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Abstract

This paper highlights recent activities associated with the design of an uninstalled open fan
propulsor for next-generation civil aircraft in the high-subsonic flight regime. The concept
comprises a transonic propeller—rotor and a subsequent guide vane, which are both subject
to pitch-variability in order to account for the strong variations in flight conditions over the
entire mission profile. The engine-scale design aimed for high technological maturity and
to comply with a high number of industrially relevant requirements to ensure a competitive
design, meeting performance requirements in terms of high efficiency levels at cruise
and maximum climb conditions, operability in terms of stability margins, good acoustic
characteristics, and structural integrity. During the design iterations, rapid 3D-RANS-based
optimisations were only used as a conceptual design tool to derive sensitivities, which were
used to support and justify major design choices in addition to established relations from
propeller theory and common design practice. These design-driven optimisation efforts
were complemented with more sophisticated CFD analysis focusing on rotor tip vortex
trajectories and resulting in unsteady blade row interaction to optimise the guide vane
clipping, as well as investigations of the entire propulsor under angle-of-attack conditions.
The resulting open fan design will be the very basis for wind tunnel experiments of a
downscaled version at low and high speed.

Keywords: open fan propulsion system; optimisation; CFD; propulsive efficiency; harmonic
balance

1. Introduction

In order to reduce fuel consumption, and consequently aviation emissions, recent ef-
forts have been made to develop and research new engine technologies for next-generation
aircraft. The open rotor concept has been present intermittently since the 1970s with the
advantage of eliminating the drag of the outer nacelle and its weight compared to high
by-pass ratio ducted fans. However, numerous challenges arise with its design, such as
keeping the efficiency levels and the noise emissions at high mach numbers, as reported in
Degeorge [1] and Mitchell and Mikkelson [2].

The work of this paper is carried out within the frame of the PANDORA project, with
the objective of developing a single open fan design that is compliant with the representative
specifications. Groeneweg and Bober [3] and Baum et al. [4] highlight the test results of
different single-rotation fan models, with a positive outcome on high efficiency and noise
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generation, in both cruise and take-off points, which is possible with thinner and highly
swept rotor blades to deal with compressiblility losses. The use of swirl recovery vanes
(SRV) is also mentioned to be a promising feature for single-rotation fans as in contra-
rotating open rotors (CROR), but with a quieter and mechanically less complex element.
Furthermore, new methods to assess the main noise radiation for open rotor configurations
are necessary, such as the one presented in Daydé-Thomas et al. [5].

The first part of the paper deals with the conceptual design of the open fan propulsor.
The design efforts are based on a number of existing designs reported in the open literature
for isolated high-speed propellers with and without swirl recovery, such as the work of
Dittmar and Hall [6] and Stokkermans et al. [7], as well as CROR studies [8-10]. More
recent efforts supporting the open fan concept are reported by Tantot et al. [11].

The theoretical potential of the open fan is first of all driven by an increased propulsive
efficiency compared with current ducted propulsors. With no swirl, ideal and non-installed
propulsive efficiency levels might be substantially increased when moving from fan pres-
sure ratios of current turbofan engines in the order of 1.35-1.45 to values of 1.03-1.05 [8]
due to the reduction in excess kinetic energy (see Figure 1). To take advantage of this during
the design process, multiple configurations are optimised to achieve the desired one that
complies with the specifications for a medium-sized aircraft, together with CFD simulations
to assess its performance characteristics. Additionally, a preliminary acoustics assessment
is conducted for the design, varying the value of the stator clipping to avoid rotor—stator
blade interaction noises. Finally, the results for non-zero angle-of-attack conditions are
presented, where the disturbances caused in the flow field are noticeable.
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Figure 1. Propulsive efficiency and flight Mach number at different levels of fan pressure ratio (FPR).

This paper firstly introduces the methodology and setup for the design of the open
fan in Section 2. In this section, details of the CFD simulations, as well as the optimisations,
are described in order to guide the desired design strategy. Moreover, the performance
metrics of the fan are also defined in Section 2.4. Subsequently, the results, together with
the discussion, are presented in Section 3. An initial description of the conceptual design
is outlined in Section 3.1, which includes an investigation of the main metrics driving the
design, together with sensitivity studies for key design parameters. Consequently, with
a satisfactory open fan geometry, Section 3.2 presents the performance and operability of
the design, in addition to the flow field analysis for the main operating points. Finally, two
key aspects related to unsteady effects are investigated in Section 3.3: the acoustics and the
angle-of-attack conditions. This article is a revised and expanded version of a paper with
the same title, which was presented at European Turbomachinery Conference in Hanover
on March 2025 [12].
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2. Design Methods

In this section, the methodology used to assess numerically the design is first described,
together with a mesh sensitivity study. Next, the design strategy is presented for the
sensitivity studies conducted for different design characteristics.

2.1. Flow Solver

All CFD simulations presented in this paper are conducted using TRACE [13]. TRACE
is a flow solver which has been developed by DLR in close cooperation with MTU aero-
engines. The domain includes the spinner, together with the hub, rotor, and stator. The
far-field boundary is set at a distance equal to 5 times the blade height (see Figure 2).
The dimensions for the setup are imposed considering the impact of the placement of the
far-field boundaries on the main performance metrics based on measured data for a contra-
rotating open rotor, which can be found in the work of Schenll et al. [10]. The computational
domain, unless otherwise stated, corresponds to a single passage for the rotor and stator, in
combination with periodic boundary conditions. For the steady simulations, a mixing plane
with non-reflecting boundary conditions was used at the rotor—stator interface. Regarding
the spatial discretisation, all of the results below were obtained through a finite volume
scheme based on the Roe flux, MUSCL second-order extrapolation, and a van-Albada
type limiter.

Far field
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Figure 2. Open fan geometry and computational domain.

For the steady-state cases, RANS simulations are employed during optimisation and
performance characterisation of the design.

