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Abstract

This paper presents a CFD-based method for the aerodynamic design of a high-pressure
compressor rotor blisk, taking into account manufacturing constraints. Focus is placed
on the influence of geometric deviations caused by the dynamic constraints of the milling
machine. Special attention is given to the leading edge region of the blade, where high cur-
vature results in increased sensitivity in both aerodynamic behavior and manufacturability.
The generic blisk geometry on which this study is based is characterized by an elliptical
leading edge. For the optimization, the leading edge is described by Bézier curves that
transition smoothly to the suction and pressure sides with continuous curvature and a
non-dimensional length ratio. In steady-state RANS parameter studies, the length ratio is
systematically varied while the chord length is kept constant. For the aerodynamic evalua-
tion of the design’s key performance parameters such as blade pressure distribution, total
pressure loss and compressor efficiency are considered. To evaluate the machine dynamics
for a given design, compliance with the nominal feed rate and the deviation between the
planned and actual tool tip positions were used as evaluation parameters. Compared to the
reference geometry with an elliptical leading edge, the purely aerodynamic optimization
achieved an isentropic efficiency improvement of +0.24 percentage points in the aerody-
namic design point and a profile deviation improvement of −3 µm in the 99th quantile. The
interdisciplinary optimization achieved an improvement of +0.20 percentage points and
−30 µm, respectively. This comparative study illustrates the potential of multidisciplinary
design approaches that balance aerodynamic performance goals with manufacturability
via a novel approach for Design-to-Manufacture-to-Design.

Keywords: design in manufacturing; aerodynamics; aeroengine; compressor; optimization;
milling; 5-axis machining; dynamic; kinematic; Design-to-Manufacture-to-Design

1. Introduction
High-pressure compressors (HPCs) are among the most critical components in modern

aero engines, playing a central role in determining thermal efficiency, fuel consumption,
and overall engine performance [1]. Within these compressors, blade design is a decisive
factor, as it directly influences aerodynamic efficiency, stability margins, and the structural
integrity of the rotating components. Consequently, the design of compressor blades is
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a highly multidisciplinary task that must take into account fluid dynamics, structural
mechanics, and the influence of manufacturing processes.

However, at the beginning of the development and design process of components with
complex functional surfaces, specific boundary conditions of the manufacturing process
have so far only been taken into account to a limited extent [2]. Manufacturing is only
brought into the process after all the engineering disciplines involved in the design (e.g.,
aero and structural mechanics) have been worked through and a nominal design has been
created [3]. Consequently, the manufacturing department seeks to develop a manufacturing
process that is as stable as possible within the specified tolerance limits of the CAD model
that is based on the nominal design. From the perspective of the relevant design disciplines,
as well as from the manufacturing side, separate solution spaces exist in which an optimized
design can be achieved. To identify an interdisciplinary optimum, it is essential to also
evaluate the component design based on its manufacturability.

Anderson and Klein [4] found that for centrifugal compressors, the optimal design is
not necessarily the most efficient from an aerodynamic and structural–mechanical point
of view (design optimum), but rather the one that incorporates manufacturing at an early
design stage to enable the economically and ecologically optimized manufacturing of
the component (interdisciplinary optimum). A work methodology that emphasizes the
parallelization of tasks is assigned to the area of concurrent engineering, also known as
simultaneous engineering. In the domain of aero engine development, Joly et al. [5]
and Gishu et al. [6] have previously explored this approach. However, the focus of
these studies was on the interplay between aero and structural mechanics and did not
include manufacturing.

The leading edge region of a compressor blade is one of the most critical areas of
the entire blade profile with respect to shape deviations and has a particular influence
on the loss behavior and the operating range of the compressor [2,7–9]. Liu et al. [10]
showed that the shape of the leading edge has a very strong influence on the development
of the boundary layer and that potential boundary layer separation is closely related to
the geometry of the leading edge. Goodhand and Miller [11] studied the effect of local
pressure peaks in the blade pressure distribution for different leading edge geometries
(circular, elliptical, and continuous curvature) and defined a criterion for spike-induced flow
separation. They concluded that a continuous-curvature leading edge is the best because
it allows the greatest leading edge thickness while keeping the flow attached over the
range of incidences studied. Song et al. [12] demonstrated through numerical calculations
that maintaining curvature continuity at the leading edge blend point helps to eliminate
a separation bubble, thereby enhancing blade performance. Their findings, supported
by theoretical analysis, indicate that two factors govern the leading edge pressure spike.
Specifically, they identified the curvature discontinuity at the blend point as the dominant
factor at small incidences and the nose curvature as the primary factor at large incidences.

