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Abstract: In the quest to enhance the efficiency of gas turbines, there is a growing demand for
innovative solutions to optimize high-pressure turbine blade cooling. However, the traditional
methods for achieving this optimization are known for their complexity and time-consuming nature.
We present an automation framework to streamline the design, meshing, and structural analysis
of cooling channels, achieving design automation at both the morphological and topological levels.
This framework offers a comprehensive approach for evaluating turbine blade lifetime and enabling
multidisciplinary design analyses, emphasizing flexibility in turbine cooling design through high-
level CAD templates and knowledge-based engineering. The streamlined automation process,
supported by a knowledge base, ensures continuity in both the mesh and structural simulation
automations, contributing significantly to advancements in gas turbine technology.

Keywords: multidisciplinary automation; design automation; mesh automation; knowledge-based
engineering; turbine vane cooling design

1. Introduction

Improving the efficiency of gas turbines has long been recognized as crucial due to
their significant economic advantages in the fields of aviation and power generation. To
achieve enhanced efficiency and a reduced carbon footprint, it is imperative to improve the
materials, design, and working boundary conditions of gas turbines. The current manual
process of optimizing high-pressure turbine blades to enhance cooling is both intricate
and time-consuming. To address this challenge, an automation framework is proposed in
this study to automate the design, meshing, and structural analysis of cooling channels in
high-pressure turbine blades.

The need for gas turbines in the global market is projected to increase at a compound
annual growth rate of 3.3% [1]. To meet the global demand for durable and energy-efficient
gas turbines, there is a need to overcome the challenges of evaluating their life cycle. This
complexity arises from the intricate interplay between turbine blades and dynamic factors
such as fluctuating temperatures, thermal stresses, diverse boundary conditions, etc. This
study proposes reducing the time required in the development phase of a turbine blade
cooling channel by implementing strategies such as design automation (DA) along with
automation of meshing and structural analysis.

Modern gas turbines have an inlet temperature of 2000 K, which is far higher than
the melting point of all materials used for turbine blades [2]. In order to ensure blade
integrity and achieve an extended operational lifespan, different cooling methodologies
are employed. This paper considers the automation of the design and simulation of a
single-pass cooling geometry with pin-fins, turbulence promoters, and holes for film cool-
ing. The primary objective of this project is to create an automated process for design
and structural analysis using knowledge-based engineering (KBE) for the evaluation of
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the lifetime of the blade and to enable a seamless multidisciplinary design framework to
evaluate various characteristics of the blade. This work encompasses advancements in the
DA of turbine blade cooling channels, specifically focusing on achieving a higher level of
morphological automation. Additionally, this study addresses the need for topological
automation, which can be applied to various configurations and models of turbine vanes.
By adopting a generic approach, the proposed method enhances its versatility and poten-
tial integration with thermal, fluid, and structural analyses, facilitating a comprehensive
analysis of turbine systems.

2. Related Work and State of the Art

Cooling design in a turbine blade is a multidisciplinary, iterative, and labor-intensive
process. The designers involved in such development are required to possess a broad
spectrum of knowledge spanning various domains, including structural analysis, thermo-
dynamics, and fluid dynamics. Given the complexities of the product and the need for
detailed output, each domain necessitates management and evaluation by specific domain
experts. In theory, the size of the knowledge base in engineering companies has never
been bigger. This is primarily due to the increasing volume of data and models generated
through various engineering tools.

According to Chapman and Pinfold (2001) [3], a complex engineering product has to
be treated as a complete system instead of developing each subsystem independently. It
is therefore necessary to combine models from several disciplines to achieve the optimal
design of an entire system rather than designing its subsystems in a sub-optimal manner.
Multidisciplinary optimization (MDO) is a promising method for managing sub-system
cross-couplings and for treating products holistically. In order to enable MDO, all design
and evaluation processes of the product need to be integrated and automated. The level of
the DA will be a crucial defining factor for the design space of the product.

