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Abstract

Jet engines must reduce their fuel consumption to meet recent societal demands. Because a high pressure
ratio and high bypass ratio are needed for reducing fuel consumption, recent jet engines tend to be ’small-
core’. One aspect of a small core is that the influence of dimensional tolerance is relatively large. Therefore, it is
necessary to develop a design method for robustness against small cores by considering geometric uncertainty.
In this study, the effect of geometric uncertainty on compressor rotor blades for jet engines was investigated
using a 2D CFD. Geometric uncertainty is represented using the PBDMFFD method, and three types of airfoils
with different LE shapes are used as baseline geometries. The deformation is applied only near the LE, and
the direction of the deformation is set to be normal to the chord line to change the metal angle. First, to
validate the CFD analysis, the CFD results of the nominal airfoils are compared with experimental results, and
a qualitative agreement is observed in the characteristics of performance due to differences in LE shapes and
sensitivity to incidence angles. Next, deformations are applied to each airfoil, and the analysis of the changes in
performance caused by the geometric uncertainty is conducted. The results are organized by the normalized
loss coefficient, and it is shown that the variance of the performance due to geometric uncertainty differs
depending on the baseline airfoil. In terms of the maximum value and variance, the values differ significantly
for each airfoil, while in terms of the minimum value, the values are approximately the same for all airfoils.
These results are important for understanding the relationship between the LE geometry and performance,
and they provide insights for future robust optimal design.
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1. Introduction
The global initiative toward a sustainable society, as outlined in the Sustainable Development Goals
of the United Nations, has intensified the demand for carbon-neutral solutions in all industries. In
aeronautical engineering, research on sustainable aviation fuels is being conducted to achieve a
carbon neutral society. Simultaneously, a reduction in fuel burn is essential. To reduce fuel burn, the
weight and specific fuel consumption (SFC) must be reduced.
To achieve a lower SFC, modern jet engines are inclined toward higher bypass ratios (BPR) and
higher overall pressure ratios (OPR). According to Kato et al. [1], increasing the BPR and OPR
resulted in a lower final-stage blade height. The physical size of the final stage is indicated by the
corrected flow rate of the compressor outlet, and it is used to determine the core size. With high BPR
and OPR, the turbofan engine tends to have a small core. A critical challenge with these downsized
components is that their performance becomes more sensitive to manufacturing tolerances, where
small geometric deviations can lead to performance degradation [2]. This requires the integration of
a geometric uncertainty analysis into the design process [3].
In a previous study, we simulated geometric uncertainty by applying global disturbances to the en-
tire airfoil to evaluate performance variability [4]. This study identified a strong correlation between
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Figure 1 – Relationships between the LE thickness and the adiabatic efficiency [4].
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Fig. 3: Curvature distribution along the leading edges

discontinuity at the blend points, whereas the curve of the continu-
ous curvature leading edge merges with the profile surface without
an abrupt jump. The wedge angle of the leading edge at the blend
points is about 30◦ and the ratio of the elliptical leading edge is
1.8:1. The aspect ratios of the leading edges defined by the ratio of
leading edge length l and maximum leading edge thickness d are as
follows: (l/d)cont.curv. = 1, (l/d)elliptical = 0.6, (l/d)circular = 0.4.

EXPERIMENTAL SETUP
Linear cascade wind tunnel

The tests were carried out in the institute’s linear cascade wind
tunnel which is shown in Fig. 4. The rig is designed for measure-
ments on compressor cascades [10, 11], as well as turbine cascades
[12]. In recent years, the wind tunnel was used to quantify the in-
fluence of manufacturing deviations on profile aerodynamics (e.g.,
[11]) and to provide detailed measurements for CFD model opti-
mization.