2.2. Mesh Sensitivity

Two different grids are generated with Autogrid to check the mesh sensitivity of
the case. Firstly, a coarse mesh with approximately 1 million cells and using Wilcox
k — w [14] turbulence model with Spalding [15] wall functions formulation is generated
for the optimisation process in order to accelerate the computations. This setup allows for
stability and computational efficiency during the optimisation process. Subsequently, a
finer-resolution mesh (with 5.4 M cells), with y* & 1 and a turbulence model k — w Menter
SST [16], is compared with the first mesh to evaluate its sensitivity on the main performance
parameters. The two grids present good agreement for the results between them at the
design point, which is maximum cruise (MXCR), in terms of thrust levels and flow field
characteristics. However, for off-design conditions, such as take-off (TKOF), the coarse
mesh fails to predict the correct thrust levels, efficiency, and working range that are present
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in the finer one. Therefore, the latter is used to provide the performance characterisation to
ensure higher fidelity of the optimisation results.

2.3. Design Strategy

During the design process, multiple optimisations are set up to achieve the desired
design, considering geometrical, performance, and mechanical requirements. The main
objective is to conduct a series of sensitivity studies to comprehend the effect of the main
design parameters on the aero-performance. Each optimisation has a small number of
variable free parameters to identify how they impacted the overall performance of the
open rotor. For all the studies, the two objective functions are to maximise two efficiencies
(Equations (4) and (5)) that will be introduced and discussed in Section 2.4. Both efficiencies
need to be targeted in order to find a compromise between the two. Pseudo-efficiency is
the main focus for single-row isolated blade design, and effective efficiency is the measure
taking into account the interaction of the blades and the hub. Furthermore, the pseudo-
efficiency is regarded for acoustic reasons, one reason being that the blades are the main
source of noise generation.

The optimisations are carried out with DLR developed code AutoOpti [17] which is
focused on turbomachinery applications. This is an automatic optimiser for multi-objective
optimisations using an evolutionary algorithm with meta-model (MM) exploitation trained
with the CFD results from the members created within the optimisation to accelerate the
process. At first, one-point optimisations at the design point are conducted with the coarse
mesh for computational efficiency, giving the results of the mesh sensitivity study. In later
design iterations, which are not discussed in detail in this paper, dual-point optimisations
are conducted taking into account both cruise and take-off points, which require the use
of a fine grid to properly account for the highly loaded and aerodynamically challenging
cases at low flight speeds. More complex optimisations, also introducing structural aspects
and acoustic considerations, as presented in [10], are planned prior to testing.

2.4. Performance Metrics

In the context of this paper, several efficiencies are used to characterise different aspects
of the open fan design. Different combinations of these efficiencies are used as objective
functions during the design optimisation. Therefore, all of these parameters will be defined
in this section, with their respective meanings discussed.

2.4.1. Transfer Efficiency #rans

The transfer efficiency is a measure of the translation of shaft power into jet ki-

netic power:
jet power

shaft power’

1)

Ntrans =

As a turbomachinery quantity, it is directly linked to both the isentropic and polytropic
efficiency, with the former reflecting the quality of a thermodynamic transformation and
the latter reflecting the aerodynamic quality of the turbomachinery that performs the
thermodynamic transformation. A direct relation between isentropic efficiency and transfer
efficiency is provided in [18]. This relation was used during the design optimisations to
characterise the blade row performance.
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2.4.2. Propulsive Efficiency #prop

An equation incorporating the static pressure terms into the well-known propulsive
efficiency equation, according to Drela [19], is defined as follows:

thrust power Uoo (U9 — Uoo) + (pggfw) %
Nprop = — = 2.2 . )
jet power Uz | (P9—poo)
2 09

When evaluating this equation, the jet velocity ug, which is assumed to be axial, is taken
either at the rotor or OGV exit and close to the blade row exit. In high-subsonic regimes,
the strong potential fields induced by the hub line curvature can be taken advantage of
in both the rotor and OGYV to artificially increase the given propulsive efficiency. This
effect is quantified in Figure 3, which shows the increase in propulsive efficiency when the
blade row experiences a static pressure rise at iso-thrust. The respective reduction in jet
velocity ug is shown in Figure 4 for different levels of inlet or flight velocity ue, resulting
in reduced jet kinetic energy deposit rate levels. Note that the reduction in the latter is
larger compared to the former due to the quadratic behaviour of the exit velocity ug (see
Equation (2)). Since the control volume is not closed and the forces on the nacelle need
to be included in the overall thrust or power balance, focusing on this pseudo-efficiency
can be misleading and may drive the design in an unwanted direction. Useful metrics
to better quantify the propulsive power generated by the open fan and its aerodynamic
quality are studied and discussed in the next section, which are based on blade-on and
blades-off simulations to account for the interaction between nacelle and propeller blades,
as described in [11].
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Figure 3. Iso-thrust propulsive efficiency from Equation (2) with increasing pressure-based force
contribution Fy, in relation to the total net thrust Fy.
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Figure 4. Outflow velocity 19 with increasing pressure force contribution Fgy, in relation to the total
net thrust Fy.
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2.4.3. Ideal Propulsive Efficiency #prop,id

When viscous effects are neglected and the shaft power is converted entirely into the
kinetic power of the jet, the transfer efficiency becomes unity (#trans = 1) and the overall
efficiency 7oy is equal to the propulsive or Froude efficiency 7prop. Note that the jet kinetic
energy may contain swirl or not, and can be computed based on a given control volume in
the propulsor jet.

For a single propeller, an ideal propeller efficiency, depending only on the power
coefficient ¢, and the advance ratio J, can be calculated analytically under certain assump-
tions and for a given blade count and hub-to-tip ratio, as described in [20,21]. Since this
efficiency is technically also the propulsive efficiency relating the axial force to the jet
kinetic energy, the terms “ideal propeller efficiency” and “ideal propulsive efficiency” will
be synonymously used in this paper. Note that both quantities are denoted by the symbol
Nprop,id and that the word ideal mainly results from neglecting viscous forces.

2.4.4. Overall Efficiency #ov

According to [18], the overall efficiency can be written as

_ thrust power

Hov = shaft power = HWtrans!prop- (3)

Note that while both #rans and Mprop depend on the location of a given control volume, its
product is constant for a given design, and is typically computed by directly integrating
forces and moments over solid surfaces. Typical control volume locations to compute the
propulsive and transfer efficiency based on circumferentially averaged flow quantities, as
used in this paper, are about 0.1 chords away from the rotor and OGV leading (LE) and
trailing (TE) edge, respectively.

