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In the last twenty years, CFD has evolved enormously and it is now usedextensively by all turbomachinery companies in designing speci�c components.In the next twenty years, the emphasis will be on automating the design pro-cess, speeding up design iterations, considering more radical design changes,and maximising the bene�ts from multidisciplinary trade-o�s.This does not reduce the role of the designer; on the contrary, the aimshould be to increase the designers' productivity by allowing them to moreeasily investigate the possibilities of new designs. In some limited areas, thismight include black-box optimisation under the control of the designer whowill specify the design space and verify the acceptability of the �nal design.This paper addresses some of the possibilities and the issues which willneed to be faced. It also presents some work on the use of direct sensitivitycalculations for the optimisation of outlet guide vanes in a turbofan bypassduct.(This paper was presented at the IMeche Symposium on Exploiting CFDfor Turbomachinery Design, on March 19th, 1998.)This work was supported by Rolls-Royce plc and EPSRC.Oxford University Computing LaboratoryNumerical Analysis GroupWolfson BuildingParks RoadOxford, England OX1 3QDhttp: //www.comlab.ox.ac.ukemail: giles@comlab.oxford.ac.uk May, 1998



2 Table 1: Hierarchical de�nition of a turbine vaneLevel 1 number of blades, hub/tip radius, throat area,inow/outow angles, mass owLevel 2 camber/thickness distribution, cooling mass owLevel 3 geometry of �llets at hub and tip junctionsLevel 4 details of �lm cooling holes and slots,temperature of inow and cooling owLevel 5 alloy type and thermal properties1 Hierarchical designAeroengines and other large turbomachines are very complex engineering systems. Viewedas a single entity, there may be hundreds of thousands of components, and well over amillion important design parameters. This is obviously far too large a number to behandled by a single designer. The computational cost of analysing the entire system indetail is also prohibitive, which immediately rules out any thought of global `black-box'optimisation.Even when considering an individual component within the engine, the complete elec-tronic product de�nition (EPD) often contains a level of detail which is unnecessary andeven undesirable for much engineering analysis. An example is the cooling holes in ahigh pressure turbine. The geometry of these must be contained in the EPD database formanufacturing purposes, but when computing the viscous ow in the blade passage andthe resulting heat transfer to the blade it is usual to ignore the details of the cooling holesand simply model the coolant injection through a transpiration boundary condition.The solution to these problems is to use a hierarchical representation in which everycomponent is de�ned at a number of di�erent levels of detail. Table 1 presents a numberof levels for a high pressure turbine vane; the level 1 representation is the most basic, withhigher levels adding successively more detail. An engineering analysis tool will interfaceto whichever level of the EPD is most appropriate. In the case of the turbine vane, a CFDcode might interface at level 2, treating the blade/hub and blade/tip junction as sharpcorners, and modelling the �lm cooling as a distributed mass source. A stress analysispackage would need to interface at level 3 or higher since the �llet geometry is needed tocalculate the correct stresses in the corners.To avoid the huge computational cost of analysing the entire engine requires a hier-archical approach to the design process as well. The design of all aeroengines is carriedout at two levels, preliminary design and detailed component design. The preliminarydesign group considers the engine as an entire system, thinking about the customers'requirements, sizing the major components, deciding which subsystems to retain fromprevious products, and aiming to maximise pro�t over the lifetime of the entire project.When trying to optimise the overall con�guration during preliminary design, the systemis modelled very approximately using a considerable amount of empiricism based on pastexperience. This approximate modelling, working with the lowest levels in the hierarchi-cal EPD database with a limited number of fundamental design parameters means that
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Figure 1: Current sequential two-level design processthe cost of simulating the entire system is reduced to a few minutes at most. This allowsa thorough investigation of the global trade-o�s inuencing the overall system con�gura-tion, and makes it feasible to use robust black-box optimisation methods such as geneticalgorithms which are well-suited to global optimisation and integer design parameters.At the conclusion of the preliminary design process, many crucial design decisionshave been made, such as engine thrust, mass ow and fan radius. The second levelof the design hierarchy is the design of individual components within each subsystem,such as the HP turbine. The design intent for each component has been fairly tightlyspeci�ed in preliminary design, and many constraints have been imposed. The task of thecomponent design team is to ful�l the design intent as well as possible (good aerodynamicperformance, good structural integrity, low weight, etc.) subject to the constraints. To alarge extent, this