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Rumpfgrenzschichteinsaugung, Stérungstoleranter Fan, Aerodynamische Fanauslegung,
Totaldruckstérung, Drallstérung

Maximilian MENNICKEN
DLR, Institut flr Antriebstechnik, KoIn

Aerodynamische Vorauslegung und Bewertung grenzschichteinsaugender Fans
Universitat der Bundeswehr Minchen

Grenzschichteinsaugung (engl. boundary layer ingestion, BLI) ist eine Technologie, die zur
Reduzierung des Treibstoffverbrauchs beitragen kann und damit potentiell die Umweltbelastung
der zivilen Luftfahrt reduziert. Dabei werden die Fanstufen infolge der inhomogenen
Totaldruckverteilung in Umfangsrichtung variierenden Anstrémbedingungen ausgesetzt. Die
Beruicksichtigung der Inhomogenitaten ist insbesondere in der aerodynamischen Vorauslegung
eine Herausforderung, da die Berechnung der BLI-Strémung entweder sehr zeitaufwendig ist
oder die Methoden lediglich globale Leistungsdaten statt detaillierter Stromungsfelder liefern und
damit den umfangreichen Einsatz im Vorentwurf limitieren.

In dieser Arbeit wird eine numerisch effiziente aerodynamische Vorentwurfs- und
Bewertungsmethodik fiir grenzschichteinsaugende Schuberzeuger entwickelt. Innerhalb der
Methodik werden ein Reynolds-averaged Navier-Stokes-Ansatz (RANS) und ein
Stromlinienkrimmungsverfahren miteinander gekoppelt. Der RANS-Ansatz wird fir die
Berechnung der Stromungsumverteilung im Einlauf verwendet, wohingegen das
Stromlinienkrimmungsverfahren um ein Modell zur Erfassung der infolge BLI auftretenden
Stromungsumverteilung erweitert und zur Berechnung der lokalen Fanbetriebspunkte am
Umfang verwendet wird. Wahrend der Entwicklung der Methodik werden die Strdmungsfelder
und die sich daraus ergebenden lokalen Betriebspunkte durch instationdare RANS (URANS)
Berechnungen umfassend verifiziert, die instationaren Effekte des Leistungseintrages und der
Verlustgenerierung diskutiert und die Grenzen der Methodik erlautert. Insgesamt ist die Methodik
in der Lage, den numerischen Aufwand fiir eine BLI-Bewertung von 10000 CPUh fiir detaillierte
URANS-Berechnungen auf etwa 3 CPUh zu reduzieren und gleichzeitig eine hohe Giite der
Betriebspunktberechnung zu erzielen.

Die Methodik wird dann auf zwei verschiedene Fanintegrationen angewandt. Fir das
Integrationsszenario rumpfeingebetteter Turbofans werden drei radiale Verteilungen des Fan-
Totaldruckverhaltnisses im Vorentwurf untersucht und wiederum durch uRANS-Berechnungen
verifiziert. In einem weiteren Schritt werden 32 einzelne Fans betrachtet, die sich in der
Meridionalmachzahl und der Schaufelspitzengeschwindigkeit unterscheiden. Basierend auf den
Ergebnissen dieser Studie haben einlaufstdrungstolerante, in den Rumpf eingebettete Fans ein
héheres Totaldruckverhaltnis als konventionelle Fans. Die radiale Totaldruckverteilung erfordert
ein ausreichend hohes Totaldruckverhaltnis innerhalb der Totaldruckstérung, um den Impuls des
Grenzschichtfluids zu erhéhen, und der Blattspitzenbereich des Rotors sollte leicht entlastet
werden, um hohe Spaltverluste zu vermeiden.

Das zweite Integrationsszenario ist ein heckintegrierter Fan, der Uber den gesamten
Rumpfumfang Grenzschichtfluid einsaugt. Der Schuberzeuger verfugt tGber ein radial abfallendes
Totaldruckverhaltnis, mit dem Ziel die Totaldruckstérung am Fanaustritt zu reduzieren. Die neue
Methodik wird verwendet, um die Fanstufe auszulegen und eine BLIBewertung vorzunehmen.
Instationdre RANS-Rechnungen verifizieren die Vorentwurfsergebnisse und zeigen die
Anwendbarkeit der Methodik auf dieses Integrationsszenario. In einem weiteren Schritt wird die
Auswirkung der Uberlagerten Drallstdrung untersucht. Dabei zeigt der einlaufstérungstolerante
Fan nur geringe Variationen des Betriebspunktes und die Fahigkeit die Stérung abzumildern ist
weitgehend unbeeinflusst. Daher ist es im aerodynamischen Vorentwurf ausreichend lediglich
die Totaldruckstérung zu beriicksichtigen. SchlieBlich wird der effiziente Einsatz der Methodik
demonstriert, indem verschiedene BLI-Betriebspunkte innerhalb des Fankennfelds berechnet
und diskutiert werden.
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University of the Bundeswehr Munich

Boundary Layer Ingestion (BLI) is a promising technology for reducing fuel burn and
environmental impact in civil aviation. With BLI, the fan is exposed to circumferentially and radially
varying inflow conditions. The consideration of BLI during preliminary aerodynamic design is
challenging as the calculation of BLI flow is either very time consuming or the methods provide
simplified performance data instead of detailed information about the flow. Therefore, both types
of approaches are not suitable for the application within the preliminary aerodynamic design.

In this thesis a preliminary design and assessment methodology for boundary layer ingesting
fans is developed. Within the methodology, a Reynolds-averaged Navier-Stokes (RANS)
approach and a streamline curvature approach are coupled. The former is dedicated to the
calculation of flow redistribution. The latter is extended by a stream tube contraction model and
accounts for the local fan operation around the circumference. During the development of the
methodology, the flow redistribution and local performance data are comprehensively verified by
unsteady RANS (URANS) calculations, the unsteady effects related to work input and loss
generation are discussed and the limitations of the methodology are presented. Overall, the
methodology is able to reduce the numerical effort for a BLI assessment from 10000 CPUh for
state-of-the-art uRANS calculations to approximately 3 CPUh.

The methodology is then applied to two different integration scenarios. Fuselage embedded
turbofans are dealing with a once per revolution distortion. In this integration scenario, three
spanwise fan pressure ratio distributions are investigated with the preliminary design
methodology and the data is again verified by uRANS calculations. In a subsequent step, 32
individual fans differing in meridional Mach number and blade tip speed are evaluated. Based on
the findings of this study, distortion tolerant fuselage embedded fans have a higher fan pressure
ratio than conventional fans, the spanwise fan pressure distribution requires a reasonably high
fan pressure ratio within the distortion to re-energise the low momentum fluid, and the tip section
needs to be slightly unloaded to avoid high tip gap related losses.

The second integration scenario is an aft-propulsor that ingests boundary layer fluid over the
entire circumference of a fuselage. The propulsor has a descending spanwise fan pressure ratio
to mitigate distortion. The new methodology is again used to assess the fan stage at a preliminary
design level and the performance is verified by uRANS calculations. The results demonstrate the
applicability of the methodology to this integration scenario. In a subsequent step, the effect of
superimposed swirl distortion is investigated. The distortion tolerant fan shows only slightly lower
fan efficiencies due to swirl distortion. The (corrected) mass flow and the fan pressure ratio, as
well as the fans ability to attenuate the distortion, are mainly unaffected by the swirl distortion.
Therefore, it is sufficient to consider only the stagnation pressure distortion in the preliminary
design. Finally, a fan assessment along an iso speed line is performed to demonstrate the
efficient applicability of the methodology to assess various off-design conditions.
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Abstract

Boundary Layer Ingestion (BLI) is a promising technology for reducing fuel burn and en-
vironmental impact in civil aviation. With BLI, the fan is exposed to circumferentially and
radially varying inflow conditions. The consideration of BLI during preliminary aerodynamic
design is challenging as the calculation of BLI flow is either very time consuming or the
methods provide simplified performance data instead of detailed information about the
flow. Therefore, both types of approaches are not suitable for the application within the
preliminary aerodynamic design.

In this thesis a preliminary design and assessment methodology for boundary layer in-
gesting fans is developed. Within the methodology, a Reynolds-averaged Navier-Stokes
(RANS) approach and a streamline curvature approach are coupled. The former is dedi-
cated to the calculation of flow redistribution. The latter is extended by a stream tube con-
traction model and accounts for the local fan operation around the circumference. During
the development of the methodology, the flow redistribution and local performance data
are comprehensively verified by unsteady RANS (URANS) calculations, the unsteady effects
related to work input and loss generation are discussed and the limitations of the metho-
dology are presented. Overall, the methodology is able to reduce the numerical effort for a
BLI assessment from 10000 CPUh for state-of-the-art URANS calculations to approximately
3 CPUh.

The methodology is then applied to two different integration scenarios. Fuselage em-
bedded turbofans are dealing with a once per revolution distortion. In this integration sce-
nario, three spanwise fan pressure ratio distributions are investigated with the preliminary
design methodology and the data is again verified by uRANS calculations. In a subsequent
step, 32 individual fans differing in meridional Mach number and blade tip speed are evalu-
ated. Based on the findings of this study, distortion tolerant fuselage embedded fans have
a higher fan pressure ratio than conventional fans, the spanwise fan pressure distribution
requires a reasonably high fan pressure ratio within the distortion to re-energise the low
momentum fluid, and the tip section needs to be slightly unloaded to avoid high tip gap
related losses.

The second integration scenario is an aft-propulsor that ingests boundary layer fluid
over the entire circumference of a fuselage. The propulsor has a descending spanwise fan
pressure ratio to mitigate distortion. The new methodology is again used to assess the fan
stage at a preliminary design level and the performance is verified by uRANS calculations.
The results demonstrate the applicability of the methodology to this integration scenario.
In a subsequent step, the effect of superimposed swirl distortion is investigated. The
distortion tolerant fan shows only slightly lower fan efficiencies due to swirl distortion. The
(corrected) mass flow and the fan pressure ratio, as well as the fans ability to attenuate
the distortion, are mainly unaffected by the swirl distortion. Therefore, it is sufficient to
consider only the stagnation pressure distortion in the preliminary design. Finally, a fan
assessment along an iso speed line is performed to demonstrate the efficient applicability
of the methodology to assess various off-design conditions.






Kurzfassung

Grenzschichteinsaugung (engl. boundary layer ingestion, BLI) ist eine Technologie, die zur
Reduzierung des Treibstoffverbrauchs beitragen kann und damit potentiell die Umweltbe-
lastung der zivilen Luftfahrt reduziert. Dabei werden die Fanstufen infolge der inhomoge-
nen Totaldruckverteilung in Umfangsrichtung variierenden Anstrémbedingungen ausge-
setzt. Die Beriicksichtigung der Inhomogenitaten ist insbesondere in der aerodynamischen
Vorauslegung eine Herausforderung, da die Berechnung der BLI-Stromung entweder sehr
zeitaufwendig ist oder die Methoden lediglich globale Leistungsdaten statt detaillierter
Stromungsfelder liefern und damit den umfangreichen Einsatz im Vorentwurf limitieren.

In dieser Arbeit wird eine numerisch effiziente aerodynamische Vorentwurfs- und Be-
wertungsmethodik fir grenzschichteinsaugende Schuberzeuger entwickelt. Innerhalb der
Methodik werden ein Reynolds-averaged Navier-Stokes-Ansatz (RANS) und ein Stromli-
nienkrimmungsverfahren miteinander gekoppelt. Der RANS-Ansatz wird fur die Berech-
nung der Stromungsumverteilung im Einlauf verwendet, wohingegen das Stromlinienkriim-
mungsverfahren um ein Modell zur Erfassung der infolge BLI auftretenden Stromungs-
umverteilung erweitert und zur Berechnung der lokalen Fanbetriebspunkte am Umfang
verwendet wird. Wahrend der Entwicklung der Methodik werden die Stromungsfelder
und die sich daraus ergebenden lokalen Betriebspunkte durch instationdre RANS (URANS)
Berechnungen umfassend verifiziert, die instationaren Effekte des Leistungseintrages und
der Verlustgenerierung diskutiert und die Grenzen der Methodik erlautert. Insgesamt ist
die Methodik in der Lage, den numerischen Aufwand fur eine BLI-Bewertung von 10000
CPUh fur detaillierte uRANS-Berechnungen auf etwa 3 CPUh zu reduzieren und gleichzeitig
eine hohe Gute der Betriebspunktberechnung zu erzielen.

