
the derived features have the capability of being 
automatically designed for a given set of individual input 
parameters. From such generalized features the HPC 
component is then reassembled by implementing the 
interaction between the self-designing features. Thus the 
achieved HPC component represents a generalized form 
of a detailed compressor design. The model provides not 
only weight data but also geometrical information on a 
level as it is necessary to run more sophisticated models 

(as described earlier) and to start a detailed design 
process. The structure of the described compressor part 
similarities which is at the same time equal to the structure 
of the derived features are presented in Fig. (1). 

 

Stage

Stator

IGV* Stage Stage Stage

Rotor

HPC

 

FIG 1. Feature structure of high pressure compressor      
* with optional inlet guide vane (IGV)  

3. FEATURE DEFINITION 

The features derived in the previous section have been 
implemented as independent models. Each is 
characterized by a generalized geometry definition. To 
determine the shape design methods based on physics 
are used.  This enables design-ruled scaling instead of 
pure geometrical scaling. All features are integrated into a 
full component assembly taking into account all 
interdependencies of the individual features. 

3.1. Model Input and Stage Definition 

Input to the feature assembly is only based on 
performance data, such as compressor inlet flow 
condition, pressure ratio and efficiency. The number of 
stages and pressure ratios is derived from the input and 
built-in technology data and so the work load distribution is 
computed. An example distribution of pressure ratios over 
stages is shown in Fig. (2). Now the necessary number of 
stage features can be allocated and values are assigned 
to perform the blades’ flow angle computation and to 
generate the information necessary to perform the design 
of the blade features. 

 

FIG 2. Pressure ratio distribution [4] 
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To provide quality thermodynamic computations a state of 
the art fluid model has been implemented. This type of 
fluid model is widely used also in performance calculations 
(similar as proposed by [5]). This also guarantees the 
comparability of the gas output values to the performance 
tool which has generated the overall input data.  

3.2. Compressor Blading Feature 

In traditional compressor preliminary design approaches 
blades are often simplified as flat plates which are 
characterized by a mean chord length, a mean blade 
height and an averaged blade thickness, e.g. see [6]. To 
get to the right numbers for these averaged values usually 
access to detailed design data or a data base is 
necessary. To avoid this problem a blading feature has 
been designed that derives blade shapes from flow angles 
and standard compressor profiles. Thus the goal of the 
blading methodology is not to generate an 
aerodynamically optimised set of blades.  The aim is to 
obtain bladed rings that represent the mechanical form 
and behaviour of optimised blades without being 
computing-time intensive in calculation. This approach will 
of course not satisfy the aerodynamicists but will deliver 
rapid results in PD optimization and concept studies while 
still getting close to the real life part. 

From the input a simple mean line design method is used 
to compute the flow angles at the mean diameter. 
Afterwards a vortex method [7] is applied to get the flow 
angles over the full radial expansion of the blade and so 
the typical twisted blade shape is achieved. Defining also 
the aspect ratio and blade’s maximum thickness the blade 
shape is generated from a standard profile definition. An 
example of a rotor blade can be seen in Fig. (3). The full 
blade ring is finally obtained from simple circular 
replication of the blade shape.   

 

FIG 3. Front view on single rotor blade including 
sketched channel walls. [4] 

 

 

FIG 4. Full blading result example [4] 

The output information of each stage’s previous blade row 
and the overall input from work and pressure distribution is 
used to derive each stage. The full compressor blading is 
then successively generated and iteratively solved for the 
specified output condition. The methodology of 
compressor blading has been developed and described by 
Jung [4].  

3.3. Blade-to-Disk Connection Feature 

After the definition of the compressor stages and blading 
has been performed a suitable disk design needs to be 
found including the connection of the blades to the disk. 
Following the approach from Armand [8] and Tong [9] 
shown in Fig (5), the disk is divided into two parts: a so 
called dead-load area which contains the blade foot and 
the corresponding support structure and the live disk 
which does carry the load imposed by the blades and the 
dead-weight section.  

 

FIG 5. Blade to disk assembly [9] 

The blade-to-disk feature designs the dead-load section 
which is ruled by the connection of the blades to the disk. 
Especially in compressor stages where the blades 
themselves have rather small weights, the impact of the 
chosen blade to disk connection type has a significant 
impact on the loads imposed on the live disk, which makes 
the investigation of the blade to disk connection a 
necessary question.  

In current HPCs generally speaking four types of blade to 
disk connections are widely used: 

a) Circumferential dovetail type connections 

b) Axial dovetail type connections 

c) Axial fir-tree type connections 

d) Blisk type connections  

Note that the last mentioned Blisk type connections are 
rather new compared to the other attachment strategies. 
Here the blades are mounted directly to the disk using 
manufacturing processes such as friction welding or even 
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the milling of a disk with blades from one single piece of 
pre-forged metal. Thus the disk-to-blade feature 
degenerates itself to a dummy feature without geometry 
when a Blisk type connection has been selected and the 
blades are directly mounted to the disk.  

