[image: image1][image: image8.wmf][image: image9.jpg]}
A NATO
\4% OTAN



[image: image10.wmf]
[image: image11.png]DEFINE
QFD1 & 2, P-diagrams, What-Why

tables, Triz, DFMECA, DoE,
statistical modelling of variation

CHARACTERISE

VERIFY process capability, DoE,

QFD4, PFMECA, design review, robustness metrics, surrogate
physical testing, statistical process Teamwork modelling, Monte Carlo simulation
control, reliability analysis, service

feedback, gauge R&R, hypothesis

testing, re-analysis

OPTIMISE

parameter design, tolerance design, DoE,
response surface methods, sensitivity analysis,
statistical tolerancing, multi-disciplinary design
optimisation, Monte Carlo simulation, PFMECA,
design verification test plan, reliability analysis



[image: image12.png][7onsmt Managear  intrfaces ===
z
Lk i Typical QFD at
e Biiif Component
:§ FPfcs
sdE Ssct |t Level
Requirements i_;ggi,ggségg
2352 R BT REE] Bl arre
SFC A®@OO OO Of¢ s _
Dynarmic Perfomance (viraton) [ A A A AA® O Ols| s fimmny
Emissons 00®0 AO +| s (R
Weight @O0 A AOAA O sf|mmmmn
UritCost OOAOAAA®AA Ofsf sf|mmmmm
& tecyocost oA A AAA @z s||mmmEm
Reabilty ©@O00AAAOAO ©@f¢| s\l
ainainabiy AAO @]z s = Deliberately equalized
anutactrabity AAAOOO®OAA Ofe] s
T p— “ s 2 9 s 3 4 43 s s
R LI oo Foncionay
R M MMECMMEE © 9.00 strong correlation
G 3,00 some corelation
Funcionaity Weghts 2100 possibie coreiaton
[] imporance III
Determine focus for next step of the process




[image: image13.png]nit Cost & Weigh

Performance Calculation RRAP (Customer Deck)

Basic
o — e I = L
data data flows data’

Emission Model

HPT Cooling HPT Efficiency
and Temperature [romporatire] Model Model
Traverse Traverse

iSIGHT




[image: image14.png]+5%

sfc response for SOT variations

—— shroud option 1
| ——shroud option 2

shroud option 3

HPT rotor cooling response for SOT variations

+3%

~—— e e————

|—— shroud option 1
| —— shroud option 2
|~ shroud option 3

design SOT

+100K

design SOT

+100K




 TITLE   \* MERGEFORMAT 
Case Study 6: Applications on System Level:

Whole Engine Cycle Optimization, Turbine Preliminary Design
[image: image15.png]CI‘ urbine Design Concepts)

1 iSIGHT
Basic Annulus Design | !
T :
1
Throughflow Calculation | Efficiency
1
1
1 | Blade Assessment
1
1
1

yes 1 | Disc Optimisation
¥

Efficiency Prediction *

Turbine Mass
Cooling Flow Assessment

1
1
1

: (Costs)
Calculation | | Costs Rotor | |
1
1

Aerodynamics




 TITLE   \* MERGEFORMAT 
Case Study 6: Applications on System Level:

Whole Engine Cycle Optimization, Turbine Preliminary Design

Case Study 6: Applications on System Level:
Whole Engine Cycle Optimization, Turbine Preliminary Design
Dr. Alexander Karl
2001 South Tibbs Avenue
Indianapolis, IN, 46241
USA
Alexander.h.karl@rolls-royce.com
Abstract
This section describes the application of the presented methods to system level problems. The area and features discussed in this paper are: A whole engine cycle design and the turbine preliminary design. This paper is the third one of three papers addressing the application of the methods, tools and processes to component, subsystem and system level tasks (see also Case Study 3 and 4). 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 final paper in the series (case study 3, 4 and 6) describes the last part of the process (robust design) in more detail. The basic aim of robust design is explained in Figure 1.
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Figure 1: Basic aim of robust design

The “mountain” shown in Figure 1 represents the behaviour of a selected performance metric with the setting of two design inputs variables X1, X2. The blue plane represents the requirement for the performance metric and all acceptable design solutions have values above this plane. 
The left graph shows the output of a traditional design process as the design with the highest performance metric is chosen. However, adding variability to the design inputs X1, X2 as indicated by the black arrows results in design solutions delivering performance metrics below the customer requirements as shown by the red coloured area. This results in dissatisfied customers and complaints.
The right graph shows the output of a robust design process. Here a design solution has been picked with variation in mind. This design solution is located on a plateau and applying the same variability of the design inputs does not result in a significant change in the performance metric. This design solution results in a consistent delivery of the performance metric above the customer requirement and hence in satisfied customers and no complaints. The main aim for robust design is to identify these “plateau” areas in the available design space. In reality the problem is  a little bit more complicated as real design tasks are multidimensional and identifying the plateau areas is not straightforward in a high dimensional space.
To perform robust design several pre-requisites need to be in place:

· A good understanding of the customer requirements is essential

· A good understanding of the behaviour of the design (the “mountain”) in the given design space (the ranges of X1, X2) is required

· Knowledge about the expected variability of the design inputs (black arrows) is required

To achieve robust design and to ensure that all the pre-requisites are met a standard Design for Six Sigma process is used. In the case of Rolls-Royce this is the Define – Characterize – Optimize – Verify (DCOV) process. The key steps of this process are described below:
Define:

· Understand what is important to the customer and translate it into engineering language

· Choose design concepts with variation in mind
Characterize:

· Flow high-level requirements down to subsystems, components, design parameters, process parameters