2.1. Design Automation

Engineering design automation is a field of wide range of design-related tasks com-
prising various methodologies and applications in different industries [4]. According to
Cederfeldt and Elgh, the term DA is defined as the “computerized automation of tasks that
are related to the design process through the implementation of information and knowledge
in tools and systems”. Moreover, DA is possible at many degrees of complexity, from the
usage of family template systems or predetermined machine parts to knowledge-intensive
CAD systems or extremely complex KBE systems [5]. The automation of the design process
and design object have been areas of research within the subject of DA [6]. While designing
a customized product, a requirement is the creation of a detailed description of the specific
processing steps required throughout the design process [7]. A DA framework can be
developed using this knowledge in the design process to automate tedious and repetitive
tasks, thereby allowing the designers to focus more on the operations that require creativity,
intuition, skill, and cooperation to be solved [8].

The motivation for DA can differ widely. The ability to save costs, shorten lead
times, enhance product performance and modify products to meet customer requirements
are four key broad goals of DA. Gaining an effective and efficient product development
process is the main driver behind the implementation of DA [4]. According to Cederfeldt,
the most important benefit of implementing a DA framework is the quality assurance in
the final output [9]. While the input to a DA framework can be customer requirements,
parametric constraints, geometric models, design variables, etc., outputs can be geometric
models, physical properties, or even manufacturing plans [10]. Similar to other systems, an
efficient DA framework/system should be able to adapt to different requirements within
its operational environment. With high adaptability, as mentioned earlier, the efficiency
and effectiveness of a product will increase with a high level of maintainability [11].
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2.1.1. Knowledge-Based Engineering

Craig and Pinfold [3] define knowledge-based engineering (KBE) as an engineering
method representing CAD technologies, object-oriented programming, and artificial intelli-
gence. Through the collection, capture, transformation, retention, and re-use of product
and process knowledge, KBE accelerates the creation of new products by automating repet-
itive design activities [12]. Automating repetitive operations using a knowledge-based
system (KBS) is the primary goal of KBE. In the KBE approach, a user’s knowledge of the
environment/product is stored, and it is made available permanently. The KBS consists
of two segments, called a knowledge base and an interface engine, to form an interface to
implement KBE. The division of the knowledge base and the functions that use it, known
as the interface engine, is one of the KBS’s defining characteristics [13]. The DA framework
can be maintained more quickly and effectively because of this separation of the inter-
face engine and knowledge base, which enables future knowledge base updates without
compromising the interface engine [8].

The knowledge base is made up of rules, relations, and facts and is not stored sequen-
tially since it must be executed. As a tool, the interface engine makes use of the knowledge
kept in the knowledge base. Two of the most prevalent forms of interface engines used to
activate the knowledge base are forward chaining and backward chaining [13]. The rules
that satisfy the stated criterion are located and put into action in the forward-chaining inter-
face. The guidelines are then spelled out, enumerated, and implemented until the desired
results are obtained. A backward-chaining interface, on the other hand, is a goal-oriented
interface in which the interface engine looks for rules that results in the final output and is
then sent back to the interface engine to be executed to acquire the desired result.

2.1.2. Geometry Transformation

An efficient DA framework requires a comprehensive knowledge base with flexi-
ble and robust CAD models to achieve effective geometry transformations. This study
identifies two main categories of transformations: morphological transformation and
topological transformation.

Morphological transformation involves altering the form or shape of CAD models.
The complexity of designs determines the morphological levels at which CAD models
can be categorized. These levels can be visualized as a pyramid, with the first level repre-
senting fixed objects that cannot change their shape. Parameterized CAD models reside
at the second level, allowing for limited flexibility by adjusting geometric values. For
more intricate geometries, the third level incorporates parameters, relations, and rules
among the model’s geometric elements. CAD models that enable control of parameters,
rules, and relations using programming languages occupy the top of the morphological
transformation pyramid [14].

Similarly, topological transformation involves changing the position or location of mod-
els. As with morphological transformation, topological transformation can be categorized
into four levels. The levels of topological transformation consist of manual instantiation,
automatic instantiation, generic manual instantiation, and generic automatic instantiation.
The ultimate goal is to attain a high level of topological transformation by developing
high-level CAD templates for various elements within a turbine vane cooling system and
implementing an automatic and generic instantiation approach.

