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4 University of Oxford, Department of Engineering Science, Oxford, United Kingdom, li.he@eng.ox.ac.uk

1. Abstract
A multidisciplinary and multiobjective optimization of a transonic fan blade for a high bypass ratio turbofan engine
is presented including aerodynamic as well as structural static and dynamic performance criteria. The optimization
strategy applied is based on a two-level approach consisting of a Differential Evolution algorithm coupled to a
Kriging metamodel in order to speed up the optimization process. High-fidelity performance evaluations are car-
ried out by means of 3D Computational Fluid Dynamics and Computational Structural Mechanics analysis tools.
Multiple key operating points are considered in the optimization process; aerodynamic performance is evaluated at
top-of-climb and cruise conditions, while maximum stresses are evaluated at take-off operation, taking into account
centrifugal and gas loads. Blade vibration is furthermore assessed over the entire operating range. Aerodynamic
performance is separately evaluated for core and bypass flows in order to match the requirements specified by the
engine cycle design.
2. Keywords: Multidisciplinary Optimization, Fan Blade, Turbofan, Bypass Ratio, Aerostructural Optimization.

3. Introduction
High bypass ratio turbofan engines are today the almost exclusive powerplant of choice for medium and long
haul commercial aircraft due to high obtainable thrust levels combined with good fuel efficiency. About 80%
of a modern turbofan engine’s thrust is generated by the fan. Low engine fuel consumption requires the fan
blades to transfer mechanical shaft power into thrust with the lowest possible amount of aerodynamic losses (high
propulsive efficiency). Although this goal can be formulated easily, in practice additional requirements such as
stable operation under widely varying operating conditions, transonic relative inlet flows and structural integrity
constraints significantly complexify the design problem. Structural loads occurring during operation include cen-
trifugal forces, aerodynamic loads and periodic blade excitations from varying sources. As the fan blade is a safety
critical component, all of the above aspects need to be considered in the design process.
In the aero-structural design process commonly applied by industry, the structural and aerodynamic design are
mostly handled separately from each other and the design progresses iteratively from one discipline to another
until a satisfactory solution is found. The result is a lengthy and expensive design process with the additional
disadvantage that interactions between the involved disciplines are difficult to reveal.
In this paper the application of a multidisciplinary and multiobjective optimization system to the above stated
design problem is presented. The optimization method enables the concurrent evaluation of aerodynamic and
structural performance criteria, therefore facilitating the identification of the interaction of disciplines and allow-
ing the design to progress towards global optimal solutions in a reduced design time.

4. Baseline design
Specified engine cycle requirements are the starting point for the fan blade design process. To enable a reasonable
design space definition, a baseline design was generated using two-dimensional preliminary aerodynamic design
tools based on first principles and correlations. The methods enable a reasonable estimation on required spanwise
blade angle distributions and suitable profiles to be made. The obtained geometry was analyzed using CFD and
slightly adjusted manually to meet the operating range requirements. However, not all aerodynamic specifications
could be met at the end of this design stage.

5. Optimization system
The optimization system shown in Fig. 1 is the result of more than one and a half decades of research and develop-
ment at the von Karman Institute [1],[2]. The core components of the system are a multiobjective Differential Evo-
lution algorithm (DE) [3,4], a database, several metamodels, including Radial Basis Functions,
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Figure 1: Flow chart of the optimization system.

Artificial Neural Networks and Kriging, and a high
fidelity evaluation chain including a fully automatic
geometry and CAD generation, automatic meshing
and high-fidelity performance evaluations by Com-
putational Fluid Dynamics (CFD) and Computa-
tional Structural Mechanics (CSM). The optimization
method is based on a two-level strategy coupling the
evolutionary optimization to a sequentially updated
metamodel. Prior to the optimization an initial de-
sign space sampling is performed using a fractional
factorial Design of Experiments containing 128 sam-
ples plus the baseline and a design at the center of the
design space. Each sample is evaluated by the high fi-
delity evaluation chain. The resulting relationships be-
tween optimization parameters and performance are stored in a database which serves to train the first metamodel.
On the next level the optimization is performed using exclusively the metamodel for the performance evaluations.
Since metamodel evaluations are computationally cheap, thousands of generations can be computed by the Differ-
ential Evolution algorithm within a few minutes. However, since the metamodel predictions at early stages of the
process can be expected to be rather inaccurate, eight of the best performing designs of the Pareto front predicted
by the metamodel are chosen for re-evaluation by the high-fidelity evaluation chain. The results are added to the
database and used to re-train the metamodel, making it more accurate in the regions where it previously predicted
optimal designs. In the remainder of this paper, one loop consisting of optimization, high-fidelity re-evaluation
and metamodel generation is termed an iteration. Ordinary Kriging is used as metamodel. Each performance
parameter is predicted with one dedicated metamodel, which reduces prediction error and training cost. Further
implementation details of the system can be found in e.g. [4],[5].