Die Methodik wird dann auf zwei verschiedene Fanintegrationen angewandt. Fur das
Integrationsszenario rumpfeingebetteter Turbofans werden drei radiale Verteilungen des
Fan-Totaldruckverhaltnisses im Vorentwurf untersucht und wiederum durch uRANS-Berech-
nungen verifiziert. In einem weiteren Schritt werden 32 einzelne Fans betrachtet, die
sich in der Meridionalmachzahl und der Schaufelspitzengeschwindigkeit unterscheiden.
Basierend auf den Ergebnissen dieser Studie haben einlaufstérungstolerante, in den Rumpf
eingebettete Fans ein héheres Totaldruckverhaltnis als konventionelle Fans. Die radiale To-
taldruckverteilung erfordert ein ausreichend hohes Totaldruckverhaltnis innerhalb der To-
taldruckstérung, um den Impuls des Grenzschichtfluids zu erhdhen, und der Blattspitzen-
bereich des Rotors sollte leicht entlastet werden, um hohe Spaltverluste zu vermeiden.

Das zweite Integrationsszenario ist ein heckintegrierter Fan, der Uber den gesamten
Rumpfumfang Grenzschichtfluid einsaugt. Der Schuberzeuger verfligt tber ein radial ab-
fallendes Totaldruckverhaltnis, mit dem Ziel die Totaldruckstérung am Fanaustritt zu re-
duzieren. Die neue Methodik wird verwendet, um die Fanstufe auszulegen und eine BLI-
Bewertung vorzunehmen. Instationdre RANS-Rechnungen verifizieren die Vorentwurfs-
ergebnisse und zeigen die Anwendbarkeit der Methodik auf dieses Integrationsszenario.
In einem weiteren Schritt wird die Auswirkung der Uberlagerten Drallstérung untersucht.
Dabei zeigt der einlaufstérungstolerante Fan nur geringe Variationen des Betriebspunktes
und die Fahigkeit die Stérung abzumildern ist weitgehend unbeeinflusst. Daher ist es im
aerodynamischen Vorentwurf ausreichend lediglich die Totaldruckstérung zu berticksichti-
gen. SchlieBlich wird der effiziente Einsatz der Methodik demonstriert, indem verschiedene
BLI-Betriebspunkte innerhalb des Fankennfelds berechnet und diskutiert werden.
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1. Benefits and challenges of highly
integrated fan stages during
preliminary design

1.1. Motivation for the use of boundary layer ingesting
propulsion units

Civil aviation is aiming for climate neutrality to reduce the environmental impact of the
aviation industry. The European Commission wants the aviation industry to reduce carbon
dioxide (CO,) emissions by 75%, nitrogen oxides (NOx) by 90% and noise emissions per
passenger-kilometre by 65% by 2050 compared with the technology in place in 2000 (see
Comission (2011)). This will require technological improvements to state-of-the-art aircraft
and engines. In addition, sustainable aviation fuels are expected to further reduce green-
house gas emissions from the current and future aircraft fleet.

In the medium to long term, another promising path towards more sustainable aviation
is the exploration of highly embedded propulsion units that take advantage of fuselage
boundary layer ingestion (BLI). This results in a highly coupled propulsion and airframe
system. The top row of fig. 1.1 shows a conventional aircraft with underwing mounted
engines and the bottom row shows an aircraft concept with highly integrated engines. In
underwing integration scenarios, the analysis of the airframe and the engine can be decou-
pled. Classically, the balance of momentum is considered in the overall system analysis to
investigate steady-state flight conditions. Then the thrust of the engine balances the drag
of the airframe according to eq. (1.1). Assuming a constant mass flow through the engine
and neglecting the core section, the net thrust F,, is equal to the product of the mass
flow i and the velocity difference between the flight velocity c.. and the nozzle velocity
Cnozzie- When the nozzle is choked, the static pressure within the nozzle p,..i exceeds the
ambient pressure p.. and the net thrust increases according to the pressure force given by
the product of the nozzle area A,,..;. and the pressure difference puozzre — peo.

Fnet =n- (Cnozzle - Coo) +Anozzle : (pnozzle - pw) (1 1)

In the top row of fig. 1.1 this is shown by the momentum deficit in the aircraft wake,
which is balanced by the engine jet. Both the jet and the wake velocities are different from
the airspeed and therefore dissipation occurs.

The accounting of drag and thrust is a more complex challenge for BLI integration scenar-
ios. Because the airframe and engine are closely coupled, the split between the airframe
and engine domains can be arbitrary. Smith (1993) uses momentum balance analysis to
investigate such an integration scenario. Within this analysis, Smith (1993) simplifies the
net thrust equation by averaging the inlet and outlet velocities and neglecting the pressure
terms. Then eq. (1.1) is simplified to

Fnel =nm- (Cnozzlc - Cavg.Jn) (1 2)
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steady-state momentum energy
flight balance dissipation
drag thrust loss

conventional engine integration

<> wake ;

jet

= =

BLI engines

Figure 1.1.: Comparison of conventional under-the-wing-mounted engines with a BLI
propulsion unit. Adapted from Drela (2009) and Hall (2015).

where only the difference in momentum at the inlet and outlet is taken into account. The
improvement of the BLI engines can then be seen in the propulsion efficiency equation,
which relates the propulsive power (thrust power) c.. - Fper to the power associated with
the kinetic energy Py.

n _ Ceo Frer _ Co i (Cnuzzle - Cnvg,,in) (1 3)
prop Prin Lom- (2 2

nozzle — Cavg.,in)

If a constant thrust requirement and a constant mass flow through the fan stage is as-
sumed, the following changes of a BLI propulsion unit can be observed in comparison
to a propulsor with homogeneous inflow. Due to BLI, the lower averaged velocity cayg. in
entering the propulsor leads to a lower velocity in the nozzle ¢, While maintaining a
specific thrust level. Furthermore, the kinetic energy, which is added to the flow B;,, de-
clines because of its quadratic dependency on the velocities. Consequently, the propulsive
efficiency of BLI propulsion units is higher compared to conventional engine integration.

Plas (2006) addresses the issue of neglecting static pressure due to the upstream effect
of engine integration. The engine installation is expected to cause a non-homogeneous
static pressure field at the domain inlet. Therefore, Plas (2006) extends the control volume
of the engine flow upstream of the aircraft and includes parts of the fuselage in this control
volume. The assumptions of Smith (1993) can then be applied at the inlet of the control
volume, but this underlines the ambiguity of defining the split between the aircraft and
the engine.

A more precise analysis is given in the study by Habermann et al. (2020). In their study,
a number of control volumes are coupled to achieve a clear division between the airframe
and the engine, while maintaining the momentum balance analysis.

Drela (2009) introduces a different approach that considers the power balance instead
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of the momentum balance.
Ppmp - q)jef = (I)Surface + q:'wuke (1 4)

Equation 1.4 shows that the propulsive power added to the flow P,,,, minus the jet losses
®;.; equals the surface losses @y, fqce and the wake losses ®,,q,. The advantage of the
power balance method is that it is independent of the static pressure field (see Sato (2012)).

Regardless of which balance is used, the benefit of BLI engines is visualised in the bottom
row of fig. 1.1. In terms of momentum balance, the aircraft wake is partially filled by the
propulsor. In addition, the jet speed is lower compared to conventional engine integration.
Consequently, the engine jet and aircraft wake losses are lower than in the conventional
scenario.

In the literature, a number of different overall aircraft design studies address the fuel
burn benefit of BLI engines. Depending on the aircraft type, different efficiency gains are
reported. Silberhorn et al. (2019) examines a fuselage-and-wing aircraft with turbofan
engines embedded in the tail. In this study, the block fuel of the BLI configuration is 1.1%
lower than the baseline. Hall (2015) examines the MIT D8 "double-bubble", which is com-
parable to a tube-and-wing aircraft but has a more elliptical fuselage. Most important is

4
n L n L

p/p,.[-]: 0.88 0.91 0.94 0.97 1 p/p,.. [ 0.66 0.73 0.81 0.89 0.96

(a (b)

Figure 1.2.: Embedded turbofan engines in the rear part of the fuselage (a). The distortion
pattern shows the impact of the fuselage at 180°. A rear integrated fan that
ingests boundary layer fluid around the entire fuselage is shown in (b).
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the reduced flight Mach number of 0.72. The resulting aircraft consumes 14% less fuel
than the reference aircraft with podded engines.

Another way forward for BLI propulsion is the hybrid-electric fan, which uses boundary
layer fluid around the entire fuselage. The electric fan is driven by the underwing engines.
Figure 1.2 (b) shows such an aircraft concept. In the literature the benefit for such a
concept varies from 1.9% reported by Silberhorn et al. (2020), over 4.7% shown by Seitz
et al. (2021) to 7-12% found by Welstead and Felder (2016).

1.2. Challenges for boundary layer ingesting fans

In contrast to the system-level improvements, BLI fans are exposed to challenging and vary-
ing flow conditions along the circumference and span, even in steady-state flight. At the
same time, the fan is required to maintain high levels of fan efficiency and sufficient mar-
gin to the stability limit. This leads to various challenges in the disciplines of aerodynamics,
aeromechanics, aeroelasticity and aeroacoustics. Furthermore, there are interdependencies
between propulsion and aircraft design that need to be considered in a design study. In
this study, the focus is on fan aerodynamics.

Figure 1.2 shows two different aircraft concepts incorporating boundary layer ingesting
fan stages and the corresponding inhomogeneous inlet conditions. Both show character-
istic distortion patterns showing radial and circumferential stagnation pressure variations.
However, there are differences between the two integration scenarios.

Figure 1.2 (a) shows embedded engines facing a distortion in an approximately 120° sec-
tor near the casing, which originates from the fuselage boundary layer. The rotor blades
pass through this sector once per revolution with low momentum fluid. Outside of the
distortion, the fan operates close to freestream conditions (high stagnation pressure).

The aircraft in 1.2 (b) has a hybrid-electric propulsion unit consisting of underwing turbo-
fan engines and an electrically driven propulsor at the rear of the fuselage. This propulsor
ingests a part of the boundary layer around the entire circumference of the fuselage. The
stagnation pressure distribution shows a pronounced radial variation around the entire cir-
cumference at the inlet. The distortion also shows a circumferential variation due to the
geometry of the fuselage.

The literature provides a comprehensive understanding of the interaction effects be-
tween fans and compressors and non-homogeneous inlet stagnation pressure. The ap-
proaches used to account for the fan/compressor interaction are either too imprecise for
preliminary aerodynamic design (i.e. compressors in parallel approach) or already require
very detailed input and are numerically expensive (i.e. 3D body force approach or unsteady
Reynolds Averaged Navier Stokes (URANS) calculations). As a result, aerodynamicists tend
to design fans for clean inflow conditions and subject these designs to stagnation pressure
distortions in later stages of the design process.
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1.3. Ambition of this thesis

There is the necessity to close this gap and enable fan designers to quickly assess fan
stages in BLI flow at an early stage of the design process. This enables fan designers
to explore large parameter spaces to identify promising design parameters for distortion
tolerant fan designs. Therefore, the objective of this thesis is to develop a preliminary de-
sign and assessment methodology for fan stages dedicated to non-homogeneous inflow.
The methodology is intended to be characterised by low numerical effort, which directly
translates into short turnaround times. In addition, the design capabilities include annulus
design as well as blade and vane design.

The preliminary fan assessment is required to cover the BLI related flow physics, which is
extensively reported in the literature. The previous work of the community on this specific
topic is addressed in chapter 2. Based on these results, the considered approaches need to
be extended and coupled to cover the main BLI flow characteristics. Furthermore, the re-
sulting flow fields from the preliminary fan assessment need to be verified by time-resolved
calculations. Chapter 3 deals comprehensively with the development and verification of
the methodology.

In the following chapter 4, the integration scenario used in the methodology develop-
ment is further investigated. In this context, the new methodology is used to analyse the
impact of different fan design philosophies in terms of spanwise fan pressure ratio on dis-
tortion tolerance. Again, time-resolved calculations are used to verify the results of the
preliminary design methodology. Demonstration of rapid fan assessment in BLI flows is
aimed at by investigating a wide parameter space in terms of meridional Mach number
and blade speed. The consideration of a comparable number of individuals would not be
suitable to be covered by conventional design and assessment approaches.