2.2. Design Automation of Turbine Blade

Considerable research has been conducted over the years in the optimization of cool-
ing structures in a turbine blade. Chi et al. [15] presented a multi-dimensional platform for
the design of cooling structures in air-cooled turbine blades, which gives an overview of the
transmission of data between different platforms to perform DA and MDO. An algorithm
to create parametric designs for cooling channels is introduced into this framework, en-
abling a more accessible knowledge base. However, not all processes are automated, which
leads to a semi-automatic framework that is not suitable for an MDO process. Usually,
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the frameworks are built in a case-specific manner, being available only for a particular
cooling structure.The focus of such research is concentrated on the individual performances
comprising the overall efficiency of the turbine blade. Lu et al. [16], Chi et al. [17], and Yera-
nee et al. [18] developed a state-of-the-art framework to perform optimization on specific
cooling structures, such as film cooling holes, ribs, and pin-fin cooling structures, respec-
tively. Lu et al. [16] show the successful integration of interdisciplinary software to perform
automatic geometry and mesh generation. Although the proposed model is parametric, the
number of film cooling holes is kept constant during the optimization. There is also a lack of
transparency in how the mesh automation is handled. Chi et al. [17] performed a Computa-
tional Heat Transfer (CHT) optimization for the internal blade design to find the optimal rib
arrangement with better cooling efficiency. Moreover, Yeranee et al. [18] present a method
of density-based topology optimization to enhance the thermal performance of a pin-fin
cooling structure. Xu et al. [19] present a methodology to perform an optimization of lattice
structures in a gas turbine blade for heat transfer and mechanical performances. Similar
to this, Ghosh et al. [20] explain a computationally efficient approach involving Gaussian
processes, surrogate modeling and constrained Bayesian optimization of pin-fin arrays. The
modeling is performed entirely in CFD software, resulting in a compromise in flexibility
in the DA with the benefit of faster processing time. Xiaodong and Xiuli [21] performed
multidisciplinary automation for design and mesh for an optimization process. Unlike
other research, the focus in this case is also on the successful transfer of data or knowledge
between different platforms. A module specific for static, fluid, and thermal is present in the
framework to perform corresponding calculations. Similarly, Zhang et al. [22] developed
a framework for performing multidisciplinary calculations on a twin-web turbine disk,
which includes an integrated system for evaluating different disciplines.

The crucial property to estimate while designing and developing turbine blades is the
life cycle. Along with mechanical and thermal performances, the work life of a component
is of the utmost importance. Performing an optimization with a focus on the product life
cycle is often neglected or, in most cases, performed separately, considering only the work-
ing environment or boundary conditions as the design of experiments. However, a turbine
blade optimized for an extended life cycle considering its thermal and mechanical perfor-
mance for variable geometrical parameters and boundary conditions is an area of peak
interest in the current industry. Li et al. [23] present a reliability-based multidisciplinary
design optimization for heat transfer with corresponding life prediction. A morphological
parameterized model is used to initialize the surrogate model to perform MDO.

A study has been conducted in the area of multidisciplinary automation for the
development of turbine blades, cooling channels, turbine disks, etc. A common set of char-
acteristics is tabulated as shown in Table 1 to find out the research with the most similarity
and evaluate the research gap in this field. The research by Xiaodong and Xiuli focuses
on multidisciplinary design optimization of turbine disks using different platforms [21].
However, the model lacks topological parametrization and its corresponding automation se-
quence, along with a module for life cycle evaluation. A generic approach with a high-level
CAD template integrated with automated design allows for geometric alterations, such
as the shape of the elements (morphology) as well as number of elements (topology) [24].
A similar automation method to that of Tarkian [24], but customized to perform generic
operations irrespective of the templates, which can perform multidisciplinary evaluations,
will be a much-needed off-the-shelf framework for the turbine development process.
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Table 1. Comparison between state-of-the-art research in multidisciplinary automation and optimiza-
tion for gas turbine blade development or closely identical fields. The study exhibiting the highest
degree of congruence is highlighted in bold.