2.4.5. Pseudo and Effective Efficiency

In a propeller and open fan context, the overall efficiency given by Equation (3) can be
expressed by the common non-dimensional parameters in the following form:

Jet Faxtieo

Tlov = cp P

: (4)

If only blade forces are considered in Equation (4), the efficiency is considered as pseudoor
apparent. For Fax = Faxrotor the name 7oy rotor,pseudo Will be used, and when including both
rotor and ogv axial forces Fax = Fax rotor + Fax,0gv, the overall efficiency 7oy is referred to as
Hov,pseudo, and becomes

F ,rot + F , Uoo
Nov,pseudo = ( > P = ogv) . 5)

In order to simplify the nomenclature in this paper, if not specified otherwise, the overall
open fan efficiency 7oy is always the pseudo-efficiency 7,y pseudo, including the rotor and
OGV force contributions. When also including the hub forces, the corresponding efficiency
will be referred to as overall effective efficiency oy effective-

It should be stressed that in the end, the major focus should be on overall effective
efficiency. However, breaking down the efficiency separates the conceptual design, the
quality of which is reflected by propulsive efficiency and determined by top level design
parameters such as diameter and tip-speed, from the design quality of the blade rows,
which is reflected by the transfer efficiency. The latter is impacted by detailed and profile-
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section-based, multi-point optimisations, typically once the conceptual design parameters
are fixed. For more details on the efficiency breakdown, see also [18].

3. Results and Discussion
3.1. Conceptual Design

The potential of the open fan mainly comes from the increase in propulsive efficiency
when lowering the FPR (see Figure 1). In Figure 5, the ideal propulsive efficiencies are
shown over the rotor power coefficient ¢, as solid lines, based on the theory provided
by [20,21]. When excess kinetic energy associated with swirl is fully recovered, the theo-
retically achievable efficiencies can then be seen as the solid lines. The dashed line with
the same colour yields its respective propulsive efficiency at a given FPR (and hence cp)
and axial outflow of the propulsion system. Note that the effectiveness of the guide vane
Anogy can be quantified by the difference between solid and dashed lines at given cp.

O N ——
—_ N T T
L 0.8
o
S
o
<
J=2.15, Ma=0.45
0.6 J=2.82, Ma=0.60
J=3.09, Ma=0.80
0 1 2 3 4

Power coefficient ¢, (-)

Figure 5. Propulsive efficiency dependence on power coefficient cp, for different flight Mach numbers
and advance ratios . Solid lines denote ideal propeller efficiencies #,qp,iq as in [20,21], dashed lines
are propulsive efficiencies according to Equation (2) at given cp, and reference conditions with zero
swirl and no pressure terms (for more details, see [18]).

3.1.1. Design Rationale

The most important tendency driving almost all open fan design efforts is that when
maximising rotor overall efficiency, small values of power coefficient c;, are favourable
(e.g., by high rotational tip speeds, as reported in [6]). However, this reduces the chances
of recovering swirl with an additional guide vane, since the difference between the ideal
propeller efficiency and the propulsive efficiency of the open fan with zero outlet swirl
becomes smaller (see Figure 5). This must be carefully balanced with viscous loss generation
in both blade rows, which further limits the effectiveness of the guide vane towards lower
levels of flow turning; the blade row loss generation is typically accounted for in the
component or transfer efficiency, which further reduces the propulsive efficiency.

As previously mentioned, in the given ¢, range, almost a linear trend of the overall
efficiency over power coefficient is confirmed by RANS-based optimisation studies over
a wide range of power coefficients, as shown in Figure 6. Note that these optimisation
studies already included all major geometric and operational specifications of the open
fan under consideration. These basic optimisation studies at a fixed blade tip speed are
repeated for different rotational speeds, yielding different open fan efficiency optima and
force contributions from the swirl recovery vane (see Figure 7). The good agreement
between the trends of the high-fidelity optimisation and theory, as shown in Figure 7,
suggests that, due to the non-viscous nature of the ideal efficiency and its identical physical
interpretation as propulsive efficiency, viscous losses, and hence component efficiency,
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are kept at similar levels over the entire optimisation range. This was achieved with the
generalised optimisation approach, reflecting an optimised design with maximum and
almost constant transfer efficiency for each individual along the Pareto front and over the

entire cp range.

“““ Tprop,id (linearized)

Rotor efficiency 7oy, rotor (-)

Power coeficient ¢, (-)

Figure 6. Rotor overall efficiency 7ov,rotor VS. power coefficient cp results from global RANS-based
design optimisation. The blue dashed line denotes the ideal propulsive efficiency Hprop,id N the
corresponding ¢, regime, as shown in Figure 5. The darker symbols indicate higher overall efficiency,

with an increment between white and black of 2%.

Open fan efficiency 7oy (-)

OGYV axial force Fy ogv (N)

Figure 7. Open fan overall efficiency 7,y Vvs. axial force contribution from the OGV, darker symbols
indicate higher overall rotor efficiency; force increment: 2 kN, efficiency increment: 2.5%. The blue
dashed line denotes the linearized ideal propulsive efficiency as in Figure 6.

Prior to starting any RANS-based optimisation efforts, a baseline design is derived
using a streamline curvature method [22], based on the aforementioned conceptual consid-
erations. Although it was originally developed in the context of fan and compressor design
for strongly diffusing flows, taking advantage of the pre-optimised data base for transonic
profiles is proven to be more accurate and efficient than using the classical blade element

methods typically applied in a propeller context.

3.1.2. Sensitivity Studies
In order to consider how design parameters affect the performance of the open fan, the
following main parameters are studied: geometrical features of the blades and their profiles
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such as chord, sweep, and lean, and their respective impact on performance. Additionally,
the hub line shape and various performance characteristics, like the efficiency and stability
margin under both on-design and off-design conditions, are also investigated, and the main
results and conclusions from these are highlighted below.

Blades-On/Blades-Off Simulations and Force Contribution Breakdown

The hub line is observed to have a significant impact on the overall efficiency. There-
fore, to assess its influence, the two efficiencies at MXCR are compared: one including the
hub forces (effective efficiency) and the other with only the blades (pseudo-efficiency). With
this aim, the optimiser is set to maximise both efficiencies while varying certain control
points in the hub line to determine its shape. In addition, different blades-off simulations
are carried out to assess the hub forces generated as well as the impact that the blades have
on the hub line.

