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ABSTRACT
The increasing technological and environmental requirements for aircraft engines present
new challenges for modern compressor designs. To improve the overall compressor ef-
ficiency, the concept of shape morphing rotor blades is introduced. The application of
this concept to the NASA rotor 67 requires an aerodynamic redesign for multiple operat-
ing conditions. To cope with this increase in overall design effort, a time optimized C++
implementation of a streamline curvature methodology is introduced and applied to opti-
mize the vortex design for two shape adaption scenarios. Within this study, the SLC tool
showed good convergence for different swirl velocity distributions and design point oper-
ating conditions, while contributing to the resolution of a major conflict between aerody-
namic design and structural deformation requirements.
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NOMENCLATURE
ht total enthalpy
k constant
n control parameter
r radius
s specific entropy
q,m SLC grid coordinates
T temperature
Vθ circumferential velocity
Vm meridional velocity
ṁ mass flow

αi metal angle
βi relative flow angle
β, γ, φ, ε SLC grid angles
i incidence angle
λ stagger angle
ρ density
σ solidity
∆β blade turning
Acronyms:
DP Design Point

FV Free Vortex
MF Mass Flow
SLC Streamline Curvature
SA Shape Adaption
PM Performance Map
PR Pressure Ratio
Indices:
1,2,3: meridional positions
m: meridional
t: tip

INTRODUCTION
To reduce carbon emissions of future aircraft engines, the concept of shape adaptive com-

pressor blading is researched within the Excellence Cluster for Sustainable and Energy-Efficient
Aviation. The basic idea for this concept originates in the limitation to compressor or fan design
that the design point and the optimal blade design is chosen according to the prominent flight
phase of the later airplane. For other flight phases and therefore a variation in design point con-
ditions, the optimal blade shape differs from design point design, hence leading to a decrease in
operating efficiency. By applying piezoceramic actuators onto the blades’ pressure and suction
sides, spanwise turning and stagger can be changed, allowing for a shape morphing between
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different blade designs. With shape adaptive compressor blades, an optimum blade design for
every operating point is viable, keeping the overall compressor efficiency at a constant optimum
throughout the flight. This technology has already been successfully applied to a stagger an-
gle adaption of wind tunnel cascade blades by Krone et al. (2017). In this paper, the previous
work is continued by applying the shape adaption technology to the rotor blades of the transonic
NASA 67 stage. The focus of this research thereby lies on the influence of shape adaption on
the meridional design procedure.

Figure 1: Shape adaption concept and meridional view of the NASA 67 front stage

The application of shape adaption to the transonic NASA 67 front fan stage rotor described
by Hathaway (1986) immediately demonstrates a major impact on the design procedure. While
conservative design focuses on a single design point with a continuous performance map and an
improvement of off-design behaviour, a shape adaptive compressor is characterized by a discrete
performance map, with multiple different design points. With every discrete design point, rep-
resenting a different operating condition, a new design point geometry must be derived, which
significantly increases the overall design effort for the system. Additionally, new structural
boundary conditions and requirements related to the piezoceramic actuation and blade defor-
mation have to be considered during design. This poses new challenges for the applied design
methodologies, as the design effort for every operating point has to be kept to a minimum, while
aiming for high result quality. Despite the advancing increase in computing capacity and the
growing potential of 3D CFD simulations for the assessment of the complex three-dimensional
flows through turbomachinery, these numerical methods are not suited for the application to
shape adaption. A more fundamental and flexible design tool is required for the extensive de-
sign studies connected to the multi-design point approach. Therefore, a design framework,
including a streamline curvature throughflow approach, is created and implemented in C++, to
increase the overall calculation speed. Within this paper, the design framework is introduced
and an exemplary design study is conducted to transform the NASA 67 front stage rotor into a
shape adaptive system. Contrarily to previous research, this research concentrates on the adap-
tion of blade turning and the significance of vortex design for the applicability of the shape
morphing technology under consideration of structural boundary conditions.