6. Fan blade parametrization
The geometry of the fan blade is defined by parametric Bézier and B-Spline curves which specify the blade chord,
blade angles, the thickness distributions at hub and tip sections and the profile stacking axis by lean and sweep,
see Figs. 2 and 3. The blade metal angles at the leading edge, trailing edge and an intermediate point as well as the
chord length are defined by spanwise B-Spline curves, as shown in Fig. 2. Control points for these distributions are
defined on four spanwise positions which are being fixed for three of the points at 0, 50 and 100% span. The span-
wise position of the fourth control point is added as an optimization parameter in order to allow additional control
of the blade geometry close to the bypass splitter. Some of the control points are directly defined as optimization
parameters and are indicated with arrows, while others are defined via geometric dependencies to other control
points (e.g. angles and distances). The blade thicknesses at hub and tip sections are defined by B-Spline curves as
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Figure 2: Parametrization of blade angles, chord
length and thickness.
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Figure 4: Computational domains of the baseline fan blade.

shown in Fig. 2 and are designed based on [6]. Both distributions can be scaled independently by a uniform scaling
factor, therefore allowing thickness changes without altering the actual distributions. In addition, the number of
blades is allowed to be modified resulting in a total of 26 optimization parameters.

7. High fidelity performance evaluations
The aerodynamic performance of the fan blade is assessed using the commercially available 3D Reynolds-Averaged
Navier-Stokes solver FINETM/Turbo from Numeca. The solver is a structured, density based code using a finite
volume method. The fluid domain is discretized using a multi-block structured mesh consisting of about 2 mil-
lion grid points with a domain averaged non-dimensional height of the first cell near the wall (y+) of about 3.
Turbulence effects are taken into account with the one-equation Spalart-Allmaras turbulence model.
To meet the aerodynamic design and off-design targets of the fan blade, its performance is evaluated at two key
flight conditions, namely top-of-climb (ToC) and cruise. In total nine operating points are computed for each
design, including four points on the top-of-climb speedline and five points on the cruise speedline. An automatic
convergence check is performed after each CFD computation, which assesses the mass flow error between domain
inlet and outlet and the iteration errors of isentropic efficiency and total pressure ratio. Only converged cases are
subsequently assessed by an automatic postprocessing step, which extracts the required performance parameters
needed by the optimizer. Non-converged cases are considered as failed and are automatically excluded from the
optimization process.
The computational domains of the baseline fan blade for both solid and fluid are shown in Fig. 4. The fluid domain
comprises one periodic section of the full annulus with periodic boundary conditions being applied at each side of
the domain. Total pressure, total temperature, absolute inflow angle and turbulent kinematic viscosity are imposed
as boundary conditions at the inlet. The low hub-to-tip radius ratio of the blade results in a transonic flow at all
considered operating conditions with the relative inlet flow to the blade being subsonic for the lower part of the
blade extending to about 50 percent span and supersonic for the remaining part of the blade up to the blade tip.
The flow at the subsonic root section (the portion of the blade feeding the engine core) is highly sensitive towards
outlet pressure differences, requiring the mass flow to be imposed as the core outlet boundary condition in order to
obtain a stable flow solution. In contrast the static pressure with the radial equilibrium law is defined as boundary
condition for the bypass outlet. Performance curves are computed by changing the bypass outlet static pressure.
The solid domain of the fan is discretized with an unstructured mesh consisting of quadratic tetrahedral elements.
The computations are performed using the open-source finite element solver CalculiX [7]. Stresses in the blade
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are computed by means of a static analysis at take-off conditions taking into account geometric non-linearities.
The blade is subjected to centrifugal and gas loads whereas the gas loads are extracted from the converged take-off
CFD computation of the baseline geometry and interpolated onto the FEM grid.
Additionally to the structural static evaluation, fan blade vibration is considered at all previously mentioned key
operating points (take-off, top-of-climb and cruise) to assess the risk of possible high-cycle fatigue failure. Modal
analysis is used to determine the natural frequencies of the fan blade while centrifugal stiffening is included in
the computations in order to take into account the non-linear increase of blade stiffness with increasing rotational
speed (an effect known as centrifugal stiffening). The margins between excitation frequencies and blade natu-
ral frequencies at the rotational speeds associated with the aforementioned operating points are evaluated using
the Campbell diagram. Excitations from one-per-revolution and two-per-revolution disturbances are considered
covering possible sources like unbalance and cross-wind. The fan blade is modelled using material properties of
Ti-6Al-4V.
An important detail of the solid domain is the blade root and its restraint, which is the part of the solid extending
out of the fluid domain as shown in Fig. 4. The root has important structural implications for both stresses and
vibrations as it is the portion of the blade that connects to the fan disk and therefore defines the boundary condi-
tions for the structural simulations. A typical blade-disk assembly is shown on the left bottom part of Fig. 4. In the
structural computation all mesh nodes on the upper dovetail root surface are restrained in all degrees of freedom
in order to simulate the disk assembly. In reality, these surfaces are in contact with the disk and small relative
movements between disk and blade root are possible. Fixing the nodes will thus result in unrealistically high stress
concentrations on the surface. These stresses are not taken into account in the postprocessing step.

