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Fig.3. 
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Blade root / Disk head geometry parameters 

Variable Name Units Type 
Skew ([3) Root-skew-angle degree Variable 
Nteeth Number—0f-teeth Variable 
Rwa Root-wedge-angle degree Variable 

Alor(L) Axial-length-of-root mm Variable 
Snw Shank-neck-width mm Variable 
Fsw Fir-tree-shoulder-width mm Variable 

Rcrest Fir-tree-tooth-crest-radius mm Variable 
Rtrough Flr-tree-tooth-trough-radius mm Variable 
Bp1,2. Blade-tooth-pitch mm Variable 
Btcr Bottom-tooth-crest-radius mm Variable 
Cpw Cooling-passage-width mm Variable 

Bglr(R1) Bucket-groove-lower-radius mm Variable 
Bgur(R2) Bucket-groove-upper-radius mm Variable 
Dtpi ,2. Disk-tooth-pitch mm Variable 
Fcrest Disk-tooth-crest-radius mm Variable 
Ftrough Disk-tooth-trough-radius mm Variable 
Nblades Number-of-blades Parameter 
Drad Disk-radius mm Parameter 
Ninc Number-of-blades-inclusive Parameter 
Rtsn Radius-to-shank-neck mm Parameter 

Snfr (R) Shank-neck-fillet-radius mm Parameter 
Tfa(q>) Top-flank-angle degree Parameter 
Ufa (y) Under-?ank-angle degree Parameter 
Ncfc Non-contact-face-clearance mm Parameter 

Bac(Ca) Blade-axial-chord mm Parameter 
Cpa Cooling passage area mm2 Parameter 
Fdcr First-disk-crest-radius mm Parameter 
lnr Inner-radius I mm Parameter 

Dhnw (D) Disk-head-neck-width mm Derived 
Bga Bucket-groove-area mm2 Derived 

Bch (H) Bottom-to-contact-height mm Derived 
Bl Bedding-length mm Derived 

. Fh Fir-tree-height mm Derived 
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Fig.6. 
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Fig .7. 
Constraints Number of variables number 

X X X X X X X VA VA VA X X VA VA VA VA X X VA VA 

area 
Notch stresses 

VA X VA X X 

area 

VA X VA X 

12-23 
24-35 Section stresses 
36-43 Crushing stresses 
44-45 Bucket groove stresses 
46-53 unzipping stresses 

Objective Maximum notch Fir-tree Frontal 
function stress 
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Fig . . 

Normalised constraint vector for the base design 
Numeric values 

No Name of constraint Lower Value Upper 
Bound Bound 

1 Ratio of R1 to R2 [R1/R2] -1.0 -0.8642 - 
2 Ratio of H to D [H/D] -1.0 -0.8955 - 
3 Ratio of R1 to disk trough [R1/Ftrough] -1.0 -0.5268 - 
4 Maximum ratio of tooth pitch to disk trough - 1.4779 1.0 

[DP/Ftrough(max)] 
5 Minimum ratio pitch to disk trough -1.0 -0.5467 - 

[DP/Ftrough(min)] 
6 Ratio of axial length to blade axial chord[LCA] -1.0 -0.4961 - 
7 Root Stagger Angle[RSA] - 0.7499 1 .0 
8 Ratio of Blade/Disk serration pitch[PMlN] -1.0 -0.4540 -_ 
9 Ration of blade bottom neck width to tooth -1.0 -1.1474 - 

pitch[BNP] 
10 Minimum wall thickness of bottom blade -1.0 -1.3038 - 

notch[BNMlN] 
11 Ratio of bucket groove region area to cooling -1.0 -1.0900 

passage area[AR] 
12-19 Maximum blade notch stress[NBL(R)(21)]2 -1.0 0.9270 1.0 
20-23 Maximum disk notch stress[NDL(R)(3)] -1.0 0.9948 1.0 
24-29 Maximum blade section stress[SB(1)] -1.0 0.6931 1.0 
29-35 Maximum disk section stress[SD(4)] -1.0 0.5623 1.0 
36-43 Maximum crushing stress[CS(1)] -1.0 0.6514 1.0 
44-45 Maximum bucket groove stress -1.0 0.9023 1.0 
46-53 Maximum unzipping stress[UZP(1)] -1.0 0.3688 1.0 

