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Abstract. This paper presents an innovative tool and method that allow 
efficient innovation of shape and topology of virtual parts at both mesh and 
CAD levels using optimization methods. The method consists of automatic 
variations of shapes in CAD/CAE environments that allow effective search for 
new shapes that are not considered initially by designers. 

1 Introduction 

Contemporary designers face the dilemma of doing design tasks in a context 
where the available tools and methods are not always adapted to satisfy design 
requirements that are increasingly more focused on potential creativity enhancement 

[1]. 
This paper addresses the main motivations of the industrial sector, regarding the 

engineering innovation activity with computer tools and methods. It is focused on 
the innovation of shape and topology using a proven and mature method that has 
been used successfully for parametric optimization. In addition the method extends 
its application to design automation and CAI for integrating these methods and tools 
into engineering processes. 

It is known that, commonly, performance improvement is first obtained through 
quantitative changes in parametric design in search for optimization, but once the 
resulting improvement reaches its limit and further performance improvements are 
not possible, new searches must be carried on through qualitative changes or 
paradigm shifts that lead to innovation [2]. Optimization, then, is a search process 
that looks for the most advantageous state of equilibrium before a contradictory 
situation where the improvement of one or several performance characteristics, 
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deteriorates others. In order to get out of this deceptive goal, innovative concepts are 
needed by changing not only parametric values, but also shapes, topologies and 
physical principles. 

Currently available CAD and CAE systems were originally conceived for 
facilitating only parametric variations on modeled parts. Parametric modeling has 
simplified the design process because it allows easy modification of parts. In recent 
times, topology optimization methods have been also introduced in meshing 
environments to improve product performance [1,2]. These topological optimization 
functions are currently used to find optimum topologies and shapes for given parts 
under prearranged conditions. This is achieved by describing a defined space for the 
part through a Finite Element (FE) mesh model while an optimization algorithm 
finds an optimal material distribution within a series of established restrictions. 
Properties of the FE model such as density or Young modulus are modified during 
the optimization process until an optimum shape is obtained [3, 4]. This type of 
mesh-level variations is practical for finding suggestions regarding part shapes and 
topologies, however shapes and topologies obtained this way are not models with a 
CAD structure, and they require manual post processing or even a complete redesign 
if it is desired to convert them into a full structured CAD model [5]. 

In this paper innovative tools and methods are presented that allow efficient 
optimization and innovation of shape and topology of virtual parts at both mesh and 
CAD levels. 

In this work new advances are shown for implementing methods that may be 
integrated into conventional CAD/CAE systems for executing shape and topology 
changes that transcend parametric values while searching for performance 
enhancements with the aid of genetic algorithms and shape and topology variations 
at both CAD and mesh models that may be converted in both directions. 

2 Splinization and Mesh Morphing 

For the development of this method and its adaptation to the current CFD 
analysis methodologies the splinization approach presented in the past CAI 
Conference [6] needed to be translated into the CAE domain. This paper describes 
how the splinization concept was translated into the meshing software for integrating 
the shape variation method with the CAE analysis method. 

Even though the main focus on the splinization technique is about shape 
variations that allow the persistence of CAD models, a new interesting way of 
obtaining these same advantages is being developed to allow special shape variations 
at mesh level and then be translated into direct modification for a previously 
"splinized" CAD feature. For this purpose mesh morphing in existing commercial 
finite element meshing software was used, which allow shape variations to be made 
to a mesh model without remeshing it. One further reason mesh morphing becomes 
advantageous in this context is because the interpolation of previous results can save 
a lot of computational time in CFD simulations. Since the changes in geometry are 
small compared to the size of the complete model, previously converged simulation 
result (or interpolated new result) can be used as an initial guess and speed up the 
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simulation process. To take an advantage of converged solution, it is good to have a 
mesh model that remains consistent in its number of elements and elements' IDs. 

