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Abstract: Based on feature modeling and mathematical analysis methods, a process-oriented and modular parametric

design system for advanced turbine cooling blade is developed with UG API, aiming at the structural complexity and

high design difficulty of aero-engine cooling turbine blade. The relationship between the external and internal body

features, the body attached feature is analyzed as viewed from the feature and parameter terms. The parametric design

processes and design examples of the external body shape, tenon, platform and internal body shape, ribs, pin fins are

introduced. The system improves the design efficiency of cooling turbine blade and establishes the foundation of

multidisciplinary design optimization procedure for it.
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0 Introduction

With the development of the aero-engine, the
turbine inlet temperature is getting higher, which
makes the turbine blade working conditions more se-
vere'''. Using sophisticated cooling structure in the
design of turbine blade is a necessary measure to en-
sure the safety and reliability of the turbine blade
working at high temperature, high pressure and
high rotated speed””. The structural style of tur-
bine blade develops from solid blade to hollow air-
cooled blade with typical features like platform, ten-
on, cooling rib, partition rib, pin fin and so on'*"'.

For cooling turbine blade, the design require-
ment including the exterior and interior blade body,
the structural feature and the parameters of the fea-
tures is quite strict. The structure of turbine blade
should be adjusted during the design flow to meet
the performance requirement, cooling requirement,

strength requirement and the processing technical re-
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quirement of the aero-engine. The modeling of cool-
ing turbine blade is difficult, which is generally es-
tablished by the general CAD systems. The design
cycle needs many iterations and it takes a long
time'®’. As to cooling turbine blade, the modifica-
tion of one feature may influence the total modeling
process, which leads to repeating designs of the 3D
blade model and increases the workloads of the de-
signers'”.

For the efficient design method of 3D CAD
blade model is needed by structural and computa-
tional fluid dynamics (CFD) designers, many re-
searchers are involved in the geometrical design and
optimization of turbomachinery components.

Miller et al.”®’ provided a methodology for inter-
active design of turbomachinery blades. An intuitive
user interface was provided to input thickness func-
tion parameters of each control points and control
angles of mean camber to control the shape of the

blade section. The completed blade design was rep-
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resented as a non-uniform rational B-spline surface
and was written to a standard initial graphics ex-
change specification (IGES) file.

Qiu et al."” outlined an integrated design sys-
tem for turbomachinery such as gas turbines, hy-
draulic turbines, pumps and the system incorporat-
ed flow modeling, structural analysis, and manufac-
turing simulation under one integrated design envi-
ronment. Geometry modeling starts with curve ma-
nipulation, such as hub/shroud curve, blade angle,
or thickness profiles and most parameters are de-
fined though interactively editable Bezier curves.
These inputs are ultimately constructed into a series
of curves in three-dimensional space defined as non-
uniform rational B-splines (NURBS) and these
curves then evolve into NURBS surfaces that even-
tually define the full 3D geometry.

Koini et al.""” presented a software tool for the
conceptual design of turbomachinery blades, which
provides the ability to interactively construct para-
metric 3D blade rows of various types. The design
parameters used for the blades as well as the hub
and shroud surfaces construction correspond to 2D
sections, and the resulting geometries are modeled
as NURBS 3D surfaces. They can be imported to
other CAD or analysis software.

Since the methodologies provided above are
used for solid blade and the methodologies present-
ed in the open literature concerning the parametric
modeling of cooling blades are few, a cooling tur-
bine blade design system based on user defined fea-
ture (UDF) """ is quite necessary. In recent years,
some parametric modeling systems of cooling blades
have been proposed in several research*'’. Howev-
er, such research only model the exterior and interi-
or blade bodys, without the design of platform and
tenon feature (TF) , which may bring inconve-
nience to the subsequent blade strength analysis.