1. The numbers in bracket indicate the no. of the tooth or the section where the 
maximum stress occurs. 

2. For the purpose of compactness, only the maximum stresses are shown in the 
table . 
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Fig.9. 
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Effect on stress distribution of design variables for the base design 
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Geometry features Unzip Notch stress Section stress Crushing 
stress blade disk blade disk stress 

Skew angle X +1 + + X 1+;restX 
Shank neck width - x 1+;restX + X 1,4;restX 

Blade shoulder width + - 2,3+;rest- 1+;rest+ + + 
Bottom tooth crest radius X 2+;rest- - X X 4+;restX 
Cooling passage width X 1,2+;rest- i-;2,3+ + X 1,2+;3,4 
Bucket groove lower X X X X X X 

radius 
Bucket groove upper X X X X X X 

radius 
Tooth pitch + + + X + - 

Blade crest radius 1-;rest+ - + X X + 
Blade trough radius - + - X X 1,2-;3,4+ 
Disk crest radius 1-;rest+ - - + - + 

Disk trough radius - X - X X 4-;rest+ 

1. + Indicates increase, - Indicates decrease, X Means no significant effect when 
variable increases, number indicates the tooth number in top-down order 

70 
72 

Fig.‘l5. 
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OPTIMISATION OF THE DESIGN OF A 
COMPONENT 

[0001] This invention relates to a method of optimising the 
design of a component. In particular, although not exclu 
sively, the invention is concerned With the automation and 
optimisation of the design of a component such as a turbine 
blade ?r-tree root by use of a knowledge based intelligent 
computer-aided design system and ?nite element analysis. 

[0002] In component design a number of different shapes 
(design variants) of a component are often considered before 
one is chosen, Which meets required design criteria such as 
performance and reliability targets. Each variant is assessed 
against the design criteria by the development and execution 
of one or more computer analysis models, for example a 
computational ?uid dynamics model and/or a thermo-me 
chanical ?nite element analysis model. A single CAD rep 
resentation of the geometry forms the basis of each analysis 
model. Parametric CAD enables this geometry to be auto 
matically updated When the value of a dimension of a design 
feature, eg a ?llet radius, is changed. 

[0003] The analysis model is generated automatically 
from data representing the CAD geometry. Boundary con 
ditions de?ning a number of different load cases are applied 
to the analysis model to simulate the behaviour of the 
component over the Whole of, or at the limits of, its 
operating environment. 

[0004] Shape optimisation is a process Which effectively 
automates the search for the optimal design by linking the 
automated design loop to an optimisation algorithm. The 
design process is limited by the restriction imposed by a 
single original geometric shape. Often a number of different 
geometric con?gurations need to be assessed to determine 
Whether a design meets all the required design criteria. For 
example, it is sometimes not suf?cient to assess only a basic 
design. It may be necessary also to simulate the performance 
of a Wholly or partially failed component, of a damaged 
component, or of a component falling at the design tolerance 
limits. Also, to speed up the design process, it may be 
desirable to assess a simpli?ed version of the component to 
reduce the time taken for computational analysis. 

[0005] Thus, in more detail, the design process often 
requires the analysis of a number of different component 
topologies, based upon a principal design variant, to assess 
Whether the design is acceptable. Potential topology changes 
include the superposition of a damage model, based on 
potential foreign object damage or erosion, or the assess 
ment of an assembly after the primary failure of a compo 
nent in the assembly. Each of these topologies may be 
related to the principal design variant by simple mathemati 
cal relationships. Examples in the ?eld of gas turbine 
engines include the assessment of the reliability and perfor 
mance of a given blade design folloWing a typical birdstrike 
event, and modelling the loss of a blade from a turbine disk 
to ensure that the primary failure does not lead to the 
progressive loss of the remaining blades. 

[0006] In a component design de?nition, each dimension 
is allocated a manufacturing tolerance Which re?ects the 
criticality of the particular dimension and the controllability 
of the manufacturing process upon Which it is based. A 
model of the ‘Worst’ component Within the tolerance band is 
necessary to determine Whether the design meets all the 
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design criteria, even at the tolerance limits. These dimension 
changes may be described by functions of the design vectors 
and the vector of associated manufacturing tolerances. 
Examples include the assessment of the minimum tolerance 
geometry against the ultimate strength criteria as a require 
ment in pressure vessel design. 