To showcase its effect, Figure 8 presents the contribution of each part of the open rotor
to the total thrust, where negative values indicate the generation of drag, for two different
designs obtained from the optimisations. The two designs chosen present a difference in
effective efficiency, with Design A having a higher value than B, but both having the same
pseudo efficiency and hub line shape. These designs are chosen to illustrate the relationship
between the two efficiencies.

100
[ Design A Blades On
200 - Design B Blades On
@ E Design A Blades Off o 801
< KN Design B Blades Off S
‘E 100+ £ 601
= =
5 =
£ 2
E E 404
g g
2 8
é —1004 Z 201
= =
= = [ .
—2001 04
=300 -

! . 20
Rotor Hub OGYV Hub Overall Hub Rotor blades OGYV blades

() (b)

Figure 8. Relative contribution to the total thrust of the (a) hub and (b) overall hub and blades for
two designs, and a comparison between blades-on and blades-off simulations.

Both the rotor and stator hub part contributions are noticeably large (more than 200%)
compared to the total thrust (see Figure 8a). It is worth mentioning that the contribution of
the back ambient pressure is added to the OGV hub part due to the nature of the control
volume, which differs from the one in Figure 2 since both designs present a constant radius,
different than 0, at the end of nacelle. However, when focusing on the overall contribution
of the hub, these two components almost counterbalance each other, leaving around 10%
of generated drag, as depicted in Figure 8b. This plot also shows that the rotor is the main
thrust generator, with merely an approximate 10% attributable to the OGV, which is of a
similar magnitude than the overall hub contribution and can counterbalance the hub drag.

Another significant outcome of this study is that the interaction between the blades
and the hub modifies the flow field around it, resulting in the lower resistance of the hub
compared to the blades-off simulation. For this reason, at higher effective efficiency, the
difference is more pronounced, with a 2.5% decrease in the drag for Design A as opposed
to 1% in the other design. Therefore, considering only the blades is not enough to evaluate
the performance, and the need to include the hub forces in the efficiency is justified.

However, this comparison is not made at iso-thrust for the two designs, and the
relationship between both efficiencies, as well as the impact of each component on the total
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thrust, is not straightforward. More detailed studies are needed to take advantage of this
effect during the design process.

Stability—Efficiency Trade-Off

Another important and performance-related aspect deals with the trade-off between
cruise efficiency at iso-thrust and stability at low speed take-off conditions, as shown in
Figure 9; while increasing RPM (related to rotor blade tip speed) typically leads to enhanced
operational stability due to lower turning requirements for iso-thrust and reduced positive
incidence, it compromises cruise efficiency due to the lower rotor component efficiencies
because of increased shock losses. The latter is counterbalanced by an increase in the
propulsive efficiency of the rotor due to the reduced ¢ (see Figure 6); hence, the sensitivity
is not quite as pronounced as for higher FPR turbofan applications. In Figure 9, the stability
margin is quantified by closing the blade pitch until a thrust plateau is reached; the relative
difference between this thrust and the corresponding specification results in the given
margin. Note that only the rotor is re-pitched, since the additional impact on the thrust
generation of re-pitching the OGV along the characteristics is found to be relatively small,
provided that the initial pitch does not present detachment of the flow.

QBaseline O_'_Baseline IA”:()'SQ
1 95% 100%

2 Q2 ASM =10%

90%

L

%b+4

Efficiency at MXCR (%)

|
|
|
|
|
] O+6
|
|
—O— RPM study :
1 —0—- 0GV count study |
OGYV count study l
1% corrected pitch 6-%—8
Stability margin (%)

Figure 9. Open fan efficiency over stability margin for different rotational speeds and OGV blade
counts. The labels on each symbol refers to the percentage of RPM for the RPM study (solid line)
and the additional OGV blades compared to the baseline for the OGV count study (dashed and
dotted lines).

Moreover, Figure 9 also presents the impact of the guided vane blade count (dashed
line) only on the cruise efficiency due to the detachment of the flow observed at take-off
condition, which needs to be addressed by adjusting its pitch angle. When this is adapted,
it results in a similar plot shift due to the increment of stator thrust contribution, and in a
slightly less steep plot (dotted line). Consequently, the number of blades in the stator can
increase the stability margin, but with a higher impact on the performance.

Comparing the two studies, it is clear that in order to gain stability margin, the increase
in RPM is the better option to preserve the performance at the design point, since for an
increment of 10% in the stability margin, the loss in the efficiency is less than 1% for the
range of interest, while for a similar increase, the OGV count has to be doubled and shows
a decrease in performance of more than 2%.

In addition to the sensitivity study, a dual-point optimisation is also carried out to
further explore and understand the trade-off between MXCR and TKOF efficiency, the
latter of which is expected to have a direct impact on open fan stability. Since the take-off
operating point is naturally highly loaded and closer to the blade stall, low Reynolds
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simulations with SST turbulence modelling are imperative to accurately assess the take-off
performance. The results shown in Figure 10 quantify the expected trend that improving
take-off efficiency penalises cruise efficiency. The respective dependency is shown by the
sketched Pareto front, indicated as black dashed lines. This trend is mostly driven by simple
incidence considerations: reducing the positive incidence at take-off leads to negative and
non-ideal incidence at cruise conditions. This reduces the component efficiency expressed
by A#rotoris MXCR, driving the aforementioned trend.

A’7 rotor, is, mxcr (%)
(] 1.0
o 1.5
° 2.0
2.5
3.0

Nrotor, pseudo, tkof (1nc.= 1%)

Hov, effective, mxcr (il’lC.: 0-5%)

Figure 10. Rotor overall pseudo-efficiency at TKOF over overall effective efficiency at MXCR from
dual-point, high-fidelity optimisation; symbols colour-coded with rotor isentropic efficiency differ-
ence relative to a given baseline #js rotor- Dashed line denotes the Pareto front.