In this paper, a parametric modeling system
for cooling turbine blade is introduced, which in-
cludes an exterior/interior blade body feature design
module, a platform feature (PF) design module and
a TF design module. Compared with the parametric
design module in commercial software, this system

can easily design the iner and outer surfaces of

blades and obtain variable thickness wall. With the
system, parametric feature modeling based on a giv-
en topology can be conducted by designers and the
3D blade model can be established. The system can
also be used to support the subsequent analysis and
optimization to shorten the modeling-analysis-opti-

mization design cycle.

1 Modeling System Based on UG

Secondary Development

The parametric design methodology in this pa-
per focuses on the process of structure design. The
blade is decomposed to several typical features and
each feature is analyzed in a parametric way. Taking
unigraphics NX (UG )/Open as a development tool,
a widely applicable parametric modeling system con-
taining all cooling feature modules for cooling tur-
bine blade is developed using C++ programming
language'"”’. The efficiency of blade iterative design
process can be improved by the proposed system"'”.

The UG/Open secondary development module
is one of the secondary development tool sets in Uni-
graphics NX. Designers can develop their personal
customized CAD modeling system in NX with UG/
Open to meet the needs of the design.

In this paper, the parametric modeling system
is developed with modeling functions provided by
UG/Open application programming interface (API)
and dialog box created by Microsoft foundation
classes (MFC) based on C++ programming lan-
guage to realize the modeling modules of the typical
features in cooling turbine blade. The UG/open
manuscript tool is used to create personal custom
menus for the cooling turbine blade parametric mod-
eling system, as shown in Fig.1.

| Window | CTB Parametric Modeling

@ = [_j Exterior Blade Body Feature G’ ﬁ’ - ; 1/ = 09 i N

= Platform Feature = H
@) &

Tenon Feature Offset Curve Join Curves

Equal Thickness Wall

Cooling Rib Feature Variable Thickness Wal

Partition Rib Feature

Pin Fin Feature

Fig.1 Customized user menu
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The MFC box is used to response the opera-
tions from the custom menu and provides a dialog
box for choosing modeling operations and inputting
datas. The API functions transform the information
from the dialog box to actual modeling operations in

UG and the design is accomplished.

2 UDF of Cooling Turbine Blade

Parametric modeling is an automated simula-
tion of the manual modeling process. The working
procedures and sequences in the program should be
in accord with the manual modeling. In the view of
modular modeling process, the cooling turbine
blade is composed of the exterior blade body feature
(EBBF) , the interior blade body feature (IBBF)
and the appendix blade body feature.

The structure design flow and feature decompo-

sition of cooling turbine blade are shown in Fig.2.

Cooling turbine blade
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blade blade
body body

feature || feature

Cooling
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Cooling
1ib
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3D-blade model rib
body
features
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Fig.2 Design flow and feature decomposition

The EBBF includes blade body entity feature
(BBEF) , PF and TF. These features are assem-
bled by their positional relations and the boundary
condition is the flow field.

The IBBF includes interior blade body entity
(IBBE) and other independent cooling features. The
IBBE is viewed as a positive entity. The cooling rib
feature (CRF), partition rib feature (PRF) and pin
fin feature (PFF) are viewed as negative entities.
Through Boolean subtraction of the negative entity
and positive entities, the IBBF is created.

Through Boolean subtraction of IBBF and
EBBF, the 3D entity model of cooling turbine blade

1s created.

The appendix blade body features (ABBF)
such as strengthening rib, circular bead and surface
film hole are added to the 3D entity blade model for
reasons like structural strength requirements, adjust-
ing the center of gravity position and improving cool-
ing efficiency. The geometrical shape, orientation
and quantity of ABBF should be adjusted according
to the results of blade performance analysis, and its
modeling process cannot be standardized. For these
reasons, the modeling system in this paper does not

contain the module for ABBF.