[0007] A number of analysis models are necessary to 
analyse the behaviour of a given component. These encom 
pass models Which re?ect different aspects of the physics or 
different levels of ?delity to minimise the associated com 
putational cost. Potential geometries include the removal of 
geometric features eg extraction of the aerofoil only, from 
a model of the aerofoil and attachment, to form the basis of 
a computational ?uid dynamics model; simpli?cation of the 
geometry eg the removal of ?llets; and the extraction of a 
2-dimensional component section from a 3-dimensional 
model to form the basis of a 2-dimensional thermal analysis 
model. 

[0008] Automating the step of creating different analysis 
models from a ?rst design geometry Would enable the user 
to execute the process With minimal user intervention and 
provides the opportunity to link the process to an optimisa 
tion algorithm. 

[0009] In knoWn techniques, the user selects a design from 
a set of possible design con?gurations, each generated by an 
optimisation study considering a single topology and hence 
a respective subset of the design criteria. 

[0010] Where a sequence of variable ?delity models is 
required, for example the evaluation of a 2D model of a 
component assembly to determine the temperatures for 
subsequent application to a 3D component model, knoWn 
techniques make the assumption that the effect of geometry 
change on the loads is small and hence can be ignored during 
the optimisation of the 3D component model. On comple 
tion of the optimisation process this assumption must be 
validated and further optimisation studies performed Where 
this assumption is found to be invalid. 

[0011] According to a ?rst aspect of the present invention 
there is provided a method of optimising the design of a 
component, in Which method a set of principal design 
variants is generated, the principal design variants having 
design parameters Which are common to all principal design 
variants of the set and having design variables Which differ 
betWeen the principal design variants of the set, the method 
further comprising generating at least one secondary design 
variant by modifying at least one of the design parameters or 
the design variants of the at least one principal design 
variant. 

[0012] This may be undertaken using a computer executed 
rule based geometry engine. 

[0013] Analysis models representing the principal and 
secondary design variants may be generated, and input 
conditions may then be applied to the analysis models to 
determine the behaviour of the design variants. 

[0014] The generation of the principal design variants 
preferably comprises an iterative process responsive to 
output data from the analysis models. 

[0015] Each second design variant may be derived from 
the principal design variant by applying a mathematical 
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operation to at least one parameter and variable of the 
respective principal design variant. 

[0016] The secondary design variant, or one of the sec 
ondary design variants, may represent a component made to 
the design at a tolerance limit, a component failure, or 
damage to a component made to the design. 

[0017] According to a second aspect of the present inven 
tion there is provided a method of manufacturing a compo 
nent, the method comprising: 

[0018] (a) optimising the design of the component by a 
method in accordance With the ?rst aspect of the present 
invention; and 

[0019] (b) manufacturing the component in accordance 
With the optimised design. 

[0020] The component may be a component of a gas 
turbine engine, and may be a turbine blade having a ?r tree 
root, the design of at least the ?r tree root being optimised 
in accordance With the ?rst aspect of the present invention. 

[0021] In accordance With the present invention there is 
also provided a computer program product comprising code 
for carrying out a method according to the ?rst aspect of the 
present invention. Additionally there is further provided a 
computer system adapted to carry out a method according to 
the ?rst aspect of the present invention. 

[0022] Thus the present invention provides a novel step 
Within the shape optimisation process, in Which a single set 
of design dimensions is used to generate a plurality of 
geometries by utilising a rule-based geometry engine. These 
geometries form the basis of a set of analysis models Which 
enable all the design criteria to be assessed Within a single 
design iteration. Possible geometry changes include topol 
ogy change, dimension change, feature reduction and 
dimension reduction (ie 3-D to 2-D). The intelligent CAD 
system (ICAD®) from Knowledge Technologies Interna 
tional is one eXample of a commercial off-the-shelf rule 
based geometry engine, that can be employed in a method in 
accordance With the present invention. 

[0023] A component geometry is described in a CAD 
system by a number of geometric features, eg lines, arcs, 
NURBS etc. Whose relationships and dimensions are pre 
scribed by the designer. In shape optimisation these dimen 
sions are split into tWo categories: design parameters p=(Pi) 
i=1,m Whose values are held ?Xed and design variables 
X=(Xk) k=1,n Whose values are varied by the optimiser to 
achieve design improvement. In conventional techniques, 
each optimisation iteration generates a single geometry (or 
principal design variant) based upon the vectors p and X. 

[0024] In a method in accordance With the present inven 
tion, a neW step is introduced in the shape optimisation 
process, Which enables a number of different geometries, or 
secondary design variants, to be generated based upon the 
design vectors p and X. The step utilises a rule-based 
geometry engine to de?ne a number of secondary design 
variants, each related to the principal design variant by 
simple mathematical functions of p and X. 