Additionally, special attention was paid to the migration of the flow at TKOF con-
ditions, which is directly linked to the rotor-stator interaction and acoustics. This phe-
nomenon is visible in Figure 11, where the migration is present from around 50% of the
span at the LE of the rotor blade, as marked by the low pressure and the streamlines. The
necessity to control this is derived from the potential generation of vortices that will merge
with the tip vortex and enlarge it, leading to a higher acoustics impact due to rotor-stator
interactions. In Figure 11, the potential is visible in the plane located downstream of the
rotor, marking the high-turbulent kinetic energy areas resulting from this flow migration.
The normalised pressure is obtained with a the reference pressure of the operating point.

p*
1.2

Figure 11. Normalised pressure field at TKOF conditions with streamlines and a plane presenting the
turbulence kinetic energy generated due to the flow migration phenomenon at the suction side of the
rotor blade.
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Lean, Sweep, and Chord Variation

The introduction of axial sweep and tangential lean is also studied during the optimi-
sation process, more specifically in the OGV design. For the rotor, axial sweep has been
reported to be beneficial for performance and acoustic purposes in numerous cases [2,3],
but needs to be balanced with the LE vortex generation due to flow migration, as previously
mentioned. In contrast, when it is introduced in the OGV, even though it helps reduce the
acoustic impact due to rotor-stator interaction, it introduces a higher distance for some
parts of the stator blade from the rotor, resulting in a decrease in the overall performance of
the fan. In Figure 12, the comparison of two designs is made by their pressure fields on the
blades. The first design presents sweep and lean in the stator blade (Figure 12a,b) and a
pressure decrease on the LE of the blade is visible, which is beneficial for the acoustics side
of the design. Additionally, the rotor-stator interaction is also affected, as depicted in the
pressure levels of the rotor TE on both the PS and SS of the blade.

Sweep Lean

(d)

Figure 12. Normalised pressure field comparison between two designs with high (a,b) and low
(c,d) axial sweep and tangential lean angles in the stator blade.

For an approximate axial sweep of 30°, the loss accounted in the overall efficiency is
around 0.3%. Nevertheless, this is recovered by adding tangential lean and modifying the
chord of the profiles along the span. The lean angle is a driver for the optimiser, having a
strong tendency to change into a bow/C shape in the OGV.

3.2. Performance Characterisation and Operability

Combining the different design sensitivities results in a first, fully viable and high-
performing, open fan design, with the main focus being on aerodynamic performance and
the robustness of the design. Therefore, in this section, the flow field and performance
characteristics of this design are described for the main operating points.

3.2.1. Performance Characteristics

Performance characteristics and their respective rotor pitch settings are shown in
Figure 13, with the thrust requirements of the different mission points also highlighted
in the plots with stars. This plot is obtained by varying the pitch angle of the rotor while
maintaining the advance ratio along the speed line for each operating point. In Figure 13a,
it is visible that all thrust requirements are met by adjusting the rotor pitch. In addition,
a stability margin over 20% without the need of increasing the RPM is verified. This is a
consequence of the correction of the stator pitch angle to avoid unwanted flow separation,
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as displayed in Figure 9. The rest of the operating points presented in the plot were also
checked, and the corrected pitch setting of the OGV was set to avoid detachment of the flow.

—/X— APR
| —O— TKOF
CB
SDL
|1 —&— MXCL
~ | —— MXCR
% l Ap=10""
= AF =20,000 N
H 4
Ag (deg)
(a)
—_ 4 \
>
Q
: 4
2
2
=)
M >
Ap=10°
An=10%
] Pseudo
————— Effective

Ag (deg)

(b)
Figure 13. Open fan characteristics: (a) total thrust (b); overall pseudo (solid lines) and overall
effective (dashed lines) efficiencies for different rotor pitch settings and mission points, together with

their thrust requirements (stars).

Additionally, Figure 13b presents the overall pseudo-efficiency for different rotor pitch
settings for all operating points, resulting in the peak efficiency at the design point. It
is worth noticing that for the two main operating points (MXCR and TKOF), the overall
effective efficiency is also plotted (dashed lines), showing a difference of more than 10%
when including the hub forces at MXCR. However, this difference is not present at off-
design conditions, where both efficiencies are the same. Nonetheless, it is clear that this
design was optimised for 7oy pseudo and not for the other one, which is planned to be
introduced in the next design iteration to find a better compromise between both of them.

3.2.2. Flow Field

The flow characteristics at the design point, in terms of blade surface streak lines and
normalised pressure contours (p* = p/p,.y) at design conditions within both the rotor and
guide vane, are shown in Figure 14. The design introduces a small flow detachment on the
TE of the rotor on the suction side (SS) and on the hub area on the stator blade as depicted
in the same figure by the pink iso-surfaces of 0 axial velocity and marked with boxes.
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p* 05 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3

Figure 14. Surface streamlines (lines with arrows) and normalised pressure contours of the blades
with pink iso-surfaces of 0 axial velocity at design conditions. The boxes mark where there is
detachment of the flow.

Moreover, the same flow characteristics, but for the TKOF point, are depicted in
Figure 15, showing different pitch settings of the guide vane to see the effect it has in
the flow field, since it is key to find the suitable pitch setting of the OGV to enhance its
performance. On the left-hand side of the figure, the reference pitch setting is presented,
which was obtained as a first estimate from conceptual design. With this angle, the flow
around the stator is significantly detached as visible with the streamlines and the iso-surface
of the zero u-velocity in pink. When varying the pitch angle by 10° from the reference, the
difference is clear, leaving only a much smaller zone in the LE.

p*
1.1
1.05
1
0.95
0.9
0.85
0.8

Ap=23° Ap =-2.7° Ap =-7.7°

Figure 15. Surface streamlines (lines with arrows) and normalised pressure contours with pink

iso-surfaces of 0 u-velocity at off-design conditions for different pitch settings used to maximise
stability by OGV pitch variations.

3.3. Unsteady Effects

In addition to the steady-state (RANS) simulations used for optimisation and char-
acterisation of the performance of the design, unsteady simulations are also conducted to
have a better understanding of the time-accurate blade row interactions and their impact
on the design. This section presents the results for these simulations computed with the
harmonic balance method to study two main effects: the sensitivity of the rotor—stator
interaction to the clipping of the stator and the impact of the non-zero angle-of-attack.

3.3.1. Harmonic Balance

Over the last two decades, there has been considerable progress in the development
of efficient unsteady simulation methods using harmonic balance. This approach is par-
ticularly suitable for fast assessment of non-linear blade row interactions [23]. The HB
method used here is formulated in the frequency domain and uses implicit pseudo-time-
stepping to solve the equation system [24]. It has recently been extended to take into
account non-linear interactions of disturbances with multiple fundamental frequencies [25].
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As shown by [26], HB is also highly efficient for the simulation of rotationally asymmetric
turbomachinery flows.