 

FIG 6. Example of a Blisk and a circumferential dovetail 
type blade-to-disk connection [10] 

Circumferential dovetail type blade-to-disk connections are 
most often found in the rear stages of high pressure 
compressors where hub wall radii are usually larger than in 
the front stages but blade heights and thus blade weights 
are significantly smaller while also having larger blade 
numbers. The stress scenario for the blade-to-disk 
connection is less critical and thus allows for the lighter 
and cheaper to manufacture circumferential dovetail 
connection. 

Axial dovetail type connections become attractive when 
circumferential connections become overstressed. They 
do carry higher stresses but also imply a bigger dead-load 
to the disk which itself becomes heavier as a 
consequence. Thus the blade-to-disk feature switches to 
the axial dovetail solution when no feasible circumferential 
foot and tang connection can be found within the design 
constraints. As an extension of the axial dovetail type fir-
tree connections are well known. Again they have the 
capability of attaching blades at higher stress levels to the 
disk but always come with increased loads on the 
supporting disks.  

Since manufacturing such a connection is a very 
expensive procedure aerospace industry came up with 
standardized dovetail and fir-tree shapes. It is common 
practice for design engineer to only pick from a list of 
possible solutions instead of individually designing each 
blade-to-disk connection. This design methodology has 
also been chosen for the feature describing the real world. 
The feature selects the smallest and thus lightest possible 
solution from a table of blade roots. The design calculation 
is performed as proposed by Sawyer [11] and so at the 
same time the smallest possible stress scenario is 
achieved for the disk design.  

3.4. Compressor Disk Feature 

The disk feature is used to design the live section of the 
compressor disk as shown in Fig (5). The disk design 
algorithm itself is only dependant on the stresses and 

dimensional results received from the blade-to-disk feature 
and on the general geometrical constraints set for 
compressor disks in the overall structure. Three common-
known disk types used for typical turbomachinery disk 
shapes have been implemented as shown in Fig. (7). 

 

FIG 7. a) Ring disks, b) Web disks, c) Hyperbolic disks 

All the dead-loads have already been calculated in the 
blade-to-disk feature and the stresses at the live disk rim 
are thus known and only the geometrical constraints and 
the bore diameter needs to be added to calculate the disk 
stresses. For the stress analysis an approach according to 
Tong et al. [8] [9] was used and extended. The 
assumptions made by this approach require the disk to be 
thin compared to its radial expansion. Only then the 
stresses can be reduced to the disks radial mean line. This 
assumption has been around in design theories for many 
years, e.g. [12] or [13], and was successfully used at the 
times where FEM calculations had not been come into 
practice yet. For the approach used the disk is 
represented by a large number of thin radial ring elements 
each having a linearly changing thickness. Each disk ring 
element is individually characterized by its linear thickness 
distribution  

(1) nmrt +=  

where m is the slope and n a constant. The differential 
equation of equilibrium for such a rotating disk ring is given 
by [12] as 
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are the tangential and radial stresses while u represents 
the displacement field of each disk element. To include the 
effect of varying temperatures over the disk a radial 
temperature field is prescribed also as a linear distribution   

(5) TT nrmT +=  
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or as given by Fourier’s law [14] 
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When setting a temperature field it is clear that most of the 
material characteristics will no longer be constant but will 
change as a function of temperature and thus also as a 
function of radius. Therefore, Armand’s [8] approach was 
extended to also deal with the influence of material 
constant gradients over the disk radius, while assuming 
only the changes in density to be negligible small. When 
substituting the equations into Eq. (2) one single ordinary 
differential equation for the disk radial displacement field is 
obtained.  
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Since all the material constants are known for each disk 
element Eq. (5) can be solved by common known 
numerical techniques as a boundary value problem. For 
this study a solving algorithm was implemented and the 
boundary conditions have been defined at the disk’s rim 
and bore element. The bore boundary condition 

(11) 0=rσ  at Borerr =  

is evaluated into 

(12) ( ) 01 =Δ+−+ T
r
u

dr
du αυυ . 

The rim boundary condition is similar, except now a 
prescribed rim load needs to be met. 

(13) Rimr σσ =  at Rimrr =  

gives  
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where σRim represents the average centrifugal stress at the 
live disk rim. According to Eq. (3) and (4) the computed 
displacement field also gives the stress field in the disk, 
which can be assessed to fulfil certain design criteria. 

To derive the disk shape for given rim load and 
geometrical boundary conditions a design strategy similar 
to the one proposed by Tong [9] has been implemented. 
For all disks the outer rim dimensions and the shoulder are 
defined by input values from the results of the blade-to-
disk feature and are thus kept constant in the disk shape 
definition.  

Ring Disks: The web thickness is first set to the internal 
minimum value. Then the stress and displacement 
calculation is performed. If the design criteria is not fulfilled 
the web thickness is iteratively enlarged until the algorithm 
either finds a converged solution or concludes that no 
suitable design can be found within the defined boundary 
conditions.  