3 Parametric Design Modules of

Turbine Blade

The design process of the parametric design
modules of turbine blade is discussed. The flow
chart of this modules is shown in Fig.3. The feature
of exterior blade body entity, platform, tenon,
wall, cooling rib, partition rib and pin fin are mod-
eled separately, and finally are combined based on
UG.

| Aerodynamic and heat transfer design |

| Exterior blade body entity feature |

!

| Platform feature |

!

| Tenon feature |
|

Structure design

| Cooling rib feature |

i

| Partition rib feature |

i

| Pin fin feature |

! { !
! | Equal thickness wall I |Variable thickness walll
| [ ]

Strength reliability analysis |

Fig.3 Flow chart of parametric design modules

3.1 Exterior blade body entity feature

The modeling of EBBF starts from the aerody-
namic design. In this module, the entity model is
created with several splines formed by blade section
spline points data in DAT form provided by aerody-

namic designers, as shown in Fig.4.
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4/ 1r_1UG.dat DAT
) 1.r_2 UGdat DAT
4 1r_3 UG.dat DAT
) 1.r_4 UGdat O
4] 1r_5UG.dat DAT
] 1r_6_UG.dat D
4 1r_7 UG.dat C

1 1.r_8 UG.dat DAT
4 1r_9 UG.dat D
7] 1_r_10_UG.dat DAT
4 1r_11 UG.dat D

Fig.4 EBBF created with data of points

3.2 Platform feature

The PF is used to connect the tenon and the
blade entity. Its upper surface is limited by the flow
passage shape and lower surface is connected with
the root extending segment of the tenon. There are
two kinds of shapes for flow passage in turbine,
1. e., the axial expanding type and the axial un-
changed type. Taking the unchanged type as an ex-
ample, the parameter input and the topological
structure interface of platform modeling module are
shown in Fig.5. Fig.6 shows the platform models
created with different sets of design parameters. In
the model of this study, the parameters of platform
feature include the height of platform, two thick-
nesses of platform, the length of tenon, three
lengths of platform and six fillet radiuses, which are

listed in Table 1.
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Fig.5 Parameter input and topological structure interface of

platform

Fig.6 Different platform models created with PF module

Table 1 Parameters of PF

Parameter Notation
Height YB-H
Thickness 1 YB-D1
Thickness 2 YB-D2
Tenon length YB-L
Platform length 1 YB-L1
Platform length 2 YB-1.2
Fillet radius 1 YB-R1
Fillet radius 2 YB-R2
Fillet radius 3 YB-R3
Fillet radius 4 YB-R4
Fillet radius 5 YB-R5
Fillet radius 6 YB-R6

3.3 Tenon feature

For the TF is used to connect the blade and
disk, there are high demands for the dimensional ac-
curacy and positional accuracy between tenon and
mortise. According to the actual application require-
ments, topology analysis for firtree tenon with two
or more teeth is performed to extract sufficiently ac-
curate parameters for the parametric modeling in the
system. The TF has several correlations with PF,
such as the radial position. The length of the tenon
should be equal to the distance between front and
back fixture fringes of PF and the shape of strength-
ening rib in PF should be relevant to the shape of
tenon tooth. The correlations are restrained in the
modeling programs to ensure the assemblability be-
tween TF and PF models. Taking two-tooth fir-tree
tenon as an example, the input parameters and topo-
logical structure interface of tenon modeling module
are shown in Fig.7. Fig.8 shows the tenon models

created with different sets of design parameters.
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Fig.7 Parameter input and topological structure interface of
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Fig.8 Different tenon models created by the module

The tenon parametric modeling module can al-
so be used to create mortise in turbine disk through
the Boolean subtraction of tenon model and disk
model. In the model of this study, the parameters of
tenon feature include the broad angle, the starting
point (X;, Y;) at the bottom of tenon, four radial
heights, the root width, the tenon length, four radi-
uses of tooth, and four tooth face angles, which are

listed in Table 2.