[0025] Introducing this geometry creation step enables a 
plurality of geometries to be generated based upon the single 
design variable vectors p and X. These geometric con?gu 
rations can be used to form the basis of the set of compu 
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tational models necessary to perform an assessment of all 
the design criteria Within a single original design iteration. 

[0026] For a better understanding of the present invention 
and to shoW hoW it may be carried into effect, reference Will 
noW be made by Way of eXample to the accompanying 
draWings, in Which: 

[0027] FIG. 1 is a general block diagram of an optimisa 
tion process; 

[0028] FIG. 2 is an eXample of a ?r tree joint and the 
associated geometry blade and disc geometry (both partially 
shoWn); 
[0029] FIG. 3 is a table of quantities used to describe the 
geometry of a ?r-tree root component; 

[0030] FIG. 4a is a simpli?ed cross section of a ?r-tree 
root component With blade root geometry; 

[0031] FIG. 4b is a simpli?ed cross section of a ?r-tree 
root component With disk head geometry; 

[0032] FIG. 5a is a FE stress diagram for a single blade 
installed in the disk; 

[0033] FIG. 5b is a FE stress diagram for three blade 
sections of a disk With the middle blade removed; 

[0034] FIG. 6 is a table of design parameters of a ?r tree 
root and tooth used in the optimisation process of a ?r tree 
joint component; 

[0035] FIG. 7 is a table of design constraints used in the 
optimisation of a ?r tree joint component; 

[0036] FIG. 8 is a table of geometric and mechanical 
constraints and normalised values; 

[0037] FIG. 9 is a diagram of the optimisation program 
structure; 

[0038] FIG. 10 is a contour map of ?r tree frontal area for 
root-Wedge-angle and tooth-pitch based on Genetic Algo 
rithm results; 

[0039] FIG. 11 is a graph of results obtained from a 
gradient based search for use in the optimisation process; 

[0040] FIG. 12 is a graph of results obtained from a direct 
gradient based search for use in the optimisation process; 

[0041] FIG. 13 is a graph of results obtained from the 
Hooke and Jeeves gradient based search for use in the 
optimisation process; 

[0042] FIG. 14 is a table illustrating Which stress distri 
butions are affected by various design variables; 

[0043] FIG. 15 is a comparison betWeen the original 
geometry and the optimal geometry resulting from the 
genetic algorithm search results; and 

[0044] FIG. 16 is a FE stress diagram for tWo pro?les after 
being optimised toWards different goals. 

[0045] The product design process normally begins With 
the de?nition of requirements based on customer demands 
and goes from the conceptual design stage to the detailed 
design stage. Once the design speci?cation is determined, 
the conceptual design stage starts With the implementation 
of the design in a computer environment folloWed by 
analysis to eXplore the feasibilities of candidates. 
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[0046] The overall architecture of the design optimisation 
process is illustrated in FIG. 1. In this structure, an ICAD 
(Intelligent Computer Aided Design) knoWledge server 100 
is used to generate the model de?nition based on rules that 
may be stored in a knoWledge database 102. The model is 
de?ned in a descriptive form using the ICAD design lan 
guage, Which is a derivation of, and extension to Common 
LISP, designed for geometric modelling. This model is used 
to produce geometry and related information. The geometry 
is then passed to the analysis code 104 along With any 
geometry dependent properties to evaluate the design per 
formance. 

[0047] Analysis plays an important role in investigating 
various design alternatives to determine the best design. It is, 
hoWever, very dif?cult for traditional CAD systems to 
capture design intent and to describe the functional relation 
ships betWeen thousands of entities in a complex product 
model. What is produced by this knoWn kind of CAD system 
is the ?nal results of design, not the modelling and analysis 
process, Which is often documented separately. Whenever 
the designer Would like to revieW the design or rebuild the 
modelling process With even minor modi?cations this usu 
ally takes a long time. This kind of knoWledge is docu 
mented or retained as the experience of the designers Which 
is dif?cult to utiliZe during subsequent iterations by other 
designers. Expert system and knoWledge-based approaches 
have made some progress in this regard. The Intelligent 
CAD system (ICAD) from Knowledge Technologies Inter 
national is a combination of knoWledge-based engineering 
and CAD technology and its generative modelling capability 
can be used to provide ?exible and robust geometry for 
subsequent analysis. 