METHODOLOGY
The key component of the introduced design framework is a streamline curvature through-

flow calculation tool. As already emphasized by Cumpsty (2004) and later confirmed by Acarer
and Özkol (2019), throughflow calculations are an indispensable tool for the early assessment
of design variations, as a major part of the design decisions is determined during the initial
1D and 2D design phases of turbomachinery design. Throughflow methodologies reduce the
complex three-dimensional flows through turbomachinery to a two-dimensional problem in the
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meridional plane (S2-plane), by assuming an axisymmetric and inviscid swirling flow field, as
generally theorized by Wu (1952). Starting from a complex equation system with seven inde-
pendent equations, Wu and Wolfenstein (1950) showed that by deriving and iteratively solving
the radial equilibrium, the complexity of the problem is significantly reduced. To systemati-
cally apply this procedure to the entire S2-plane, the streamline curvature (SLC) approach is
selected, motivated by the comparison of the matrix method and the SLC method, conducted
by Davis and Millar (1975). Due to the simplicity of the SLC methodology and the low core
storage requirements during calculation, emphasized by Davis and Millar (1975) as well as
Acarer and Özkol (2019), it is ideal for an implementation in C++ to reduce calculation time.
Within the streamline curvature approach, a number of meridional stream surfaces is prede-
fined and distributed in radial direction between hub and shroud. For the axial discretisation
and thus the application of the radial equilibrium equation, quasi-orthogonal lines are defined,
which are approximately perpendicular to the meridional stream surfaces. Starting point of the
SLC implementation is therefore the creation of an initial mesh grid within the calculation do-
main. The calculation domain is predefined by the designer, specifying the channel contour, the
inlet and outlet positions as well as the leading and trailing edges of the blades. After a pre-
liminary plausibility check, the geometry data is forwarded to the SLC environment, where a
b-spline based grid generator guarantees a high level of flexibility during the mesh creation. The
need for flexibilization within the grid generation becomes apparent as throughflow calculations
are increasingly required to include complex hub and shroud contours, radial turbomachinery
(Casey and Robinson, 2010), curved leading and trailing edges or bypass fan systems (Acarer
and Özkol, 2017). The adaption of the basic conservation equations for the SLC approach was
extensively researched by Novak (1967) and has since been widely used in turbomachinery de-
sign. The derivation and implementation of the equation system within the C++ environment
follows the works of Wennerstrom (2000) and Katsanis (1964), although the entropy terms in
Equation 1 are neglected for the following investigations.
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To evaluate the solution of the radial equilibrium, the continuity equation is mandatory
within the SLC approach and is accordingly adapted for the streamline curvature methodol-
ogy. The mass flow deviation at different axial control stations then serves as a control and
convergence criteria for the solution accuracy.

ṁ =

∫ shroud

hub

ρVmcos(φ+ γ) · (2πr − zBlσ)dq (2)

To close the equation system for the throughflow calculation, the work input is predefined
as a spanwise swirl velocity distribution at the leading and trailing edges of rotor and stator, as
proposed by Wu and Wolfenstein (1950). Equations 1 and 2 are resolved for the generated grid
with an initial guess for the meridional velocity. The integration of the continuity equation over
the channel height delivers a control value for the mass flow, representing the current solution of
the radial equilibrium. A comparison of the current mass flow with the initially specified target
mass flow shows, whether an adaption of the preliminary set meridional velocity is necessary.
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This process, which is also referred to as inner loop, is repeated until mass flow convergence
is achieved. After the inner loop reaches convergence, an outer loop verifies, whether the mass
flow within the streamtubes matches a predefined spanwise mass flow distribution. A disagree-
ment between calculated and predefined mass flow distributions triggers a repositioning of the
meridional streamlines. As a result, the streamline curvature terms in equation 1 and 2 are up-
dated and the inner loop is recalculated for the new mesh grid until convergence is obtained.
When the variation of Vm(q) as well as the required streamline correction drops under a pre-
defined tolerance of 10−8, the SLC method has reached full convergence and the flow quantity
distributions can be further processed. To increase numerical stability during computation, a
damping factor of 0.42 is implemented for the streamline repositioning, according to Wilkinson
(1969). The variation of Vm is controlled through a linear damping approach, providing a direct
interface to influence convergence behaviour.

With the vortex design as the driving input parameter for the applicability of shape morph-
ing blades and the aero-structural coupling, no further SLC model extensions have been imple-
mented for this research. For the finalization of the aerodynamic design of a shape adaptive
rotor however, factors such as flow incidence and deviation (Bullock and Johnson (1965)),
endwall blockage through boundary layer development (Banjac et al. (2015)) and shock oc-
currence within the blade passage of transonic rotors (Boyer and O’Brien (2002), Acarer and
Özkol (2019)) have to be considered to a certain extend.

