
Using ANSYS and optiSLang, the design of a turbofan jet engine was improved regarding polytrophic effi ciency and 
mechanical stresses in the fi llet and the blade of the fan.
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and optimizations with an acceptable numerical effort. To 
satisfy these requirements, the workfl ow is used to run a 
sensitivity analysis fi rst in order to calculate meta-models 
for all relevant result quantities. With the help of the meta-
models, a fast pre-optimization by using different objectives 
was possible. By using only the important parameters indi-
cated by the sensitivity analyses, an effi cient optimization 
algorithm could be chosen in order to run a fi nal direct opti-
mization with the numerical model.

Civil turbofan jet engine: conceptual design 
method and numerical CFD and FEA model
First, conceptual design methods were used to determine 
the aerodynamic characteristics. With the help of the soft-
ware GasTurb, the main dimensions of the fan could be 
calculated based on the requirements of the engine (e.g. 
pressure ratio Π, Bypass ratio). Afterwards, the blade geom-
etry (e.g. camber line, blade thickness) and blade angles are 
calculated as well as the inlet geometry is designed. 
 A jet engine operates at a great variety of different op-
erating conditions. Depending on the desired travel Mach 

Motivation
This article contributes to the fi eld of multidisciplinary opti-
mization of turbomachines. Here, the focus is on the fan of a 
civil turbofan jet engine with a high bypass ratio. Conceptual 
design methods were used to determine the aerodynamic char-
acteristics. For more detailed analyses, a numerical 3D-CFD and 
3D-FEA model was set up for the take-off conditions of the fan 
(close to stall). Based on these results, the design was improved 
iteratively and manually regarding polytrophic effi ciency and 
mechanical stresses in the fi llet and the blade of the fan. 
 Recent developments in the product development process 
go beyond successive simulation and analysis of individual 
design solutions and results. Computational approaches for 
sensitivity analysis, optimization and robustness evaluation 
integrate a variety of simulation results to foster system un-
derstanding for engineering design. 
 The automation of the process and the numerical effort 
are challenges for such methods. The automated workfl ow is 
implemented in ANSYS optiSLang and ANSYS Workbench that 
includes a stable parametrized geometry model, automated 
meshing, CFD runs and post processing. 
 Due to the numerical demanding CFD simulations, an 
effi cient method is necessary to enable parametric studies 
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for the automated meshing of the fan domain. In CFD Post 
the output parameters like Π (pressure ratio) and polytro-
phic effi ciency are defi ned.
 Afterwards, a simplifi ed FEA in ANSYS Mechanical is 
added to avoid implausible geometries from the structural 
mechanics point of view within the optimization process. 
In order to accomplish a reasonable numerical effort, a 
solid body is modeled instead of using a skeleton coated 
with CFK. Moreover, the deformation and the stresses in 
the blade and the fi llet are of prime interest, the connec-
tion between the blade root and the hub disc is neglected 
in this analysis. The imported loads for the fan are the pres-
sure on the blade coming from the previous CFD calculation 
and the rotational velocity. The cylindrical support and the 
cyclic symmetry are the boundary conditions.
 Based on these results, the design was improved iterative-
ly and manually regarding polytrophic effi ciency, Π (pressure 
ratio), total deformation and mechanical stresses in the fi llet 
and the blade of the fan. Figure 2 depicts the fl ow around the 
airfoil at different operating points and span locations. It can 
be proven that the fl ow meets the blade at the right angle.

Results of the sensitivity analysis
As a framework for geometry model, meshing and solver 
runs (including the mapping of the pressure fi eld to the 
FEA) the ANSYS Workbench is used. This model was inte-
grated in ANSYS optiSLang for an optimization workfl ow.
 In order to ensure that the geometry and mesh can be 
generated and the solver covers the whole design space prop-
erly, a sensitivity analysis was carried out in ANSYS optiSLang. 
The design space was defi ned by the lower and upper bounds 
of the parameters. A sensitivity analysis scans the space and 
evaluates the variance of the inputs (e.g. geometry parame-
ters) in relation to the output parameters (e.g. Π pressure ra-
tio). For this purpose, the Design of Experiment is generated by 
an optimized Latin Hypercube Sampling [1]. For each sample, 
the output parameters are evaluated by the solver. With help 
of the Metamodel of Optimal Prognosis (MOP) approach [2] 
an optimal mathematical surrogate model (meta-model) was 
generated for each scalar response value. 
 In total, 188 of 200 designs for the sensitivity analysis are 
calculated successfully. In order to ensure the evaluation of 
the convergence, for each design relevant physical quantities 
are extracted. Consequently, 149 designs could be indicated 
as converged and after neglection of outliers 138 designs are 
used to generate the MOP. Figure 3 shows the MOP for the 
polytropic effi ciency with a CoP of 78% which used 18 input 
parameters (that have a signifi cant infl uence on the response) 
to build the meta-model. The leading edge radius at the hub 
(LERadius_i) and the length of the airfoil at layer 3 (LAirfoil_
Layer3) have the highest infl uence for the given parametriza-
tion. It has to be noted that the importance of parameters will 
change by using different parameter variation windows. In this 
example, the design was manually pre-optimized and there-
fore the variation window for the blade angles was set rather 