· Generate measurable Critical To Quality (CTQ) characteristics at each level

· For each CTQ:

· Understand the sources of variation 

· Measure the effects of variation 

· Understand how variation is transmitted through the design

· Determine the robustness of the CTQ
Optimize:

· For each CTQ: Choose and implement a strategy to reduce variation
Verify:

· Use knowledge of variation and its effects in constructing a design verification plan

This structured process is supported by many tools. The main tools for each phase are listed in Figure 2. It has to be emphasized that this process is heavily dependent on teamwork as the process cannot be executed by a single area, group or person within a company. The “Define” phase typically involves marketing departments whereas the “Verify” phase involves production areas. The robust design process is the methodology and mind set to ensure that all areas are working together to achieve a high level of customer satisfaction. The previous two papers (case study 3 and 4) have already touched on a lot of these tools like Monte-Carlo simulation or robustness metrics.
The following section will show several examples where the outlined principles were applied to real engine design tasks.
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Figure 2: Main tools of the DCOV process.

2.0 Application examples
2.1 
Using Quality Function Deployment to understand and breakdown requirements

One of the key tools not discussed yet is Quality Function Deployment (QFD) or customer driven engineering. This is a structured approach to 
· Enable a team to understand product/part/process requirements and helps to ensure that these are complete, self-consistent and consistent with meeting customer requirements

· Identify critical to quality characteristics (CTQs), those aspects of the design which must be measured, monitored and controlled to ensure adequate system performance to meet stated and implied customer requirements
The structured process of a QFD also helps to keep the task manageable as the structure helps to break down the big robust design task into manageable work items. The QFD chart itself then summarizes the output of all the individual work items and presents the “big picture”.
A sample QFD on component level is given in Figure 3. The importance for the various requirements is 
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Figure 3: Typical QFD on component level.

deliberately equalized as this is proprietary information.  The QFD lists the various requirements on the left side. The top side of a typical QFD lists the functionality or features. The central area of the QFD records the relationships between the functions/features and the requirements. This relationship information is used to transform the importance of the requirements into the importance of the functions/features. This importance information on function/feature level was used by the team to decide which work items needed to be tackled first. Again the information from the structured design process (robust design) was used to help the team focusing on the right areas.
2.2
Whole Engine Cycle Optimization

Finally the last two examples are showing system level applications of the methods, tools and processes. The fist system level example is the optimization of a whole engine cycle during the preliminary design phase of a gas turbine development project. The process outline for this application is given in Figure 4.
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Figure 4: Process for whole engine cycle optimization.

The CTQ’s considered in this example are the emissions and specific fuel consumption (SFC) of the engine. As secondary targets the unit cost and weight were considered. The basic engine performance data was calculated by the performance team. Data from this calculation was transferred to the combustor and turbine teams. Both teams used the input to calculate critical outputs from their components (emissions, HPT cooling flows and HPT efficiency). These outputs were fed back into the performance team and a converged solution for the whole engine cycle was obtained. Using this standardized cross functional template for calculating the whole engine cycle parameters a simple study was performed to assess the effect of a cycle temperature (SOT) increase. The results of this study are given in Figure 5.
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Figure 5: Typical results for whole engine cycle optimization.

The left shows the effect of increasing cycle temperature (SOT) on the engine specific fuel consumption (SFC). In a traditional thermodynamic view an increased SOT should result in an improved SFC. However, in this study there was no real change observed. The only change of SFC was realized via different shroud styles. The reason for this behaviour is shown on the right of Figure 5. Here the cooling flow requirements for the HPT are given. It can be seen the increase in cycle temperature was accompanied by an increased cooling flow requirement in the HPT turbine. This increased cooling flow is detrimental to the overall performance of the engine and hence no increase in SFC was observed. The integrated multidisciplinary process allowed the design team to make informed decisions about the correct cycle temperatures and shroud options early in the development project.
2.3
Turbine preliminary design

The final example described in this series of papers is the preliminary design of a turbine module. This is a multidisciplinary assessment of the performance of the turbine module focused on turbine layout, turbine efficiency, mass and cost of the turbine module. To achieve such an assessment a multidisciplinary design and analysis process was set-up. This process is shown schematically in Figure 6. There are three main blocks: Aerodynamics, thermo-mechanics and costing. Each of these blocks contained several substeps as shown in Figure 6.
Using this multidisciplinary design and analysis process a basic design exploration and sensitivity study was performed to identify the key parameters for the design of the turbine module. A classical Design of Experiment based approach was used to perform this study. Typical results are given in Figure 7. The lines in each of the graphs are representing the behaviour of the respective CTQ (efficiency, mass and cost) with respect to a certain design input variable. The colour code of the lines is identical for each graph. The red line identified a very powerful parameter as increasing this parameter resulted in an improved efficiency and a reduction in mass and cost. In contrary the green line identified a parameter which had conflicting effects on mass and cost. For an increase in this parameter the cost increased but the mass is reduced. Again the information from a multidisciplinary and automated design process was used very effectively in the early phases of an engine design project.
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Figure 6: Multidisciplinary turbine preliminary design process.
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Figure 7: Typical sensitivity output for the design exploration of a turbine module.

3.0
Conclusion
Several examples have shown the benefits of using a multidisciplinary design processes. Applying simulation and multidisciplinary process integration allows the design teams to perform design explorations and sensitivity analysis. These assessments are especially powerful on system level. The structured processes from the robust design methodology are essential to tackle these system level assessments. The processes help breaking down the system into manageable tasks and features. The robust design process also ensures that the design teams focus on the key drivers to ensure customer satisfaction.
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