Another important requirement for the methodology is the versatility to cover a different
integration scenario. Therefore, chapter 5 deals with the integration of a fan stage in
the rear part of the fuselage as shown in fig. 1.2 (b). In this chapter, conceptual design
considerations are followed by a preliminary design of the fan stage. Again, the preliminary
assessment of fan performance in a two-dimensional distortion pattern is verified by time-
resolved calculations. A subsequent analysis looks at the effect of twist distortion on fan
performance and loss generation. A further application of the preliminary fan assessment
is then presented by assessing the fan performance along an iso speed line. Finally, a
conclusion is drawn and suggestions are made for future BLI-related studies.






2. Fan aerodynamics in distorted inflow

In general, fan stages are required to generate the thrust that propels aircraft. The fan rotor
therefore adds power and hence swirl to the flow (see Cumpsty (2004)). Downstream of
the fan, the flow splits into a bypass flow and a core flow. The latter is very small in Ultra
High Bypass Ratio (UHBR) engines and produces only a small fraction of the overall thrust.
The bypass flow, which is associated with the majority of the engine thrust, passes through
the outlet guide vane (OGV), which removes the swirl from the flow. The bypass flow then
passes through the bypass section and exits the engine at the bypass nozzle. This task is
shown in the enthalpy-entropy diagram in fig. 2.1 (a). The enthalpy increase is related to
the work input into the fan blade. According to Euler’s work equation 2.1, the specific
work input into the flow is achieved by adding swirl to the flow in the absolute frame of
reference (Cumpsty (2004)).

a = Uout * CO,out — Uin * CO,in (21)

Two simplifications can help evaluating the work equation. In case of a constant radius
the blade velocity reduces to uy,; = uiy = u and the work input reads u - Acg. Another
simplification is the assumption of axial inflow, which reduces the work input to be only
dependent on the velocity triangle at the rotor outlet. Then, equation 2.1 is simplified to

a = Uout * CO,out -

Figure 2.1(b) shows a section of a rotor blade with the corresponding velocity triangles
at the inlet and outlet. The definition of velocity triangles and flow angles is given in ap-
pendix A. In general, fan and compressor blades are required to add work to the flow at
the same time as they decelerate the flow (see Cumpsty (2004)). The added swirl in the
absolute frame of reference is also marked in the velocity triangle. The flow deceleration in
the relative frame of reference can be seen as the velocity w,,, is less than w;,. Exceptions
are fan and compressor sections with high work input and low blade speed, i.e. fan hub
sections. In these areas the flow can be accelerated in the relative frame of reference to
achieve the high work input as shown by Schnell et al. (2019). In addition, the added
swirl can lead to absolute Mach number levels of unity near the fan blade root outlet (see
Gummer and Wenger (2000)).

The flow kinematics and work input are directly translated into the non-dimensional
parameters flow coefficient and work coefficient. The flow coefficient

o= 2.2)
Umean
relates the axial velocity ¢, to the blade velocity uyeq,. Another dimensionless quantity is
the work coefficient, which relates the enthalpy increase Ak, to the square of the blade
velocity.
W = Ah, /i (2.3)

‘mean

Assuming incompressible flow and perfectly aligned flow with the blade geometry over
the entire operating range, the flow kinematics can be translated into the work coefficient
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Figure 2.1.: Fan cycle (a), velocity triangles in (b) and simplified characteristic (c). Adapted
from Cumpsty (2004).

according to Cumpsty (2004). The slope of the characteristic then depends only on the
flow angles (metal angles) in the work coefficient and flow coefficient diagram. This is
shown in fig. 2.1 (c).

As discussed in chapter 1, the assessment of fans with distorted inflow is more chal-
lenging in terms of physical and numerical complexity than for homogeneous inflow. Un-
derstanding fan aerodynamics under distorted inflow conditions is crucial to the design
of highly integrated distortion tolerant fans. Distortion tolerant fans maintain high levels
of efficiency combined with a sufficient margin to the stability limit over a wide range of
operating conditions. It is therefore important to identify different types and patterns of
distortion. In addition, their effects on fan operation in terms of changes in flow kinemat-
ics, work input, loss generation and influence on fan stability are discussed in the following
subsections.

2.1. Characterisation of distortion types and patterns

SAE International deals primarily with three different types of distortion that affect engine
performance. Associated Aerospace Information Reports and Aerospace Recommended
Practice Reports deal with these topics:

1. stagnation pressure distortion SAE (2011)
2. stagnation temperature distortion SAE (2017)
3. swirl distortion SAE (2022)
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Figure 2.2.: Fan map in terms of stagnation-to-static fan pressure ratio and corrected mass
flow. Adapted from Greitzer and Griswold (1976), Cumpsty (2004) and SAE
(2022).

In general, these distortions can be composed of complex patterns with radial and cir-
cumferential components. In addition, superimposed distortions consisting of the above
types of distortion occur in realistic engine integration. Nevertheless, it is useful to analyse
the different distortions separately using the simple compressors-in-parallel (CIP) approach.
Because of its simplicity and its ability to capture distortion-related performance variations,
it is often used to analyse distorted inflow (Longley and Greitzer (1992), Greitzer and Gris-
wold (1976) and Lecht (1987)). The basic idea of the CIP is to evaluate the performance
of two stream tubes with different inflow conditions. Both stream tubes are coupled by
a common back pressure, but all interactions upstream of the compressor outlet are ne-
glected (i.e. mixing). The assumption of uniform static pressure is valid in the case of
uniform swirl at the outlet and the presence of a constant area duct (see Greitzer and
Griswold (1976) and Longley and Greitzer (1992)). It is also assumed that the compres-
sor performance determined for homogeneous inflow is maintained for both stream tubes.

Due to its simplicity, CIP is applied in this subsection to explain the effect of the different
distortions on fan and compressor performance. Figure 2.2 shows a generic fan map in
terms of stagnation-to-static fan pressure ratio (IT,_; = I’,’r—') and corrected mass flow. The
solid lines represent the corrected speed lines and the dashed line marks the stability limit
at homogeneous inflow. The aerodynamic design point (ADP, black square) is used as a
baseline and all operating point variations due to the specific distortions are compared to
the ADP. In addition, the isolated effect of the three types of distortion mentioned above is
considered. Therefore, only the distortion related inflow changes, while the others remain
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unchanged. However, distortion related flow changes are allowed.

Firstly, a stagnation pressure distortion is considered. A decrease in stagnation pressure
leads to a decrease in (corrected) mass flow. According to the assumptions, the stagnation
temperature remains constant and the operating point of the low momentum steam tube
remains on the same corrected speed line. Therefore, the operating point is on the upper
left side compared to ADP. In addition, the stability limit line moves to the right with dis-
torted inflow and therefore the lower inflow stagnation pressure operating point is closer
to the stability limit. Stagnation pressure distortions occur in conventional aero-engines
during off-design conditions such as crosswind operation or high angle-of-attack flight
and associated flow separation at the inner nacelle (see Peters et al. (2015) or Cao et al.
(2017)). In addition, this type of distortion occurs in highly embedded s-shaped ducts,
which are likely to be used in military engines (see Williams (1986), Migliorini et al. (2022)
or Max et al. (2022)). Another source is aircraft boundary layers, which are intentionally
introduced into BLI engines to improve efficiency, as discussed in chapter 1.

Secondly, the change in operating point in the case of stagnation temperature distortion
is taken into account. This type of distortion also changes the amount of mass flow taken
in (corrected). Figure 2.2 illustrates a hot gas ingestion. Due to the increased (stagnation)
temperature, the (corrected) mass flow decreases. In addition, the mechanical shaft speed
remains constant, but the corrected shaft speed changes due to the distortion. The result-
ing operating point is therefore on the left of ADP. As the stagnation pressure at the inlet
and the static pressure at the outlet remain unchanged, their ratio also remains the same.
Hot gas ingestion at the fan inlet is mainly associated with military engines, i.e. after a
cruise missile launch (see SAE (2017)). However, stagnation temperature distortions also
occur in civil engines. In the case of a non-homogeneous work input within an upstream
component (i.e. fan), the downstream components (i.e. low-pressure compressor) are sub-
ject to stagnation pressure and stagnation temperature distortions (compare Longley and
Greitzer (1992)).

Finally, the effect of swirl angle distortions on fan operating points is considered. Flow
angle distortions can mainly be divided into radial and circumferential components. The
presence of radially homogeneous, circumferential swirl changes the position of the cor-
rected speed lines within the fan map (compare SAE (2022)). The dash-dotted lines in
fig. 2.2 represent co-swirl and counter-swirl characteristics. For a fixed corrected mass
flow, a given speed line is shifted upwards in the case of counter-swirl and downwards in
the case of co-swirl. Such conditions can be found around the entire circumference if an
inlet guide vane is present. In crosswind or high angle-of-attack operation, the fan oper-
ates in swirl distortion (compare Thollet et al. (2016)). In addition, swirl angle distortions
occur due to ground vortex ingestion (see Schénweitz et al. (2013)) or in S-shaped ducts
of highly integrated aero-engines (compare Migliorini et al. (2022)). These swirl distortions
consist of three-dimensional vortices and the flow is more complex than allowed by the
above assumptions. Consequently, fan performance variations are more complex.

The current study examines highly integrated fan stages, as introduced in chapter 1. The
associated boundary layer mainly causes stagnation pressure distortion to which the fan is

subjected, and therefore the following section focuses on this type of distortion.

In the previous explanations, two individual stream tubes are evaluated to explain their
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effect on the overall fan and compressor performance. This study is therefore more related
to circumferential distortions. However, radial distortions can also occur. When purely ra-
dial distortions are present, the distortion leads to spanwise variations in blade incidence
and therefore blade performance. Mennicken et al. (2022) show the above inflow con-
ditions for the BLI propulsor discussed in chapter 5. If the blade is operating at positive
incidence over a large part of the blade, the work input will increase and the fan pressure
ratio is likely to increase as well. If the blade operates mainly at negative incidence, the
fan pressure ratio is likely to decrease compared to undistorted inflow. Furthermore, the
fan characteristic is likely to change its slope (see Abbasi et al. (2018)). Consequently, the
overall fan characteristic is different from that obtained with undistorted inflow. Neverthe-
less, conventional numerical approaches can be applied to analyse purely radial distortions
due to the circumferential periodicity of the flow. Furthermore, the flow characteristics of
circumferential distortions are more complex. Therefore, the following section is mainly
focused on circumferentially non-homogeneous flow.

2.2. Stagnation pressure distortion

This subsection deals with boundary layer specific flow features and performance vari-
ations. Highly integrated propulsion units are subject to stagnation pressure distortions
which have a large characteristic length scale in the circumferential direction compared
to the rotor pitch. The equations 2.4 and 2.5 give two commonly used metrics to char-
acterise stagnation pressure distortions. The numerator of both metrics is the difference
between the average stagnation pressure over the entire circumference and the minimum
stagnation pressure in a 60° segment. The denominator is different for both metrics. The
distortion coefficient DCgg- in eq. (2.4) uses the dynamic pressure in the case of incom-
pressible flow (Longley and Greitzer (1992)).