Reference

(251 [15] [26] [23] [22] [19]1 [20] [27] [28] [211 [ie] [171 (291 [30] [18]

Mesh automation
Structural analysis

Fluid / Thermal analysis
Generic approach

2D/3D models

Life cycle evaluation
Morphological automation
Topological automation

X X X X X X X X X
X X X X X X
X X X X X X X X X X X X
X X
2D 3D 2b 3 2b 3D 3D 2b 3D 3D 3b 3D 3D 3D 3D
X
X X X X X X X X X X X X

2.3. Finite Element Analysis

Finite element analysis is a numerical approach that is used for a variety of numerical
analyses, including those of fluid flow, heat transfer, electric and magnetic fields, and
many others [31]. The complexity of the issues, including their varied shapes, boundary
conditions, and loads, are all retained in this approach, but the results are approximate.
In the finite element technique, a given domain is considered a collection of subdomains,
and the governing equation is estimated across each subdomain using any applicable
variational method, including the more conventional ones.

Meshing

The process of breaking down a continuous geometric model into multiple shapes or
sets of sub-domains to define the physical shape of an object is called meshing. This is one
of the primary steps in the simulation of a geometric model, which defines the accuracy
of the final simulated output [32]. However, this process can often be time-consuming
and iterative, in some cases. Hence, it is crucial to use a robust, practical, and adaptable
finite element pre-processing tool that can interchange data with several CAD systems and
finite element solvers in order to increase the effectiveness and quality of finite element
analysis. Meshes are generally categorized into two types: structured and unstructured
mesh. Unstructured mesh connects elements using erratic patterns, which are used to
capture complicated geometric shapes, while structured mesh uses regular lattice to link
neighboring nodes.

3. Methodology

This work presents the proof-of-concept of a framework for multidisciplinary automa-
tion of design, meshing, and FEA for the development and analysis of cooling channels in
a turbine vane. One of the biggest challenges of automation in the gas turbine industry is
the involvement of different applications, which makes cross-platform automation with
data transfer between these applications and sequencing the execution of operations ex-
tremely difficult. The results of this study will validate a novel approach for conducting
multidisciplinary automation that can handle both morphological and topological changes.

The ultimate aim of this project is to develop a multidisciplinary optimization frame-
work using KBE to investigate performance factors such as cooling efficiency, thermo-
mechanical fatigue, and life cycle. This paper focuses on the development of a multidis-
ciplinary automation framework that involves DA, mesh automation, and a simple finite
element analysis. Figure 1 shows the automation architecture for the project, which aims to
lay the foundation for multidisciplinary optimization (MDO) to achieve the optimum de-
sign within the design space. Different software, such as Siemens NX [33], Hypermesh [34],
and Abaqus [35], are used for CAD automation, meshing, and FEA, respectively. All of
these programs have two-way communication with a database module that can read and
write data from them. Since the database module is continuously updated throughout the
process, a user interface is included in the framework, enabling the user to change different
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User

Data

properties, parameters, assembly instructions, meshing inputs, boundary conditions, etc.
Separation of the user interface and database improves the re-usability of the model with
ease of maintenance and updates.

As shown in Figure 1, the implemented framework connects three software. Based
on the user (or optimization) input, the DA part is handled in the CAD tool. Here, a new
design with a custom blade and cooling design is created. The new design is fed into a
meshing tool, where custom settings for different design features in the model are added
based on user preferences read from the database. A finite element analysis is performed,
where boundary conditions are automatically applied and adapted based on the custom
design. During this process, the inference engine controls the process of calling the software
as well as reading and writing information to the database where knowledge is stored. In
addition to the already-implemented software, the framework is also prepared to connect
to models for the simulation of cooling, fatigue, and life cycle evaluation. However, this is
not utilized in this version of the framework.

input
t

SIEMENS

NX

base <+

Design automaton

X

HYPERMESH

— Mesh automation

2
25 simuLiA

ABAQUS

— Finite element analysis

I
1 ; ]
'-==! Cooling Simulation |

| i Thermo-mechanical

: fatigue simulation
_______________ imuiaton_ ____

Figure 1. Overview of the developed framework for design of cooling channels in a turbine vane.

