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Abstract 

A Preliminary Multi-Disciplinary Optimization (PMDO) study is a sub-process supporting higher-level product strategic decision making activities.  The pace of strategic decision making is largely market-driven and so a market-driven timing is imposed to all supporting activities including PMDO. To achieve optimum performance, the PMDO sub-process needs to be specifically designed to merge with the higher level strategic process it is supporting.
             
[image: image1]
PMDO methods aim to rapidly synthesize a complete product and evaluate its attributes over a range of alternative designs. Obtaining the best product level resolution with these accelerated methods is a balance between how much detail needs to be applied to the analyses versus how many iterations with alternate designs need to be completed. The underlying concept discussed in this paper is that it is usually more accurate to achieve closure over a wider range of alternatives with a fast procedure that has a lower resolution than to run out of time, fail to achieve closure or miss key strategic decision milestones by using a slower, process that offers a theoretically higher resolution. 

The context used to illustrate the subject is the preliminary optimization of a gas turbine aircraft engine, starting with the development of a product strategy and proceeding onwards towards the pre-detail and detail design phases.
1.0
DEFINITION OF THE PRODUCT STRATEGY
In the most extreme case, an advanced study starts with a “blank sheet of paper”. To get things moving, a first set of preliminary high level objectives needs to be provided and if necessary invented based on whatever information might be initially available. These imperfect starting assumptions will then be improved as the study delivers more data yielding previously unseen trends and insights. The result is a progressive refinement of engine requirements through a succession of decisions that are increasingly data-driven. 

This is illustrated by Figure 1 which shows that Advanced activities such as Market Research, Technology Development and Advanced Product Studies (which includes PMDO) are conducted concurrently with the validation of product attributes (market drivers) with potential customers. These studies are the object of program reviews to understand the balance between market competitiveness, profitability and risks. These reviews progressively determine a product strategy. From a technical standpoint, the most fundamental objective is to identify the key requirements for the future product and its derivatives. In the case of a new engine family, the main high-level technical attributes would include such parameters as: 

· Initial power or thrust

· growth capability

· program timing & readiness of associated technology level

· fuel consumption

· weight

· dimensions

· noise levels

· gas emissions

· maintenance costs

· production costs 
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Figure 1        Evolution from Product Strategy to Product Definition

This first-pass information is applied to formulate a first tentative product plan which is in turn used as a basis to conduct more in-depth analyses and derive a validated set of coherent technical attributes to provide the decision makers with a first “reality check” against their expectations. This is typically not the end of the process as each new assessment brings new insights that in turn generate new ideas. So more refined product strategies and their associated technical attributes are re-iterated back and forth between the participants until a consensus emerges around a stabilized product plan. At that stage the strategic vision has converged into a clear and quantitative problem statement. At that stage a validation review, shown as a P1 Gate in Fig.1, is conducted to ensure that there is a sound basis to justify the process to move-on to the next phase and to authorise a corresponding escalation in the rate of expenditures.  

The dynamics of the “problem formulation phase”  prior to the P1 Gate (fig.1) requires the PMDO activity to generate decision-making data packages with a timing that allows it to stay synchronous with the rest of the decision making process. In the early stages, time tends to be an input imposed by other external forces and so the PMDO engineer is confronted with the necessity to achieve the best possible resolution level within the time allocated. Experience has shown that it is in general preferable to achieve full analytical closure with a fast process even if that process has a lower resolution level than to run out of time, fail to achieve analytical closure or miss key strategic decision points by applying a slower process with a theoretically higher resolution capability. This is illustrated by figure 2:
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Figure 2.     Keeping the PMDO process synchronous with the other strategic processes

This makes it clear that optimization methodologies are fundamentally sub-processes nested within the remaining organizational processes. In the case of the PMDO sub-process, achieving optimum performance requires that it be specifically tuned to work at a speed that makes it fit smoothly with the higher level strategic process it is supporting. Because of that time dependency, computational tools developed for the preliminary optimization phase cannot be designed independently from the strategic process in which they are to operate. In this context, high process speed is a key enabler. High speed has the added advantage of allowing more alternate solutions to be considered and hence is likely to favour a more robust product strategy to be adopted. 