DCyp = Pt ,360° 1— pzt‘min,600 2.4)
Ep Cax

The denominator of the distortion intensity Dlgge in eq. (2.5) is the average stagnation
pressure (SAE (2011)). _ _
Dl = Pr,360’;* Pt,min,60° (2.5)

Pr.360°

2.2.1. Flow redistribution upstream of the fan stage

In flows with non-homogeneous stagnation pressure, there is an interaction between the
distortion and the compression system. A CIP approach is used, corresponding to the
explanations in section 2.1. One stream tube contains high momentum fluid, the other
low momentum fluid. In the far upstream position, the stagnation pressure distortion is
fully allocated to the dynamic pressure and therefore translates into an axial velocity dis-
tortion. Consequently, the static pressure and the swirl velocity are homogeneous. The
solid lines in fig. 2.3 (a) and (b) show these flow conditions. At the rotor inlet, the stagna-
tion pressure profile remains the same as in the far upstream position as shown in fig. 2.3
(@), but the distortion allocation between dynamic and static pressure changes. In the
low momentum region, the static pressure decreases and the axial velocity increases. The
stream tube associated with high stagnation pressure shows the opposite change. In ad-
dition, flow redistribution is directly related to swirling flow. This behaviour is extensively
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Figure 2.3.: Stagnation and static pressure as well as axial and circumferential velocities far
upstream and at the rotor inlet. Figure adapted from Longley and Greitzer
(1992).

reported in the literature and can be found in Longley and Greitzer (1992), Greitzer and
Griswold (1976), Fidalgo et al. (2012), Schoenweitz et al. (2015) or Gunn and Hall (2014).
The flow redistribution is not discrete in nature, but is related to a spatial extent in the
upstream flow path. Figure 2.4 (a) shows the dividing streamlines between the high and
low stagnation pressure fluid in an "unrolled" compressor. The high stagnation pressure
stream tube expands as it approaches the compressor and contracts the low stagnation
pressure stream tube (see Mazzawy (1977)). Figure 2.4 (b) shows the axial distribution of
the static and stagnation pressure distributions. Stenning (1980) compares experimental
data represented by squares and diamonds with theoretical results (solid lines). The axial
coordinate is non-dimensionalised by the compressor radius and the compressor inlet is
located at x/R=0. Upstream of the compressor, the stagnation pressure distortion is inde-
pendent of the axial position. In contrast, the static pressure distortion increases as the
flow approaches the compressor. Additionally, fig. 2.4 (b) depicts the distortion attenua-
tion within the compressor due to higher work input within the distorted sector.

The flow redistribution described above takes place mainly in the intake. Similar to con-
ventional intakes, the purpose of the intake in BLI configurations is to decelerate the flow
while maintaining almost the same stagnation pressure. The intake is also required to
straighten the flow. In BLI cases, the geometry of the intake also determines the amount
of boundary layer fluid ingested. Therefore, there is a need for special intake designs to
deal with boundary layer ingestion.

Intake designs of embedded turbofans are mainly non-axisymmetric at the inlet tran-
sitioning to a rotationally symmetric cross-section at the rotor inlet (see Plas (2006) and
Florea et al. (2015)). The inlet design of Florea et al. (2015) is mainly driven by the non-
dimensional inlet length L/D and the embedding degree AR/L, which defines the radial
offset of the inlet and outlet planes of the inlet. The application of these design para-
meters results in an S-shaped inlet geometry. Florea et al. (2015) find the optimum design
parameters to be /D between 0.6 and 0.8 while AR/L is between 0.2 and 0.3. In this re-
gion of the parameter space the compromise between low stagnation pressure losses, low
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Figure 2.4.: The left part (a) shows the dividing stream lines between the high and low
stagnation pressure stream tubes according to Mazzawy (1977). The right
part (b) shows the change in static and stagnation pressure upstream, within
and downstream of the compressor. Adapted from Stenning (1980).

amplitude of the first two harmonics of the stagnation pressure distortion and a tolerable
mass flow variation around the circumference is found.

Ordaz et al. (2017) simultaneously design the rear part of an aircraft and the intake
geometry of an aft-propulsor. The DCgg- of the optimal design has a value of 0.0182 and
is 95.6% lower compared to the baseline. The fan therefore receives a more homogeneous
inflow in the circumferential direction than in the baseline design. However, the improved
inflow distribution is achieved over an area of slightly increased drag across the entire rear
of the aircraft.

2.2.2. Fan performance in distorted inflow
Flow kinematics at rotor inlet

In section 2.2.1 the flow redistribution in the inlet is introduced. This results in different
velocity triangles as shown in fig. 2.5. Figure 2.5 (a) shows the rotor velocity triangles at
the aerodynamic design point. Typically, ADP performance aims for minimised losses while
considering other design constraints (i.e. stability). Throughout this study, incidence and

decreased axial flow acceleration swirl velocity
homig lgnweous velocity within due to flow stemming from
boundary layer redistribution flow redistribution

@ (b) © ()

Figure 2.5.: Superposition of BLI specific flow features on velocity triangles. Adapted from
Mennicken et al. (2019).
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deviation angles are measured between the aerodynamic design point and the flow angle
at a specific operating point. As shown in eq. (2.6), incidence accounts for the difference
in relative flow angles (see Hergt et al. (2011)).

i = 0@,in,0p — %0,in ADP (2.6)

Positive incidence is associated with a stagnation point shifted to the pressure side, whereas
negative incidence shows a stagnation point located on the suction side of the blade. Ac-
cording to this definition, the incidence angle in fig. 2.5 (a) is equal to zero. The deviation is
calculated according to eq. (2.7) and takes into account the difference in the relative flow
angle at the trailing edge. The deviation is therefore zero for ADP. Ignoring the effects of
the downstream flow path between the rotor and stator, the velocity triangle at the rotor
outlet represents the stator inlet conditions. At ADP, the design intent is to align the vanes
with the flow and the stator incidence is, by definition, zero.

8 = Qo,ou1,0P — 00 ,0u1 ADP (2.7)

In addition, fig. 2.5 decomposes the BLI related changes in the velocity triangles into in-
dividual effects. As seen in section 2.2.1, boundary layer ingestion is associated with a
decrease in axial velocity. Figure 2.5 (b) shows velocity triangles in the case where no flow
redistribution would take place. The rotor receives a positive inflow due to the axial velocity
deficit. At the rotor outlet, these inflow conditions can lead to a deviation. The incidence
at the rotor inlet combined with the deviation leads to changes in the velocity triangle
at the rotor outlet. Firstly, the work input increases due to an increased circumferential
velocity component cg . Secondly, the stator inflow velocity triangle changes towards
positive incidence conditions for the stator. This can be seen from the difference between
the black and grey (ADP) velocity vector c in fig. 2.5 (b). As introduced in section 2.2.1,
the circumferential flow redistribution leads to an acceleration of the boundary layer fluid.
Therefore, the rotor incidence decreases compared to the case without flow redistribution,
as can be seen in 2.5 (c). These conditions are representative of the middle of the distor-
tion. However, the deviation remains at the trailing edge of the rotor. Gunn et al. (2013)
quantify the deviation to be less than 3°. According to the velocity triangles in fig. 2.5
(), the work input remains higher than with ADP. In line with the explanation above, the
downstream stator is exposed to positive incidence. Figure 2.5 (d) shows a velocity triangle
in counter-swirl conditions. Swirl is present due to static pressure gradients at the rotor in-
let. When the swirl and blade rotation are aligned, it is called co-swirl and tends to reduce
blade incidence and work input. The opposite is called counter-swirl and is associated with
an increase in the angle of incidence and therefore work input. Another important aspect
of flow redistribution is the decoupling of corrected mass flow and blade incidence due to
BLI related flow acceleration and deceleration. At undistorted inflow conditions, the fan
map provides Mach and incidence similarity independent of ambient conditions. In the
case of BLI, the incidence is changed due to flow redistribution and therefore conventional
fan map considerations are misleading. This needs to be considered when assessing local
operating conditions.

Figure 2.6 shows a counter-clockwise rotating fan and a BLI related stagnation pressure
pattern. Over the entire circumference, the inflow velocity triangles and therefore the fan
performance can change compared to a homogeneous inflow. At 0° the fan stage is barely
affected. In the study of Yang et al. (2021) a positive incidence is reported while Gunn and
Hall (2014) observes a negative incidence. In the region where the low momentum fluid is
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Figure 2.6.: Fan stage and boundary layer distribution.

located, flow redistribution takes place. In the region of -120° there is a co-swirl, while near
120° there is a counter-swirl. In the middle of the distortion (+180°) the static pressure
minimum is located and both swirl regimes cancel each other out. No swirl is observed.
These results are reported in detail, e.g. by Fidalgo et al. (2012), Gunn et al. (2013), Gunn
and Hall (2014) or Schoenweitz et al. (2015). Due to the different flow kinematics, the
rotor incidence varies along this part of the circumference. In BLI distortion patterns, the
decreasing axial velocity has the main influence on the incidence angles, while the swirl
has only a small contribution. Therefore, the rotor is mainly exposed to positive incidence
in the distorted region (see Gunn and Hall (2014) Yang et al. (2021)). In addition, Yang
et al. (2021) observed an inflow Mach number variation with lower Mach number values
near -120° and higher Mach number values at 120°.

Tip leakage flow and entropy generation

According to the experiments of Storer and Cumpsty (1991), under clean inflow condi-
tions the tip leakage flow has almost the same stagnation and static pressure distribution
as the blade section near the tip gap. In addition, the inflow Mach number and blade
incidence are the main parameters affecting the static pressure distribution on the blade
(see Weingold and Behlke (1987)). As the tip gap flow is mainly driven by the pressure
force between the pressure and suction sides, Yang et al. (2021) find lower tip gap related
loss generation at co-swirl (-120°) and amplified flow through the tip gap at counter-swirl
(120°) with increased tip flow related losses. In the study of Yang et al. (2021) 54% of the
additional entropy generation in the case of BLI is associated with this flow feature. Gunn
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and Hall (2014) find that two-thirds of the additional BLI-related loss generation occurs in
the rotor. Based on their study, tip gap flow in the counter-swirl regime is also a major
source of loss. In addition, Gunn and Hall (2014) find a counter-intuitive behaviour of the
rotor efficiency in the middle of the distortion (-180° position in fig. 2.6). At this point,
one would expect a reduction in fan efficiency due to positive incidence. However, Gunn
and Hall (2014) finds high efficiencies in this region. This is due to radial flow migration
within the rotor, higher work input due to incidence and flow acceleration rather than
flow deceleration.

Unsteady flow features due to BLI

In addition to the varying inflow conditions at the rotor inlet, unsteady flow features af-
fect the flow field and fan performance. Even with homogeneous inflow unsteady flow
features are present in turbomachinery due to blade row interactions, as reported in detail
by Sanders et al. (2001), Sanders and Fleeter (2001) and Mailach (2010). Depending on
the Mach number level, different flow features are present. By definition, at low Mach
numbers the flow velocity is less than the speed of sound. Since the propagation of static
pressure perturbations is linked to the speed of sound, they move faster than particles
transported at the convective speed in subsonic flows. In rotor-stator interaction, the
wake of a rotor subjects the downstream stator to an instantaneous change in incidence.
This causes an instantaneous change in the stator pressure distribution and therefore the
circulation changes over the entire chord length as reported by Sanders et al. (2001) and
Mailach (2010). In addition, the difference between the rotor wake and the free stream
velocity (slip velocity) leads to flow migration of the low momentum wake fluid from the
suction side to the pressure side within the stator passage. This flow migration is known
as the negative jet effect. At subsonic conditions, the negative jet effect slightly changes
the stator pressure distribution.

At transonic flow conditions, the convective transport is of the same order of magnitude
or even exceeds the speed of sound. In such conditions, the negative jet effect caused by
the rotor wake is the main driver of blade performance variations, as shown by Sanders
and Fleeter (2001). The flow migration to the pressure side increases as the velocity ratio
between the rotor wake and the free stream within the stator passage increases. In ad-
dition, an upstream pressure wave is created at the trailing edge of the blade due to the
interaction between the rotor wake and the blade. The superposition of the pressure wave
with the variation of the stator circulation changes the static pressure distribution along
the suction side.

In BLI flows, the unsteadiness is due to the relative motion between the rotor and the
stationary distortion. The incidence-affected inflow combined with the decreasing static
pressure in the distorted sector leads to results similar to the rotor-stator interaction ef-
fects discussed above. Mazzawy (1977) considers the static pressure path and the con-
vective path, both of which are shifted circumferentially by the rotor. In subsonic flow,
the circumferential displacement of a particle is greater than that of the static pressure.
Consequently, the static pressure and the particle path are decoupled. Mazzawy discusses
the effects of decoupling by considering a simplified representation of realistic rotor flow.
The rotor blade passage is modelled by a diffuser with a linear increase in cross-sectional
area. Within the relative frame of reference, a one-dimensional, inviscid and incompress-
ible flow is assumed and eq. (2.8) shows the corresponding axial momentum equation.
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The time derivative of the velocity in eq. (2.8) accounts for the time dependent changes in
the velocity field and reveals the unsteady nature of the rotor flow.

1dp dw  Jw
e R 2.8
pox Wox T 8
Including the assumptions about the flow field and geometry, Mazzawy performs the spa-
tial integration over the diffuser. This leads to eq. (2.9), which shows the two terms influ-
encing the static pressure rise. The first one only considers the spatial variations, while the
second one is transient as it includes the time derivative of the disturbance velocity w'.

b b /
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Thus, the static pressure rise depends on the chord length b, the cross-sectional area at
the inlet and outlet of the diffuser and the time derivative of the flow velocity.