Describing the edge of a blade as a curvature-continuous curve improves not only the
aerodynamics of a blade but also its manufacturability [13]. It circumvents a high change
of curvature, thus preventing the process from exceeding the machine’s dynamic limits.
This improves quality, precision, and efficiency [14]. In recent years, several methods have
been developed to consider the process design during the component design phase [15–18].
Only Damtew et al. [18] consider the machine dynamics. Exceeding the operational limits
of a machine will inevitably lead to discrepancies between the planned and the actual
tool path. Thus, considering a machine’s dynamics is essential, in order to obtain, e.g., a
constant feed rate. To address this, Damtew et al. provide a novel and efficient method
to predict feed rate deviations according to a 2D blade cross-section. Thus, allowing an
optimization during the early design phase of a high-pressure compressor.
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In this article, we devise and investigate a new interdisciplinary optimization method
that introduces into the aerodynamic optimization additional manufacturing-related con-
straints based on [18]. We validate our results by milling one reference geometry of a blisk
and two differently optimized geometries. In Section 2, we introduce the new optimization
method and our methodology. In Section 3, we analyze the geometries according to their
manufacturability and aerodynamics. Finally, in Section 4, we draw a conclusion.

2. Methodology
2.1. Blisk Model

We used a blisk model that is representative of a high-pressure compressor (HPC)
rotor with double circular arc (DCA) blades. The model incorporates three-dimensional
design features such as blade twist and bow, as well as forward sweep at the tip. The
leading and trailing edges are defined by ellipses that transition tangent-continuous into
the DCA profile. It is important to note that aerodynamic optimization was not performed
on this model. A comprehensive description of the blisk can be found in [19].

To enable a flexible parameterization of the leading edge geometry for subsequent
optimization, we described the leading edge using fifth-degree Bézier curves. This approach
provides a smooth and curvature-continuous transition into the suction and pressure sides,
thereby approximating the original elliptical profile. This approach enables precise control
over the local curvature distribution. We characterized the leading edge geometry by the
ratio of the local thickness d at the point where the leading edge merges into the suction
and pressure sides to the length of the leading edge segment l (Figure 1). This d/l ratio
served as the central design variable in our study and was systematically varied to assess
its influence on aerodynamic performance and manufacturing feasibility.

Reference Geometry
Optimized Geomtry

Figure 1. Graphical representation of the leading edge ratio d/l, indicating where the curvature-
continuous optimized contour departs from the reference geometry.

The aerodynamic evaluation was carried out at the design operating point of the blisk
model, which corresponds to a rotor speed of 12,000 rpm and a midspan-relative Mach
number representative of cruise conditions. At this operating point, the relative Mach
number at the midspan is approximately 0.4, placing the flow clearly in the subsonic regime.
The Reynolds number, based on axial chord length and total conditions, is approximately
9 · 105. These conditions are representative of the front stages in high-pressure compressors
and provide a realistic basis for evaluating the aerodynamic sensitivity of leading edge
modifications. No incidence angle variations were applied, as the focus was on the sensitiv-
ity of the leading edge geometry rather than the overall performance of the blisk under
varying inflow conditions.
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2.2. Optimization Methodology

In this section, we first introduce methods to assess the aerodynamic performance
and the manufacturability of the blisk model. Secondly, the workflow of the optimization
process is described.