8. Objectives and constraints
Two objectives and in total 12 aerodynamic and structural constraints are defined for the optimization problem. The
objectives are defined to maximize peak efficiency at cruise rotational speed and maximize stall margin, defined as
the non-dimensional mass flow difference between the cruise design point and the last converged CFD operating
point towards low mass flows, see Fig. 5. The maximization problem is converted to an equivalent minimization
problem, such that both objectives are stated as

minimize =


−ηcruise,peak

−
(

ṁcruise,design−ṁcruise,stall
ṁcruise,stall

) (1)

The stall margin objective implies the assumption that numerical instabilities occuring at lower mass flows resem-
ble the physical process of stall/surge in a real fan.

Figure 5: Definition of objectives and the top-of-climb
evaluation point shown on the performance map of the
baseline design.

The constraints are defined as follows

ṁcruise,stall ≤ ṁcruise,design ≤ ṁcruise,choke (2)
0.97 · ṁtoc,design < ṁeval,toc < 1.03 · ṁtoc,design (3)
Πt−t,bypass,eval,toc > 1.7 (4)
Πt−t,core,eval,toc > 1.4 (5)
Mamax,bypass,eval,toc < 0.9 (6)
Mamax,core,eval,toc < 0.9 (7)
αmax,bypass,eval,toc < 70 deg (8)
αmax,core,eval,toc < 70 deg (9)
σvM < 800 MPa (10)

∆F̂cruise +∆F̂ToC +∆F̂T/O > 12 (11)

Four constraints (Eq. (2) and (3)) are imposed to
ensure that the operating range of the fan matches
the engine cycle design requirements at cruise and
top-of-climb defined as ṁcruise,design = 541 kg/s and
ṁtoc,design = 699 kg/s. A top-of-climb evaluation point
with a 6% stall margin with respect to the total pres-
sure ratio is defined as shown in Fig. 5. This is the operating point where the required total pressure ratio is the
highest throughout the mission. Two constraints are therefore defined to ensure that the pressure ratios for core
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and bypass flows are not lower than the design requirements, see Eq. (4) and (5). Additionally, Eq. (6)-(9) limit
the maximum absolute inlet Mach numbers and the maximum absolute flow angles at the bypass and core inlet
to ensure that the stators located further downstream (Outlet Guide Vane in the bypass and Engine Section Sta-
tor in the core) receive a healthy inlet flow and performance improvements of the fan blade are not obtained at
the cost of overall stage performance. The absolute flow angle is measured with respect to the meridional plane.
Equation (10) defines that the maximum von Mises stresses in the fan blade are required to be lower than 800 MPa,
leaving a 130 MPa dynamic stress margin towards the yield stress of the titanium alloy. Blade vibration is assessed
at cruise, top-of-climb and take-off. A minimum required frequency margin between the first bending mode of the
blade and the first harmonic of a one and two per revolution excitation are defined as constraint (Eq. (11)).