Once the strategy is determined and feasible product attributes are defined, the process can move-on to the pre-detail and detailing phases where speed becomes less important as the focus progressively shifts to high precision to enable the definition of detail drawings & subsequent fabrication of the hardware. This is the domain of MDO (Multi Disciplinary Optimization) and detailing tools such as 3D CFD and finite element methods which are focused on high resolution rather than speed.
2.0  PMDO TOOL designed to mesh with the dynamics of the Organization

Once it had been concluded that the most critical characteristic of a PMDO tool was its ability to enable a rapid cycling of design iterations, the question arose as to which design processes needed to be incorporated within PMDO at what resolution level and how fast should they be. 

This started with the identification of three critical time paths existing in the preliminary design process:

· The main critical path arose from the relatively long waiting time for the conversion of a preliminary set of thermodynamic data into a CAD-based cross section drawing in order to initiate mechanical design activities and support the downstream assessment of the costs , weight and other engine deliverables. This led to the decision to design PMDO as a fast and easy to use tool for converting Cycle data into an outline of the engine cross section. This essentially amounts to the establishment of a bridge between the performance model and the CAD design environment as illustrated in Fig. 3. Since a number of PMDO iterations are needed before one can converge on an architecture, it was decided to ensure that any single iteration had to be achieved within less than 1 hour of elapsed time in order to keep the elapsed time of the multi iteration convergence process within less than 1 day.  To ensure these response rates were sustainable in the long run, it was necessary to design a low maintenance computational tool  to avoid increasing the programming work load of the analysts and divert them away from the more essential engineering design tasks. This imposed limits to the allowable complexity in the model. And so modeling was simplified to the minimum required to obtain a computationally light tool (PMDO-Lite) with just enough resolution to allow mechanical designers to get started on a valid basis. These simplifications are outlined in Figs 4 & 5.

· The second critical path was found through proof of concept simulations during which it was observed that the time required to manually pre-calibrate the PMDO prior to use quickly escalated with the sophistication of the modeling to a point where this type of maintenance burden could easily prevent its timely re-calibration prior to use.  A tolerable delay for recalibration may be 1 to 2 man-days for small delta adjustments to reflect a change in technology level and about 1 to 2 man-weeks for a complete resetting of the calibration of all computational modules. These elapsed time targets were met by limiting the complexity of the modeling to the level shown in Fig 5 and through the implementation of semi-automated re-calibration capabilities operating in reverse engineering mode on the basis of feedback data from higher resolution sources (Fig. 6).

· The third critical path, also identified during proof of concept simulations was with regards to the time consumed in checking and confirming that more that 200 key parameters were within an acceptable design range. This was solved by developing a graphical diagnostics output format showing visually whether each key parameters falls within a Green, Yellow of Red severity zone (Fig. 7). This visual presentation of the information was found to enable a rapid appreciation of the overall technical risk of a design.

In summary, achieving fast PMDO process speed requires a system capable of fast calibration, fast running and fast verification times.
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Figure 3    PMDO-Lite is fast a link between Thermo analysis and Mechanical Design

3.0  PMDO-Lite Modeling Level 

The preceding section explained why the modeling resolution level in PMDO-Lite has been traded to favour very high speed. The designation “PMDO-Lite” refers to the simplified modeling used in contrast to the comparatively higher resolution computational tools applied by expert groups.

The next question was how far should the simplification effort be pushed ? To answer that it was necessary to find out what was the minimum acceptable resolution level required to enable sound decision making for product family planning purposes, especially with regards to the selection of valid engine cycles and architectures for all members of any hypothetical product family. Investigations showed that this question could be answered to a large extent by determining what dimensional accuracies were required. The dimensional accuracies were selected to achieve an acceptable basis for:

· initiating more a detailed mechanical definition : ie produce: a cross section (Fig.4)

· initiate higher resolution validation assessments by the specialist groups

· producing reasonably accurate weights, costs and noise assessments: ie: to produce a product score card.

