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Abstract
This section describes the application of the presented methods to component level problems. The components and features discussed in this paper are: a turbine blade – disc attachment, a turbine disc life assessment, the effect of manufacturing tolerances on compressor discs and the robustness assessment of a structural casing. This paper is the first one of three papers addressing the application of the methods, tools and processes to component, subsystem and system level tasks (see also Case Study 4 and 6). The introductory sections of the three papers give an overview of the practical application of the presented methods, tools and processes within Rolls-Royce.
1.0
Methods, Tools and Processes
The basic application of optimization and automated design within Rolls-Royce follows a generic five step process:

· Automate process (execute design / analysis process without human interaction)
· Process integration (build up of integrated processes between various disciplines)
· Design exploration (getting an understanding of the design space characteristic)
· Optimization (achieve the best compromise regarding all requirements)
· Robust design (make sure that the design performs for variable conditions)
The first two steps on the list are supported by so called “Integrated Frameworks” which are software packages to perform these two tasks very efficiently.  Typical examples would be Isight® [1] and ModelCenter® [2].  The same task can also be performed without specialized software by scripting or internal automation toolsets. 
The process integration step to build up multi-disciplinary analysis and design processes is very important. Nowadays it is no longer acceptable to just perform a single discipline optimization. The customer requires products which fulfil all the requirements in a balanced way. Developing these integrated processes is a challenging task as these processes are going across domain and organizational barriers and hence require commitment from higher levels of management.

The last step in the basic process outlined above is very important and should not be neglected. The design exploration and optimization steps will usually drive the solution to the boundaries and constraints of the design space. Considering the inherent variability of the inputs to the design some of the design solutions will not perform within the specified boundaries and constraints. The robust design step ensures that there is adequate margin to the boundaries and constraints of the problem so that the selected design solution performs as expected under all circumstances.

A graphical representation of a basic automated process is given in Figure 1.  A parametric geometry description is used to model changes in the design. This modified geometry is fed into a parametric analysis of the design. The analysis results are assessed, compared to the targets and constraints and the automated process is changing the inputs to the geometry or analysis model to explore the design space and perform an optimization.
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Figure 1: Basic automated design and analysis process.

A key point for a successful automated design and analysis are good quality working parametric models for the geometry and the analysis process. These parametric models need to reflect changes in the input variables throughout the envisioned design space, for example the parametric geometry model needs to regenerate for each set of inputs within the investigated design space. Similarly the analysis model needs to predict the results with the required accuracy for the whole investigated domain, e.g. for different boundary conditions. The automation of the process and the process integration are generating a repeatable and standardized template for the design and analysis tasks which can be re-used for future applications. 

In addition, the automated process enables the design team to perform more analysis runs and hence more design iterations resulting in a significant productivity gain. Figure 2 depicts this in a graphical form. On the left a typical manual process is shown. The changes to the inputs to the various tasks as well as the results extraction and post processing are done in a manual way. This is very time consuming. On the right an automated design process is shown. The tedious and repetitive manual tasks have been automated and the process is driven by an optimizer. This eliminates error prone manual tasks and results in a standardization of the design and analysis tasks. A considerable speed-up in the order of 10-30 times can be realized for most of the automation tasks. However, it has to be emphasised that it is important to keep the designers and analysts in the loop. For the automated design and analysis process this is achieved via the design review process where the team is assessing the outcome of the optimization. It is very important that the team understands why the automated process has arrived at the given solution. The design team should not treat the automated design and optimization as a “black box”.   

[image: image2]
Figure 2: Application of process automation.

The following section will show several examples where the outlined principles were applied to real engine design tasks.
2.0
Application Examples
2.1 Turbine blade – disc attachment

The first example discussed is the attachment area of a turbine blade to the turbine disc. This is a very challenging area as the operating conditions are very harsh (see introduction to the lecture series). Under full power a typical turbine blade exerts a centrifugal load equivalent to a London double decker bus. At the same time there is limited space for the attachment area and the turbine discs are designed not to fail. Finally, the temperature in the high pressure turbine area is very high resulting in an very challenging design task. The analysis process used to design this attachment is given in Figure 3. The analysis was based on a parametric geometry model. From this model two different analysis tasks were setup. The first analysis model calculated the contact stresses and the stresses in the blade and disc for a given attachment style. These results were used to perform the life assessment of the blade and disc. The second analysis model covered a failure condition. It was assumed that one blade was lost and the calculation needed to proof that this unsymmetrical loading on the disc did not allow the neighbouring blades to slip out of their attachments. The behaviour of these two calculations with geometry changes for example the radius at the bottom of the attachment area it can be showed that the lifing was improved by large radii but the failure condition required small radii. This is a classical problem whit two competing goals for the automated design and optimization process. 

[image: image3]
Figure 3: Process definition of the blade – disc connection design and analysis task.