is a matter of shape optimisation, the non-geometric design parametershaving been set in preliminary design.As described above, and illustrated in Figure 1, the current hierarchical design ap-proach is sequential, preliminary design followed by component design. Except in excep-tional circumstances, the decisions made in preliminary design are not changed duringcomponent design. This is due to preliminary design being �rmly based on empiricismfrom past experience, so major surprises are unlikely to arise during the component designprocess.There are two drawbacks to this sequential design process. The �rst is that its successdepends on the new design not being too di�erent from past designs, so that the empiricismin the modelling remains valid. This makes it very di�cult to develop radically newdesigns. The second drawback is that the empiricism in the preliminary design systemrepresents the collective experience of past projects, but no two projects are ever identical.Even if the customer requirements are identical, technological advances mean that thebest engine or aircraft of today would be di�erent from that designed twenty years ago.To some extent this technological progress can be accounted for in the empiricism, butinevitably preliminary design is based on only an approximate model of the system.In the future, there may be a shift to a more tightly-coupled two-level design system, asillustrated in Figure 2. The overall system design will begin, as now, with a preliminarydesign based on past empiricism. This will provide the starting point for the detailed
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Figure 2: Future tightly-coupled two-level design processcomponent design. The change from the current sequential design process is that at thispoint data will be fed back into the overall system design, updating its empiricism basedon the results of the detailed engineering analyses performed during the component design.This will allow further re�nement of the overall system performance by �ne-tuning someof the global trade-o�s. Ideally, this design cycle would be repeated a number of times,with the component design responsible for the shape optimisation of speci�c componentsfrom a `local' viewpoint, while the system design is concerned with overall optimisationof the major sub-systems based on a global viewpoint.The main reason a tightly coupled design system is not used today is time. The designtime for an engine or aircraft project is strictly limited. There are very strong commercialpressures to bring a product to market as quickly as possible, even if this involves sacri�c-ing a certain amount of performance because of the lack of time to investigate all designoptions. Spending more time on re�ning a design also has manpower and experimentaltesting costs; these have to be weighed against the possible bene�ts to be gained. The keyto the successful adoption of a tightly coupled design system in the future lies in softwareengineering and ever increasing computational power. Good software engineering willminimise the time spent by designers in the coupling between system design and compo-nent design. The continuing doubling of computational power every 18-24 months willensure decreasing execution times for the more expensive analysis tools, allowing morecycles of the coupled design process to be completed within a given time.2 Parametric CAD systemsThe CAD system lies at the heart of engineering design. In the past it has been commonfor di�erent disciplines such as aerodynamics and structural analysis to have di�erentrepresentations of components such as blades. Thus, the aerodynamicists might perfecttheir design with one representation, perhaps using a number of sectional pro�les, and thenthe geometry would be mapped onto another representation for structural analysis. Tosome extent, this can be viewed as di�erent levels in the hierarchical description discussedin the last section. However, it is a cleaner solution for these di�erent representations to



5co-exist within a single CAD system. Only then can one easily perform multi-disciplinaryanalyses (such as fan untwist due to aerodynamic loads) and design tradeo�s.Thus, one requirement for a CAD system is that it should support a hierarchicalde�nition of all components and sub-systems. The second requirement is that this shouldbe a parametric de�nition, in which one can easily change any geometric design parameterto obtain a new geometry.This may seem any easy task, but it is not. Consider a turbine rotor as an example.For simplicity, we will neglect the important details of internal cooling and the �r-treeroot. Some CAD systems would de�ne the rotor in terms of its surface geometry, dividingthe surface into a number of NURB spline patches which would cover the blade itself, thehub annulus, and the �llets at the junction between the blade and hub. If the designerwishes to change the camber of the rotor, how would the CAD representation change?Manual adjustment of the NURB surfaces would be incredibly laborious, especially inhandling the details such as the �llets.Most current CAD systems solve this problem by using at their core a solids modellingpackage (e.g. ParaSolids, Pro Engineer [4, 12]) which de�nes each object as a compositebuilt from simpler solids using rules of union, intersection and exclusion. For example, theturbine rotor would be de�ned as a union of an axisymmetric solid, whose surface is