The selection of a convenient swirl velocity distribution in the aerodynamic design of axial
turbomachinery has proven to have a major influence on the overall stage performance and is
therefore increasingly used as an active design parameter (Gallimore et al., 2002). While early
designs relied heavily on the application of constant work and swirl velocity distributions, due
to its simplicity, recent designs are increasingly using controlled vortex designs to specifically
influence spanwise loading and the meridional velocity distribution. An overview of prominent
alternatives to the Free Vortex Design (FV) is given in Wu and Wolfenstein (1950) and Grieb
(2009). The application of non-free vortex designs however increases radial flows and thus sec-
ondary flow losses within the blade rows, as pointed out by Vad and Horvath (2008) and Vad
and Bencze (1998), who researched the advantages and drawbacks of non-free vortex designs.
To evaluate the impact of the vortex design on the deformation requirement for the shape adap-
tive compressor blades, two vortex design approaches are generalized and adapted in order to
specifically influence the spanwise distribution of work for the application of shape adaption.
The free vortex design, used for the original NASA rotor 67 design (Hathaway, 1986) and the
SP36 vortex law introduced by Bullock and Johnson (1965). The generalized equation of the
free vortex based distribution is implemented as follows:

Vθ(r) = Vθ,t ·
(rt
r

)n
(3)

While n = 1 yields the original free vortex design, the exponent n can be used to control
the hub loading of the initial design. Due to the spanwise variation of the circumferential
velocity distribution with the adaption of n, a reference point has to be selected along the blade
span to define a constant reference value Vθ,ref for all vortex design variations. To directly
influence the transonic behaviour of the rotor, the tip is selected as the reference point for the
following investigations. Therefore, the hub loading is reduced by selecting n < 1, while n > 1
increases the amount of work at the lower blade sections. The SP36 vortex law already reduces
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hub loading by shifting the work input towards the rotor tip. Similar to Equation 3, the SP36
vortex law can be transformed into a more general form, without violating the velocity boundary
condition at the blade tip section.

Vθ(r) = Vθ,t

[
2 −

(
r

rt

)n]
(4)

For a n-factor of n = 1 the original form of the SP36 vortex law is obtained, while n <
1 leads to a further reduction of hub loading and n > 1 introduces a convex swirl velocity
distribution. Similar to Equation 3 the radial position of the blade tip is selected as reference.

EVALUATION OF SLC ACCURACY
The major disadvantage of the proposed design methodology is the simplification of the

complex three-dimensional flows through the turbomachine. For a better impact assessment
of the assumed simplifications within the SLC implementation, three-dimensional, stationary
RANS CFD simulations of the original rotor-stator configuration are conducted at the design
point and compared to the results of the SLC tool. For the mesh creation, a structured grid was
created with Autogrid, keeping the y+ value near the walls at approximately 1.0. The NASA
stage 67 is then simulated in Ansys CFX, using a k-ω turbulence model and a mixing plane as
interface between rotor and stator. To evaluate the accuracy of the SLC results, the meridional
velocity at the rotor leading (1) and trailing edge (2) as well as the circumferential velocity at
the trailing edge (2) are compared to the CFD results (see Figure 2).
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Figure 2: SLC solution for Vm (DP/n=1/Free Vortex) and comparison with CFD results

As the influence of boundary layer development on the meridional velocity distribution is
neglected in the presented SLC implementation, the CFD simulation predicts higher velocities

5



in the free flow area, while a velocity reduction at the sidewalls is visible. At the trailing edge,
the deviation between SLC results and CFD calculation is further amplified by tip vortex oc-
currence and corner separation at the blade hub. In the upper rotor trailing edge area of the
rotor, higher circumferential velocities are predicted by the CFD simulation, again indicating
the influence of three dimensional flow phenomena and the presence of secondary flows within
the blade passage. With a maximum relative inflow Mach number of 1.38 at the blade tip, the
blade shock interaction is expected to play a considerable role in the transonic flow regimes
of the rotor, which is an additional uncertainty introduced by the applied SLC implementa-
tion. Despite the aim, to keep the SLC implementation as simple as possible, the specified
simplifications have to be considered at a later design stage, as according to Cumpsty (2004),
especially neglecting endwall boundary layers, flow incidence as well as deviation lead to major
uncertainties.