A classical solution to such a problem is a multi-objective optimization where the competing goals are treated independently instead of generating a weighted sum objective. Such an optimization process is able to create a so called pareto front [3]. The points at the pareto front are defined via the following criteria: for any point on the pareto front one of the optimization objectives can only be improved by making another optimization objective worse. Hence the pareto front defines the location of the optimal combinations of the various optimization goals. The pareto front can also been interpreted as a trade curve between the optimization objectives. A typical example for the blade disc assessment is given in Figure 4. The goal is to minimize the “criteria 1” and at the same time maximize the “criteria 2”, so the optimal points will be in the upper left corner of the graph. The pareto front is identified by the blue dots. The points above the blue dots have been excluded due to violation of external constraints not modelled in the optimization process. The manual design is depicted as a black square. It is obvious that this best manual design can be improved considerably as indicated by the yellow arrows. It is now up to the design team to choose which of these improvements are selected. This is typically done in the design review using the pareto curve as a trade curve between the objectives. 

[image: image4]
Figure 4: Typical results of a multidisciplinary optimisation process.

2.2 Turbine disc life assessment

The second example presented is dealing with the life assessment of a turbine disc. A similar process to the example for the turbine blade attachment (section 2.1) was used: a parametric geometry model followed by a parametric analysis system. In this case the two competing goals were a lightweight turbine disc with a robust disc life measured in flight cycles. The lightweight disc required the minimum amount of material and was the cheaper solution. However, as these discs are designed not to fail the disc needed adequate margin for the stresses, temperatures and required flight cycles.  The results for this optimisation are given in Figure 5. On the right the starting disc shape is shown as dashed line and the optimized disc is shown as solid line. It is obvious that the optimized disc uses less material than the original disc. The left side shows the normalized diaphragm (middle section of the disc) life for the turbine disc. It can be seen that there is an increase in disc life with an increase of the heat transfer assumption in some of the boundary conditions. In addition to the trend there is considerable scatter around the trend line observed as depicted by the point cloud. The variation of these points around the trend line is caused by variation in parameters not plotted in this plot. In the presented case this variation is about ±20%. This variation needed to be considered for the final life assessment of the disc. Using this variation information a robustness assessment of the disc was performed.  In simplified terms this means for example: The customer requirement was 20000 cycles for the disk than the nominal design needed to be set around 24000 cycles to ensure that all discs had at least 20000 cycles. On the other hand this meant that some of the discs will actually have up to 28000 cycles and last longer than required. A main goal for robust design is to control this variation as anything above the customer target value can be seen as loss of profit.

[image: image5]
Figure 5: Results of the robustness assessment for a turbine disc.

2.3 Effect of manufacturing tolerances on compressor discs

A similar example to the turbine disc example in section 2.2 is given here for the compressor area. The effect of manufacturing tolerances on critical to quality characteristics of the compressor disc were assessed. In this case the main goal was to simply assess the effect of geometry variation. Again, a similar process as with the two previous examples was used. In the presented example a Monte-Carlo simulation was used to assess the effect of manufacturing tolerances. More details about the Monte-Carlo technique are given in the second paper (case study 4). The Monte-Carlo method transformed the variability of the inputs (manufacturing tolerances) into the variability of the outputs. Typical input distributions are depicted in Figure 6 for several locations. The resulting distributions for two sample outputs are given in Figure 7.
Using the variation information for the outputs a much better assessment of the performance of the design can be performed. The variation information allowed for the consideration of various combinations of input parameters and not just the nominal or worst case designs. Using this information the design team made a much more informed decision about the performance of the selected design.


[image: image6]
Figure 6: Typical input distributions based on manufacturing tolerances for the simulation task.


[image: image7]
Figure 7: Typical outputs for critical to quality metrics (mass, radial movement).

2.4 Robustness assessment of a structural casing

The final example in this first paper is about a non-rotating component, a structural casing.  The multidisciplinary process used for this analysis is depicted in Figure 8. In this case the process includes
· Thermal assessment
· Stress assessment

· Cost assessment

· Manufacturing assessment


[image: image8]
Figure 8: Multi-disciplinary process definition for the analysis of a structural casing.

Using this integrated process the effect of tolerances, design and analysis assumption was assessed during the early phases of the design of the structural casing. Again a Monte-Carlo simulation was used to derive the distribution of the critical to quality targets for this casing. Some selected results are shown in Figure 9. In this case a “Six Sigma” analysis of the output results was performed. This analysis took the output distributions as and compared them to the given target values. The “Six Sigma” analysis calculated key metrics (e.g. Sigma Level) regarding the performance of the given design with respect to the target values for the critical to quality metrics. Looking at the two graphs at the bottom of Figure 9 it is obvious that the nominal design was in the acceptable area. The mean of the output distributions was lower than the upper limit value marked by the blue line in the pictures. However, there was a significant portion of the distribution which was above the upper limit (as indicated by the circle). The upper limit was about one standard deviation away from the mean value of the distributions. This means that far too many designs were not fulfilling the customer requirements if the design is not changed.  Again the consideration of the variability allowed the design team a much better assessment of a proposed design solution in the early phases of the design process.

[image: image9]
Figure 9: Results for the robustness assessment of the structural casing.
3.0
Conclusion

Several examples for the application of the automated design an optimization processes have been shown. The examples have demonstrated how the data generated via these design and analysis methods can be used to greatly enhance the understanding of a proposed design solution. In addition, the generated data is improving the decision making about a proposed design solution and hence is a valuable tool to reduce the risk in the execution of a development program for a complex system like a gas turbine.
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