Web and Hyperbolic Disks: Similar to the ring disk the 
disk configuration also starts with the minimum allowed 
web and bore thickness. Due to the increasing impact of 
weight added with raising radius the bore geometry 
parameters are increased first to find a feasible design 
solution. If the design criteria cannot be fulfilled further 
steps do increase the web thickness and later also the rim 
size of the bore section until a solution is found or the 
geometrical boundary conditions are met.  

All strategies end in finding a solution, which will not be 
equal to a weight optimized one but will be close, or 
indicate that no suitable disk shape can be found within 
the boundary conditions.  

The disk design criteria are defined by [9] as design 
margin 
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3.5. Casing Features 

The present version of the PD tool uses simple ring 
shapes to approximate compressor casing structures. An 
average thickness needs to be assumed for the casing 
structure to represent the overall weight impact. When 
looking at casing structures it can easily be seen, that the 
definition of the exact value for such an approximated 
averaged thickness is a very complex task in itself. Due to 
the complexity of the issue the findings of the current 
research in this field will be published in a subsequent 
paper. 

 

4. RESULTS AND DISCUSSION 

For this paper the derived model has been applied against 
known geometries. To study model results and behaviour 
the NASA E3 Engine HPC [15] and a theoretical 
reengineering of a 25000 lbf thrust class engine 
compressor [16] was used and promising results were 
archived. When comparing the achieved results with the 
data published for the NASA E3 engine the predicted 
general similarity can be observed.  

A comparison of the flow channels can be seen in Fig. (8) 
and (9), note that the figures are not of the same scale. It 
can be seen that the mass flow conservation does result in 
almost the same flow channel shape. The observed 
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differences in compressor length result from the larger 
spacing between the individual blade rows. 

 

FIG 8. Flow channel of NASA E3 HPC engine from [15] 

 

FIG 9. Flow channel feature-based generated HPC of 
NASA E3 engine 

In general the model has the tendency to under-predict 
blade numbers especially in the rear stages. This is due to 
the used blade number estimation method taken from [13]. 
The general shape of the compressor blades do have 
similarities from the preliminary design point of view and 
are a valid representation of blade masses and inertia. 
Aerodynamically the blade sets will be completely 
different, but this was expected from the beginning. As 
mentioned earlier, the optimization of aerodynamics is not 
seen as part of this preliminary design activity. 

 

FIG 10. NASA E3 high pressure compressor with IGV 

The disk design algorithm was proven to run fast and is 
stable with very satisfying results especially for thin disks 
as in the rear stages of the compressor. Disks with larger 
radius to thickness ratio do of course suffer from the 
simplification (thin disk assumption) of the disk stress 
theory and thus appear to have a too thin web section. In 
general the computed disks are thinner and therefore 
lighter than their real versions. This on one hand is an 

error which is inherited by the described underestimation 
of the blade numbers causing too little load on the disks. 
On the other hand it strongly supports the idea of design-
based scaling showing the targeted behaviour of reducing 
the disk size when removing blades. So the disk features 
do not only scale by shape but by load which is a clear 
advantage. Fig. (10) and (12) illustrate the described effect 
in the middle stages.  
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FIG 11. Example disk validation results 

Since disks have a significant impact on the compressor 
weight estimation the extended stress calculation method 
was carefully validated. An example calculation is 
presented in Fig. (11). Here the used method was 
compared to a commercially available tool also referring to 
Tong’s and Armand’s approach and the same disk 
computed using FEM. Fig. (11) shows the radial mean line 
stress distribution for the FEM computed disk. All three 
computations show good agreement. Especially the stress 
peaks are well predicted by the non-FEM methods. Both 
non-FEM solutions do lie on the conservative side.  
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FIG 12. High pressure compressor including IGV of a 
25000 lbf thurst class engine 

The compressor generated for the 25000 lbf thrust class 
engine is shown in Fig. (12). Results achieved and also 
the observations made for model behaviour are equal to 
the already described ones. This underlines the 
comparability of the preliminary design approach and the 
consistency of the used design rules. 

It is also worth to mention that the resulting data structure 
from the interdependency of all parameters and the 
feature interaction produces a very complex logical 
structure thus the advantage of using mainly analytical and 
text-book design methods becomes obvious. Simplification 
helps to understand the feature behaviour and also allows 
the engineer to understand the result although some of the 
received results do not yet have the quality as required for 
a final engine design. 

5. SUMMARY 

The question was raised if it is possible to build a 
generalized preliminary design model for high pressure 
compressors by creating design-ruled scalable features 
taking into account the maturity of compressor design 
technologies. Thus a feature structure for the compressor 
has been defined and the individual features were built. 
Features have been developed to represent blades, disks, 
blade-to-disk-connections and casings. The reassembly of 
the component then led to a complex system of interacting 
parameters and physical dependencies. When solving the 
model for two known geometries satisfactory results could 
be achieved. The results have been presented and 
discussed showing that design-based scaling does result 
in advanced capabilities for PD designers. 
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