There is also a time-dependent increase in the stagnation enthalpy. Using the formula
of Gibbs, the change in entropy depends on the enthalpy and pressure gradient.

1
Tds:dh—ﬁdp (2.10)

Applying the definition of stagnation enthalpy, rearranging the equation taking into ac-
count the momentum eq. (2.8) and performing the spatial integration leads to eq. (2.11).
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The first summand on the right-hand side of this equation is equal to the one discussed
above. So the stagnation temperature rise also depends on the geometry of the blade and
the time derivative of the velocity perturbation. In addition, the stagnation enthalpy rise
depends on the entropy variation.

The underlying mechanisms of this summand can be explained by considering fig. 2.7.
On the left-hand side, the circumferential entropy distribution is shown. High entropy flu-
ids are associated with low stagnation pressures. At time ¢, the low momentum particle A
enters the rotor passage. This is shown in the upper part of fig. 2.7. For a time interval,
the rotor continues to move in the circumferential direction and the particle passes through
the passage. At time r, particle A, which entered the passage at 7, reaches the trailing
edge of the rotor and particle B enters the passage. Particle B has a higher momentum
and a lower entropy level than particle A. Thus, the distortion related entropy variation
leads to an unsteady stagnation entropy increase. The reduced frequency, which relates
the particle residence time in the passage to the characteristic time of the rotor rotation,
is an indicator of how pronounced this effect is. Reduced frequencies below 0.1 indicate
quasi-steady behaviour Hall et al. (2017), while higher values indicate the relevance of un-
steady flow characteristics.

The varying work input due to the flow kinematics combined with the unsteady work
input (see above) and three-dimensional flow features within the rotor passage (i.e. shock
systems in transonic rotors) leads to varying rotor performance around the circumference.
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Figure 2.7.: Stagnation pressure related entropy distribution along the circumference and
convective particle tracking through the rotor at two times. Figure adapted
from Mazzawy (1977).

In addition, the rotor shifts the flow in the circumferential direction. Accordingly, the flow
field at the rotor outlet exhibits non-homogeneous stagnation pressure and temperature
distributions that are not at the same spatial location as the incoming flow. In addition,
both distortions can be out of phase as reported by Yao et al. (2008) or Reutter et al.
(2020). This effect seems to be more pronounced in multistage compressors than in fans,
as there is no significant shift in the published data of Fidalgo et al. (2012) and Gunn et al.
(2013). Especially in highly transonic rotors, the impact on the shock system can lead to
significant shock oscillations of 20% chord length at each pass through the distortion (see
Hah et al. (1998)). All these effects also lead to rotor force variations. Schoenweitz et al.
(2015) examine fan stages with a high fan pressure ratio (IT, = 1.7) and a low fan pressure
ratio (IT, = 1.35). The fans are exposed to a distorted sector with a constant stagnation
pressure drop, located close to the casing. The fan with the high fan pressure ratio has a
peak-to-peak rotor force variation of 63.8%, while the fan with the low fan pressure ratio
has a blade force variation of 130.3%.

Stator performance

In contrast to the rotor, the stagnation pressure distortion and the stator are clocked.
Therefore, the stator vanes are exposed to varying inflow conditions around the circum-
ference. In the case of axisymmetric stators, flow separations can occur within stators
operated with low momentum fluids (see Gunn et al. (2013) and Gunn and Hall (2014)).
As the stator and distortion are clocked, there is an opportunity to improve flow conditions
by using non-axisymmetric stators. In the studies of Hall et al. (2017) and Hall et al. (2022)
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individual stator geometries are incorporated and swirl is allowed at the fan stage exit.
Individual stators have an upstream effect and can therefore positively influence the per-
formance of the rotor. Therefore Hall et al. (2017) aims to reduce the rotor blade loading
by staggering the stators around the circumference. By varying the stator stagger angle
by 3°, smaller variations in the diffusion factor in the rotor tip area can be achieved. Hall
et al. (2022) are minimising the circumferential variations of the rotor incidence and the
rotor blade force. Both metrics can be improved within their study by applying moderate
changes in stator blade angles (7° in stator exit angle) at the expense of a less homoge-
neous flow field at the fan stage exit. Gunn and Hall (2017) design a three-dimensional
non-axisymmetric stator. The stators clocked with the distortion have an increased chord
length near the tip and an increased chamber. In addition, these stators are more leaned
than the baseline stators. In contrast to the vanes within the distortion, the vanes operat-
ing in the high momentum fluid are less chambered and the vane chord is reduced. All in
all, the redesigned stator has less flow separation and therefore lower losses.

Stage performance

The observation of flow redistribution in section 2.2.1 raises the question of why it oc-
curs. Figure 2.8 shows a stagnation-to-static (inlet-to-outlet) pressure rise characteristic of
a fan/compressor. If the stagnation pressure distribution at the inlet and the static pressure
at the outlet of the fan stage are known, the stagnation-to-static pressure ratios are given.
Knowing the shaft speed and axial velocity gives the flow coefficient & = <. Far upstream,
the axial velocity deficit leads to the operating point L'. As the CIP approach requires all lo-
cal operating points to be on the characteristic, the flow redistribution shifts the operating
point L' towards L. A simplified approach to obtaining an averaged operating point is to
linearly weight the local operating points by mass or area. The averaged operating point is
then found to be below the characteristic. The margin between the operating point and
the characteristic is due to additional losses in the case of BLI. As explained above, the
stagnation-to-static pressure ratio defines the operating point of the low stagnation pres-
sure stream tube. Therefore, the shape of the rotor characteristic influences the variation
of the flow coefficient at the rotor inlet. Figure 2.8 (b) shows two different rotor designs,
one with a steep and one with a flat characteristic. Both compressors are subjected to a
similar inlet distortion. Therefore, the difference in pressure rise between the low and high
stagnation pressure stream tubes is the same for both rotors, but the variation in the flow
coefficient is not. The steep characteristic shows less variation than the flat characteristic.

Similar results can be found in recent studies by Hall et al. (2017), Godard et al. (2019) or
Schénweitz et al. (2017). The fan efficiency degradation varies between 1-2% (see Gunn
and Hall (2014) or Mennicken et al. (2021)) and 10% (see Giesecke and Friedrichs (2019)).
A dedicated design for a boundary layer ingesting turbofan as well as the experimental
assessment can be found in Cousins et al. (2017) and Arend et al. (2017). The fan rig
diameter has a 22 inches fan diameter, a fan pressure ratio of 1.34 and achieves an isen-
tropic efficiency of 87.9% at ADP.

Rear integrated and mostly electrically driven fans are designed in the studies of Castillo
Pardo and Hall (2019), Martensson et al. (2019) or Mennicken et al. (2020). The design
stagnation pressure distribution is purely radial in all studies. However, the realistic dis-
tortion pattern is the superposition of radial and circumferential components as shown
in Martensson and Laban (2020). Their design philosophy is to design a fan rotor with a
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Figure 2.8.: Fan map including the operating points of the low momentum (L) and high
momentum stream tube (H) and the averaged operating points with the as-
sociated loss in pressure rise on the left (a). On the right-hand side (b) the
impact of different characteristics is shown. Figure adapted from Greitzer and
Griswold (1976).

radially constant fan pressure ratio. Martensson et al. (2022) shows the deduction of a
rig scale model. The rig-scale fan stage is part of a high-altitude test facility. Rasimarz-
abadi et al. (2022) show the ability to modify the stagnation pressure profiles within their
facility, allowing the testing of different boundary layer distortion patterns. Castillo Pardo
and Hall (2019) numerically and experimentally compare a free vortex design with a design
dedicated to BLI flow. The latter is characterised by a reduced work input in the hub and
tip sections, while the work input in the midspan is increased. In addition to the adjusted
work input, the blade loading is limited by individually adjusting the chord length in the
spanwise direction. The fan is also evaluated at take-off conditions. Here the boundary
layer profile changes significantly and the fan operates with complex incidence distribu-
tions varying from negative to positive incidence in the spanwise direction. Similar results
and mitigation strategies are detailed in the study by Mennicken et al. (2022). The fan

stage used in this study has a radially decreasing fan pressure ratio and is discussed further
in chapter 5.

2.2.3. Impact of downstream components on fan performance

In most cases, a homogeneous static back pressure is assumed for distorted inflow con-
ditions, and the conditions under which this is true are already explained in section 2.1.
However, Sulam et al. (1970) published experimental data where distorted inflow leads to
a non-homogeneous static pressure at the fan stage outlet. The static pressure field shows
an inhomogeneity of the same order of magnitude as the stagnation pressure distortion
at the fan inlet. The distinctive feature of this experimental setup is the implementation
of a diffuser downstream of the fan. Therefore, Greitzer and Griswold (1976) investi-
gate the influence of downstream components to study the static pressure field at the
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Figure 2.9.: Impact of downstream components on local operating points on the left in (a)
and the impact of diffuser geometry on the static pressure field at compressor
outlet in (b). Figure adapted from Greitzer and Griswold (1976)

compressor outlet. Taking advantage of a quasi-two-dimensional flow field, as discussed
in section 2.3.2, they find that the static pressure distortion and therefore the operating
points depend on the downstream component. Figure 2.9 (a) shows the effect of different
downstream components on these operating points. Typically, CIP approaches assume a
constant area duct downstream of the compressor and use this set of operating points as
a reference. A diffuser increases the operating point variation, whereas a nozzle has the
opposite effect. Focusing on diffusers, Greitzer and Griswold (1976) find that the static
pressure distortion depends on the diffuser length and the diffuser area ratio. Figure 2.9
(b) shows this dependence. Low static pressure distortions are obtained for long diffusers
with respect to their radius (high values of L/R) and small variations in the diffuser area
ratio, which can be found near the origin of the graph. Typical bypass duct designs are
characterised by small variations in the area ratio, and the length to radius ratio is expected
to be between 1-3 (see Goulos et al. (2018)). Therefore, the static pressure distortion at
the fan outlet is expected to be low.

Furthermore, the remaining stagnation pressure distortion can change the velocity dis-
tribution and therefore the efficiency of thrust generation. Kozulovi¢ (2010) investigates
the effect of a non-homogeneous velocity distribution within the nozzle on the propulsive
efficiency. With increasing non-uniformity of the nozzle velocity distribution, the efficiency
degradation increases and the constant velocity distribution is identified as the optimum.
Small variations in the peak velocity compared to the free stream velocity cause only small
reductions in propulsion efficiency. For example, a velocity peak 1.05 times higher than
the freestream results in an efficiency degradation of 1%. If the peak velocity is five times
higher than the freestream velocity, the propulsion efficiency is reduced by about 20%.
The location of the peak velocity within the nozzle is also found to affect the performance
degradation. Peak velocities near the centreline of the nozzle result in greater propulsive
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efficiency degradation than peak velocities near the casing.

2.2.4. Fan stability in stagnation pressure distortions

Stability over a wide range of operating conditions is an inevitable requirement for aero-
engines and their components. Overall stability is related to both aerodynamic and me-
chanical stability. Aerodynamic stability is addressed first, followed by mechanical integrity.