SHAPE ADAPTION IN COMPRESSOR DESIGN
To define objectives for the application of shape adaption, a performance map is simulated

with the CFD set-up, described in the previous chapter. Within this research, simulation di-
vergence for throttled operating conditions is defined as an indicator for instabilities and the
onset of stall. As all simulations were stationary, it has to be remarked, that this does not fully
represent the real system operating behaviour. To assess the structural deformation feasibility,
the piezoceramic actuation of the reference rotor blade is modelled and simulated in Ansys
Mechanical. The structurally possible deformations are then evaluated according to the turning
definition in Figure 3 and compared to the aerodynamic design requirements. For this research
the piezoceramic actuation is optimized for a maximal deformation of blade turning, while the
stagger adaption is neglected due to its small magnitude over the blade span.

32 33 34 35 36
1.4

1.45

1.5

1.55

1.6

1.65

1.7

1.75
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Figure 3: Discrete performance map and schematic visualization of shape adaption

The application of shape adaption can follow three main goals within the performance map:
a mass flow adaption MF, an adaption of the pressure ratio PR and the adaption of both param-
eters (PM). Starting from the design point DP, defined in literature with a mass flow of 33.25
kg/s and a pressure ratio of 1.63 at a design speed of 16043 rpm, and under consideration of
the simulated operating limits, three exemplary new design points are defined in Figure 3. The
corresponding pressure ratios and mass flows then serve as an input for the vortex design and
the SLC calculation. After the relative flow angles βi and the spanwise distribution of turning

6



∆β are calculated for the reference design point condition and the new operating points, the
necessary adaption of blade turning ∆(∆β) is evaluated as follows:

∆(∆β) = ∆βDP − ∆βSA = ∆β1 − ∆β2 (5)

According to Equation 5, ∆(∆β) < 0 is related to a necessary increase in turning, while
∆(∆β) > 0 implicates a turning reduction requirement. The spanwise distribution of the turn-
ing adaption requirement ∆(∆β), provided by the SLC solution, then serves as a coupling
parameter between aerodynamic design and structural boundary conditions.

In an initial attempt to evaluate the influence of shape adaption on vortex design, the PR
adaption scenario is selected and compared to the structurally achievable deformation distribu-
tion. As the NASA rotor 67 was initially designed with the free vortex approach, the vortex
law is kept constant for the new design point. The increase in pressure ratio to 1.69 leads to an
increase in required deflection, which mostly affects the lower span area of the rotor due to the
free-vortex design approach (see Fig. 4a). While there is no major disadvantage visible from the
aerodynamic side at this point in the design process, the coupling to structural boundary con-
ditions reveals a severe conflict between aerodynamic requirements and structural deformation.
To cope with the strong centrifugal acceleration during operation, the rotor blades are mounted
over the full blade length, resulting in a high deformation resistance at the hub (see Fig. 1). This
however suppresses the deformation potential in an area, where the highest variation in turning
is expected, according to aerodynamic design (see Fig. 4b).
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Figure 4: βi and ∆(∆β) for different vortex designs, exemplary for the PR adaption scenario