A 2 MW electrical motor powers a multi-stage radial compressor
that provides compressed air to the wind tunnel at a mass flow rate
of up to ṁ= 5.5 kg/s and total pressure of up to pt = 1.8 ·105 Pa. At
the end of the supply pipe, a Venturi nozzle is mounted to measure
the mass flow. A settling chamber first homogenizes and reduces
the flow turbulence. Through a passive turbulence grid, turbulence
is generated in order to set a well-defined turbulence intensity of
Tu = 2.6 % in the measuring section. After passing the turbulence
grid, a convergent nozzle accelerates the flow and changes the cross-
section from circular to rectangular. The dimensions of the inlet
sections are 200 mm x 80 mm and the distance between nozzle end
and center airfoil leading edge is 800 mm. The measuring section
(Fig. 5) consists of the airfoil cascade, traversable probes upstream
and downstream the cascade and wall pressure taps. It is located in
the middle of the test rig and placed between two turnable round
sidewalls. This allows a variation in the inlet angle of between
40◦ ≤ α1 ≤ 160◦. Since the inlet channel is fixed to the rig casing,
turning the test section would lead to different distances between
airfoils and sidewalls in the pitchwise direction. For this reason, the

Measuring section
Settling chamber

Venturi nozzle

Outflow chamber

Fig. 4: Linear cascade wind tunnel

top and bottom of the inlet channel can be moved horizontally and
the number of airfoils in the cascade can be varied in order to ensure
sufficient flow periodicity between the two blade passages around
the center airfoil. After passing the measuring section, a sudden en-
largement of the cross-section in the spanwise direction generates
constant backpressure on the test section. The outflow casing ends
in discharge lines which, depending on the operating point, end in
the exhaust (open circuit) or at the inlet of the air supply compres-
sor (closed loop). This flexibility allows for independent Reynolds
number and Mach number variation.

Instrumentation
Fig. 5 gives an overview of the measuring planes in the test

section. Inflow conditions are measured in measuring plane MP1a.
A 2D-traversing unit allows traverses with five-hole, Pitot or triple
hot-wire probes in y- (pitchwise) and z- (spanwise) direction. The
static pressure for the calculation of the inlet Mach number M1 and
Reynolds number Re1 is captured by 19 wall pressure taps in mea-
suring plane MP1d with spacing of ∆y/t = 0.06. Furthermore, this
measuring plane and MP2 are used to calculate the non-periodicity
index according to [13] for periodicity evaluation. The cascade out-
flow of the center passages can be traversed by a combined Pitot-
five-hole probe or a triple hot-wire probe in three dimensions be-
tween 1 < x/bax ≤ 2 and 0.06 ≤ z/h ≤ 0.94. Surface pressure mea-
surements are taken at the profile surfaces adjacent to the center
airfoil, so that wake measurements behind the center airfoil are not
affected by pressure taps. Due to manufacturing limitations, it was
not possible to place pressure taps on the leading edges. The first
pressure tap is therefore located at the blend point of the suction and
pressure side. In addition to the measuring planes, the total pressure
and total temperature are measured in front of the turbulence grid
in the settling chamber by three Pitot probes and three resistance
temperature devices, respectively.

For all pressure measurements, despite the inlet and outlet pres-
sure measured by the Pitot probes in MP1a and MP2, a psi Pres-
sure Systems Rackmount Pressure Scanner 98RK-1 was used with
a pressure range of 0.69 bar. The inlet total pressure pt1 and outlet
total pressure pt2 were measured by high-precision Mensor differ-
ential (CPR2550, 0.8 bar range) and absolute (CPT 6100, 1.8 bar
range) pressure transducers, respectively. All differential transduc-
ers used the ambient pressure as reference. It was measured by a
Mensor CPR2550 barometer. The five-hole probes were evaluated
using a lookup-table approach and a correction method as described
in [14].