Aerodynamic stability

Aerodynamic stability is associated with the terms surge and stall, which describe flow
conditions beyond the attached flow (see Day (2016)). On the one hand, surge is charac-
terised by fluctuating flow in the axial direction. Thus, the mass flow pulsates during surge
operation (see lura and Rannie (1954)). On the other hand, stall cells rotate along the cir-
cumference, leading to the common term rotating stall (see Huppert and Benser (1953)).
Consequently, stall cells are characterised by higher circumferential than axial velocities.
Stall can be divided into part span and full span stall (see Cumpsty (2004)). In full span
stall one or a number of passages are completely blocked, whereas in part span stall only
a fraction of one or more blade passages are blocked. However, both types of stall re-
sult in stalled and unstalled rotor passages around the circumference (see lura and Rannie
(1954)). Therefore, the average mass flow in stall operation remains largely constant (see
lura and Rannie (1954)). There are different stall mechanisms in turbomachinery acting on
different length scales. Modal perturbations are a long length scale mechanism and can
lead to stall as well as the presence of spikes associated with short length scales (see Day
(1991)). Both types of stall move around the circumference at a circumferential velocity
less than the rotor speed, but they differ in speed. Modal perturbations rotate at about
50% of the shaft speed and spike cells at about 70% (Day (2016)). Spike induced stall
occurs in the tip region of the rotor due to increasing incidence (see Day (1991)). More re-
cent research has provided a deeper insight into the flow pattern of spike stall cells. Inoue
et al. (2004) observes vortex formation at the rotor leading edge. Vo et al. (2008) explains
stall initiation by the combination of two effects. The forward spillage effect causes tip
clearance fluid to enter the adjacent blade upstream of the leading edge. Tip clearance
backflow occurs when tip clearance fluid enters the adjacent blade passage downstream
of the trailing edge and flows in the upstream direction. Pullan et al. (2015) show that
rotor incidence is the stall initiating mechanism, as tip clearance spike stall also occurs in
rotors without tip clearance. However, the tip clearance flow characteristics reported by
Vo et al. (2008) can also trigger spike stall as the associated blockage leads to increased
rotor incidence.

In distorted inflow conditions, stall conditions are also of interest as they can limit the
operating range of a compression system. Cao et al. (2017) and Peters et al. (2015) investi-
gate the flow pattern within intakes at a high angle-of-attack. In such conditions, the flow
tends to separate locally, creating a stagnation pressure distortion that the fan must cope
with. The stagnation pressure distortions associated with this flow pattern are investigated
by Wartzek (2017). Different distortion generators of different radial and circumferential
extent are placed two rotor chord lengths upstream of the rotor leading edge of a transonic
compressor. Two distortion generators with a radial extent of 5 and 10 % with respect to
the blade height cover a 120° sector in the circumferential direction. In addition, two cir-
cumferential distortion screens of 60° and 90° are considered with an extent of 10% in
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Figure 2.10.: Static pressure delivery at surge for different extents of the spoiled sector (a).
Impact of the number of spoiled sectors and their circumferential location
around the circumference (b). Figure adapted from Reid (1969).

radial blade height. Wartzek (2017) observes the instantaneous rotor stall of the entire
rotor stage instead of the emerging stall cell at a specific circumferential position. The dis-
turbances leading to stall are found at values of 0.5 of the engine order and the stall cells
move around the circumference at half the rotor speed. This is consistent with the stall ini-
tiation research presented above. In addition, the radial extent of the distortion screen has
a more pronounced effect on stall initiation than the circumferential extent. Perovic et al.
(2015) investigates the stall inception of a low Mach number fan stage in the case of BLI.
Static pressure perturbations associated with stall inception are found at frequencies below
the blade passing frequency. Stall cells occur in the tip region where the blade incidence
is above the stall inception incidence at clean inflow and the stall cell speed is 56% of the
blade speed. As the stall cell propagates in the circumferential direction, it decays in the
high momentum inflow regions under stable operating conditions. The fan stalls if the stall
cell remains in the flow during circumferential propagation. These conditions are found
when the blade incidence is sufficiently high to attenuate the decay process over a large
part of the circumference. In the study of Reid (1969) a 6-stage compressor is subjected
to several stagnation pressure distortions. The distortion generators are located 0.25% of
compressor diameter upstream of the rotor inlet and result in stagnation pressure drops
between 3.3% and 13%. Two radial distortions of 25% spanwise are investigated. One
is located at the hub and the other at the tip. Irrespective of the spanwise location, the
distortions cause only a small reduction of less than 2% in the surge static pressure rise. In
contrast, both the circumferential extent and the intensity of the distortion are important
in terms of decreasing the surge pressure rise. The static pressure rise decreases as the dis-
tortion intensity increases. Figure 2.10 shows the resulting surge pressure rise compared
to clean inflow for different distortion patterns. According to the experimental data, Reid
(1969) reports a strong dependence of the surge delivery static pressure for the spoiled
sector between 0 and 90°. Figure 2.10 (a) shows a steep slope there. Beyond the criti-
cal angle the compressor performance remains largely constant 2.10 (a). Figure 2.10 (b)
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Figure 2.11.: Fan characteristic and specific stability related operating points Cumpsty
(2004).

shows the effect of three different distortion patterns on the static pressure rise at surge
operating conditions. All the distortion patterns have a 90° segment of low momentum
fluid, but the low momentum fluid segments are arranged differently. One pattern blocks
four 22.5° segments, one pattern blocks two 45° segments and one pattern blocks one
90° segment contiguously. The static pressure rise at surge decreases as the distorted sec-
tor expands in the circumferential direction. For part speed operation, the trends remain,
but there is a smaller decrease in the static pressure rise at surge.

Page et al. (2017) investigate the stall behaviour of a transonic rotor. At clean inflow
conditions, the aforementioned tip gap flow structures are confirmed. In addition, the
rotor response to different inflow distortions is investigated. The distortion types caused
by an S-shaped duct are steady and unsteady vortices, static pressure distortion and stag-
nation pressure distortion. All types of inlet distortion are found to be detrimental to rotor
performance, while stagnation pressure distortion is found to be detrimental to rotor sta-
bility. The co-swirl part within the distorted sector is most likely to incept stall as backflow
in the axial direction and spillage effects of the tip clearance flow are observed there.

There are several approaches in the literature to assess the stability of fans and com-
pressors. A method that is based on fan and compressor maps is published by Cumpsty
(2004) and will be discussed further. The solid black line in fig. 2.11 shows a characteristic
in terms of stagnation-to-static pressure ratio over corrected mass flow. The dashed lines
represent different nozzle characteristics that differ in nozzle area. The intersection of the
nozzle with the fan characteristic at point A is a stable operating point and is marked by
the green circle. The reason why this operating point is stable is discussed below. Firstly,
an increase in mass flow is considered and the corresponding fan and nozzle operating
points are marked by the blue squares. At these conditions, the fan pressure ratio de-
creases while the nozzle pressure ratio increases. Therefore, the higher nozzle pressure
ratio compared to the fan pressure ratio results in a decrease in mass flow and the overall
operating point shifts to point A. Secondly, a decrease in mass flow is analysed and the fan
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and nozzle operating conditions are represented by the cyan squares. At these conditions,
the fan pressure ratio increases while the nozzle pressure ratio decreases. Therefore, the
fan is able to increase the mass flow through the nozzle until operating point A is reached
again. The same explanations apply to the operating points at point B, where the slope of
the fan characteristic is equal to zero, and at point C. At these points, small variations in
flow conditions do not lead to instability. Contrary to the three operating conditions A to
C, point D is unstable as the mass flow decreases. The resulting fan and nozzle operating
points are shown by the red squares. In these conditions, the fan pressure ratio is lower
than the nozzle pressure ratio. Consequently, the nozzle causes a further decrease in mass
flow. The fan pressure ratio then decreases further and the whole system cannot reach
stable operating conditions. Assessing stability is a difficult task and requires consideration
of accurate representation of realistic flow conditions. For example, the inertia of the en-
tire system (i.e. the storage of compressed air) can significantly alter the stable operating
range of the fan. The reader is referred to the comprehensive discussion of this topic by
Cumpsty (2004). Nevertheless, a simple approach is to consider the operating range up to
point B as stable in order to obtain an estimate of the stability limit.

There are different measures to assess the margin to the stability limit. Throughout this
study, the criteria in eq. (2.12) are applied according to Cumpsty (2004).

SM—=1— Ht,working . msurge (2 1 2)
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In fan and compressor design, it is also common to use metrics that consider the load on
the blades and vanes. One of these is introduced by DeHaller (1955). The corresponding
DeHaller number is a measure that quantifies flow deceleration according to eq. (2.13).
Typically, values above 0.7 should be aimed for to avoid flow separation.

DH = "o (2.13)
Win

Another measure of compressor blade loading is introduced by Lieblein et al. (1953). In
principle, the blade loading coefficient is derived from subsonic cascade tests and is there-
fore valid for similar airfoils. The development of the diffusion factor makes use of some
simplifications and assumptions. The basic idea is briefly outlined. The isentropic Mach
number distribution of the airfoil is approximated as a triangle. On the suction side, a
constant deceleration is assumed between the peak velocity and the trailing edge of the
rotor. In addition, the boundary layer growth and the velocity distribution on the suction
side are assumed to be independent of the blade geometry. This leads to the empirically
based diffusion factor in eq. (2.14).
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The diffusion factor combines the DeHaller number with a flow turning related quantity
in which the inverse pitch to chord ratio incorporates the geometric feature of the blade.
Typically, the diffusion factor should be kept below 0.55 to avoid instability.

There are also approaches in the literature to assess the stability of fans and compressors
in distorted inflow. Hynes and Greitzer (1987) consider two-dimensional, incompressible
flow within their approach. The stability assessment is divided into two steps. First, the
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steady-state distortion transfer is calculated. Secondly, a common stability analysis for
aerodynamic flows is performed. In such an analysis a perturbation is imposed and the
stability can be assessed by considering the growth or decay of the perturbations Hynes
and Greitzer (1987). Hynes and Greitzer (1987) find the onset of instability near the point
where the derivative of the distorted compressor characteristic is zero. Hynes and Greitzer
(1987) use the experimental data from Reid (1969) to validate their approach. The numer-
ical results show the same trends in static pressure rise loss as the experimental data. In
addition, the critical angle of the spoiled sector is well predicted by the model. Mazzawy
(1977) treats the flow as unstable when any of the individual sectors around the circumfer-
ence reaches the peak of its individual stagnation-to-static characteristic. Similar treatment
is given by Lecht (1987).

Structural and aeroelastic stability

In addition to aerodynamic stability, BLI introduces challenges in terms of structural and
aeroelastic stability. Firstly, structural integrity and therefore high cycle fatigue strength
is addressed. Demonstrating high cycle fatigue strength requires the calculation of stress
levels due to centrifugal and pressure forces. According to Saravanamuttoo et al. (2017),
fan blades of modern engines have an almost constant stress distribution. Considering a
simplified cylindrical blade leads to eq. (2.15), which provides a formula for the required
blade section A;. The cross-section at a given spanwise position i depends on the specified
stress level o,, the material density p, the square of the rotational speed @ and the hub
radius Ryp-

a

A; = App - exp . (R,2 — R%uh) (2.15)

Thus, the fan blade thickness increases with increasing shaft speed for a fixed stress level.
If the blade geometry is fixed, the formula can also be used to calculate the stress level as
a function of shaft speed. The resulting blade stress level must be below the maximum
strength of the material with safety margins for additional dynamic stresses. Haigh dia-
grams are commonly used to specify the specific material limits.

Aeroelasticity related stability limiting effects are flutter and forced response (see Cump-
sty (2004)). Self-excited blade vibrations with a frequency close to the natural frequencies
of the blade with insufficient damping are called flutter. Forced response refers to vibra-
tions caused by external aerodynamic forces, i.e. rotor-stator interaction Mailach (2010) or
in the case of BLI. The induced excitation can lead to blade vibration and adversely affect
the aeroelastic stability Hall et al. (2022). If the excitation frequency is equal to one of the
natural frequencies of the blade, the forced response of the blade can negatively affect the
aeroelastic stability (see Cumpsty (2004)). Critical operating conditions can be identified
by the intersection of the engine order characteristics with the blade natural frequencies
in the Campbell diagram. Typically, the crossings of low engine orders with the blade fre-
quencies are of most interest, as these contain a higher energy density, and therefore the
blade design aims to avoid such crossings. However, both flutter and forced response lead
to elastic deformations of the blade which cause dynamic stresses. If the dynamic stress
exceeds the tolerable limit at a given mean stress level, high cycle fatigue strength will not
be achieved and service life will be reduced or even instantaneous damage may occur.

Besides the usual rotor-stator interaction, the time-dependent inflow variation from the
rotor perspective is a challenge in BLI integration scenarios. Bakhle et al. (2012) analyse an
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intermediate design iteration of the NASA distortion tolerant fan. The first two harmonics
of the distortion show the highest model force amplitudes with a peak in the third mode
of the blades. With ADP, the blade tip trailing edge displacement is less than 1.4 mm and
the maximum dynamic stress at the fan blade root is less than 5 MPa. In addition, ADP
avoids blade flutter. The resulting fan design, introduced by Cousins et al. (2017), features
increased blade thickness over a large part of the span and rebalancing to limit blade de-
formation and stress levels. This fan blade is mechanically assessed by Bakhle et al. (2018)
and the intake-fan interaction is addressed by Heinlein et al. (2019). They demonstrate
aeromechanical stability in terms of blade stresses, blade displacement and flutter.