2.2.1. Aerodynamic Assessment

For the assessment of aerodynamic performance parameters, we solved the three-
dimensional Reynolds-averaged Navier–Stokes (RANS) equations using the flow solver
TRACE, a joint development of the German Aerospace Center (DLR) and MTU Aero
Engines AG. Detailed specifications on the models implemented in TRACE can be found
in [20]. We used the finite volume solver of TRACE with second order spatial accuracy.
Convective fluxes are discretized using the total variation diminishing upwind scheme of
Roe, whereas diffusive fluxes are discretized using a central scheme. Turbulent effects were
modeled by the k-ω-SST model by Menter et al. [21] with the Kato–Launder stagnation
point correction [22]. Transition on the blade surfaces was modeled by the γ-Reθ transition
model [23]. Boundary layers were fully resolved by ensuring a non-dimensional wall
distance y+ ≤ 1 on all walls. We used structured multi-block meshes with a total of
approximately 2.5 million cells for one rotor passage and conducted steady-state analyses.
A mesh convergence study was was conducted on the reference geometry to verify the grid
independence of the results. Four different grid resolutions ranging from 0.8 to 4.1 million
cells were evaluated. As shown in Figure 2, the relative deviations in isentropic efficiency
and mass flow were evaluated with respect to the baseline mesh containing 2.5 million cells.
The results show that for the finer mesh, both parameters converge with deviations below
0.01%, confirming that the selected mesh resolution provides a reliable balance between
accuracy and computational effort.
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Figure 2. Relative change in isentropic efficiency and mass flow with respect to the baseline mesh
(2.5 million cells) for four different grid resolutions between 0.8 and 4.1 million cells, evaluated for
the reference geometry.

2.2.2. Assessment of Manufacturability

In order to assess the manufacturability of a geometry in its initial design phase, we
employed an algorithm introduced by Damtew et al. [18]. This algorithm analyzes a 2D
blade cross-section in conjunction with the dynamic constraints of the milling machine in
four steps:

I. Compute WCS tool tip positions, given the 2D blade cross-section and the addi-
tional inputs detailed in Table A1.

II. Compute the axes’ positions in MCS for each WCS point.
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III. Compute the ratio of each MCS velocity, acceleration and jerk and the machine’s
theoretical limits.

IV. Return the highest ratio.

To estimate the WCS positions in Step I, the algorithm assumes the additional inputs,
such as the side tilt angle, to stay constant throughout the whole operation. A ratio of
greater than one suggests that the machine’s dynamic limits will be breached. Damtew
et al. demonstrated that this algorithm achieves an accuracy of 86% in predicting these
deviations. As an approximation of the cross-section of the blade and to serve as an input
for the algorithm, we utilized a composite of Beziér curves and linear line segments.

2.2.3. Workflow

Two optimization strategies were applied to investigate the impact of the leading
edge geometry on aerodynamic performance under varying design constraints: a purely
aerodynamic approach and an interdisciplinary approach incorporating manufacturabil-
ity considerations.

In the aerodynamic optimization, a series of leading edge geometries was generated
by systematically varying the leading edge ratio while keeping both the chord length and
the blend point between the suction and pressure side constant. In addition to maximizing
aerodynamic efficiency, the optimization aimed to minimize curvature in the leading edge
region to reduce flow sensitivity and enhance robustness. A numerical optimizer was
employed to adjust the positions of the control points of the Bézier curves describing the
leading edge. The objective was to minimize the maximum curvature while ensuring
that the resulting contour remained close to the original elliptical shape. Additionally,
a constraint was enforced to ensure a G3-continuous transition to both the suction and
pressure sides. This ensured not only curvature continuity but also curvature–gradient
continuity, avoiding abrupt curvature jumps, which can lead to sharp pressure gradients
and flow separation. For each selected leading edge ratio, a corresponding blade geometry
was created and evaluated using steady-state CFD simulations. The isentropic efficiency
served as the primary performance metric. Among the candidates, the geometry with the
highest efficiency was selected as the optimal aerodynamic design.

Building upon the aerodynamic optimization, the interdisciplinary approach intro-
duced additional manufacturing-related constraints into the optimization loop for gen-
erating new leading edge geometries. Here, the manufacturability evaluation function
described in Section 2.2.2 was integrated into this process to ensure manufacturing feasibil-
ity. Specifically, the maximum dynamic ratio computed by the algorithm was incorporated
as a penalty term into the objective function of the optimizer. This ensured that geometries
likely to violate machine dynamics were systematically disfavored during the design pro-
cess. The optimization routine thus aimed to identify leading edge shapes that minimize
manufacturing difficulties while maintaining aerodynamic potential. Each geometry was
subsequently analyzed using steady-state CFD simulations to evaluate its aerodynamic
performance. As in the aerodynamic optimization, the isentropic efficiency served as the
primary evaluation metric. The final design was selected from this set as the geometry that
offered the best aerodynamic performance while satisfying the manufacturability criteria.