The hot-wire measurements were conducted using individually
designed triple wire probes manufactured by Imotec Messtechnik
with 9 µm platinum-tungsten wires and a Dantec Streamline Pro

Figure 2 – Baseline airfoils for CFD analysis [6].

the leading-edge (LE) thickness (a geometric parameter) and the adiabatic efficiency (a performance
parameter), as shown in Figure 1. Although this method is efficient and effective in applying manufac-
turing variation to the entire blade, it is not suitable for representing local uncertainties confined to the
LE region or geometric uncertainties involving changes in the metal angle. To address these limita-
tions, the Physics-Based Direct Manipulated Free-Form Deformation (PBDMFFD) method proposed
by Yamazaki et al. [5] is introduced. Conventional Free-Form Deformation (FFD) method deforms
a shape by controlling points of a control box; while defining the deformation is straightforward, the
calculation lacks physical meaning, often resulting in non-intuitive deformed shapes. On the contrary,
PBDMFFD extends conventional FFD by incorporating physical significance into the deformation pro-
cess. Furthermore, it allows for the control of Pilot Points (PP), offering the advantage of generating
intuitive deformed shapes.
Against this background, the objective of this study is to evaluate the variation in compressor airfoil
performance caused by local geometric uncertainty and to obtain insights for the final goal of estab-
lishing a robust design system for compressor blades that can account for manufacturing uncertainty.
Local geometric uncertainty is applied using PBDMFFD, and steady-state, 2D Computational Fluid
Dynamics (CFD) is performed using Ansys CFX. Three airfoils shown in Figure 2, whose perfor-
mance characteristics were experimentally evaluated by Lang et al. [6], were selected as baseline
geometries: one with a circular LE (Circular), one with a continuous curvature LE (Continuous Cur-
vature) , and one with a elliptical LE (Elliptical). For these three airfoils with distinct LE geometries,
manufacturing variations are simulated by altering the shape near the LE. Equivalent variations are
applied to all baselines to analyze how performance variability differs between the three geometries,
thereby evaluating the characteristics of each airfoil with respect to manufacturing geometric uncer-
tainty. The final goal is to quantify the uncertainty through these CFD analyses, which clarifies the
impact of geometric uncertainty on the performance of the compressor airfoil.
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(a) FFD deformation

(b) PBDMFFD deformation

Figure 3 – Example of FFD deformation and PBDMFFD deformation.

2. Methodology
2.1 PBDMFFD
In this study the PBDMFFD method is used to apply local geometric uncertainty to the baseline
airfoils. The PBDMFFD was introduced by Yamazaki et al. [5] and is an extension of the conventional
FFD method. The conventional FFD and PBDMFFD methods deform a shape by using a control box,
which covers the shape to be deformed shown in Figure 3. The difference between the two methods
is the definition of the control points. Equation (1) is the foundational equation of the FFD method,

∆x = B ·∆P, (1)

where ∆x is the displacement of the shape or Pilot Points (PP), B is the blending function, and ∆P is
the displacement of the control points.
In the conventional FFD method, ∆P is firstly defined as a design variable. Then, the displacement
of the shape ∆x is calculated using Equation (1). Figure 3a shows an example of the deformed
airfoil using the FFD method. Two control points are defined near the LE and the suction side of the
airfoil. This method is straightforward and easy to calculate, but the deformed shape has no physical
meaning, and it is difficult to represent the intended deformed shape.
On the other hand, in the PBDMFFD method, ∆x is the displacement of the shape and PP, and it is
the design value. First, the displacement of PP is defined, and the displacement of the control points
∆P is calculated by using Equation (1). To determine ∆P, the deformation energy w is introduced as
Equation (2):

w =
1
2

∫
Θ

[
λ (ε1 + ε2 + ε3)