3.1. Design Automation

The development of CAD automation can be divided into three stages. The first
stage is the research phase, which involves background studies regarding the different
components, cooling methods, and processes of data transfer between different software.
With the acquired knowledge, the second phase is started, which includes setting up of the
communication between CAD tool and the database module with the help of an interface
engine. In order to develop a reusable and generic automation framework in NX, both NX
Open and Journal programming features were investigated. NX Open is a programming
tool in NX, which is a collection of APIs allowing for the creation of custom applications
that can be executed through NX. This is a useful feature for packaging multiple scripts
supporting commonly used programming languages (C/C++, Visual Basic, C#, Java, and
Python) and allows the transfer of data to third-party software with the addition of some
external APIs. Journal programming is a feature within NX that requires no setup or extra
licensing. A journal editor can be used to run the recorded macros in the NX, which can be
in any programming language supported by NX Open.

Between NX Open and Journal, the latter is selected for the primary coding since it can
be executed outside of NX using BATCH scripts and external applications (RunJournal.exe)
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User Input
Base model
Parameters
Part Selection, etc.

for the journal execution. One of the biggest challenges in this study was to establish
two-way communication with NX and a third-party software since the entire product
development process needs to be monitored for the upcoming part of the project (MDO).
The flowchart shown in Figure 2 is the simplified working architecture of the DA setup in
NX. The first step was to acquire some user inputs, such as the location and name of turbine
vane outer geometry, along with the templates required to instantiate User Defined Features
(UDF) and geometric parameters. The number of parameters in this user interface can vary
depending on the user’s selection of UDFs. The parameter list includes the type of UDF
model along with data to bring about changes at both topological and morphological levels.

Excel Interface Batch Script
Takes the input from the user - Executes 'runjournal.exe’
Opens a command prompt - Sends the location of VB.net
Excecute the batch script in it script

Siemens NX

Includes all the rules and relations X
- Executed without GUI

‘ Main Script

Extract data and perform necessary = IleE S e eV

- Includes references
‘ operations

Backend database
Opens excel file
Collect information from NX
Send it to excel interface

\______{______’
1
1
1
1
1
1
1
1
1
1
1
1
L

Figure 2. Design automation framework in NX.

There is a two-way communication between the user interface and the Excel interface,
where data from the user are transferred to the Excel workbook while the finished results
and output data are fed back into the user interface for the visualization and evaluation
process. The macro inside the Excel workbook opens a command prompt with the lo-
cation of the batch script as an argument. The batch script has a function to call for an
application called ‘run_journal.exe” and the location of the main script or journal as the
argument. While using ‘run_journal’, NX runs in batch mode with no graphical user
interface (GUI). The main script contains all the rules, relations, assembly instructions, and
code for the instantiation of UDFs on the base model shown in Figure 3. While creating a
UDF, information such as reference details, input requirements, expression lists, etc. can be
easily documented in a text file, which is later accessed to collect the required data on the
user-specified parts. Once the base model is opened, information regarding all the features,
the type of feature, and its IDs are added to a back-end Excel database so that the required
information for meshing or optimization (later) can be filtered out from this.

DA in CAD software is executed in headless mode; hence, the results are automatically
saved at a location mentioned in the main script for later use as well as for visualization.
Because of compatibility issues between CAD and the meshing tool, the DA results are
saved in “.prt” as well as in the Parasolid file format. While the automation process is
ongoing, some of the information mentioned above is transferred back into the Excel
interface by passing through a back-end database. This allows for complex data handling
while preserving the data for the next stage in the cycle, as shown in Figure 1.
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Figure 3. Cut-section (left) and isometric view (right) of a turbine vane.