[0048] ICAD is a knoWledge-based computer-aided 
design tool. Although geometry is the main object of 
manipulation, the most interesting feature is that it can be 
used to capture a corporate knoWledge base along With best 
practice and performance, manufacturing and cost criteria 
into a complete product model, knoWn as a “generative 
model”. The difference betWeen using knoWledge-based 
engineering tools and using conventional CAD lies in 
the folloWing aspects: KBE is knoWledge oriented, While 
CAD is geometry oriented; CAD Works from the bottom up 
With detailed dimensions While KBE Works on conceptual 
level and can harness all the design speci?cations including 
physical laWs, material criteria, manufacturing constraints, 
and even non-technical aspects. KBE uses rule-based model 
generation methods in conjunction With a CAD modelling 
engine supporting solid modelling techniques. 

[0049] The rules Which are used to describe the geometric 
relationships can be expressed in various forms, such as 
equalities or inequalities using mathematical and logical 
relationships. It can further make some decisions about 
design on the basis of the rules supplied to it. This Will give 
the model some kind of intelligence. It should be noted that 
there are other CAD/CAE tools such as Pro/Engineer, Which 
also offer feature-based parametric solid modelling capabili 
ties. Moreover, most CAD/CAE tools also provide their oWn 
‘macro’ languages that form the basis for extension of their 
functionality. The choice of ICAD in this study is based on 
the ?exibility offered by incorporating the LISP language 
into the IDL (ICAD Design Language) that is used in model 
construction. 

Jul. 21, 2005 

[0050] Analysis based optimisation has been identi?ed as 
being able to play a signi?cant part in the process of 
producing high quality designs against knoWn constraints. 
HoWever the embedding of optimisation in the design pro 
cess requires the parameterisation of the design and auto 
matic updating of the model used in the analyses. ICAD can 
be used to implement this capability because of its object 
oriented, descriptive geometry modelling approach. This 
alloWs engineers to quickly and accurately explore and test 
multiple design con?gurations against all knoWn constraints. 
This makes it possible to optimise the design in a reduced 
time scale. 

[0051] Here, the design of the ?r-tree geometry is carried 
out using ICAD. The basic procedure of the geometry design 
falls into tWo steps: ?rst identi?cation of the features and 
rules used to de?ne the geometry and secondly the breaking 
doWn of the Whole model into several modules, each of 
Which becomes a building block in a hierarchical structure. 
In ICAD, each of these basic blocks is described using the 
ICAD design language (IDL) as a generic de?nition Which 
can be implemented in the ICAD broWser using a speci?c set 
of parameter values. Thus the model is de?ned parametri 
cally: different sets of parameter values Will result in dif 
ferent designs from the same template. In addition, multi 
modality and backWard compatibility can be achieved by 
incorporating different behaviours into one model With a 
single interface While only the internal implementation is 
modi?ed. 

[0052] A single basic tooth geometry 50 is illustrated in 
FIG. 2, Which is de?ned in such a Way as to alloW the 
designer to explicitly control the non-contact clearance 52 
and to avoid duplicate entities in the model. This latter 
feature eases the application of boundary conditions and 
loads during analysis. 

[0053] The acceptability of any ?r-tree geometry needs to 
be checked since some particular combination of parameters 
may result in unacceptable features such as intersections 
betWeen entities or the collapse of very short entities. The 
handling of unacceptable features is important to the opti 
misation process as Well as to the analysis code. Using 
ICAD, geometry features can be checked Within the mod 
elling process, as part of the Whole model and appropriate 
actions can then be taken using preset default values, While 
signalling Which parameter is causing the problem. Taking 
the modelling of the base tooth 50 as an example, in every 
step the modelling process is checked to make sure an 
acceptable geometry can be produced, otherWise, a geom 
etry failure is signalled to the optimiser 106 to cancel the 
analysis. An example of unacceptable base tooth geometry, 
in Which tWo circular arcs 54, 56 are intersected, is also 
illustrated in FIG. 2. In this condition, the radius RE has 
been increased to a value Which results in the pro?le failing 
to meet the end point 53 of the section shoWn. 

[0054] Here, the blade root 58 and disk head 60 geometry 
are de?ned in the same Way as the basic tooth, With further 
parameters and rules being needed. Details are covered in 
the folloWing sections. Some of the quantities used in the 
de?nition are not expected to change and are thus held 
constant during an optimisation run and are referred to as 
design parameters, While others Which are identi?ed as 
being more in?uential to the design Will be varied by the 
optimiser in the optimisation loop and are referred to as 
design variables. 