To avoid this contradiction, the vortex design needs to be adapted to the deformation task.
As the hub loading directly impacts the necessary flow deflection at the hub, an adaption of the
free vortex design towards a unloading of the hub is proposed. Therefore, the design point ge-
ometry as well as the new design point are redesigned with a non-free-vortex design approach.
From Fig. 4b it becomes apparent, that both the adaption of the free vortex design as well as
the adaption of the SP36 swirl velocity distribution towards a reduced hub loading result in an
overall reduction of hub turning. As expected, the hub unloading decreases the shape adaption
requirement for the blade turning, but not sufficiently enough to fully eliminate the conflict
between aerodynamic turning requirements and structural deformation feasibility. This issue
could be resolved by further unloading the hub, which likely increases the non-uniformity in
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blade loading. According to Vad and Bencze (1998), an increase in non-uniformity however
leads to an increase of radial flow within the rotor, diminishing the efficiency benefits of shape
adaption. Consequently, a further reduction of the adaption requirement at the hub is only pos-
sible and rewarding, when the turning variation is compensated by an alternating vortex design
for the new design point. According to Equation 5 this is only achievable, when ∆βSA ap-
proaches the original flow deflection ∆βDP . For the present deformation set up, the increase
in pressure ratio and ∆βSA has to be compensated by reducing the hub loading for the new
operating point. The new design point is therefore redesigned with n < 1 for the free vortex
formulation and n = 1 for SP36 (see Fig. 4c). While the adjustment of the free vortex design
shows a good correspondence to the deformation requirements, the hub unloading of the SP36
vortex design is too extreme for the chosen design point variation. Figure 4c even indicates a
necessary turning reduction at the hub, in case the SP36 vortex design is applied. Further alter-
ations according to Equation 4 did not lead to any improvement of the deformation requirement
distribution. Therefore only the free vortex alternative is iteratively adjusted, until an optimal
turning adaption requirement is achieved for n = 0.85. Although the deformation requirement
is significantly reduced at the hub, a small adjustment requirement for blade turning remains and
has to be targeted during compressor profile design. Towards the blade tip, the blade turning
increases for the new operating point, matching the expected structural deformation behaviour.
A further decrease of n reduces the hub adaption requirement, but creates an opposite defor-
mation specification at approximately 140 mm and thus a spanwise variation of deformation
direction. It can be concluded, that a variation of the basic vortex design is an effective method
to align aerodynamic deflection requirements with structural boundary conditions, as long as
the applied vortex laws originates in the same basic mathematical formulation.
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Figure 5: βi and ∆(∆β) for a vortex design alteration during shape adaption, required for PM adaption

As suggested in Figure 3, the concept of shape adaptive compressor blading is not only
limited to an adjustment of the compressor pressure ratio. For a more detailed evaluation of
the effects of vortex law alterations, the PM-adaption scenario is selected and evaluated, also
considering aerodynamic design restrictions as well as the rotor-stator interaction. For the com-
bined adaption of mass flow and pressure ratio, a design point beyond the simulated stability
line of the compressor is selected. For a mass flow of ṁSA = 32 kg/s and an increased pres-
sure ratio of PRSA = 1.69 the necessary turning adaption for the shape morphing is as before
concentrated at the hub area of the blade for an overall n = 1 free vortex design. Similar to
the pressure ratio adaption, the n-factor in Equation 3 is iteratively decreased to reduce the high
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turning requirement at the hub. For n = 0.83 the deformation requirement in the lower blade
span area is significantly decreased, without provoking a spanwise variation of deformation di-
rection. With a further reduction of n, the hub deformation requirement is decreased, but a local
maximum of mandatory camber reduction occurs at approximately 150 mm. Comparable to
the previous scenario, results show, that shape adaption is only applicable for the upper part of
the rotor. For the lower part, the deformation requirement either remains high (n ≥ 0.83) or a
local deformation maximum occurs (n ≤ 0.83), which is not achievable by the piezoceramic
actuation. The deformations however have been reduced significantly for the hub area so that
an increased incidence stability might resolve the aero-structural contradiction at the hub.
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Figure 6: Evaluation of velocity distributions and diffusion factor, exemplary for PM adaption

With increased unloading of the hub area, the variation of circumferential velocity Vθ is
shifted towards the blade tip as expected. The non-uniformity of blade work input therefore
leads to an increased blade tip loading and a redistribution of meridional velocity over the
channel height. While a redesign with the free vortex design provokes a uniform reduction
of Vm, a radial dependency of the Vm alterations is clearly visible for reduced n-factors. Due
to the hub unloading, higher meridional velocities are predicted in the upper blade area, even
approaching the velocity level of the reference design point (see Fig. 6).

In order to evaluate the applicability of vortex law alterations from an aerodynamic point of
view, this study is concluded by taking the blade loading into account. The diffusion coefficient
is calculated according to Bullock and Johnson (1965) for the PM-adaption scenario. A com-
parison to the diffusion factor distribution in the design point is given in Figure 6. For the design
point, the diffusion factor shows a s-shaped distribution with a maximum at the near hub rotor
sections and in the tip area. A PM-redesign with a vortex factor of n = 1 increases the blade
loading at the hub, implying higher losses. By reducing the hub loading for the new design
point the diffusion factor is decreased in the lower half of the rotor area, but significantly in-
creased towards the blade tip. Consequently, by matching the shape morphing potential through
aerodynamic design, the blade tip area becomes increasingly critical for the rotor performance.
Amplified by high relative inflow Mach numbers, the importance of a convenient transonic and
supersonic blade design is indicated by these results.