Eichner et al. (2019) and Eichner and Belz (2019) consider a boundary layer ingesting
counter-rotating fan and investigate the first rotor blade response to boundary layer in-
gestion during take-off, climb and cruise. The boundary layer patterns are dominated by
the first three harmonics. The first bending mode of the first rotor is the major contributor
to the stress levels at high shaft speeds, while the second blade mode is dominant at part
speed. In addition, they find that the BLI induced vibrations are more severe than the rotor-
stator related vibrations, highlighting the importance of aeromechanical blade assessment
in the case of BLI.

2.3. Applied methods to assess fan stages in distorted inflow

This subsection provides an overview of different approaches applied to fans and com-
pressors to assess performance and stability at distorted inflow conditions. The level of
accuracy of the different methods continuously increases throughout this subsection.

2.3.1. Compressors-in-Parallel

The basic idea of the compressors-in-parallel approach has already been introduced in sec-
tion 2.2.1. To recapitulate, the existing fan and compressor characteristics obtained under
homogeneous flow conditions are used to calculate the fan or compressor performance
under distorted inflow conditions. Compressor performance is obtained by analysing two
stream tubes coupled by a common static pressure at the outlet. All interactions of the
stream tubes throughout the compression system are neglected. There are several ap-
proaches in the literature that take advantage of this simple model and extend its capabil-
ities.

Multiple Compressors in Parallel

One of these extensions is the multiple compressors in parallel approach introduced by
Mazzawy (1977). In this study, the circumferential extension of a segment is of the order
of 20°. In addition, the unsteady behaviour of the flow is implemented, which is explained
in detail in section 2.2.2. Another extension is the deflection of the flow within the rotor.
The static pressure condition at the compressor outlet remains an input, but can vary
around the circumference. Taking these effects into account leads to a good agreement of
the performance prediction with experimental data of Sulam et al. (1970).
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Radial Compressors in Parallel

Another extension of the model is the consideration of radial compressors in parallel, as
suggested by Voigt and Friedrichs (2021). In this approach, the compressor is divided into
equally spaced radial segments. Consequently, the compressor map is divided in the same
fashion and can be used in BLI calculations. In the study of Voigt and Friedrichs (2021), a
fuselage engine designed by Giesecke et al. (2017) operates in a purely radial stagnation
pressure profile. In such conditions, the BLI induced variation of the flow coefficient in
the radial direction is high and therefore the approach is expected to have advantages
over the classical CIP model. In addition, Voigt and Friedrichs (2021) analyse the effect of
radial segmentation on performance prediction. The use of five radial segments is the best
trade-off between radial resolution and performance prediction accuracy gain.

Compressors in Parallel with unsteady blade aerodynamics

Lecht (1987) studies the response of two transonic compressors to distorted inflow. Com-
paring the measured data with conventional CIP results, Lecht (1987) observes that the
calculated operating points and in particular the stability limit are located at higher mass
flows. The reason for this is expected to be of an unsteady nature. Therefore, Lecht (1987)
includes operating conditions beyond the stable operating range obtained at homoge-
neous inflow. The extension is based on the findings of Melick Jr. and Simpkin (1972)
that the performance of a single airfoil exhibits unsteady behaviour in the case of instan-
taneous changes in blade incidence. In particular, the airfoil operates stall free beyond the
steady-state stall limit. The extent of the range extension is dependent on the reduced
frequency mentioned above. There is also an additional gain in lift due to the increased
airfoil incidence. Satyanarayana et al. (1974) found similar results for compressor cascade
arrangements. Lecht (1987) incorporates these findings and calculates the effective blade
pitch to extend the compressor characteristics. The compressor pressure ratio characteris-
tics are extrapolated by keeping the pressure ratio constant, while the isentropic efficiency
is extrapolated linearly. The resulting performance calculation is in good agreement with
experimental data.

2.3.2. Two-dimensional approaches

Two-dimensional approaches are widely used in the design of turbomachinery components
because they require low numerical effort to calculate the flow field and provide a good
assessment of performance.

Axial-radial plane - Throughflow

Streamline curvature (SLC) approaches are throughflow codes. By assuming circumferen-
tially averaged flow in an axial-radial plane, the numerical effort of flow field calculations is
low. This leads to the use of streamline curvature approaches in the early design stages of
turbomachinery components. Due to the fact that SLC is well known in the turbomachin-
ery industry and research, this approach is considered for the new design and assessment
methodology for distorted inflows.

Figure 2.12 illustrates the basic idea of streamline curvature, which according to Denton
(1978) is to solve the flow field represented by a number of stream surfaces between the
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centre of
curvature

hub

Figure 2.12.: Visualisation of the coordinate system used within streamline curvature ac-
cording to Denton (1978).

hub and the tip. The corresponding coordinate system is given by a streamwise coordinate
m and a quasi-orthogonal coordinate g. Based on the name of the latter, m and q are
typically orthogonal in such approaches. A discrete number of stations has to be defined
along the flow direction at which the motion of a fluid particle has to be calculated. Equa-
tion 2.16 provides the equation of motion for a fluid particle located outside of the bladed
sections and expresses the radial equilibrium. The numerical integration of eq. (2.16) from
hub to tip gives the meridional velocity field as a function of an integration constant at
each station g.

d (2 dh _ds 1 d(P3) & de,
ag\2) " ag Tag" 22 7 - 2.16
dq ( 2 > dq dqg 27 dgq + r. sin(0t) +cm im cos(at) 2.16)
N —————
! 1 11 h M

The terms /, Il and /Il refer to the variation of the stagnation enthalpy %, entropy s and
angular momentum rcg along the quasi-orthogonal plane. Therefore, the values of these
variables must be known at each station g. The angular momentum conservation is given
in eg. (2.17) and takes into account the term consisting of the radius r; times the circum-
ferential velocity ce ;.

ri €@ =Tit] €Ot (2.17)

This term is conserved between stations i and i+1. It also follows from the third term that
only computational domains with non-zero hub radii can be used. The fourth term consid-
ers the centrifugal force to which a fluid particle is subjected. Therefore, the curvature of
the stream surface is accounted for by the radius of curvature r.. The flow angle a is mea-
sured between the stream surface and the quasi-orthogonal line g. The term V accounts
for the variation of the meridional velocity along the stream surface and is approximated
in each iteration by solving the velocity field. The values of the stagnation enthalpy, en-
tropy and angular momentum are still unknown. At the first quasi-orthogonal line of the
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flow field these values are processed by evaluating the inlet boundary condition. In blade
and vane-less parts of the domain, these values are preserved along a stream surface and
depend on the upstream quasi-orthogonal g. Within blade and vane rows, the circumfer-
ential velocity cg changes depending on the specific blade or vane performance, which is
considered by evaluating (empirically based) correlations. Taking into account the velocity
field at the rotor outlet, the Euler work equation gives the stagnation enthalpy increase
according to eq. (2.1). In addition, the calculation of the entire flow field allows the eval-
uation of the angular momentum. The entropy increase is achieved by evaluating the loss
correlations, which will be discussed in more detail later in this subsection. As mentioned
above, the velocity field can be evaluated as a function of an integration constant. The
consideration of the conservation of mass according to eq. (2.18) allows the calculation of
the integration constant.

rtip
m= 2npepmsin(a)(1—b)dg (2.18)

hub

The density p of the fluid is given using the ideal gas equation. The mass flow is calculated
by integrating over the entire circumference. In bladed rows the blades block a part of the
cross-section and this is taken into account by the variable b in eq. (2.18).

Throughflow solvers provide circumferentially averaged flow fields in an axial-radial
plane. Therefore, the circumferential flow redistribution upstream of the fan stage cannot
be accounted for within this approach. As long as the flow redistribution is not a driving
flow feature such as in axisymmetric, radial stagnation pressure distortions, throughflow
can provide a good estimate of fan and compressor performance. Lee et al. (2018) and Ab-
basi et al. (2018) take advantage of this approach in the aforementioned flow conditions.
Mennicken et al. (2019) extends a common throughflow approach by incorporating flow
redistribution via a calibration data set. The preliminary design and assessment approach
presented in chapter 3 is based on this work.

Blade-to-Blade plane

Another two-dimensional approach to consider distorted inflow is to calculate the flow in
a blade-to-blade or axial-circumferential plane (S1). The radial variation of the flow field is
neglected and therefore the approach is valid for compression systems with a high hub-to-
tip ratio. The treatment of incompressible and inviscid flows can be found in the studies of
Dunham (1965), Greitzer and Griswold (1976), Stenning (1980), Hall (2015) and Hall et al.
(2022). The interaction of the blade and vane rows, or even the entire compressor/fan,
is incorporated by actuator discs. These actuator discs change the swirl and energy level
within the compression system.

2.3.3. Three-dimensional approaches

The solution of the Favre and Reynolds-averaged Navier-Stokes (RANS) equations is usually
required to calculate density-variable flows in turbomachinery. This set of equations con-
siders the conservation of mass, momentum and energy. Several RANS-based approaches
have been used in previous BLI studies. These are presented below.
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Steady approaches - single passage and frozen rotor

In turbomachinery applications, steady-state calculations are often used to investigate
component performance or to identify specific flow features. The challenging BLI flow
features usually require a time-resolved calculation of the flow. However, Schoenweitz
and Schnell (2016) consider commonly used turbomachinery setups. The first approach is
the single-passage setup, which assumes periodic flow in the circumferential direction. As
introduced in section 2.2.1, these assumptions are not valid in BLI cases and flow redistri-
bution effects cannot be resolved due to the simplified modelling. Consequently, the flow
kinematics at the rotor inlet differ from the reference data obtained by uRANS. Another
setup for steady-state simulations is the frozen rotor approach. In this modelling a full an-
nulus setup is used, but the rotor is fixed in one position. This results in a fixed position of
the rotor with the distorted inflow as well as with the downstream stator. As a result, the
time-dependent changes in inflow and outflow conditions are neglected. Consequently,
the rotor loading and blockage effects within the distorted sector are overpredicted, re-
sulting in a pessimistic performance prediction. It should be noted that the frozen rotor
calculation differs from the instantaneous flow field of a time-resolved calculation due to
the aforementioned simplifications.

3D Body Forces

Body force approaches incorporate the rotor and stator performance by adding source
terms to the Navier-Stokes equations rather than resolving the three-dimensional rotor
and stator geometries. Therefore, the specific blade geometry is not required as an in-
put, instead a parametric description of the performance data is included. Body force
approaches are therefore similar to the flow calculations introduced above. Typically, the
rotor and stator performance is averaged. The simplified consideration of the rotor and sta-
tor rows allows the use of coarser meshes compared to conventional meshes which resolve
all geometric features of the specific component. The parametric description of the blade
performance must be specified as input. Different fidelities of body force approaches are
available in the literature. A three-dimensional, inviscid (Euler equations) and steady-state
representation of the flow is introduced by Hall et al. (2017) and Peters (2014). Thollet
et al. (2016) implements the body force approach within a RANS solver. This includes vis-
cous flow as well as time-dependent variations. Godard et al. (2019) applies this method
to conceptual fan design.

Frequency domain based approaches

The main idea of frequency domain methods is to exploit the periodic and determinis-
tic nature of turbomachinery flow. The spatial resolution of blades and vanes is included.
Transient flow perturbations are approximated by Fourier series. The accuracy of frequency
domain methods depends on the number of harmonics considered. In general, the num-
ber of harmonics required increases with the complexity of the flow field. In addition,
the numerical complexity of frequency domain methods increases with the number of har-
monics considered. However, this method offers the possibility of reducing the numerical
effort while resolving the main flow features. Schoenweitz and Schnell (2016), Frey et al.
(2017) and Junge (2023) demonstrate the ability of such an approach to resolve BLI flow
features. Further information, explanation and discussion of frequency domain methods
can be found in Junge (2023).
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Unsteady RANS (URANS)

In general, unsteady RANS calculations take into account the time-dependent changes of
the flow. Within this approach, the rotor and stator geometries are resolved and the full
interaction of the fan stage with the distortion, which is fully described in section 2.2.1
and section 2.2.2, is taken into account. Therefore, a time accurate calculation of the flow
can be obtained by uRANS computations, but the numerical effort and the requirement
of an existing detailed three-dimensional design of the fan stage reduces its applicability
during preliminary design. Nevertheless, this approach is still necessary during the design
process, but is more likely to be advantageous at a later design stage.