2 +2µ
(
ε

2
1 + ε

2
2 + ε

2
3 +2

(
ε

2
4 + ε

2
5 + ε

2
6
))]

dQ, (2)

where λ and µ are the Lamé’s constants. In this study, the Poisson’s ratio was set to ν = 0.3. The
displacement of control points ∆P is determined with the minimization of the deformation energy w.
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The calculation of ∆P for all control points is completed, then the displacement of the shape ∆x, which
includes the displacement of PP, is re-calculated using the calculated ∆P and Equation (1). Figure 3b
shows an example of the deformation with the PBDMFFD method. Two PP are set to near the LE and
the suction side of the airfoil and three fixed points are set to TE and the mid-chord of the airfoil. While
this method needs more calculation cost than the conventional FFD method, the desired deformation
can easily be achieved and the deformed shape has physical meaning. Therefore, the PBDMFFD
method is suitable of this study, which apply local deformation in the intended direction to the airfoil.
In this study the damping function is introduced to avoid discontinuities at the boundary of the control
box. The damping function is defined as Equation (3),

f (s) =



0 if s ≤ sstart

sin
(

π

2
s−sstart

∆up

)
if sstart < s < sstart +∆up

1 if sstart +∆up ≤ s ≤ send −∆down

sin
(

π + π

2
s−send
∆down

)
if send −∆down < s < send

0 if send ≤ s

, (3)

where s is the local coordinate of the control box. In this study, each parameter of the damping
function is set as follows: sstart = 0.1, send = 1, ∆up = 0.02, and ∆down = 0.01. The detail of the PBDMFFD
method is described in the original paper by Yamazaki et al. [5].

2.2 CFD Setup
The commercial CFD software Ansys CFX is used for the flow analysis. The simulations solved
the Reynolds averaged Navier-Stokes equations for a compressible ideal gas by using the shear
stress transport turbulence model. The computational domain is shown in Figure 4. To reduce the
computational cost, the flow through the cascade assumed periodic and mid span flow was modeled
as a 2D flow, therefore, the computational domain was set to a single pitch and 2D domain. The
inlet boundary condition was set as a Mach number of 0.7 and a total temperature of 319 K. The
flow angle at inlet and the static pressure at the outlet was specified by the experimental results. The
initial condition was set as a nominal results of each airfoil, and the convergence was determined by
the stabilization of the loss coefficient, the performance parameter of the compressor airfoils. The
loss coefficient ω was calculated with upstream total pressure and static pressure, and downstream
total pressure,

ω =
pt,1 − pt,2

pt,1 − ps,1
, (4)

where pt,1 is the total pressure at upstream, pt,2 is the total pressure at downstream, and ps,1 is the
static pressure at upstream.

Inlet

Outlet

Periodic

Wall

Refinement area

Figure 4 – Computational domain for CFD analysis

4



INITIAL GEOMETRIC UNCERTAINTY ASSESSMENT IN COMPRESSOR AIRFOILS USING PBDMFFD

Figure 5 – Computational mesh for CFD analysis
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Figure 6 – The result of the grid independence study

Figure 5 shows the computational mesh generated using Ansys Mechanical. The mesh was refined
near the wall to capture the boundary layer and wake region. The airfoil boundary layer mesh was
constructed to satisfy the condition of y+ ≃ 1. A grid independence study was conducted with five
meshes, ’ultra fine’, ’fine’, ’medium’, ’coarse’, and ’ultra coarse’, in Subsection 3.1.

3. Results and Discussion
3.1 Comparison of Experimental and CFD Results
For the first step, the study of the grid independence is conducted. Five meshes, ultra fine, fine,
medium, coarse, and ultra coarse, are generated and the CFD analysis is conducted for each mesh.
Each mesh has different number of nodes, 2.02, 1.28, 0.87, 0.41, and 0.36 million nodes, respectively.
Figure 6 shows the results of the grid independence study. The horizontal axis is the number of nodes,
and the vertical axis is the error of the loss coefficient ω compared to the ultra fine mesh, which is
considered as the reference solution. In this grid independence study, the continuous curvature
leading edge case at the incidence angle of 0° is used as the test case. From the result, the error of
the medium mesh is less than 0.5%, which is considered as acceptable for this study. Therefore, with
considering the computational cost, the medium mesh is used for the CFD analysis in this study.
Next, to validate the CFD results, the CFD results and the experimental results are compared. The
experimental results are cited from the paper by Lang et al. [6]. Figure 7 shows the comparison of
the CFD results and the experimental results. The normalized loss coefficient ωnorm is calculated with
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Loss polar
The main objectives of the new leading edge are the reduction

of losses and an improvement in working range in terms of the in-
cidence range, as defined by the maximum allowed loss coefficient.
The averaged parameters for the loss coefficient ωnorm and the out-
let flow angle α2 are therefore the most important values for assess-
ing the different leading edge geometries. The loss polars of all
three leading edge geometries investigated in this paper are shown
in Fig. 11a.