thehub annulus, and an extended blade object whose de�nition would extend well within thehub annulus. The union operation would automatically compute the line of intersectionbetween the rotor and the hub, and would create and add the �llets of the desired internalradius. As output, the CAD system may supply the same NURB surface de�nition asolder CAD systems, but the key strength of a solids-based CAD system is the ability tovary design parameters easily. In the case of the turbine rotor, a change in the camberwould produce a change in the blade object; the CAD system would then re-apply theunion operation creating a new line of intersection between the rotor and the hub andtherefore new �llets.The �nal step in building this aspect of a design system is to couple the parametricCAD system to the grid generators needed for engineering analysis. For example, whenperforming an aerodynamic design of the rotor, a parametric investigation of the conse-quences of camber variations would require the generation of a sequence of CFD gridscorresponding to di�erent camber values. Although a baseline grid may be generatedmanually to ensure it is of good quality, to speed the design process it is essential thatthe other grids are generated automatically.One option is to run the standard grid generator to create a new grid from scratch eachtime, using relevant grid spacing information from the baseline grid. Alternatively, thegrid generator could determine from the CAD system the perturbations to the surfacesand lines of intersection, and use these to perturb the surface grid points of the baselinegrid. Having done so, the grid generator can then perturb the interior grid points toproduce a valid perturbed grid with the same topology as the original grid. This secondapproach is preferable in many cases since it produces a continuous perturbation to theow �eld computed by the CFD code, which can then be di�erenced to obtain the ow-�eld sensitivity to the design change.



63 Optimisation and the role of the designerAt the outset, the designer must specify the design space, the parameters which are tobe varied with the objective of improving the design. Since the computational cost ofdirect sensitivity methods is proportional to the number of design parameters, it is veryimportant that the designer uses his expert judgement to limit the number of designparameters to those which are most important. The designer must also specify the designconstraints. Some of these will be inequality constraints (e.g. minimum blade thickness,etc.) while some will be equalities (e.g. speci�ed pressure ratio for a compressor).There are then three possible design scenarios. In the �rst, the designer is able tode�ne a single scalar function I(U ;�) (known as the objective function) to be optimisedsubject to all of the constraints. In general, the objective function depends on both thedesign variables � and the ow �eld U , which in turn also depends on �. In preliminarydesign this objective function may be overall fuel e�ciency, or even the �nancial returnon investment of the operating airline [9]. The computational design system will thenattempt to �nd the optimal solution to the problem, subject to the constraints, using themost appropriate optimisation technique. For preliminary design, this may involve theuse of genetic algorithms which are very good at �nding the global optimum amongstmany local optima, and in treating integer design parameters.In component design, the de�nition of a suitable objective function can be trickier.Ideally, the designer might wish to minimise the loss in a compressor. However, dueto limitations in turbulence and transition modelling, the time-averaged treatment ofunsteadiness such as vortex shedding and wake/rotor interaction, and numerical e�ectsdue to grids which do not yet fully resolve all features in three-dimensional ows, CFDmethods are often not able to predict loss with su�cient accuracy for the purposes ofdesign optimisation. Therefore, it is more common for the designer to choose an al-ternative objective function, such as the deviation from a target pressure distribution,which if optimised will lead to an improved design with lower loss. This relies on thedesigner's ability to specify a target pressure distribution which will lead to low boundarylayer growth and/or reduce the secondary ow. Thus, the designer plays a critical rolein formulating a well-behaved objective function which can be reliably optimised by theavailable computational analysis tools.During the optimisation process, the designer's task is to monitor the evolution of thedesign parameters, making sure that the design remains sensible. This may prove to be amuch harder task than it appears. Aerospace design is very multidisciplinary and highlyconstrained. Initially, one might ignore a large number of inequality constraints, believingthem to be unimportant because they will not be active in the �nal design, and wishingto minimise the computational cost of each step in the design process. One may evenforget a large number of `obvious' constraints (such as minimum blade thicknesses). Thedesigner must therefore watch the evolution of the design to see if new constraints shouldbe added [16]. In component design, it may also be necessary to examine the detailedresults from the engineering analyses to ensure that the design does not produce ow �eldsor other features which violate basic modelling assumptions inherent in the analyses. Forexample, the use of potential ow modelling would no longer be appropriate if the designled to the presence of strong shocks or a separated boundary layer.In the second design scenario, it is appropriate to work with more than one objective