Note that [27,28] have successfully applied the HB method to the simulation of
open rotors.

3.3.2. Acoustic Characterisation and Clipping Effects

In addition to the performance, acoustic characteristics, which are a strong design
driver, also need to be addressed in the ongoing open fan design. Extensive clipping studies
are conducted to quantify the trade-off between performance degradation (see also the
work of [11]) and improved acoustics emissions. Recommendations for clipping the stator
to reduce rotor-stator interaction noise are realised based on previous open-rotor studies,
such as [10].

Consequently, different clipping values are simulated to compare its effect on the
blades interaction noise and in the far field. In Figure 16, the instantaneous vorticity field
is depicted, where the interaction of the rotor tip vortices with the stator is visible for the
case without clipping (see marked zone with boxes). As the clipping is increased, the tip
vortices do not interact with the blade, in addition to a reduction in the pressure in its tip
shown in the contours plotted. For an uninstalled configuration with no angle-of-attack,
note that with a 7% clipping, the interaction of the tip vortices from the rotor with the stator
blades is already avoided.

Q Unclipped Clipped 14%
Figure 16. Iso-surfaces of the instantaneous vorticity field with contours of the normalised pressure
for three different levels of stator clipping. The boxes mark the area of rotor-stator interaction.

Furthermore, looking at the sound pressure level (SPL) of the first harmonic on the
pressure side of the stator, plotted in Figure 17, the impact of clipping is visible at the tip of
the blade and the LE at more than 50% of the span, presenting a decrease not only due to
the cut, but also as a result of the absence of interaction.

The impact of the clipping on tonal acoustic near field can be seen in the amplitude
reduction in the upstream propagating pressure patterns in the rotor system, stemming
from unsteady rotor-stator interaction (Figure 18); for a cylindrical analysis plane, as
defined in Figure 2. Both parts of the cylinder show the first harmonic in the respective
frame of reference. The amplitudes in the rotor zone are thus indicative of the strength
of the rotor-stator interaction. A clearly lower impact of the OGV interaction entering
in the rotor (zone marked as A) can be seen for the 14% clipping in comparison to the
unclipped case. In addition, the other half corresponds to the OGV zone, where the wake
of the rotor-stator interaction is visible close to the end of the cylinder plane (zone marked
as B). Again, there is a noticeable decrease in the impact of the wake interaction for the
higher clipping; nevertheless, for the intermediate clipping value, there is already a visible
reduction, due to the lack of contact between the tip vortices of the rotor and the stator
blade. In contrast, its influence in the rotor is harder to visualise in the contours for the
latter level of OGV clipping.
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Unclipped Clipped 7% Clipped 14%

SPL: Inc.=2dB

Figure 17. Sound pressure level of the first harmonic for the pressure side of the stator blade at TKOF
conditions for different levels of clipping.

Unclipped Clipped 7% Clipped 14%

Figure 18. Normalised real part of the pressure perturbation in both relative systems (first harmonic,
take-off conditions) at the acoustic analysis plane at 5 m for different levels of clipping. A marks the
rotor zone and B the stator zone.

Besides the effects of the clipping in the near-field, it is necessary to analyse the impact
on the acoustics in the far field. With this aim, the first-rotor harmonic (in the absolute frame
of reference) along the above-mentioned analysis plane is decomposed into circumferential
Fourier modes. Thus, Figure 19 exhibits the SPL to compare the three cases studied for
the main modes +4 and —12, corresponding to the rotor and stator blade count difference
and the rotor blade count, respectively. The choice of these modes is due to them being
the ones with higher impact. Note that here, a mode order is negative if it represents a
spinning modes whose phase rotates in the same direction as the rotor blades. In particular,
the mode order —12 (black lines) corresponds to the potential field of the rotor. As can be
expected, it is almost unaffected by the clipping.

Nevertheless, for the interaction mode —4 (blue lines), a decrease in the sound level
for the higher clipping case on both the rotor and stator zones of around 5 dB is visible.
For the +4 (red lines), a similar reduction is observed in the outlet of the stator, but not in
the rotor domain. The pressure amplitudes for all other mode orders turned out to be of a
significantly lower amplitude than the three ones discussed, and are therefore not shown.

Moreover, the effect of the clipping to the overall performance of the rotor is also
computed, resulting in a loss of less than 1% in efficiency for a clipping between 7 and 14%.
Moreover, the thrust generation in the stator is decreased by 10%, but accounts for less
than 1% of the total thrust, as seen in the force contribution of each part (see Figure 8b),
maintaining the stability margin.
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_ % rotor
————— 7%
T == 14%

) stator

— m=-12
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SPL (dB)

Figure 19. Pressure amplitude for modes +4 obtained by the circumferential Fourier decomposition
along lines constant in the x direction for an analysis plane at 5 m. Grey dashed line indicates position
of rotor—stator interface. The blades (in grey) and hubline geometry has been included at the bottom
of the plot for reference.

3.3.3. Angle-of-Attack

Another unsteady effect studied is when the open fan is under conditions of angle-
of-attack different to zero. For this purpose, the HB solver is used in combination with
non-zero absolute flow angles in the far-field boundary conditions. Note that while this
boundary condition is steady in the OGV system, it corresponds to a harmonic variation
in the flow direction in the rotor relative system. As the rotor is simulated in the relative
system, the far-field boundary condition has to be applied at each sampling point of the
HB solver with the corresponding flow angle.

The computational domain is a single rotor passage with the rotor pitch as interblade
phase angle and a full annulus of the stator. Only two harmonics are used in the rotor,
whereas no unsteadiness is resolved in the stator domain since the dominant effect here is
the rotational asymmetry of the mean flow. As shown in Figure 20 for & = 15°, the relative
flow angle in the rotating system varies significantly, which can be directed linked to the

incidence angle.

fan rotation

Figure 20. Open fan under 15° angle-of-attack condition at take-off: relative flow angles at constant
radius near rotor tip.

In addition, Figure 21 shows the result for a « = 10°, where on the left-hand side, the
disparity of the flow field in the velocity and on the right-hand side, the instantaneous
pressure distribution at the rotor are visible. The results are used on the one hand to study
the acoustic characteristics in the near-field, e.g., to optimise the clipping, and on the other
hand to quantify the unsteady harmonic pressure variations, often referred to as 1P-loads,
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and as such having a major impact on structural considerations, as mentioned in [1]. The

efficiency of the HB approach allows for a reliable and quick assessment of both effects in a

design and optimisation context.