number, the spool speed and the mass fl ow rate change. 
Since the highest mass fl ow rates occur during the take-off 
(close to stall), these fl ight and thermodynamic conditions 
have been used in the design process. 
 For detailed analyses, a numerical 3D-CFD and 3D-FEA 
model was set up. For that, the parametric geometry was 
designed with the ANSYS BladeModeler. Global parameters 
for describing the main dimensions of the fan were kept con-
stant, while 25 parameters could be used to defi ne the shape 
of the blade itself. This included 5 parameters to describe the 
meridional plane, 8 parameters for the blade angles, 8 param-
eters describe the blade thickness and one parameter for the 
number of blades, blade lean circumferential and fi llet radius. 
 The appropriate defi nition of parameter dependen-
cies and bounds are essential in turbomachinery optimiza-
tion. Therefore, usually the parametrization is not suitable 
after the fi rst attempt. Consequently, for ensuring a stable 
geometry generation a Design of Experiments only for the 
geometries itself is useful. By statistical evaluation of failed 
designs, additional dependencies can be implemented, exist-
ing dependencies adapted and parameter bounds adjusted.
 Exemplary for this parametrization is the meridional 
plane and the blade angles, which are explained in the fol-
lowing in more detail. Five airfoils at different span locations 
defi ne the blade. Each airfoil has a length that is param-
etrized but not all are allowed to change within the Design 
of Experiments. Only the length at hub, shroud and the layer 
in the middle are adopted. The other lengths are adjusted ac-
cordingly. The leading-edge blade angles of the airfoils are 
are a second example, which varied independently at hub 
and shroud within the Design of Experiments. The other 
leading-edge blade angles are parameterized, but in order to 
ensure useful designs only hub and shroud are varied inde-
pendently. The three angles at the layers in between are var-
ied as parameters, but only in percentage within the current 
values of hub and shroud.

The boundary conditions of the steady-state analyses of a 
periodic segment are shown in Figure 1. At the inlet, fl ight 
speed and ambient temperature for the take-off conditions 
are defi ned. The outlet is split in the bypass with static pres-
sure and the LPC (low pressure compressor). At the open-
ing, the ambient pressure is set. The meshing for the un-
changed parts was conducted in ICEM. TurboGrid was used 

Fig. 1: CFD boundary conditions
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narrow. Thus, they have an infl uence (e.g. ReaktionRatio_o or 
betaIn_o), but not a dominating one. 
 Optional subsequent strategies that derive from the 
analysis are: a) increasing of the number of designs of the 
sensitivity in order to get a more accurate meta-models 
with a higher CoP value (this is very likely since the number 
of important variables is high and only 200 designs have 
been evaluated), b) to conduct a second sensitivity analysis 
in a narrower design space defi ned by the parameters of 
the best designs of the fi rst sensitivity or c) to do a pre-op-
timization on the given MOP and use this improved design 
for a direct optimization. Due to the numerical demanding 
CFD simulations, the third strategy was chosen.

Optimization
The main objective was the increase of the polytrophic ef-
fi ciency. Due to the requirements of the jet engine itself, the 
pressure ratio Π should be above 1,2. Moreover, the unaver-
aged stresses in the blade and the fi llet should not exceed 
1000 N/mm² and due to the tip gap of 6 mm the radial de-
formation of the blade must be under that value.
 The meta-models are used for pre-optimization, since 
the forecast quality of the effi ciency is almost 80%. Differ-
ent formulations of objectives and constraints can be eas-
ily tested, adapted and fast evaluated. In the left Figure 4 
the convergence of the Evolutionary Algorithm by using the 
MOP and the improvement of the objective is shown. This 
calculation of more than 3500 design evaluations is done in 
minutes, while one CFD run takes hours. As shown, the al-
gorithm starts in an area with lots of constraints violations 
(red) and moves in a subspace with less constraint viola-
tions (green) in the local search at the end. The best design 

Fig. 2: Flow around the airfoil at different span locations and operating points 

Fig. 3: Meta-model (top) and important parameters (bottom) 
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were indicated as important in the sensitivity analyses. 
Within a few iterations a further improvement was pos-
sible to an effi ciency of 92,8%, which is an increase of 1,9% 
compared to the manual optimized design. Again, all the 
mechanical constraints were fulfi lled and also the needed 
pressure ratio (Π) was reached. In Fig. 6 the velocity fi eld 
is shown an 0,5 span. In both designs, the fl ow meets the 
blade at the right angle and the maximum velocity is lightly 
reduced in the best design of the optimization.

Summary
A civil turbofan jet engine with a high bypass ratio was man-
ually optimized by conceptual design methods and with 
the help of a 3D-CFD and 3D-FEA model. This design was 
used as a basis for an optimization procedure with the ob-
jective to increase the polytrophic effi ciency while the pres-
sure ratio (Π), mechanical stresses in the fi llet and radial 
deformation had to fulfi ll given constraints. By conducting 
a sensitivity analysis, pre-optimization on the metamodel 
and direct optimization, the polytrophic effi ciency could be 
increased by 1,9% from 90,9% to 92,8% while the given con-
straints were still fulfi lled. 
 A possible next step is to add desired altitudes for the jet 
engine, which means for the optimization to include multiple 
operating points in one design evaluation. 
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has improved the polytrophic effi ciency by 1,7% from 90,9% 
to 92,6% (Fig. 5). After fi nishing the MOP-based optimiza-
tion, the best design candidates need to be validated with 
CFD/FEM runs.
 Based on this pre-optimized design an Adaptive Re-
sponse Surface Method (ARSM) was applied in a second 
step using CFD/FEM design evaluations. The start design 
was the best design from the pre-optimization and the al-
gorithm used the reduced number of parameters, which 

Fig. 4: Convergence history of Evolutionary Algorithms in the MOP (left) and direct optimization using an ARSM algorithm (right)

Fig. 5: Polytrophic effi ciency in optimization process

Fig. 6: Flow around an airfoil at span 0,5: manual optimized (top) and best 

design after optimization (bottom)

Manual optimized Best Sensitivity Opt. on MOP (validated) ARSM (Direct optimization)

Polytrophic Effi ciency [%] 90,94 92,01 92,63 92,83



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 144
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 144
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (ISO Coated v2 \050ECI\051)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads true
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /DocumentRGB
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