Table 2 Parameters of TF

Parameter Notation
Broad angle ¢ ST-0
Starting point X, ST-X1
Starting point Y, ST-Y1
Radial height H, ST-H1
Radial height H, ST-H2
Radial height H, ST-H3
Radial height H, ST-H4
Root width D ST-D
Tenon length L ST-L
Radius of tooth R, ST-R1
Radius of tooth R, ST-R2
Radius of tooth R, ST-R3
Radius of tooth R, ST-R4
Tooth face angle 0, ST-01
Tooth face angle 0, ST-02
Tooth face angle 0, ST-03
Tooth face angle 4, ST-64

3.4 Interior blade body entity

The IBBE design can be divided into two
types, that is, the simple equal thickness wall design
and the variable thickness wall design based on math-
ematical analysis. Generally, variable thickness wall
design is adopted in cooling turbine blade design con-
sidering constraints like the uneven surface stress of
blade and losing weight. This paper provides two
modeling modules for each type of IBBE design.

3.4.1 Equal thickness wall

The core idea of equal thickness wall design is
offsetting splines provided by aerodynamic design-
ers with modeling function: UF_CURVE _creat_off~
set_curve () and offset distance E to create interior
blade body section splines. However, the offset sec-
tion splines would be self-intersecting and folded
when the radius of blade trailing edge R is less than
the offset distance E': E>R.

Then in this paper, another offset method is
used to develop the equal thickness wall interior
blade.

Firstly, create blade section splines with the
aerodynamic data points. Then get the tangent vec-
tor (u,,v,) to the spline at every data point
(X,,Y,). According to offset distance E, offset
each point along normal direction to the tangent vec-
tor to get the point data (X}, Y,) in interior body
section spline. Point coordinates (X, Y,) is derived

from the following equations

VX, — X)) (Y, — Y =E (1)

— X, - X)) 2)

n

Y, Y=

Finally, create splines with the offset points
and create interior blade body with the splines, as

shown in Fig.9.

Fig.9 Equal thickness wall blade model in offset distance E

3.4.2 Variable thickness wall

The variable thickness wall design module is
developed by the camber line method. The first step
of the program is to get the camber line of blade sec-
tion at arbitrary height of the blade. The second step

is to figure out the interior blade body section spline
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based on camber line with the selected thickness in-
terpolation function. The flow chart of the design

process is shown in Fig.10.

| Section spline I _»| Discrete points of Thickness
] camber line (P, to P,)| | interpolation
| Fit curves (S,, S;) |
]
| Rounded tl;bes 7. 1) | I Curve offset algorithm |
| Intersecting lines |
Camber line: projection| | Interior body

of the intersecting line section spline

Fig.10 Flow chart of design process of variable thickness

wall

The camber line design module is developed by
a method which creates rounded tubes and finds in-
tersection of the tubes to calculate the camber line of
blade section. The programmed algorithm is de-
scribed as follows:

(1) Get the section spline of blade model at ra-
dial height /4 and disperse the spline to get the coor-
dinates array of points with modeling function:
UF _CURVE _ask_point_data().

(2) Divide the coordinates array into two parts
and create fit curves (Sp, S,) on suction and pres-
sure surfaces respectively.

(3) As shown in Fig.11(a), create rounded
tubes (T,, T,) along S, and S, with the same radius
R. The radius R should be greater than the maxi-
mum wall thickness R, of blade section to ensure
the intersecting lines of T, and T, is integrated:
R>R,...

(4) Project the intersecting lines to the plane of
blade section to get the camber line, as shown in
Fig.11(bh).

(5) The project location of point nearest to the
section plane in the intersecting line is the center
O of maximal inscribed circle of the section spline.

According to the definition, camber line is a set
of centers of inscribed circles of blade section spline
and Fig.12 proves the correctness of the algorithm.

For point A is on the intersecting line S, of
tubes T, and T, with the same radius R, the section
planes of T, and T, containing point A intersect with

suction and pressure curves at points C and B, re-

——Rounded tube 7,

Rounded tube T, ¢ g

(a) Rounded tubes 7, and 7,

Intersecting lines of 7,, T, Center of miaxiial

inscribed circle O,

Central arced curve

(b) Intersecting lines and camber line

Fig.11 Camber line design procedures

Intersecting line S,

Central arced curve S,

Fig.12 Proving of camber line algorithm

spectively. Segment AO is on the intersecting line
of the two section planes. It can be deduced that seg-
ments AC and AB are of equal length and segments
OC and OB are of equal length. Then the correct-
ness of the algorithm is proved.