2.3. Manufacturing Process and Data Acquisition

Given the two new optimized geometries, we continued with the CAM planning. In
order to mill the geometries, we applied the block strategy or waterfall machining [24]. This
is a technique to suppress chatter by dividing the blade into individual blocks, which are
processed sequentially. Based on experience in manufacturing the original geometry, we
divided the blades of each geometry into seven blocks of varying height, with the hub and
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the fillet not being included in any of the seven blocks. Each block consists of a roughing,
semi-finishing and finishing operation, resulting in six different kinds of tools necessary
to mill a single blade. During finishing of each block, we used a ball end mill of diameter
12 mm, with four teeth and a cantilever length of 105 mm. Additionally, we set the feed per
tooth fz to 0.06 mm.

The machine’s tolerances influence how many feed or positional deviations can be
observed. Hence, we chose them such that feed and positional deviations are more likely
to occur to ensure a more rigorous analysis of each geometries’ manufacturability. Table 1
shows the defined tolerances for the finishing operations of the blade airfoil.

Table 1. Machine tolerances for each finishing operation.

Block no. 1 2 3–7

Chord tolerance 0.02 0.02 0.01

Angular tolerance 0.05 0.01 0.01

For every blade variant, two blades were fabricated, all of which were milled from a
single Ti64 ASTM B348 (Grade 5) disk. The milling process itself was performed on a GF
Mikron HPM 800U HD. Throughout the milling process, we collected data on the position,
orientation, and actual feed rate from the Siemens Sinumerik 840D sl. Comparing them
with their intended counterparts gives us insight into the actual manufacturability of the
different geometries, although in this paper we focus on the feed rate. Following this, both
blades of each geometry were scanned using the Zeiss ATOS Q 12M. This allows us to
determine the aerodynamics of the manufactured parts, as well as their profile deviations,
in the next step.

3. Results
In the previous section, we introduced an existing optimization method alongside a

newly developed one. Utilizing a reference geometry in conjunction with these optimiza-
tion methods, we derived two new geometries—an aerodynamic (aer.) optimum and an
interdisciplinary (int.) optimum. In this section, we will perform a comprehensive analysis
of the acquired process data during machining, as well as the optical measurements of
blade profile deviations obtained from quality inspections.

3.1. Evaluation of Manufacturability

In this section, we assess and compare the manufacturability of each geometry by
analyzing the amount of feed deviations along the edges of the blade and the profile
deviations along the whole blade.

To analyze the feed rate deviations along the edges of each blade, we sorted them into
three different categories—low (0–10%), medium (10–30%) and high (30–60%)—depending
on their severity. No deviation higher than 60% occurred during manufacturing. Figure 3
shows the number of feed deviations that occurred during the finishing operation of each
block, excluding block 4, where data acquisition was not completed as intended.
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Figure 3. Difference in the number of feed deviations (dev.) between the reference geometry and the
respective optimum. Only feed deviations along the edges of a blade are considered.

As can be seen, the interdisciplinary optimum has much fewer feed deviations during
the manufacturing of the first block, compared to the aerodynamic optimum. For blocks
three to six, the number of deviations of both optima are similar, and for block seven, the
interdisciplinary optimum has 28 fewer high deviations than the aerodynamic optimum.
Only for block two does the interdisciplinary optimum seem to have performed worse
than the aerodynamic optimum, with 32 more high deviations. Table A2 gives a more
extensive overview of the number of feed deviations. Thus, according to the number of
feed rate deviations, both optima perform similarly and are preferred over the reference
geometry. This implies not only a better manufacturability but also a higher productivity.
The fact that both optima outperform the reference is also reflected by the performance
indicator of Damtew et al. [18]. The algorithm predicted a better manufacturability of 23.5%
for the aerodynamic optimum and 43.1% for the interdisciplinary optimum, compared to
the reference. Thus, even though the objective of manufacturability was only considered
during construction of one of the optima, both perform better than the reference geometry.
This is most likely due to the construction of the blades’ edges. For both geometries, the
edges were constructed via continuous Bézier curves. Therefore, the geometries avoid
discontinuities and are less likely to exceed the dynamic limits of the machine tool.

Further, we analyze the quality of the manufacturability by inspecting the profile
deviations. Determining the profile deviation of a single blade requires first computing
a best fit between the scanned and intended geometry. In order to reduce the influence
of distortion, we perform a best fit for each block separately. Figure 4 shows the profile
deviation of the measured and the ideal blade geometry given the block-wise best fit. Since
the best fit is performed block-wise, the seven blocks can be made out distinctly within
Figure 4.