· make cycle & architectural decisions that would not be reversed by higher resolution work

And consequently, the complexity of aerodynamic and stress calculations performed for the purposes of dimensioning was limited to the minimum required to achieve the following accuracies:

· Engine Radius dimensions +/- 2.5 %

· Engine Length from inlet to exhaust : +/- 5 %

The resulting level of modeling sophistication as applied to define component sizes can be summarized as follows:

· Parameterized aerodynamic mean-lines for Compressor & Turbines

· Simplified Stress & Dynamics for Blade, Disc, Shaft  & Gearbox sizing

· Rules-based nacelle sizing
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Figure 4       PMDO-Lite : Outline of an engine Cross-Section  

In addition, a number of post-processors were added-in to calculate figures of merits that can be applied to guide the powerplant optimization process:

· Parametric Weight, Production Cost, Maintenance Cost, Noise & Emission models running as post processors after the basic dimensioning is completed

The figures of merit calculated by those post processors enable the production of design trends & sensitivity data to support the conduct of optimization studies at aircraft level in terms of Specific  Air Range, Take-Off Weight or even Operating Costs when such a model is available. 

4.0  PMDO-Lite  Calculation Sequence

PMDO-Lite assembles the engine geometry sequentially in a manner that mimics the steps followed by aerodynamicists, stress analysts and mechanical designers. In doing so, PMDO fundamentally acts as a process emulator.  

The process starts with the definition of a thermodynamic performance cycle which defines the Mass Flows, Total Pressures and Total Temperatures through the flow path.

PMDO-Lite then uses these flows, pressures and temperatures to perform the necessary aerodynamic and stress calculations to define the dimensions of the main components. The sequence of the calculations follows figure 5. 
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Figure 5     PMDO-Lite Calculation Sequence

The calculation sequence that progressively builds-up the engine cross section starts from the center of the engine and moves outwards axially and radially. 

The calculation starts with the core gas path: The HP Turbine gas path is the first component that gets sized because the design of this component is simultaneously driven by aerodynamic and stress constraints. The HP Turbine stress assessment also determines the rotational speed of the high spool. The next component is the HP compressor gas path whose sizing is driven by aerodynamic considerations. Since the high spool RPM has already been fixed by the HP Turbine, the number of stages specified by the analyst determines what blade radii are necessary to achieve an acceptable loading. Next is the combustor which is sized by volume loading and tilted to properly align with the HP compressor exit and HP Turbine inlet.

The calculation then proceeds with sizing of the low spool gas path: In the case of a turbofan, this starts with the fan aerodynamics which sizes that component, determines the engine’s frontal area and fixes the low spool rotational speed. For high speed LP turbines, such as in a turboprop application, the stresses in the last stage of the power turbine (or LP Turbine), determine the rotational speed. This is because the last stage of the turbine has the tallest blades and hence this is where stresses tend to be more critical. 

At this point, the complete flowpath has been defined, from inlet to exhaust.

The next step is to size the Low Spool shaft:  The flowpath defines the axial distance between the fan and the LP Turbine driving it. This defines the length of the low spool shaft. The diameter and wall thickness of the shaft is sized through a combination of torsional stress assessment and parametric checking of margins against dynamic modes. Because mechanical details are unavailable at this stage to perform a true dynamic assessment, the parametric method simply ensures that the dimensioning leaves enough design space to find a solution. The analysis is not pushed further because the main purpose of the shaft sizing exercise is to define the bore diameter of rotor discs.