The outlet flow is measured with the combined Pitot-five-hole
probe which is sketched in Fig. 5. The total pressure measurements
of the Pitot probe and five-hole probe were compared during the
entire test campaign and the difference was found to be lower than
the measuring uncertainty of the Pitot probe. The five-hole probe is
therefore used in order to obtain the flow angle and the total pressure
at the same time. Since the measuring uncertainty of the five-hole
probe is about ten times higher than for the Pitot probe, the uncer-
tainty of the Pitot probe is used to calculate the uncertainty of the
averaged loss coefficient.

All three loss polars show a well-known behavior with minimum
losses at design inflow angle and increasing loss coefficients to-
wards positive and negative incidences. As expected, the profile
with continuous curvature leading edge has the lowest loss coeffi-
cients, followed by the elliptical leading edge profile. Based on
Fig. 11b, which shows the differences in loss coefficient

∆ω =
ω −ωcont.curv.

ωcont.curv.
(8)

of elliptical and circular leading edges compared to the optimized
one, the magnitude of the loss reduction can be quantified. At de-
sign incidence, the loss coefficient of the continuous curvature lead-
ing edge is reduced by 15.4 % compared to the circular leading
edge and by 3.1 % for the elliptical leading edge. At maximum pos-
itive incidence, the difference increases to 40.2 % and 20.6 %, re-
spectively. At negative incidences, the loss coefficients show higher
sensitivity and the discrepancy further increases (circular: 45.7 %,
elliptical: 21.3 %). The working range of the new continuous cur-
vature leading edge enlarges significantly, e.g., the incidence range
is twice as wide as for the circular leading edge, assuming the same
loss limits.

Fig. 12 shows the influence of incidence on the outlet flow angle
α2. Each polar is corrected by its on-design value because of the
large measuring uncertainty of ∆α =±0.5◦. As such, only relative
comparisons are possible. The increase in incidence is accompa-
nied by an increase in flow angle for all three leading edges, which
means that the deviation angle increases. In the case of the continu-
ous curvature leading edge, the outlet flow angle increases only by
∆α2 = α2,max −α2,min = 1◦ for the incidence range considered in
this study, whereas the elliptical and circular leading edges lead to
increases of ∆α2 = 1.7◦ and ∆α2 = 2.1◦, respectively. This overall
trend fits in well with the improved operating range, although the
flow angle hardly changes for negative incidences, while the losses
increase significantly. The reduction of outlet angle-dependence on
flow incidence is of great benefit to multi-stage compressors be-
cause the flow misalignment is reduced in subsequent stages, and
so the losses in these stages also decrease.

Surface pressure distribution
Goodhand and Miller [1] identified pressure spikes near the blend

point of the leading edge and profile surface as the main cause for
the leading edge dependent losses. Since the investigated profile is
used in a state-of-the-art compressor, it is not possible to provide
absolute values in terms of isentropic Mach number distribution.
However, the following has been observed in the absolute isentropic
Mach number distribution Mis(x/bax) near to the leading edge:

• Indications for pressure spikes, with a local maximum fol-
lowed by a local minimum in the isentropic Mach number just
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Fig. 11: Loss polar for all three leading edge geometries (a) and
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behind the leading edge, were observed on the suction side for
the circular leading edge at i = 0◦ and 1.5◦ and for the ellipti-
cal leading edge at i = 1.5◦ on the suction side. The maxima
are marked in Fig. 13 with red circles.