Aer. Ref. Int. Aer. Ref. Int.

−60.0 0.0 60.0 140.0 [µm]

Figure 4. Profile deviations of the suction side (left) and the pressure side (right). The geometries are
arranged as follows: aerodynamic optimum, reference and interdisciplinary optimum.

As shown by Figure 4, the interdisciplinary optimum exhibits the least amount of
profile deviation and is more homogeneous throughout than the others. This is further
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exemplified by Table 2. It shows the 99th quantile (Q99), median, mean and standard
deviation (std) of the profile deviations for each geometry. In addition to showcasing that
the interdisciplinary optimum has the least profile deviation, Table 2 also shows that the
aerodynamic optimum exhibits a higher profile deviation than the reference.

Table 2. Absolute profile deviation of manufactured geometries. Profile deviations of optima are
given as the difference between the reference’s deviation and their actual deviations.

Geometry Q99 [µm] Median [µm] Mean [µm] Std [µm]

Reference 95 30 35 25

Aer. optimum −3 +13 +6 −2

Int. optimum −30 +6 −1 −10

Hence, in terms of feed deviations, both new optima perform better than the reference
but still similar to each other. Meanwhile, in terms of profile deviation, the interdisciplinary
optimum performs best, the reference performs second best, and the aerodynamic optimum
performs the worst. Therefore, the interdisciplinary optimum is preferred over the other
two geometries, in terms of manufacturability. This might explain why the algorithm [18]
predicted twice the manufacturability improvement for the interdisciplinary optimum
compared to the aerodynamic optimum, thus further proving the predictable capabilities
of the algorithm by Damtew et al.

3.2. Evaluation of Aerodynamics

In this section, we assess and compare the aerodynamic performance of the three
blade geometries by analyzing blade surface pressure distributions, total pressure loss, and
isentropic efficiency obtained from CFD simulations. The evaluation was conducted for
both the nominal design geometries and the actual manufactured geometries, as obtained
through optical scanning.

The results show that both optimized variants led to improved aerodynamic perfor-
mance compared to the reference geometry. The aerodynamic optimum achieved a gain
of +0.24% in isentropic efficiency, while the interdisciplinary optimum achieved +0.20%
(Table 3). Although the difference between the two is small in absolute terms, it is significant
in the context of high-pressure compressor design, where even fractional efficiency gains
can translate into substantial improvements in engine performance and fuel consumption.
In both optimized geometries, the peak curvature at the leading edge was substantially re-
duced through the use of G3-continuous Bézier curves. As a result, the pressure coefficient
distribution along the suction side showed a less pronounced maximum in the stagnation
region, leading to reduced total pressure losses and a more uniform flow development
downstream. This also contributed to improved boundary layer behavior and potentially
enhanced off-design robustness.

Table 3. Effect of manufacturing deviations on stage efficiency: comparison of reference and opti-
mized blade geometries.

Isentropic Efficiency Gain [%]

Geometry Nominal Manufactured

Reference +0.00 +0.00

Aerodynamic optimum +0.24 +0.19

Interdisciplinary optimum +0.20 +0.11
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A detailed comparison of the suction side pressure distributions at mid span and near
the blade tip (Figure 5a,b) reinforces these trends. At mid span, the reference blade shows
a sharp suction peak (cp < −0.6) near the leading edge, followed by a smooth pressure
recovery. The optimized designs exhibit significantly lower peak suction levels, suggesting
moderate acceleration and improved boundary layer stability.
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Figure 5. Suction side pressure coefficient distributions for the reference, aerodynamically optimized,
and interdisciplinary optimized blades. (a): mid span section (nominal); (b): tip section (nominal);
(c): mid span section (manufactured); (d): tip section (manufactured).

The differences become even more pronounced near the blade tip, where three-
dimensional effects such as tip leakage and secondary flows reduce the effective loading.
Here, the reference blade reaches a peak suction coefficient close to −1.1, while both opti-
mized variants remain below −0.6, indicating a substantial mitigation of adverse pressure
gradients and associated losses. Furthermore, the optimized designs show a more favor-
able and gradual pressure recovery, which helps delay possible flow separation in this
critical region.