Based on the camber line, the variable thick-
ness wall can be created by offsetting algorithm simi-
lar to the one used in equal thickness wall design
and the steps of the algorithm are shown as:

(1) Disperse the camber line to obtain the coor-
dinates array of points and save part of them (P, to
P,) for offsetting on the basis of design demands.

(2) The thickness interpolation algorithm can
be linear interpolation, parabola interpolation and
cubic polynomial interpolation and so on. Taking
the linear interpolation as an example, the interpola-
tion function of interior body section spline on suc-
tion surface is shown in Fig.13.

The point P, in the camber line is correspond-
ing to the largest interpolation thickness #,, of the
blade section. The interpolation thickness ¢ of arbi-
trarily point P, between P, and P, is

=l (i) 3)
J 1

The interpolation thickness ¢ of arbitrarily point



764 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 37

TR

Fig.13 Thickness interpolation function

between P; and P, is

Zzz‘mx+[m;7:jzk><(m—j) )
With the same algorithm as Eq.(1) and

Eq.(2), replace offset distance E with thickness

function #(n) and calculate coordinates of each point

in interior body section spline on suction surface.

Point coordinates (X, Y,)) are derived from equa-

tions

VX, — X (Y, — Y =t(n) (5)

u
r_ n
Yn - Yu -

(X, — X)) (6)

UN
(3) The create the pressure surface section
spline with the same method and to connect two
splines with arc segments to complete the modeling

of the interior body section spline, as shown in Fig.14.

Fig.14 Camber line of arbitrary blade section

3.5 Cooling rib feature

In the design of advanced cooling turbine
blade, the CRFs are added to the interior surface of
the cooling chamber along radial direction to in-
crease heat transfer area and enhance air disturbance
in cooling chamber.

Generally, the width of CRF is considered as
variable and the rib shape cannot be offset from the
interior body section spline. In traditional modeling
method, every rib shape is created by picking points
according to the width function manually. The pro-

cess 1s complicated and the model is with less modi-

fiability.

The CRF parametric modeling module in this
paper works on the basis of interior blade body and
the shape of rib is controlled by parameters in the
program. Designers can create a set of ribs along the
radial direction by inputting design parameters. The
parameter input and topological structure interface
of CRF modeling module are shown in Fig.15. In
the model of this study, the parameters of cooling
rib feature in suction side of the blade include the
separation distance, the radial height, the starting
width, the maximum width, and the number of
cooling rib. The cooling rib feature parameters in
the pressure side are the same as those in the suction
side (Table 3).

Caoling Rib. =]

Suction Sde Topological Structure: Pressure: Side

Separation Distance L [2 Separation Dstance L [2

o [ S e

Starting Width D1 Startng WidthD1  [0.3

et i, T Ty —
Number N Number N

Fig.15 Parameter input and topological structure interface

of cooling rib

Table 3 Parameters of CRF

Side Parameter Notation
Separation distance L LS-L
Radial height H LS-H
Suction side Starting width D, L.S-d1
Maximum width D, LS-d2
Number N LS-N
Separation distance L LP-L
Radial height H LP-H
Pressure side Starting width D, LP-dl
Maximum width D, LP-d2
Number N LP-N

Taking the rib on suction side as an example,
the programmed algorithm is shown as follows:

(1) Get the section spline of interior blade
body at radial height /& and disperse the spline to get
the coordinate array of points. Save the points be-
tween P, and P,, where P, is the starting point of the
rib and P, is the terminal point.

(2) Taking trapezoidal distribution interpola-

tion as an example, as shown in Fig. 16, calculate
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the coordinates of each points in rib shape using
Eqs.(5), (6).