• For the elliptical and circular leading edge at higher incidences
(i = 3◦ and 5◦), the maximum isentropic Mach number is mea-
sured at the first profile pressure tap. There is no local mini-
mum velocity in the vicinity of the leading edge on the suction
side. It is therefore not possible to distinguish between pres-
sure spike and profile pressure distribution.
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Figure 7 – Comparison of CFD results and experimental results.

the loss coefficient of the continuous curvature leading edge at the incidence angle of 0° ωcont.curv.,0◦ .

ωnorm =
ω

ωcont.curv.,0◦
, (5)

In Figure 7, for all cases, the CFD results are smaller than the experimental results. This is because
the CFD analysis is 2D, while the experiment is 3D.
The experiment of compressor airfoils [6] was conducted in 3D. The distribution of the loss coeffi-
cient at the measurement plane in the behind the airfoil shows that the loss coefficient distribution
in the spanwise direction is non-uniform, with larger loss coefficients near the wall compared to the
mid-span. This non-uniform distribution of the loss coefficient in the spanwise direction cannot be
reproduced by 2D CFD analysis, which results in smaller loss values in the CFD results compared to
the experimental results.
However, the CFD results can represent the qualitative characteristics of the experimental results.
In Figure 7, the experimental and CFD results show that the continuous curvature leading edge
has the smallest normalized loss coefficient at all incidence angles, followed by the elliptical leading
edge, and the circular leading edge has the largest normalized loss coefficient. The sensitivity to
the incidence angle also shows good agreement between the experimental and CFD results. The
continuous curvature leading edge has the lowest sensitivity, and the circular leading edge has the
highest sensitivity. For each airfoil, the normalized loss coefficient at minus incidence angles is larger
than that at plus incidence angles. From these results, the CFD results are qualitatively consistent
with the experimental results.

3.2 Performance Variability Due to Geometric Uncertainty
Using the CFD setup described in Subsection 2.2 and the medium mesh, 512 deformed airfoils
were randomly generated with Gaussian random distributions for each baseline airfoil by using the
PBDMFFD. In this study, as shown in Figure 8, the deformation was applied to the LE region (from
0 to 10% of chord length) of the airfoil, and the PP was set to the LE as a moving point and the
10% chord point as a fixed point. The direction of the deformation was set normal to the airfoil chord
line, and the deformation amplitude was defined as the standard deviation of a Gaussian random
distribution corresponding to 1° of the metal angle.
Figure 9 shows the distributions of the normalized loss coefficients for three airfoils at the incidence
angle of −3°. Because the difference in the loss coefficient between the three airfoils at the incidence
angle of 0° is small, as shown in Figure 7, the incidence angle of −3° was selected. In Figure 9,
the results reveal that the mean and maximum values of the normalized loss coefficients for circular
leading edge are largest, followed by the elliptical leading edge, and the continuous curvature leading
edge has the smallest values. On the other hand, the minimum value is approximately the same for
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Figure 8 – Setup example of control box and PP for PBDMFFD in this study.
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Figure 9 – Normalized loss coefficients of deformed airfoils.
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Figure 10 – Loss distribution corresponding to deformation.