3.2. Mesh Automation and Simulation

The meshing operation required to perform a structural analysis in this project is
executed using the Hypermesh software [34]. This software allows for high-level functions
such as automatic mesh generation by removing the need for manual geometry cleanup
and meshing, hence speeding up the model development process. The structural analysis
is performed in the FEA solver, and, later, the simulation results are exported. To run
simulation models created by third-party programs, the selected FEA tool has a dedicated
solver terminal that can be called independently. The framework developed to automate
meshing and simulation is shown in Figure 4. Once the design is automated from the NX,
the individual solid bodies are united for the ease of the meshing process. Later, this model
is saved as a parasolid with the necessary information, such as surface names, surface area,
etc., passed to the back-end database. The back-end database shown in Figure 4 is the same
as the one shown in Figure 2. These data are accessible for the Excel interface to showcase
to the user while inputting the boundary conditions for the simulations along with other
details such as mesh size and type. Excel will run the batch script to operate the meshing
software using the TCL script to automate the meshing process.

The mesh automation begins with importing the parasolid CAD model. Using a text
file, the mesh specification and boundary conditions are imported to the meshing software
from the database. The surfaces where boundary conditions would be assigned are stored
in an array. Based on the user-defined mesh size, an unstructured volume tetra-mesh is
generated. Curvature and proximity features were enabled to capture the shape of the
turbine blade. Two different mesh sizes were assigned: a smaller element size was selected
for the pins and hole, whereas a larger element size was used for the rest of the blade.
This method proves the possibility of assigning different mesh sizes to different surfaces
or volumes in a model. Once the mesh is generated, the material and physical properties
of the materials are assigned to the model using the TCL script. Afterwards, the total
number of surfaces is calculated using the same script, and their corresponding surface
area is computed. This computed surface area is compared with the area calculated from
the automated CAD model. Once the mesh surface area is matched with any particular
surface area from the CAD model, a corresponding boundary condition is assigned to that
surface. This method allows for the automatic assignment of pressure and static load to the
outer geometry (base model).

Once the initialization parameters for simulation, such as time step, termination
time, etc., are set up automatically, the meshed result or model is exported as an FEA
software standard 3D model. Similar to meshing and the CAD tool, FEA is also executed
through a batch script from its native terminal. The meshed model is then imported into the
solver. Since all the boundary conditions are already assigned to the model, the structural
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NX CAD Model
- Surface area where
boundary condition/
specific mesh is
required
- Unite solid bodies
- Export as parasolid

simulation is initialized. After the completion of the simulation, a Python script is used to
analyze the results in the solver, which scans through all of the elements of the mesh and
records the maximum von Mises stress and deflection values. These data, along with other
physical properties of the model, are stored in the back-end database.

DataBase

- Save surface area Hypermesh N
SHtiacoGron and connect them to Inference - Read mesh and boundary condition (BC)
- Boundary condition Engine data from.

- Mesh specification - Run TCL Script

v
| Set Abaqus environment
Parasolid export ¥
model | Import Parasolid model |
L
| Assign CAD surface areas to variables (C;) |

L 2

Calculate total number of surfaces [«

Volume tetramesh on solid body
- Based on user defined mesh size

2 Create Material and Solid property |
- Assign material to mesh
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(total number
of CAD surf

- Use curvature and proximity
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Create Load Collector
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- Conduction & Convection

If mesh surf
number of \Y&_ /Calculate surface area (M;) = CAD Yes Mark nodes/elements on mesh
; . 4 surf (M;
surf in mesh area from mesh s arE () *( )
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- Rigid elements

¥

i++ - Pressure

output parameters)

Create output block (define

- Temperature

¥

initialization parameters
- Time step
- Termination time

Define thermos-mechanical simulation

Inference
Engine

Run Simulation in
Abaqus solver

Export as Abaqus standard 3d
model

Figure 4. Automation framework of meshing and static structural simulation.