The HP Turbine disc(s) are then fitted in the space remaining between the previously defined gaspath and LP shaft. The HP Turbine blade stress assessment performed for sizing the gas path is re-used to set the boundary conditions at the rim of the disc. A stress calculation then determines the disc bore width required to achieve a specified burst margin / stress level. In the case of 3-shaft architectures, a similar assessment is repeated for the Intermediate Pressure (IP) Turbine. Experience has shown that it is not necessary at that point to consider the remaining discs because their dimensioning does not influence the selection of the cycle or the architecture. PMDO-Lite nevertheless provides dimensioning for the LP Turbine discs to give an indication to the analyst about the extent of space utilization in that area where bearings often have to be accommodated. This extra information is mostly useful for turboprop, turboshaft and geared turbofan architectures because these architectures tend to end-up with higher rotational speeds and more bulky discs that use-up more space.

Now that the key components driving the sizing of the turbomachinery have been dimensioned, the calculations shift to the definition of an external envelope for the powerplant. This is done by wrapping a nacelle around the turbomachinery. The nacelle wrapping routine is based on a hybrid set of parametric design rules and aerodynamic calculations.

At that point, all sizing calculations have been completed and the calculation process moves on to post-processors for the parametric assessment of engine attributes such as: 

· Weight

· Noise

· Emissions

· Manufacturing Cost

· Maintenance Cost

These attributes, along with the Thrust (or Power) and fuel consumption (SFC) provided by the cycle performance model constitute a first set of figures of merit for the optimization of the powerplant. 

Parameters like SFC, Weight, Diameter and Costs are values to be minimized. Other parameters tend to have “not to exceed” values such as Noise and Emissions. These “not to exceed” values are typically applied as constraints to limit the range of optimization of the remaining parameters within acceptable limits. 

Currently, the optimization process is conducted outside of PMDO-Lite. The role played by PMDO-Lite is to provide trends for all key engine attributes. One reason for leaving the optimization process out of PMDO-Lite is that the optimization process is not 100% amenable to computerization. Some elements of the product optimization essentially result from strategic decisions. 

Still, some degree of partial optimization can be conducted independently from the strategic decision making process:

· In the case of minor trade studies where only one or two of these parameters vary, it is possible to use the output data directly to make design decisions at the cycle & architectural level.

· For more sophisticated optimization tasks where a greater number of these parameters vary at the same time, there are two basic approaches:

· An aircraft model and sometimes an Operating Cost model can be used to combine the overall effects of the varying attributes into a higher-level figure of merit which captures the effects of all of these. Examples of such higher level figures of merit are : Aircraft Specific Range, Aircraft Take-Off Weight and Aircraft Direct Operating costs.

· The aircraft model and sometimes an Operating Cost model can instead be used to derive so called trade sensitivities (influence coefficients) between each engine attribute. These trade sensitivities are essentially equivalence factors between each pair of engine attributes. An example of such exchange factors for a specific aircraft might look like: 1% SFC is equivalent to 100 lbs of powerplant weight for the same Aircraft Range and Aircraft Take-Off Weight. Applying these exchange factors allows for example the SFC to be converted into a weight-equivalent number, thus enabling optimization trades to be made between weight and SFC. 

5.0   Self-Correcting Calibration Feedback  & Warning System

The aerodynamic calculations described previously for the definition of component dimensions also generate estimates of efficiency that can be compared against the estimates made in the performance model that generated the Flow, Pressure and Temperature inputs into PMDO-Lite at the beginning of the calculation process. If necessary, the cycle may be re-iterated with revised efficiency inputs but this is generally not necessary as the models implemented into the thermodynamic cycle assessment tool are closely aligned with those in PMDO-Lite. The redundancy is however kept as a warning system to detect the cases where the architectural trades made in PMDO-Lite would invalidate efficiencies assumed in the performance model. The aim is to keep a close alignment between the cycle assumptions and the consequences of subsequent architectural & sizing decisions.