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Figure 3: An example of a tradeo� between two di�erent objective functionsfunction. For example, the thickness of a compressor blade is a tradeo� between aero-dynamic performance, which decreases with increasing thickness, and structural integritywhich improves with increasing thickness. Rather than �xing one and optimising theother, the designer may prefer to study the tradeo� between the two before making ajudgement about the best compromise. This need to assess multidisciplinary tradeo�s isemphasised in Reference [16] in the context of aircraft design. If the relative importanceof the two objective functions is known beforehand, then a single composite objectivefunction of the form I2+�I1 can be created. Referring to Figure 3, optimising I2�I1corresponds to �nding the point A on the curve which has the maximum value of I2�I1,and for which there is a tangent line of the form I2�I1 = const. The drawback of thisapproach is that the designer may not have a good idea of the appropriate value of �,and optimising in this fashion would give no information about how the optimum wouldchange if the value of � were changed.In the �rst two design scenarios, the engineering design system was responsible forsome, or all, of the optimisation of the design, with the designer monitoring the designevolution in the �rst, and making some critical design decisions in the second. In thethird approach, the designer performs the optimisation, with the design system supplyingthe designer with sensitivity information about the consequences of design changes. Thisassumes that there is an existing design and the objective is to improve upon it. Thedesigner speci�es the active design parameters and the constraint functions and objectivefunctions he considers important. The design system returns the sensitivity of each of thefunctions to changes in each of the parameters, and invites the designer to decide uponsuitable parameter changes. The design system may also aid the designer by ensuringthat the changes are compatible with the constraints in the problem.This approach gives the designer the greatest exibility, allowing the designer to takeinto account other factors and constraints which may be hard to specify in a computeriseddesign system [16]. In particular, during the development of an integrated design system,when not all of the analysis modules have been developed or integrated into the system,this third approach may be the only feasible option.



8 Sensitivity analysis is a crucial component of the tightly coupled two-level design sys-tem described earlier. It is unlikely that at the component level one would simultaneouslyoptimise the size and shape of di�erent blade rows in an engine. However, sensitivityanalysis at the component level could determine, for example, the change in the aero-dynamic e�ciency due to a change in chord length. With this information, the overallsystem level design could consider tradeo�s, increasing the chord of one blade row whilesimultaneously decreasing the chord of another to retain a �xed overall engine size.4 Sensitivity analysisIn nonlinear sensitivity analysis, one obtains approximate linear sensitivities by simple�nite di�erencing of the solutions from a number of nonlinear computations [19, 20, 21].For each set of design parameters �, the discrete ow equationsF (U ;�) = 0;can be solved to implicitly obtain U as a function of �. Using simple one-sided di�erenc-ing, we can de�ne the approximate sensitivity of the ow solution to variations in the kthdesign parameter as dUd�k � U(�+�kek)�U(�)�k ;where ek is a unit vector in the kth direction and �k is an appropriately small perturbation[10, 11].The main advantage of the nonlinear sensitivity approach is its simplicity. Thereare no major new analysis codes to be written, just a small amount of programming toevaluate the objective and constraint functions. With the appropriate design software tomanage the construction of the approximate sensitivities it is then possible to assemblethe analysis codes into a design system very rapidly.Once the individual sensitivities have been computed, the linear response of the ow�eld to an arbitrary set of design variable perturbations is given byU (�+�) � U(�) +Xk �k dUd�k :It is then possible for a designer to interactively vary the values of �k to examine theconsequences of changes in each design variable, and choose an optimum combination.The direct sensitivity approach also has a big advantage when the objective functioncomes from a least-squares minimisation problem. In this case, the linear approximationto the perturbed ow �eld leads naturally to a quadratic approximation for the objectivefunction, which can be minimised analytically [10].The main disadvantage of the nonlinear approach is its cost when the number ofdesign parameters is large. This is why it is important that the designer exercises goodjudgement in limiting the number of active design parameters. However, there is also thepossibility of computing the di�erent sensitivities in parallel, performing the large numberof nonlinear ow computations overnight on a large group of workstations.