Since any modification that requires remeshing would cause inconsistency in 
these matters, mesh morphing is a good option. In mesh morphing, a domain is an 
area where shape modification propagates to define their movements. The way the 
mesh surrounding the shape is modified depends on a bias value (so called a 
"handle") that is equivalent to the tension of a Bezier curve. Within each domain 
handles are defined. 

Under these circumstances, a direct relation can be established between these 
morphing handles, and the position of the control points that define a spline. With 
this, a connection between the splinization approach and mesh morphing has been 
established. A morphing handle approach reduces the number of design variables 
while splinization increases degree of freedom in shape. The final goal is to integrate 
the CAD/mesh shape optimization process through splinization methodologies with 
finite element meshing software for CFD and structural simulations and genetic 
algorithms in an automatic manner. 

2.1. Mesh morphing 

As known from finite element method, a mesh is constituted of elements, which 
are constituted of nodes and edges connecting two nodes. Nodes are defined by 
coordinates in space which, by being strategically modified, can alter the entire mesh 
model. By displacing every set of node coordinates, the whole mesh model can be 
moved. In the same manner, it can be rotated, scaled and stretched in every way. 

Fig. 1. Extensive morphing diminishes element quality. 

Because it is sometimes desirable to modify only a certain feature within a mesh 
model, manipulating node coordinates must be done in a very controlled manner to 
maintain model consistency and quality of the mesh elements. In fact, the best way 
to modify a certain shape would be to alter the nodes defining it, and then smoothing 
the node displacements so that the perturbation of the elements is minimized and 
mesh topology is preserved. This effect is known as mesh morphing, which is a tool 
included in some meshing software. 

For each modifiable shape, edge domains are formed in the shape that defines the 
mesh boundaries where morphing may be performed without significant 
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deterioration of the mesh quality of the region. Several stepped regions allow 
defining a bigger region than would be allowed by mesh quality criteria when 
performing the variation in a big region. These stepped regions are placed along the 
curve of the edge domain that will be modified individually. 

Fig. 2. Mesh constructed with proper pre defined morphing levels. 

With this tool, a domain can be created to define a group of elements to be taken 
into account as a morphing unit. Within a domain, handles allow the actual node 
manipulation. Handles can define curvatures or approximate diameters in the case of 
circular domains; they can be also freely moved, anchored at a given point, assigned 
movement restrictions to, etc. Even though this kind of variations have major 
limitations because of mesh quality constraints, they are very practical when small 
changes in shapes need to be made. 

3. Case Study: Shape Optimization of CylinderHead Gasket 
using CFD 

The traditional process involves geometry, meshing tools and Computational 
Fluid Dynamics (CFD) simulations for the performance enhancement of the cooling 
water jacket of cylinder engines. This process has been usually performed manually 
modifying the gasket holes dimensions based on the results of CFD simulations 
subject to manufacturing, packaging and material constraints. However, this process 
is highly time consuming. 

Water jacket is designed for peak power condition that is representative of the 
worst case scenario with respect to heat rejection to coolant with the flow rate 
specified at peak pump output. 

For designing the water jacket, predominant design variables are number, 
dimension and location of each gasket hole. Gasket holes should reside inside of 
intersection of block and head water jackets. 
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Fig. 3. Block and head water jackets intersection and gasket positioning. 

Currently, design iterations take about 1/2 week for each change to do the mesh 
generation and run the analysis. The simulation time for each simulation using a 
4CPU machine is about 16-20 hours. Under these conditions the possibilities of 
variations of shapes and topologies are very limited and therefore only changes of 
the holes diameters are commonly introduced. 