To assess the impact of manufacturing deviations, the manufactured blades were
scanned and analyzed using the same CFD methodology. The predicted aerodynamic
improvements for the optimized blades with nominal geometries were significantly greater
than those observed for the actual geometries of the manufactured blades. The aerodynamic
optimum achieved approximately 80% of the predicted efficiency gain, whereas the interdis-
ciplinary optimum reached only about 50% of the expected improvement (cf. Table 3). This
discrepancy is attributed to geometric deviations introduced during the milling process
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and data reconstruction of the optical scans, particularly curvature discontinuities at the
leading edge caused by the segmentation of the surface model.

Figure 5c,d show the suction side pressure coefficient distributions in the mid span
and tip regions for the manufactured blisk. In the mid span section (Figure 5c), the
reference blade exhibits a sharp suction peak followed by a local pressure plateau and a
delayed recovery, suggesting the presence of a small separation bubble near the leading
edge. This behavior is typical for over-accelerated flows and is often associated with
increased boundary layer instability and higher local loss generation. In contrast, both
optimized designs, especially the aerodynamically optimized one, show smoother pressure
distributions with significantly reduced peak suction and a more gradual pressure rise,
indicating better flow attachment and suppressed separation.

The tip distributions (Figure 5d) show similar trends but with amplified differences.
The reference geometry again reaches a high suction peak (cp ≈ −1.7) followed by a
pronounced pressure plateau, which reinforces the interpretation of a persistent separation
bubble or at least a highly decelerated boundary layer. The optimized variants, on the other
hand, maintain more moderate suction levels and exhibit smoother and more continuous
pressure recovery. This indicates improved boundary layer behavior and highlights the
robustness of the optimized leading edge shape even in regions affected by strong three-
dimensional flow phenomena like tip leakage and secondary vortices.

Overall, these comparisons demonstrate that the optimized geometries not only pro-
vide aerodynamic advantages in the design configuration but also retain favorable flow
characteristics under real manufacturing conditions. The mitigation of leading edge separa-
tion and the reduction in peak suction gradients contribute directly to lower total pressure
losses and improved blade performance across the span.

4. Conclusions
In summary, we developed a methodology that facilitates the optimal aerodynamic

design of components with complex functional surfaces while accounting for the man-
ufacturing constraints inherent to a milling process. This methodology was validated
through the optimization of the blades of a high-pressure compressor blisk model. We
demonstrated that the interdisciplinary optimum, which integrates aerodynamics and man-
ufacturing, facilitates enhanced manufacturability, accompanied by only modest tradeoffs
in aerodynamic efficiency.

The methodology can be applied independently of the manufacturing machine used.
However, in order to apply this method to other free-form surfaces, it is necessary to extend
the tool path approximation of the algorithm used to assess manufacturability.
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Appendix A
Appendix A.1

The predictive algorithm by Damtew et al. [18] requires a few additional input
parameters, detailed in Table A1. Even though the parameters differ throughout the
different blocks, they were kept constant to determine the worst-case scenario. Hence, the
tool radius was set to the smallest one used, since using a tool with a smaller radius, will
result in tighter tool paths around the blade, therefore increasing the curvature and thus
the chance for feed deviations.

Table A1. Input parameter for the assessment of manufacturability.

Tool Radius
[mm]

Feed Rate
[mm/min]

Side Tilt
Angle [deg]

Translation
[mm] Orientation

3 1 1146 5

−25
181.3
135

 0 1 0
0 0 −1
1 0 0


1 Tool radius used to finish the blade’s fillets.

Appendix A.2

During the manufacturing of the three different blade geometries, the actual feed was
recorded. Table A2 shows the number of feed deviations, binned according to their relative
intensity. The relative intensity is the relative difference between actual and command feed.

Table A2. Number of feed rate deviations along the edges. Deviations of the optima are given relative
to the reference.

Block Relative Drop Reference Aer. Optimum Int. Optimum

1
0–10% 4 +46 +18
10–30% 6 +51 +20
30–60% 11 0 +25

2
0–10% 4 −4 +3
10–30% 3 −3 +6
30–60% 0 0 +32

3
0–10% 11 −2 +5
10–30% 35 −35 −34
30–60% 3 −3 −3

5
0–10% 55 −20 −8
10–30% 71 −22 −23
30–60% 40 −33 −29

6
0–10% 29 36 +8
10–30% 45 −11 +25
30–60% 124 −124 −124

7
0–10% 56 −49 0
10–30% 55 −31 −22
30–60% 73 −32 −60
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