Figure 21. Open fan under 10° angle-of-attack condition at take-off: instantaneous streamlines (lines

with arrows), velocity field contours, and blade pressures (left); and instantaneous surface pressure

perturbation and velocity disturbance at rotor exit (right).

4. Conclusions

The results presented in this paper show that the open rotor configuration is a chal-

lenging design with different features from ducted fans, and not thoroughly studied.

Nevertheless, a design mainly driven by aerodynamic performance was achieved for an

open fan with the specifications of a civil aircraft with high levels of efficiency. The main

conclusions from this design are the following:

The propeller efficiency over ¢, characteristics from original Wald’s theory [20], al-
though being derived with a number of simplifications and for incompressible flows,
has been reproduced by a series of RANS-based design optimisations, and hence can
be useful in the given high-transonic and compressible flight regime to support the
conceptual design of the open fan.

The effectiveness of the guide vane grows with increasing rotor power coefficient
due to the higher amount of swirl that can be recovered. This can be quantified by
the divergence of the swirl-free propulsive efficiency and classical rotor propeller
efficiency. However, the latter decreases more rapidly with increasing rotor power
coefficient; hence, the overall efficiency of the open fan drops towards higher values of
cp- Therefore, low values of rotor ¢, are favourable, reducing the effectiveness of the
vane and limited by the loss levels in the vanes, rendering the guide vane less effective.
This requires for a very careful selection of rotor ¢, and an accurate quantification of
guide vane loss levels.

The different sensitivity studies allowed the analysis of the impact of different design
parameters key to the aerodynamics performance such as hub effects; stability margin;
and geometrical variables, like sweep and lean angle. A positive outcome was obtained
by adding together the results of the separate studies into the design, leading to a
viable open rotor configuration.

The generated drag due to the hub contributes approximately 10% to the total thrust,
similarly to the thrust contribution of the stator. Therefore, the hub forces need to
be included in the efficiency computation to have consistent performance and steer
the design correctly. Additionally, the blades have an impact on the hub line forces
generated, resulting in the production of 2.5% less drag in its overall contribution to
the total thrust compared to the blades-off simulation.
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¢ Itis possible to gain an approximately 10% stability margin with an increment of 5%
of the RPM, sacrificing less than 1% in efficiency for the MXCR condition for the range
of stability margin between 10 and 25%. The increment of OGV count does not impact
as significantly to the stability margin as the increment in RPM.

* A 14% clipping of the OGV represents a loss of 0.75% in efficiency, whereas with a 7%,
the loss is around 0.25% and it already avoids the rotor vortices interaction. However,
when looking further from the blades, the 14% clipping presents the best decrease in
acoustic impact, whereas the mid-value clipping does not show a significant reduction.

*  The use of the harmonic balance solver with a coarse mesh gives results good enough
to see the tendencies of the rotor-stator interaction and also dynamic forcing under
angle-of-attack conditions. For the iterative design process, it is a viable option;
however, a finer grid is necessary to validate the final design, and therefore further
studies on acoustics are needed to fully determine the acoustic impact.
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Nomenclature

The following abbreviations are used in this manuscript:

Latin symbols

Cp power coefficient Ct thrust coefficient
T thrust or axial force P shaft power

p static pressure u axial velocity
Greek symbols

o angle-of-attack Kyl relative inflow angle
7 efficiency o fluid density

@ pitch

Subscripts

© free stream values 9 exit

ax, x axial dp pressure force

h hub id ideal

ov overall prop propulsive

ref reference value trans transfer
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Superscripts

’ perturbation * normalised quantity
Acronyms

APR approach CB cutback

CFD computational fluid dynamics ~FPR fan pressure ratio
LE leading edge MXCL maximum climb
MXCR maximum cruise oGV outlet guided vane
PS pressure side SDL sideline

SS suction side TE trailing edge

TKOF take-off

References

1.  Degeorge, C.L. Large-Scale Advanced Prop-Fan (LAP) Technology Assessment Report; Tech Rep. NASA-CR-1882142; NASA: Cleveland,
OH, USA, 1988.

2. Mitchell, G.; Mikkelson, D. Summary and recent results from the NASA advanced high-speed propeller research program. In
Proceedings of the 18th Joint Propulsion Conference, Cleveland, OH , USA, 21-23 June 1982.

3.  Groeneweg, ].F,; Bober, L.J. NASA Advanced Propeller Research; Tech Rep.; NASA: Cleveland, OH, USA, 1988; p. 101361.

4 Baum, J.A.; Dumais, PJ.; Mayo, M.G.; Metzger, F.B.; Shenkman, A.M.; Walker, G.G. Prop-Fan Data Support Study; Tech Rep.
NASA-CR-152141; NASA: Mountain View, CA, USA, 1978.

5. Daydé-Thomas, V.; Polacsek, C.; Gloerfelt, X.; Sugiyama, M.; Mardjono, J. Tone noise prediction of an open-fan engine using a
source-mode integral formulation. In Proceedings of the Forum Acousticum, Turin, Italy, 11-15 September 2023.

6.  Dittmar, ].H.; Hall, D.G. Cruise Noise of an Advanced Propeller with Swirl Recovery Vanes. J. Aircr. 1993, 30, 221-226. [CrossRef]

7.  Stokkermans, T.; van Arnhem, N.; Veldhuis, L. Mitigation of propeller kinetic energy losses with boundary layer ingestion and
swirl recovery vanes. In Proceedings of the Applied Aerodynamics Research Conference, London, UK, 13-17 July 2016.

8.  Van Zante, D.E. Progress in Open Rotor Research: A U.S. Perspective. In Proceedings of the ASME Turbo Expo 2015: Tur-
bine Technical Conference and Exposition. Volume 1: Aircraft Engine; Fans and Blowers; Marine, Montreal, QC, Canada,
15-19 June 2015.

9. Khalid, S.A ; Lurie, D.; Breeze-Stringfellow, A.; Wood, T.; Ramakrishnan, K.; Paliath, U.; Wojno, J.; Janardan, B.; Goerig, T.;
Opalski, A.; et al. Open Rotor Engine Aeroacoustic Techology Final Report; Tech Rep. DOT/FAA /AEE/2014-04; General Electric
Company: Lincoln, NE, USA , 2013.