Similarly, the PMDO process relies on the existence of a higher resolution feedback loop from the “expert” centers (Fig.6). This is essentially a tool calibration process that consists in periodically having the expert centers conducting a high resolution assessment leading to a definition of performance levels along with the associated component dimensioning, cost, weight, noise, etc… This higher resolution data is used to fine-tune the calibration of PMDO-Lite and keep it close to the predictions of the expert groups. This is fundamentally a reverse engineering process. PMDO-Lite has been expressly designed to support that mode of operation with a suite of auto-calibration features which accelerate the process of re-setting the model to reflect expert center input. These recalibration features are also used for the application of technology deltas to reflect the potential merits of new technologies. One side effect of the acceleration in study speed resulting from the utilization of PMDO-Lite is that it has shifted the process bottle necks to the slower downstream processes which support the recalibration loop. 
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Figure 6     Feedback Process from Specialist Groups makes PMDO-Lite self correcting

A large number of technical parameters have to be monitored to ensure that the risks inherent with the design decisions being made in the course of a PMDO-Lite study are continuously understood.  In the early days of the tool, this was a prohibitive task consuming too much time to make the tool as productive as it could otherwise be. To avoid the need to browse through multiple pages of output in the search of critical parameters amongst thousands of others, PMDO-Lite has been fitted with a post processor that scans and presents the state of more than 200 key parameters in a visual format that gives an almost immediate appreciation of where the risks are. For each PMDO solution, the key parameters (ex: h/U2, Cx/U, AN2, , Bearing DN, cycle thermal , etc…) are displayed along a scale ranging between Green, Yellow and Red as shown in Figure 7.  The low risk Green zone is defined from a database of existing certified engines, the medium risk Yellow zone is defined from a database of successful demonstrators, successful rigs and other sources substantiating successful results. The high risk Red zone is the remaining design space for which there exists no documented evidence of a successful design.
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Figure 7
Built-in Warning system provides visual output

In summary, PMDO-Lite is provided with 3 lines of mistake proofing:

· Recalculation of cycle efficiencies to check against initial cycle values

· Periodic recalibration loops with higher resolution data from the expert centers

· A warning system monitoring the state of more than 200 parameters against the values previously demonstrated by successful designs.

6.0  Summary, Lessons & Opportunities

PMDO-Lite has compressed the elapsed time of advanced engine studies by increasing the speed of the preliminary analyses that define the sizing of key engine features.

It also reduced number of re-iterations with the expert groups by increasing the resolution of the data available in the early stages of a new engine study. It however did not eliminate the need to regularly loop back with the experts because the lean modeling adopted within PMDO-Lite requires occasional re-calibration when the study moves significantly away from the last calibration point.

PMDO-lite improves the quality of decision making in the selection of engine architectures and product plans because speed buys time to consider a wider range of alternate cycles and architectures and see how they all fit into the big picture. This quicker turnover of alternate concepts enables the identification of more robust product strategies, that is strategies that can more easily be re-adapted to potential variations in market requirements.

The ability to quickly model a wide range of engine cycles & architectures opens an opportunity to enhance the technology planning process by making it practical to systematically quantify at engine level the effects of proposed incremental steps in technology.

The nature of the tool demands staff with stronger inter-disciplinary skills. 

The high speed of PMDO-Lite has pushed the preliminary design process bottle neck to downstream activities for which expert centers are slower to follow-on with higher resolution work.

PMDO-Lite can be used to enhance communications because it makes it possible to quickly generate and transfer a well structured data package to another supporting group. This is particularly useful when there is a need to provide a quick start to the definition of mechanical details or to initiate a higher resolution assessment by an expert group.

Experience showed that PMDO is far more a process emulator than a calculation tool. The process emulation element is more critical than the actual computational details because the essence of what PMDO is trying to capture is the high level performance of a process, not the details of specific computations. 

Because PMDO is a process emulator, it needs to be designed specifically for the process stream within which it is to be fitted. The development and deployment of PMDO-Lite turned out to be also a process re-organization effort.

The process re-optimization required to yield the full potential of PMDO-Lite needs to be kept focused on the balancing of 3 key elements: Tools + Skills + Processes (ie: Procedures). In this triangular relationship (Fig.8), the weakest element tends to determine the overall performance of the process. So it is essential to understand at all times what is the weakest link in order to be able to keep the balance as close to optimum as possible.
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Figure 8             Balancing of 3 key elements for success
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