Pi s P P" ee Pk P

Fig.16  Width interpolation function

(3) Connect points in Step (2) with two other
points out of the blade section to make the rib shape
closed and stretch the closed curve to the rib body
with thickness L. Subtract the body from interior
blade body, as shown in Fig.17.

Fig.17 IBBE model with cooling ribs
(4) Loop the operation in Step (3) with rib
number N and separation distance D to create a set

of ribs in interior blade body.
3.6 Partition rib feature

PRF divides the cooling chamber into several
parts as passages for cooling air to increase heat
transfer area and enhance the strength of cooling
blade. In the PRF parametric modeling module in
this paper, designers create PRF with design param-
eters such as starting position, azimuth angle @,
thickness d, height &, and subtract it from interior
blade body. Fig.18 shows the model created by the
module. In the model of this study, the parameters
of partition rib feature include the starting position
(X,, Y,) of partition rib, the azimuth angle, the
thickness of partition rib and the height of partition
rib, which are listed in Table 4.

Fig.18 Partition rib created by IBBE and EBBF

Table 4 Parameters of partition rib feature

Parameter Notation
Starting position X, PR-X1
Starting position Y, PR-Y1

Azimuth angle ¢ PR-0
Thickness d PR-d
Height A PR-h

3.7 Pin fin feature

The PFFs are added to the trailing edge cool-
ing chamber along radial direction to increase heat
transfer area and enhance air disturbance in cooling
chamber. The shape of PFF is usually cylindrical.
In the PFF parametric modeling module, designers
create PFF with design parameters such as the start-
ing position, azimuth angle d of PFF center line, di-
ameter d, separation distance /, and number n. In
the model of this study, the parameters of pin fin
feature include the starting position (X;, Y;) of pin
fin, the azimuth angle of PFF center line, the diam-
eter of pin fins, the separation distance and the num-
ber of pin fins, which are listed in Table 5. Fig.19

shows the model created by the module.

Table 5 Parameters of pin fin feature

Parameter Notation
Starting position X PF-X1
Starting position Y, PF-Y1
Azimuth angle ¢ of PFF center line PF-0
Diameter d PF-d
Separation distance / PF-1
Number n PF-n

The design process of the parametric design
modules of turbine blade is discussed. The module
has the following functions:

(1) Exterior blade body entity creation and

modification, which is defined by several splines
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Fig.19 Pin fin created by IBBE and EBBF

provided by aerodynamic designers.

(2) Platform and tenon creation and modifica-
tion, which is defined by user-defined feature param-
eters.

(3) IBBE creation and modification, which is
defined by the value of wall thickness (for equal
thickness wall) or the function of the wall thickness
(for variable thickness wall).

(4) Cooling ribs, partition ribs and pin fins cre-
ation and modification, which is defined by user-de-
fined feature parameters.

With the help of this parametric modeling sys-
tem, designers can quickly adjust the blade geome-
try, which may shorten the blade design cycle.
However, this parametric modeling system can only
deal with the problems of the existing topological
structure, but cannot generate a new topological

structure, which will be improved in the future.

4 Conclusions

The working platform of the parametric design
system for cooling turbine blade is UG NX. The Vi-
sual Studio 2010 along with the function library of
the UG/Open API and Microsoft C++ is used as
programming tools. With the selected design mod-
ule and parameters imported by the designer, the
feature structure can be directly created. The mod-
ules in this system are mutually independent from
each other, and therefore the independent modifi-
ability of feature designed by the system is strong.

According to practice, in the design of a high-
pressure turbine blade model of a particular type of
turboshaft engine, the modeling takes designers two
weeks to finish with UG NX graphical user inter-
face. The design time can be shortened to one day

and the design efficiency is significantly improved

using the parametric design system.

The system can be applied to the computation-
al fluid dynamics (CFD) , strength, vibration and
reliability analysis of the cooling turbine blade and
establishes the foundation of the subsequent multi-

disciplinary design optimization procedure.
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