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Figure 4: surface of tetrahedral grid for OGV design (outer annulus not plotted)

DatumUnderturnedDatumOverturnedDatum

Figure 5: grouping of OGVs for 3 blade design4.1 Outlet guide vane optimisationShrinivas has used nonlinear approximate sensitivities for a 3D design application concern-ing the bypass duct of a turbofan aeroengine [19]; this is an extension of earlier researchby Shrinivas and Giles using 2D modelling [20, 21].Figure 4 shows the geometry of the bypass duct and three of the grids used for themultigrid acceleration. For clarity, only the inner annulus of the duct is not plotted.Figure 5 displays an `unwrapped' circumferential view of the mid-span geometry, halfwaybetween the inner and outer annuli. There is a large pylon which is the main structuralsupport for the engine core. Upstream of the pylon is a set of outlet guide vanes (OGVs)and upstream of these would be the rotating fan in the actual engine. The fan generates
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a) Cp at mid radius b) convergence of IFigure 6: Optimisation using sinusoidal camber variationa circumferential component of ow velocity and the purpose of the OGVs is to turnthe ow back in the axial direction. The design problem is that the very large pyloncauses a blockage which produces a pressure �eld which decays very slowly in the axialdirection. The OGVs shield it to some extent, but nevertheless there is a signi�cantcircumferential pressure variation upstream of the OGVs. In the engine this leads to anunsteady interaction with the rotating fan, producing higher stress levels and reducedaerodynamic e�ciency.The objective of the design process is to reduce this interaction to a minimum byre-designing the OGVs to counteract the pressure �eld created by the pylon. The objec-tive function is a discrete approximation to the following integral of the circumferentialpressure variation on a plane upstream of the OGVs.I = Z Z (p(r; �)� p(r))2 d� drwhere p(r) represents the circumferentially averaged pressure at a particular radius.The inviscid ow code that was used in this work was developed by Crumpton [5].It uses an edge-based discretisation of the Euler equations and a standard Runge-Kuttatime-marching algorithm. Edge-collapsing is used to generate the coarser grids for themultigrid algorithm. The execution speed is further improved through parallel executionon distributed-memory machines such as the IBM SP2 using the OPlus parallel library[6]. Two design exercises have been conducted. In each case, the camber of the OGVs isaltered through a circumferential displacement �� which varies quadratically in the axialdirection and linearly in the spanwise direction,�� = (x� xl:e:(r))2 (ar + b)with xl:e:(r) being the axial location of the leading edge.In the �rst design exercise, the constants a; b vary sinusoidally from one OGV to thenext, with the OGVs nearest to the pylon and farthest from it having zero perturbations.
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a) Cp at mid radius b) convergence of IFigure 7: Optimisation using 3 blade typesThis is appropriate because of the symmetry of the design problem. Thus, there are just2 design parameters, the values for a and b for the blade with maximum displacement.Figure 6 shows the decrease in the level of circumferential pressure variation at mid-span,and the associated decrease in the value of the objective function. Because the objectivefunction is approximately quadratic, and the method of direct sensitivities provides a verygood estimate of the Hessian, the design optimum is almost achieved in one iteration.From a practical engineering viewpoint, this design is far from ideal because it requireseach OGV to be unique, increasing the cost of manufacture and the number of spareparts the airlines must keep. The second design exercise addresses this by allowing only 3blade types, the original datum blade, an overturned blade with increased camber and anunderturned blade with decreased camber. Figure 5 shows the chosen grouping of theseblades. There are still just two design parameters, the constants a; b for the over-turnedblade; the underturned blade uses constants �a;�b giving a camber perturbation of equalmagnitude but opposite sign. Figure 7 shows that the design iteration still achieves nearconvergence in just one iteration. As one would expect, the restriction of using just 3 bladetypes means that the optimum solution has a larger remaining circumferential pressurevariation than in the �rst design case.5 Adjoint sensitivity analysisMathematically, the simplest form of linear analysis is equivalent to the nonlinear analysisin the limit as �k! 0. If we de�ne fU k to be the sensitivity of U to changes in the kthdesign parameter, then linearising the nonlinear discrete equations yields@F@U fUk + @F@�k = 0:This can be solved, directly or iteratively, to obtain fUk for each design parameter.The total derivative of an objective function with respect to the kth design parameter is