all three airfoils. The largest variance is observed in the circular leading edge, followed by the elliptical
leading edge, and the continuous curvature leading edge has the smallest variance.
Figure 10 shows the geometries of the deformed airfoils colored according to the normalized loss
coefficient ωnorm to analyze the relationship between the loss coefficient and the geometry of the
airfoil. The black line represents the nominal geometry. Note that the range of the color bar is different
for each airfoil. From Figure 10, the distributions of the deformed LE geometries are almost symmetric
with respect to the nominal geometry for all three airfoils. On the other hand, the distributions of the
normalized loss coefficient corresponding to the deformed geometries are not symmetric with respect
to the nominal geometry. The increment of the normalized loss coefficient caused by the deformation
of the LE geometry in the ’upper’ direction, which is the direction of increasing the metal angle, is
larger than the decrement of the normalized loss coefficient caused by the deformation in the ’lower’
direction, which is the direction of decreasing the metal angle.
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3.2.1 Unsymmetric Behavior of Loss Coefficient with Respect to Deformation Direction
In this study, the deformation was applied using the PBDMFFD method with the Gaussian random
distribution. Therefore, the deformation was modeled as an elastic deformation, and the deformed
geometries do not exhibit significant deviations from nominal geometry, except near the boundaries
of the control box. That is, although the deformation in this study modifies the region near the LE, the
change in the LE geometry itself is small. Instead, the primary effect of the deformation is the change
in the metal angle caused by variations in the camber near the LE.
The incidence angle is defined by the LE metal angle of the airfoil and the inflow angle of the main
flow. Hence, the change in the loss coefficient caused by the variation in the metal angle of the LE
can be considered to exhibit a similar trend to that of the loss coefficient variation associated with
changes in the incidence angle. As shown in Figure 7, at the incidence angle of around −3°, the
nominal airfoils exhibit a large variation in the sensitivity of the loss coefficient to the incidence angle,
and the sensitivity tends to increase as the absolute value of the incidence angle becomes larger.
From the above discussion, the variation in the loss coefficient caused by the deformation is attributed
to the change in the camber near the LE, which leads to a change in the metal angle. Although the
deformation itself is symmetric, the resulting variation in the loss coefficient is asymmetric, which is
considered to arise from the fact that the deformation is introduced in a region where the sensitivity
of the loss coefficient to the incidence angle varies significantly for the nominal airfoil.

3.2.2 Differences in Maximum Loss Coefficients and Their Variances among Airfoils
To investigate the locations where the loss is generated, the Mach number and entropy distributions
for nominal airfoils and deformed airfoils exhibiting the maximum loss coefficient for each airfoil are
shown in Figure 11 and Figure 12. The entropy is defined as follows:

s = cp ln
(

T
Tref

)
−R ln

(
p

pref

)
, (6)

where cp = 1004.4 J kg−1 K−1 is the specific heat at constant pressure, R = 287.05 J kg−1 K−1 is the
gas constant, T is the temperature, p is the pressure, and Tref = 25 °C and pref = 1 atm are the
reference temperature and pressure, respectively. As shown in Figure 11, the entropy distributions
indicate that, for all three airfoil configurations, there exists a region near the LE on the pressure-side
surface where the entropy becomes extremely large. This region corresponds to a low-Mach number
region, as shown in Figure 12. From these results, the increase in the loss coefficient is considered
to be caused by flow separation near the LE on the pressure-side surface of the airfoil.
Examining the separation behavior from the Mach number distribution in Figure 12, no significant
separation is observed in the region near the LE for the continuous curvature LE airfoil, and a thin
boundary layer can be seen developing from the LE. For the elliptical LE airfoil, a slight separation is
observed that is not present in the continuous curvature LE, and a thicker boundary layer develops
downstream of the separation compared to the continuous curvature LE. For the circular LE airfoil,
a larger separation region is observed compared to the elliptical LE, and an even thicker boundary
layer develops downstream of the separation compared to the elliptical LE. These difference in the
separation behavior can be attributed to the magnitude of the curvature of the LE geometry of the
airfoil.
Before mentioned in Subsection 3.2.1, the deformation in this study does not significantly change
the LE geometry itself, but rather modifies the region connecting the LE to the region with smaller
curvature, which is a common feature among the three airfoils. In the circular LE airfoil, because
the magnitude of the curvature in the LE region is small, the acceleration near the LE is relatively
mild. However, the difference in curvature between the LE region and the connected region where
the curvature is reduced by the deformation becomes large, which is considered to promote flow
separation. On the other hand, in the continuous curvature LE airfoil, the magnitude of the curvature
in the LE region is large, resulting in a more abrupt acceleration near the LE. However, the nominal
geometry is defined such that the curvature is continuously connected, therefore, even if the curvature
of the connecting region becomes small due to the deformation, the change in curvature at that region
is relatively small. As a result, the flow near the LE follows the geometry, and flow separation is less
likely to occur.
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(a) Cont. Curv.