The goal of applying shape optimization concepts and methods is to significantly 
reduce the time for finishing a design, by providing a functional modeling 
methodology that integrates the engineering concept and the geometry restricted to 
manufacturing, packaging and material constraints. Additionally performance 
increments beyond those achieved by traditional manual methods may be expected 
as not only changes in diameter values but also shape and topology variations 

The design has to be performed under the restrictions coolant flow distribution 
around each cylinder, flow-distribution near critical areas such as exhaust valve 
bridge, spark plug and peak velocity zones that are prone to metal erosion. Thermal 
analyses are performed to predict heat transfer coefficients and for transferring the 
information to structural analysis. Thermal analyses provide the coolant flow rate 
from the water pump performance, heat fluxes corresponding to the peak power 
condition in different regions of the water jacket. 

3.1 Optimization of the engine cooling process 

Holes in a cylinder head gasket are the only available passage for cooling fluid 
between the cylinder head and cylinder block. The pattern of gasket holes defines the 
flow conditions within the water jacket that allows heat exchange from cylinder head 
and block to coolant. As shown in [7], changes in gasket holes pattern can positively 
impact heat transfer coefficients for the cylinders, thus improving engine cooling. In 
this case the objective of gasket holes optimization is to maximize the minimum area 
averaged heat transfer coefficient as well as to minimize the maximum difference 
among heat transfer coefficients among cylinders. 

The overall process consists of software applications to run DOE, mesh update, 
CFD analysis, and Process integration for performance optimization. 
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With the help of the mesh morphing process explained earlier, in the DOE step 
re-meshing is avoided while boundary conditions are changed. 

The optimization step uses mesh morphing to achieve a new mesh in a 
reasonable time. Overall procedure of DOE and optimization process of gasket holes 
is presented in Figure 4. 

f Start ") 

Optimized 
gasket hole 

design 

CED 
Block.'Head Water Jacket 

surface mesh model 
(neutral format) 

Mesh Morphing 

Btock-Head contact 
surfaces information 
(Gasket Hole location 
constraints) 
Initial Gasket Hole shape 
and location 

Tetramesh generation 
(One time - HyperMesh) 

Element quality checks 
Mesh density distribution 

Boundary 
condition 

modification 
(watt /interior) 

Use previous steady 
state results 

Fluent Simulation 

ifDOE completed? 
Flow results: 
• Heat transfer coefficient 

(cylinder average). 

Mesh scaling 
Define solver model 
Boundary conditions setup 
Material definition 
Solution controls setup 
Monitor definition 
initialization 
CFD server setup 

Fig. 4. Overall procedure of DOE and optimization process of gasket holes. 

The main benefit of this process template is reduction of man-hours required for 
set-up and post processing by eliminating routine tasks that are now implemented 
automatically. 

After this mesh-based shape modification technique reaches a final design; work 
would be still required in order to feed this final design back to the designers. The 
implemented procedure allows closing this shape optimization process by sharing of 
equally flexible parameterization techniques both in the CAD and CFD environment 
by feeding the shape variations of the mesh morphing controlled by the handles as 
shown in Figure. 5 to the CAD environment as control points of a spline where the 
final values of the morphing handles become the control points of the spline. 
Through this approach, the mesh-based shape optimization can be performed and 
then, when the optimal shape design has been defined, the final shapes can be 
automatically translated to the CAD design. 

3.2 Preliminary results 

At this point the investigation has been conducted in a simplified model shown in 
the Figure 6, in which six holes (shown in Figure 7) perform a scale factor, without 
shape and/or topology variations yet 
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Fig. 5. Gasket hole modification with splines. 

Fig. 6. Simplified model gasket holes. 

The mesh dfined contains small elements (0.25 mm) where is necessary to be 
more precise for example holes and thin walls. Larger elements (up to 3 mm) are 
used in other areas. As boundary conditions an initial coolant temperature of 366°K 
was defined. The coolant properties were defined based on a common mixture of 
water and ethylenglicol (r=1028.5 and m=0.00072). The neighborhood cultivation 
algorithm was used with the criteria of maximum 400 iterations. 

The process integration for performance optimization in the software 
applications has been already achieved. As mentioned in the previous chapter, 
process integration helps automate the mesh modification and CFD analysis. 
Therefore it is possible to perform a DOE and/or to conduct an optimization using a 
search algorithm such as a genetic algorithm. 
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Top Mew-

Fig. 7. a) Gasket hole mesh, b) Gasket holes positioning. 