4. Implementation

The method described above has been applied in the development process of a turbine
blade or vane, as shown in Figure 3. The results can be separated into DA, automation of
meshing, and structural simulation.

4.1. Design Automation

One of the important factors to consider while implementing a design automation
framework is the level of flexibility in the designs and templates without compromising
the efficiency of the intended use. In the base model shown in Figure 3, the topological
parametrization is implemented by using the UDF functionality inside the CAD tool.
Initially, high-level CAD templates for different features in the vanes, such as passage
walls, impingement holes, and ribs, are manually generated. All of the feature information
will be automatically created, which is later accessed by the inference engine to perform
DA. Creating parameterized CAD templates allows the morphological change of these
models. The user input, which can be fed into the Excel interface, will be used to instantiate
morphological and topological UDFs. However, these parameters need to be generic or
simple enough that a person with little to no knowledge of this framework can operate
it. The user has the provision to control the number of above mentioned geometrical
features’ instantiation. The possibility to change the number of cooling passages, ribs,
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and impingement holes in the leading edge and trailing edge allows for the generation of
models with a wide combination of internal cooling structures.

While the population of individual cooling structures can be user-defined, the geomet-
rical parameters of these structures can also be modified. Some of the important parameters
that are user-modifiable are shown in Figure 5. The dimensions of these structures can
be changed individually or collectively. The parameterized geometric values of all of the
cooling structures are shown in Table 2. The location, size, and order of repetition can be
varied with respect to the dimension of the turbine blade or vane geometry. One of the

configurations of the cooling structures produced through this framework is shown in
Figure 6.

Passage width Passage spacing
(Pass,,} (Pass,)

Figure 5. Cut-section and isometric view of the model after the execution of DA framework.

Table 2. User-defined features along with its parameters and required inputs for instantiation.

User-Defined Features Geometry Parameters Inputs Required
Number of channels Point on tip and root chord
Wall width Plane for support
Passage Channels walls Wall spacing Two limiting bodies (suction side and

pressure side)
Location of wall along the chord at hub

and tip
Number of ribs Curve along chord
Rib width Plane for support
Rib structures Rib spacing Two limiting faces (LE and TE inner

geometry face)
Location of rib as % of span

Number of holes in LE and TE Line along LE

Hole diameter Plane for support

Hole spacin Two limiting bodies (outer and
pacing inner geometry)

Impingement holes (L.E. and T.E.)

Location of hole as % LE and TE length
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Figure 6. Cooling features automatically generated in the CAD model.

4.2. Mesh Automation and Simulation

In order to automate the meshing and automatically identify the boundary condition,
an algorithm was developed, as depicted in Figure 4. During the automatic generation
of the CAD, the areas of surfaces where boundary conditions are required were recorded.
The values of these surface areas were then appended to the database. The parasolid
model exported from the automated CAD module was sent to the inference engine. The
inference engine would retrieve mesh specifications (i.e., mesh size or type of mesh)
from the database and trigger the TCL script, which automatically initiates the meshing
process. The depiction of an automatically generated mesh, utilizing knowledge stored
in the database, is presented in Figure 7. It is essential to set up the structural simulation
environment before automating the meshing process; otherwise, the exported mesh would
not be in the correct format for performing simulations.

After generating the mesh, material and solid properties can be created and assigned
to the mesh using the TCL script. Subsequently, the script can calculate the total number of
surfaces and iterate through them to compute their respective surface areas. By utilizing a
logical condition, the surface areas of the mesh can be compared to the boundary condition
surface area from the CAD. When the CAD boundary surface area matches the surface area
in the mesh, the corresponding boundary condition will be automatically assigned using
the TCL script. This automated process allows for the definition of pressure surfaces and
static load elements.

Mesh size 1

Automatic size
transition

Mesh size 2

Figure 7. Automatic assignment of mesh sizes to different areas of the model.

Next, an output block should be generated to define the simulation output parameters.
The initialization parameters for the simulation, such as the time step and termination
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time, can be automatically assigned during this setup. Subsequently, the meshed model is
exported as an FEA software standard 3D model. This model is now ready for structural
simulation using the FEA solver.