(b) Circular

(c) Elliptical

Figure 11 – Entropy distribution of deformed airfoils with maximum loss coefficient. Upper: Nominal;
Lower: Maximum.
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(a) Cont. Curv.

(b) Circular

(c) Elliptical

Figure 12 – Mach number distribution of deformed airfoils with maximum loss coefficient. Upper:
Nominal; Lower: Maximum.
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(b) Circular
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Figure 13 – Mach number distribution comparison between deformed airfoils with minimum and
maximum loss coefficients.

3.2.3 On the Minimum Achievable Loss Coefficient
To investigate the minimum achievable loss coefficient for each airfoil, the airfoil surface Mach number
distributions of the deformed airfoils exhibiting the minimum loss coefficient for each airfoil are shown
in Figure 13. From Figure 13, for all three airfoils, the airfoil surface Mach number distributions of the
deformed airfoils with the minimum loss coefficient show that the abrupt velocity change near the LE
is gentler compared to the nominal geometry. The abrupt velocity change to rapid pressure recovery
is one of the main factors contributing to the increase in the loss coefficient, and the deformation
to the lower direction, which reduces the metal angle, is considered to mitigate this factor, leading
to a decrease in the loss coefficient. On the other hand, the existence of a lower limit for the loss
coefficient for all three airfoils in this study can be attributed to the fact that the deformation was
applied only in the LE region (from 0 to 10% of chord length). Therefore, a reduction in the loss
coefficient due to factors other than the mitigation of the abrupt velocity change near the LE cannot
be expected. In fact, for all three airfoils, the flow field and Mach number distribution downstream of
the deformation region shows little change, indicating that the deformation primarily affects the flow
near the LE, and the flow field downstream of the deformation region remains largely unchanged.
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4. Conclusion and Future Work
In this study, the performance variability of three airfoils with different LE geometries was investi-
gated by introducing geometric uncertainties and performing 2D CFD analyses. The CFD results for
the nominal airfoils, which were not deformed, showed qualitative agreement with the experimental
results, confirming the validity of the CFD analyses in this study. For the deformed airfoils, the distribu-
tions of the performance parameters exhibited clear differences among the three airfoils, particularly
in terms of the maximum values and variances. The continuous curvature LE airfoil is designed such
that the curvature is continuous at the connecting region. Therefore, even if the curvature at the
connecting region is reduced by the deformation, the resulting change in curvature remains small.
Consequently, compared to with the other airfoils, the flow tend to follow the geometry, suppressing
flow separation, which is considered to lead to smaller maximum values and variances in the perfor-
mance distribution. On the other hand, the circular LE airfoil does not have a continuous curvature
at the connecting region. As a result, when the curvature at the connecting region is reduced by the
deformation, the change in curvature becomes large, which promotes flow separation. Consequently,
the maximum values and variances in the performance distribution are considered to become larger.
The elliptical LE airfoil has an intermediate LE geometry between the continuous curvature LE and
circular LE airfoils. Therefore, the occurrence of flow separation is not as significant as in the circular
LE airfoil, but it is not as suppressed as in the continuous curvature LE airfoil. Consequently, the
maximum values and variances in the performance distribution are considered to take intermediate
values between those of the continuous curvature LE and circular LE airfoils. The result that signifi-
cantly different performance distributions are obtained even when similar geometric uncertainties are
applied to airfoils with different LE geometries demonstrates the importance of performance evalua-
tion considering geometric variability. Furthermore, these findings are expected to contribute to the
development of knowledge for future robust optimal design. In this study, the analyses were per-
formed for only one inflow condition. In the future, analyses for other incidence angles and analyses
with different deformation regions will be conducted to gain insights for robust optimal design.
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