10.  Schnell, R;; Yin, J.; Voss, C.; Nicke, E. Assessment and Optimization of the Aerodynamic and Acoustic Characteristics of a Counter
Rotating Open Rotor. . Turbomach. 2012, 134, 061016. [CrossRef]

11. Tantot, N.; Giannakakis, P.; Yesilcimen, H.; Binder, A. A performance modelling approach to open fan propeller module. In
Proceedings of the Aerospace Europe Conference 2023—10th EUCASS—9th CEAS, Lausanne, Switzerland, 9-13 July 2023.

12.  Rovira Sala, C.; Dygutsch, T.; Frey, C.; Schnell, R.; Martinez Luque, R. Goals and Strategies for Open Fan Design. In Proceedings
of the 16th European Turbomachinery Conference (ETC), paper n. ETC2025-123, Hannover, Germany, 24-28 March 2025.

13.  Becker, K.; Heitkamp, K.; Kiigeler, E. Recent Progress In A Hybrid-Grid CFD Solver For Turbomachinery Flows. In Proceedings
of the Fifth European Conference on Computational Fluid Dynamics(ECCOMAS CFD), Lisbon, Portugal, 14-17 June 2010.

14.  Wilcox, D.C. Reassessment of the scale-determining equation for advanced turbulence models. AIAA ]. 1988, 26, 1299-1310.
[CrossRef]

15. Spalding, D.B. A Single Formula for the “Law of the Wall”. J. Appl. Mech. 1961, 28, 455-458. [CrossRef]

16. Menter, ER. Two-equation eddy-viscosity turbulence models for engineering applications. AIAA J. 1994, 32, 1598-1605. [CrossRef]

17. Vo83, C.; Aulich, M.; Kaplan, B.; Nicke, E. Automated Multiobjective Optimisation in Axial Compressor Blade Design. In
Proceedings of the ASME Turbo Expo 2006: Power for Land, Sea, and Air. Volume 6: Turbomachinery, Parts A and B, Barcelona,
Spain, 8-11 May 2006.

18.  Schnell, R.; Mennicken, M. Unified Assessment of Open and Ducted Propulsors. Aerospace 2024, 11, 1002. [CrossRef]

19. Drela, M. Power Balance in Aerodynamic Flows. AIAA J. 2009, 47, 1761-1771. [CrossRef]

20. Wald, Q.R. The aerodynamics of propellers. Prog. Aerosp. Sci. 2006, 42, 85-128. [CrossRef]

21. Giannakakis, P.; Goulos, I.; Laskaridis, P; Pilidis, P.; Kalfas, A.I. Novel Propeller Map Scaling Method. J. Propuls. Power 2016, 32,
1325-1332. [CrossRef]

22.  Schnoes, M.; Vo83, C.; Nicke, E. Design optimization of a multi-stage axial compressor using throughflow and a database of
optimal airfoils. J. Glob. Power Propuls. Soc. 2018, 2, 516-528. [CrossRef]

23. Hall, K.C,; Thomas, ].P; Clark, W.S. Computation of Unsteady Nonlinear Flows in Cascades Using a Harmonic Balance Technique.

AIAA J. 2002, 40, 879-886. [CrossRef]


http://doi.org/10.2514/3.56885
http://dx.doi.org/10.1115/1.4006285
http://dx.doi.org/10.2514/3.10041
http://dx.doi.org/10.1115/1.3641728
http://dx.doi.org/10.2514/3.12149
http://dx.doi.org/10.3390/aerospace11121002
http://dx.doi.org/10.2514/1.42409
http://dx.doi.org/10.1016/j.paerosci.2006.04.001
http://dx.doi.org/10.2514/1.B35894
http://dx.doi.org/10.22261/JGPPS.W5N91I
http://dx.doi.org/10.2514/2.1754

Int. ]. Turbomach. Propuls. Power 2025, 10, 28 21 of 21

24.

25.

26.

27.

28.

Frey, C.; Ashcroft, G.; Kersken, H.; Voigt, C. A Harmonic Balance Technique for Multistage Turbomachinery Applications.
In Proceedings of the ASME Turbo Expo 2014: Turbine Technical Conference and Exposition. Volume 2B: Turbomachinery,
Diisseldorf, Germany, 16-20 June 2014.

Junge, L.; Frey, C.; Ashcroft, G.; Kiigeler, E. A New Harmonic Balance Approach Using Multidimensional Time. |. Eng. Gas
Turbines Power 2021, 143, 081007. [CrossRef]

Junge, L.; Frey, C.; Ashcroft, G.; Kiigeler, E. Simulation of Indexing and Clocking with a New Multidimensional Time Harmonic
Balance Approach. Int. J. Turbomach. Propuls. Power 2024, 9, 17. [CrossRef]

Jang, J.S.; Choi, S.; Kwon, H.I; Im, D.K.; Lee, D.J.; Kwon, J.H. A Preliminary Study of Open Rotor Design Using a Harmonic
Balance Method. In Proceedings of the 50th AIAA Aerospace Sciences Meeting Including the New Horizons Forum and Aerospace
Exposition, Nashvielle, TN, USA, 9-12 January 2012.

Kwon, H.I; Yi, S.G.; Choi, S.; Lee, D.J.; Kwon, J.H.; Im, D.K. Design of a Low-Noise Open Rotor Using an Implicit Harmonic
Balance Method. In Proceedings of the 51th AIAA Aerospace Sciences Meeting Including the New Horizons Forum and Aerospace
Exposition, Grapevine, TX, USA, 7-10 January 2013.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1115/1.4049698
http://dx.doi.org/10.3390/ijtpp9020017

	Introduction
	Design Methods
	Flow Solver
	Mesh Sensitivity
	Design Strategy
	Performance Metrics
	Transfer Efficiency trans 
	Propulsive Efficiency prop 
	Ideal Propulsive Efficiency prop,id 
	Overall Efficiency ov 
	Pseudo and Effective Efficiency 


	Results and Discussion
	Conceptual Design
	Design Rationale
	Sensitivity Studies

	Performance Characterisation and Operability
	Performance Characteristics
	Flow Field

	Unsteady Effects
	Harmonic Balance
	Acoustic Characterisation and Clipping Effects
	Angle-of-Attack


	Conclusions
	References