Up to this point, only the variation of blade turning has been considered as a stand-alone
criteria. For an application of the shape morphing technology within the NASA 67 stage, the
rotor-stator interaction as well as the inflow conditions for the morphed rotor have to be taken
into account. Due to its good accordance with the structural deformation pattern, the PM adap-
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tion scenario with n = 0.83 is chosen for a further evaluation in this context.
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Figure 7: Meridional contour after shape morphing and evaluation of rotor and stator incidence

Under the simplifying assumption of an aerodynamic rotor incidence of iDP = 0◦ under
design point operating conditions, the incidence induced by shape adaption can be assessed
by taking the structural variation of the stagger angle ∆λ and the metal angle alteration at the
leading edge ∆α of the deformed geometry into account:

iDP,1 − iSA,1 = ∆λ− [(β1,DP − β1,SA) − (α1,DP − α1,SA)] (6)

If the required change of the relative inflow angle ∆β1 can not be compensated by a com-
bined structural adaption of the metal angle α1 and the stagger angle λ, shape adaption causes
an additional incidence iSA for the new design point. Depending on the relative inflow Mach
number and the detailed blade design, this can lead to an increase in total loss and therefore a
limited applicability of shape morphing in the rotor. Due to the focus of this investigation to
structurally maximise turning adaption, the rotor edges remain almost unaffected, indicating a
negligibly small stagger angle variation. This results in high incidences, especially in the lower
blade area (see Fig. 7). In order to reduce SA-induced incidence by an increase in stagger
angle morphing, a shift of the rotor edges is expected. As the rotor edges serve as a direct input
parameter for the SLC calculation, the morphed meridional rotor contour has to be taken into
account within the detailed rotor design.

With the adaption of stagger and turning, the relative outflow angle ∆β2 is influenced, ac-
cordingly, leading to a variation of flow incidence at the stator leading edge. This can cause
severe flow separations in the stator row, which again diminishes shape morphing applicability
due to a reduced stage efficiency. Based on the SLC results for the selected PM-adaption sce-
nario, an inflow incidence iSA,3 of approximately 4◦ for the stator can be expected. In order to
apply shape adaption technology to the NASA 67 front stage, the stator has to be adapted ac-
cordingly, either by a high incidence stability or further modifications, like active flow control
or variable stator vane technologies.

CONCLUSIONS
To cope with the increased design effort, associated with the application of shape adaptive

compressor rotor blades, a C++ implementation of a streamline curvature throughflow method-
ology was introduced and applied to transform the NASA rotor 67 into a shape morphing sys-
tem. The focus thereby lies on finding a vortex design, suited for satisfying aerodynamic as well
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as structural requirements. The usability of the SLC methodology was increased by embedding
it in a Matlab design framework, offering initial plausibility checks, preliminary assessments of
design decisions and various post processing routines. It is emphasized however, that the SLC
methodology is indeed a powerful design tool but lacks the accuracy of 3D CFD simulations.
Especially the neglect of endwall boundary development and transonic flow behaviour at the
blade tip of the chosen test case present two major contributors to result uncertainty.

To evaluate the impact of shape adaption on compressor design, the NASA rotor 67 was
redesigned for two discrete design points. The necessary turning adaption was calculated for
the new design points and compared to the feasible shape morphing induced by the piezoce-
ramic actuation. It was shown that by selecting the same vortex design for the design point
and the shape adaption, the deformation requirement is highest at the hub. This poses a major
conflict with structural requirements, as the deformation resistance also increases towards the
hub, limiting shape adaption potential in this area. An alleviation of this conflict was possible
by varying the vortex design during shape morphing, leading to a significant reduction of hub
deformation requirement. Instead the deformation requirement is shifted towards the blade tip,
causing a higher loading in the blade tip region. The evaluation of the velocity and diffusion
factor distributions confirms the importance of blade tip design for the applicability of shape
adaption in compressor and fan design. While a compromise between aerodynamic and struc-
tural design conditions could be achieved, the impact of radial flows, due to the application of
non-uniform work distributions has yet to be determined.
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