With the process integration a fractional factorial DOE analysis with four levels 
for each hole was performed. These hole levels are classified into a) fully opened; b) 
one third of the total area; c) two thirds of the total area; and d) completely closed. 

As explained earlier, the objective is to maximize the minimum heat transfer 
coefficient (HTC) as well as to minimize the maximum difference of HTC among 
cylinders. To perform the DOE analysis the objective function to maximize is 
defined as follows: HTC sum of the three cylinders minus four times the sum of the 
differences among the cylinders. The results of the DOE analysis are shown in Table 
1 and the Pareto frontier for visual approach of the optimization can be seen on the 
Figure 8. 

Table 1. Fractional Factorial DOE analysis top ten HTC. 

Rank 
Gasket Hole Area (Percentage) 

1 2 3 4 5 6 

HTC Cylinders 
(W/m2K) 

1+2+3 

Differences between 
Cylinders (W/m2K) 

lt?l P-31 [3-11 

Objectiv 
e 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

1/3 
0 
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1/3 
1/3 
0 
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2/3 
1/3 
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0 
1/3 
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1/3 
1/3 
0 
0 
0 

1/3 
2/3 

0 
1/3 
1/3 
0 

2/3 
1 

1/3 
1/3 
2/3 
2/3 

1/3 
0 

1/3 
2/3 
0 

1/3 
1 

2/3 
2/3 
1/3 

1/3 
1/3 
1 

2/3 
2/3 
2/3 
2/3 
2/3 
1 

1/3 

1/3 
1/3 
1 

2/3 
2/3 
2/3 
2/3 
1/3 
1 
1 

271.9 
269.4 
233.9 
246.3 
246.5 
238.2 
222.6 
244.1 
233.1 
234.2 

28.2 
28.0 
24.3 
26.4 
27.9 
20.2 
17.9 
27.0 
25.5 
28.3 

8.9 
9.2 
0.0 
1.5 
2.1 
6.3 
9.9 
5.1 
5.0 
2.9 

19.2 
18.8 
24.3 
24.9 
25.7 
26.5 
27.7 
32.1 
30.5 
31.2 

103.0 
101.4 
88.1 
88.0 
79.2 
79.0 
56.2 
51.6 
50.1 
47.1 
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Fig. 8. Pareto frontier between the two objectives. 

In these preliminary results, the tendency of having bigger holes while they are 
farther from the inlet is higher. Based on this fact, levels should be chosen for the 
gasket holes as a starting point so that optimum can be reached quickly. 

4. Future work 

Taking advantage of the automatic shape variation presented in this paper, it is 
proposed to apply this technique looking for innovative shapes of Savonius tye rotors 
for wind generators. The Savonius wind turbine was developed in the early 20's of 
last century and has been undermined because of its low efficiency in comparison 
with traditional wind turbines of horizontal axis. Later groups of investigators have 
worked finding new shapes of the Savonius rotor making subtle changes to its profile 
shape, but the traditional geometrical features such as arcs and lines have remain 
unchanged. By using splines in the rotors design it is possible to create forms never 
explored before, which may be analyzed trough the techniques described in this 
paper for the Shape Optimization of CylinderHead Gasket using CFD. 

Fig. 9. a) Traditional Savonius rotor, b) original profile shape, b) modified profile shape using 
splines. 
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5. Conclusions 

Computer Aided Innovation may benefits from mature optimization methods for 
performing shape and topologic variations in CAD/CAE environments leading to 
innovative shapes and topologies that allow achieving higher performance when 
parametric optimization faces technical contradictions. Using "splinization" 
techniques together with mesh morphing and genetic algorithms facilitates the search 
for higher performance exploring innovative shapes that avoid expensive manual 
trial and search methods. 
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