12then given by dId�k = @I@U fUk + @I@�k :In CFD applications, the cost of solving the linear system of equations is comparableto the cost of solving the nonlinear system, so there are no computational savings fromusing the direct linear sensitivity approach. However, this is the starting point for thediscrete version of the inverse (adjoint) sensitivity analysis.Eliminating fU gives [7, 8]dId�k = � @I@U  @F@U !�1 @F@�k + @I@�k :This can then be written as dId�k = V T @F@�k + @I@�k ;where the vector V satis�es the equation @F@U !T V +  @I@U !T = 0:The great advantage of this adjoint approach is that one only needs to solve a single�nite di�erence equation to get the sensitivities of I with respect to all of the designparameters. This is because the same solution V is used for each value of k. The onlyadditional cost for each design parameter is the computation of @F@�k and @I@�k , which isinexpensive, and the dot product V T @F@�k which is even cheaper.The main drawback of the adjoint approach is that a separate adjoint equation mustbe solved for each objective function or constraint function. Hence, in a highly constraineddesign in which the number of active constraints is comparable with the number of activedesign parameters, there would be little to be gained from the adjoint approach.A second weakness of the adjoint approach is that there is no simple way in which tocompute the Hessian matrix @2I=@�i@�j even when the objective function comes froma least-squares minimisation problem. Instead, the gradient-based optimisation methodsmust construct an approximation to the Hessian matrix using information about thevariation in the gradient at di�erent points in the design space. In addition, such methodsusually determine a search direction and then �nd the optimum along this direction usinga line search algorithm. Both of these aspects result in more steps in the optimisationprocedure than are required when for the direct sensitivity approach using its approximateHessian.The label `adjoint' comes from the alternative treatment in which one starts with thelinearised partial di�erential equation and converts the linear sensitivity of the objectivefunction into an equivalent form involving the solution of the adjoint partial di�erentialequation with appropriate boundary conditions [17]. This can then be discretised andsolved numerically [1, 2, 3, 13, 14, 15, 18, 22].This is a very active research in the aeronautical research community, particularly inthe US. Research on its application to turbomachinery design is only now beginning.



136 ConclusionsThis paper has put forward the following four ideas:� a hierarchical approach to turbomachinery design will remain essential, and theremay be considerable scope for improvement through a tighter coupling betweenpreliminary design and detailed component design;� the underlying CAD system needs to support a hierarchical representation of theengine components, and be based on parametric solids to facilitate parametric de-sign;� approximate nonlinear sensitivity analysis is a straightforward approach to buildinga design system which can be steered interactively by a designer and coupled to anoptimisation procedure;� looking to the future, adjoint analysis provides a computationally e�cient way ofdetermining sensitivities when there are many design parameters.Further discussion of these ideas and other design issues, in particular the use ofunstructured grid methods, is contained in References [10, 11].References[1] W.K. Anderson and V. Venkatakrishnan. Aerodynamic design optimization on un-structured grids with a continuous adjoint formulation. AIAA Paper 97-0643, 1997.[2] O. Baysal and M. Eleshaky. Aerodynamic design optimization using sensitivity anal-ysis and computational uid dynamics. Journal of the American Institute on Aero-nautics and Astronautics, 30(3):718{725, 1992.[3] O. Baysal and M.E. Eleshaky. Aerodynamic sensitivity analysis methods for thecompressible Euler equations. Journal of Fluids Engineering, 113:681{688, 1991.[4] S. Chen and D. Tortorelli. Three-dimensional shape optimization with variationalgeometry. AIAA Paper 96-3992-CP, 1996. Proceedings of 6th AIAA/NASA/ISSMOSymposium on Multidisciplinary Analysis and Optimization.[5] P.I. Crumpton and M.B. Giles. Implicit time accurate solutions on unstructureddynamic grids. AIAA Paper 95-1671, 1995.[6] P.I. Crumpton and M.B. Giles. Multigrid aircraft computations using the OPlusparallel library. In A. Ecer, J. Periaux, N. Satofuka, and S. Taylor, editors, ParallelComputational Fluid Dynamics. Implementations and Results Using Parallel Com-puters, pages 339{346. North-Holland, 1996.[7] J. Elliott and J. Peraire. Aerodynamic design using unstructured meshes. AIAAPaper 96-1941, 1996.
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