Using a batch script, the FEA software standard 3D model is injected into the solver
terminal. Since all required boundary conditions are already set up in meshing software,
the simulation can start uninterrupted. After the simulation is completed, a Python script is
used to analyze the results in the solver. The Python script scans through all elements of the
mesh, records the maximum von Mises stress and deflection values, and appends them back
to the database. Figure 8 presents a sample of the displacement contour plot obtained from
the simple finite element analysis.The contour plot vividly illustrates the displacements,
with the boundary conditions automatically applied from the mesh automation module.

Clamped

v v

A D

Figure 8. Example of displacements from a simple FE-analysis. The boundary conditions are auto-
matically added based on the unique design.

5. Discussion

The flexibility of turbine cooling element design has been enhanced through the im-
plementation of DA using high-level CAD templates (HLCT) and reusing information from
the knowledge base. By utilizing HLCTs and UDFs to generate repetitive design structures,
it becomes possible to achieve a high-level topological parametrization of cooling passage
walls, impingement holes, rib turbulators, and other elements. Moreover, the development
of parameterized CAD templates with rules and relations for automation increases the level
of morphological transformation. By implementing this approach, a simple and generic
user interface is provided, empowering users to effortlessly generate cooling structures
with a multitude of combinations. This enhancement significantly improves the flexibility
of turbine cooling element design, ultimately resulting in increased efficiency and effective-
ness within the DA process. However, in the process of making the algorithm and interface
generic, certain terminologies have been used, which are expected to remain consistent
with the turbine-blade base models. Implementing this method on a different turbine
vane requires some preparation involving the appropriate naming of elements in the CAD
models. Furthermore, including a back-end database within the automation framework
serves as a knowledge base, benefiting not only the DA process but also subsequent stages
in the cycle.

The utilization of meshing software for high-level operations, such as automatic mesh
generation without the need for geometry cleanup, significantly accelerates the product
development process. Despite each stage in this framework having its own individual
database, these databases are interconnected, facilitating the seamless transfer of informa-
tion between different stages. At the end of the automation process, the bodies requiring
similar mesh properties are merged into a single body with a generic and recognizable
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name for the mesh automation algorithm. As this naming process is automated within
the DA framework, no pre-preparation is necessary in terms of assigning appropriate
terminologies. Assigning different mesh sizes to various surfaces or volumes within the
model represents a valuable feature of this methodology. This capability enables a more
precise representation of the complex geometry of the turbine blade by utilizing smaller
element sizes for pins and holes while employing larger element sizes for the remaining
components. The automatic assignment of pressure and static loads to the outer geometry
simplifies the process of defining boundary conditions, thereby enhancing the accuracy
and reliability of the simulations. However, it is important to acknowledge that while
the automated meshing process brings about efficiency gains, it may relinquish some
control over the mesh quality in comparison to manual meshing. Therefore, the trade-off
between automation and mesh quality should be carefully considered based on the specific
requirements and accuracy needs of the analysis.

The presented framework automates design generation, mesh generation, and bound-
ary condition assignment for structural simulations. However, it lacks the capabilities
for aerodynamic evaluations, thermo-mechanical fatigue simulations, and life cycle eval-
uations necessary for comprehensive turbine vane cooling channel development. The
framework’s modular design allows easy integration of additional software modules, and
its standardized approach and centralized database ensure robustness and flexibility. Once
these additions are made, the framework can serve as a black box solution for the opti-
mization process, thereby enhancing performance, reliability, and efficiency in turbine vane
cooling channel design.

6. Conclusions

This paper presents a novel framework that offers an automated and multidisciplinary
approach to designing and analyzing cooling channels in high-pressure turbine blades.
Through the integration of DA, meshing automation, and structural analysis, the framework
demonstrates advantages in streamlining and expediting various aspects of gas turbine
development. This approach proves beneficial for iterative and time-consuming tasks,
alleviating labor-intensive processes and offering a promising avenue for enhancing the
overall workflow efficiency.
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