Figure 6: Objective space of the optimization after a total
of 10 iterations.

9. Results
In Fig. 6 the objective space is shown after a total of
10 iterations. Each symbol in the plot represents a de-
sign which was evaluated by the high-fidelity evalua-
tion chain. DOE samples are shown as circles while
designs generated during the optimization appear as
squares. Samples that are satisfying the constraints are
shown in light blue. Improved performance is obtained
towards the lower left corner of the objective space.
An indication of all designs generated during the op-
timization is given in the upper right corner of Fig. 6.
However, the designs which are satisfying all imposed
constraints are located in the region marked with the
red square. The main part of Fig. 6 shows a close up
on this region.
As the optimization problem is highly constrained,
only three designs in the DOE database initially sat-
isfied all constraints. After nine iterations the Kriging
metamodel became sufficiently accurate to guide the
optimizer to the feasible region of the design space.
Subsequently, all designs generated during the ninth
and tenth iteration were feasible.

Figure 7: Comparison of performance maps of the base-
line design (orange) and the optimized design (light
blue).

The best design found after 10 iterations is designated
as IT010 IND001 in Fig. 6. The baseline design is
shown as orange diamond to enable a performance
comparison. It should again be emphasized that the
baseline design violates a number of constraints and is
therefore not part of the feasible set of designs. In con-
trast, design IT010 IND001 is satisfying all imposed
constraints and at the same time shows improvements
in both objectives.
A more detailed assessment of the aerodynamic perfor-
mances of both designs is possible by comparing their
performance maps, as shown in Fig. 7. The cruise de-
sign point mass flow is indicated by the dashed line. As
shown in the lower part of Fig. 7, the pressure ratio of
the fan was successfully increased over the entire oper-
ating range to meet the core and bypass pressure ratio
requirements at top-of-climb. The baseline design gen-
erates overall a lower pressure ratio, which generally
translates to higher obtainable efficiencies. However,
with the increase in pressure ratio the optimized de-
sign still obtains a peak efficiency of 93.7%; an 0.05%
improvement over the baseline design. The peak ef-
ficiency occurs at a mass flow of 561kg/s which is
0.037% above the design point mass flow. This can be
deemed as reasonably close for a numerical prediction.

5



Figure 8: Von Mises stress distribution in the baseline
(left) and the optimized design.

An analysis of the optimization process reveals that the
structural constraints were among the most difficult to
satisfy. As the baseline design was generated purely
based on aerodynamic considerations, it violated both
the stress and the vibration constraints. A comparison
of the von Mises stress distributions on the suction side
surfaces of baseline and optimized design is shown in
Fig. 8. Peak stresses exceeding the constraint value
occur in the baseline design at the leading edge close
to the transition to the dovetail root and on the suction
side hub region close to the trailing edge (both regions
are indicated by ellipses in Fig. 8). The stress levels
in the critical regions were successfully lowered by the
optimizer as shown on the right hand side of Fig. 8.
As noted above, the high stresses in the dovetail root
are not taken into account in the postprocessing step
as these are artificially increased due to the boundary
conditions applied in the structural computations.

10. Conclusions
This paper presents the application of a two-level optimization system based on a Differential Evolution algorithm
coupled to a sequentially updated Kriging metamodel to the multidisciplinary and multiobjective optimization of
a transonic fan blade for a high-bypass ratio turbofan engine. Aerodynamic performance requirements for bypass
and core sections are simultaneously taken into account in the optimization problem formulation. Stresses and
vibrations are furthermore considered as structural constraints. The result is a problem with a total of 12 aerody-
namic and structural constraints. The optimization system successfully identified the feasible region in the design
space after 9 iterations. Subsequently, the objectives (efficiency and stall margin) were rapidly improved. The best
design was found after 10 iterations, which showed an improvement of both objectives with respect to the baseline
design; a significant improvement, as the baseline design did not satisfy all imposed constraints.
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