2.4. Interim conclusion

This chapter deals with the specific challenges of fan operation within different distortions.
In the case of BLI, fan performance is affected predominantly by stagnation pressure dis-
tortions. In conjunction with this type of distortion, BLI-specific flow characteristics occur
upstream of the fan stage due to the interaction of the fan stage with the distortion. The
main changes within the flow can be divided into the specific effects of low momentum
fluid within the distortion, flow acceleration due to circumferential flow redistribution and
corresponding swirl upstream of the fan. The flow redistribution also changes the fan
performance. For example, the occurrence of counter-swirl results in positive incidence
combined with increased Mach number levels. These inflow conditions amplify the flow
through the rotor tip gap and significantly increase the rotor losses. In a subsequent step,
different approaches to calculating fan performance in distorted inflow conditions are pre-
sented. These approaches are either too imprecise (i.e. CIP) or the numerical effort is too
high (i.e. URANS), which prevents their application at an early stage of the design process.
Consequently, there is a need to develop a new design methodology for fan design and
assessment that can be used during the preliminary design phase.









3. Methodology development for fan
design and assessment in distorted
inflow

This chapter deals with the development of a preliminary fan design and assessment
methodology for distorted inflow conditions. Based on the literature review presented
in the previous chapter 2, the BLI related flow features are introduced. Furthermore, the
need to develop a methodology that can be used during preliminary design is identified.
This methodology is required to be applicable to the flow path as well as the rotor blade
and stator vane design. In addition, the methodology is required to have the capability to
capture BLI flow features such as flow redistribution (i.e. flow kinematics and static pres-
sure distribution upstream of the fan rotor) and BLI related performance changes around
the circumference. In this context, capability is understood as a trade-off between low
numerical effort and the quality of the results. At an early design stage, few design pa-
rameters are fixed and thus, the degree of freedom is high. Therefore, a low numerical
effort allows the exploration of large parameter spaces, which is advantageous at this
design stage. Furthermore, the methodology must be applicable to different integration
scenarios (i.e. the scenarios presented in chapter 1).

Firstly, the different methods used in this thesis are discussed. The preliminary design
and assessment methodology combines a streamline curvature code, as introduced in sec-
tion 2.3.2, and a steady RANS approach. A time-accurate approach used for data ver-
ification is also presented. In a subsequent step, the challenges of post-processing BLI
flow fields are addressed. Secondly, the newly developed methodology is comprehen-
sively presented and discussed. This includes the coupling of the different methods, the
identification of relevant circumferential positions for the flow field calculation and the
incorporation of BLI specific flow features in streamline curvature. The preliminary newly
developed design methodology is applied to a fan stage exposed to boundary layer in-
gestion in the embedded turbofan scenario. Thirdly, the limitations of the approach are
discussed.

3.1. Baseline methods and theory

3.1.1. Streamline curvature code ACDC

The DLR in-house streamline curvature code ACDC is based on the developments of
Schmitz et al. (2012). Within the code, a number of different loss correlations are in-
cluded to account for loss mechanisms of three-dimensional flows that cannot be resolved
directly. Losses due to secondary flow are predicted by the model introduced by Grieb
etal. (1975). The spanwise distribution of deviation and losses are calculated by the model
of Roberts et al. (1986). Radial mixing is included by the model of Gallimore and Cumpsty
(1986). The prediction of tip gap related losses is included by considering a correlation

35
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Table 3.1.: Design space of the airfoil database according to Schnés (2020).
Ma,, Re  DF*P" MVDR : Y 4

[-] [] [-] [] [-] 1 [%]

Minimum 035 5-10° 0.35 1.0 05 110.0° 1.5
Maximum 1.20 5.10® 0.55 1.2 1.2 147.5° 85

a

based on the work of Denton (1993) and Banjac et al. (2014). The influence of the tip
gap flow on the flow angle at the blade or vane outlet is considered using the model of
Lakshminarayana (1970). In addition to the modelling mentioned above, ACDC consists
of a database of optimised airfoils, which is discussed in detail in Schnés (2020). The main
idea is to have a database of optimised airfoils that can be applied to specific new fan
and compressor designs. The database contains the parametric description of the airfoil
performance for SLC calculations. Table 3.1 shows the design parameters and their lower
and upper limits. The parameter set can be divided into three main groups. The first group
contains flow field related parameters such as inflow Mach number and Reynolds num-
ber. The second group is related to the aerodynamic performance of the airfoils. These
include the diffusion factor at the ADP and the meridional velocity density ratio (MVDR).
The third group of parameters is related to the geometric features of the airfoils. Here
the pitch-to-chord ratio (solidity; s/c), the stagger angle y and the non-dimensional air-
foil cross-sectional area a/c* are considered. As mentioned above, within the blade rows
there is both flow turning and loss generation. Schnds (2020) accounts for these effects
by individually calibrated correlations for each airfoil in the database. The airfoil perfor-
mance calibration uses 40 loss polars representing eight different inflow Mach numbers,
three different levels of Reynolds number and three levels of MVDR. To obtain the airfoil
performance, the Mises solver is used to calculate the flow field in a blade-to-blade plane.
A detailed description of the specific correlations, the calibration parameters and the cali-
bration procedure is given in Schnés (2020).

The calibrated airfoil performance consists of the reference flow angle at ADP and the
operating range of the specific airfoil (i.e. including the flow angle at choke), the deviation,
the stagnation pressure loss at ADP and the loss levels at off-design performance. Figure
3.1 shows the loss polar of an airfoil at two different Mach number levels. The squares
represent the Mises results and the solid lines show the correlation based airfoil losses.
Minimum losses are found at low incidence inflow conditions. The operating range of the
airfoil covers incidence angles at which the airfoil losses are less than two times of the loss
minimum. Beyond the Mises based operating range, the airfoil performance is obtained
by extrapolation. Thus, the losses of the black line increase as the angle of incidence in-
creases. At higher Mach numbers, choking conditions can occur and limit the operating
range at negative incidence. The kink in the blue line in fig. 3.1 shows the increase in
airfoil losses at a given negative incidence associated with that flow feature. Beyond the
last Mises predicted operating points at positive incidence, the losses increase as the angle
of incidence increases.

The individual airfoil performance is incorporated into the streamline curvature approach.
A number of individual airfoils are stacked to define a rotor blade or stator vane. Depend-
ing on the operating point and specific fan performance, this results in varying radial blade
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Figure 3.1.: Working range of an individual airfoil at different inflow Mach numbers.

or vane performance along a speed line. Individual sections of blades and vanes can
exceed their operating range (derived from S1 calculations) without affecting the aero-
dynamic stability of the entire stage. If an airfoil operates beyond its individual working
range, the airfoil performance can be extrapolated.

For undistorted inflow conditions (i.e. fan map calculations), incidence and loss extrap-
olation is considered. The operating range is determined with respect to three limiting
factors. The operating limits of a fan are reached when the meridional Mach number ex-
ceeds the limits of 0.9 or 0.01. These are therefore numerically related operating limits.
When a converged operating point is reached, the stability limit of the fan is considered to
be reached when the stagnation-to-static fan characteristic peaks. This is consistent with
the explanations given in section 2.2.4.

Distorted inflow conditions can be accounted for by applying individual spanwise stag-
nation pressure and swirl distributions as well as an individual mass flow in each local
operating condition. The conventional SLC approach is extended by a stream tube con-
traction model, which allows the flow redistribution effects to be taken into account. The
working area extrapolation takes into account the incidence range extrapolation, but the
loss level is kept constant from the last stable operating point of the individual airfoil. The
calculation of local flow fields is discussed in greater detail in this section.

In addition to the parametric performance description, the optimal airfoil database con-
tains the specific airfoil geometry. This enables three-dimensional blade and vane genera-
tion by stacking a number of airfoils along the span. This provides an end-to-end coupling
between preliminary and detailed design, and allows the subsequent analysis of the pre-
liminary design geometry using three-dimensional CFD or experimental approaches.

3.1.2. Three dimensional Favre- and Reynolds-averaged Navier-Stokes
code TRACE

The three-dimensional Favre and Reynolds-averaged Navier-Stokes code TRACE is a paral-
lelized flow solver that calculates the flow field on a mesh of finite volumes (cf. Becker
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et al. (2010)). The density based code is specifically developed for turbomachinery appli-
cations considering compressible flow and is widely used in industry and research.

Structured meshes are used in this study. Blades are meshed using OCH topologies,
while bladeless rows are meshed using H topologies. The spatial discretisation is of second
order accuracy. The flow near solid surfaces is modelled by wall functions. Therefore, the
cell size near surfaces is chosen such that the dimensionless wall distance (y*) is between
30 and 70.

Inflow boundary conditions consist of stagnation pressure and stagnation temperature,
radial and circumferential flow angles. For homogeneous inflow conditions, each quantity
is defined by a specific value. In BLI integration scenarios, the inflow conditions vary in both
the spanwise and circumferential directions. Therefore, two-dimensional distributions of
stagnation pressure and swirl angle are applied at the domain inlet. Unlike the stagnation
pressure and swirl, the stagnation temperature is constant. A static pressure boundary
condition is applied at the outlet. Throughout this study, the static pressure at the domain
outlet remains at the value of the ADP conditions.

Fully turbulent flow is considered and the k- turbulence model of Wilcox (1988) is
applied. In addition, streamline curvature effects are taken into account by the model of
Bardina et al. (1985). At stagnation points the turbulent kinetic energy is usually overpre-
dicted by RANS. The model of Kato and Launder (1993) is used to correct the increase of
this quantity. Turbulence modelling requires the additional prescription of two quantities.
Typically, the turbulence intensity and the turbulent length scale must be specified.

Three-dimensional CFD is used in this study for several purposes. Firstly, the fan perfor-
mance is calculated with steady, single passage setups when homogeneous inflow or radial
stagnation pressure distortions are considered. Within such setups, mixing planes, which
perform a circumferential averaging of the flow, are used to couple adjacent blade rows.
Secondly, the newly developed methodology takes advantage of RANS setups to account
for flow redistribution within the intake. This is further discussed in section 3.3. Thirdly,
the calculation of the flow field in BLI integration scenarios is performed by time-accurate
RANS approaches. For this, full-annulus setups are required. For the coupling of adjacent
blade rows, sliding non-one-to-one interfaces (also known as zonal interfaces) are used
according to Yang et al. (2002). For the time discretisation, a second order implicit Euler
backward scheme is used.

3.2. Post-processing of uniform and non-uniform inflow

For uniform inflow conditions, two main assumptions are made to simplify the analysis.
Firstly, the flow is assumed to be periodic in the circumferential direction. Secondly, the
radial performance calculation assumes that the fraction of the flow (in terms of mass, area
or flux) remains at the same relative spanwise position at all streamwise positions within
the numerical domain. This in turn neglects radial crossflow. An example of such a flow
feature is a corner separation with transverse mixing that redistributes a portion of the
flow. Conventional analysis techniques are used to

e operating conditions with homogeneous inflow stemming from 3D CFD and SLC.
e operating points with purely radial distortions stemming from 3D CFD and SLC.
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o all local operating points of the new design and assessment methodology as those
operating points also fulfil the assumption of no interaction in the circumferential
direction.

BLI is associated with non-homogeneous inflow. In chapter 2, the effect of flow redistri-
bution on the upstream flow field of the fan stage is introduced. This flow feature violates
the assumption of periodic flow in the circumferential direction. Therefore, a more com-
plex approach is required to follow the particles as they pass through the fan stage. In
time-resolved flows this is a complex task to accomplish and Fidalgo et al. (2012) as well
as Gunn and Hall (2014) showed that the complexity of tracking the time-resolved particle
path can be reduced by first time-averaging the flow field and then taking advantage of
conventional streamline tracking in the time-averaged flow field. A similar approach is
used in this study, which is based on the development of Schoenweitz and Schnell (2016).

The post-processing procedure consists of three main steps, which are shown in fig. 3.2
and fig. 3.3. Figure 3.2(a) shows the instantaneous axial velocity field in the fan stage. In
the lower part, the boundary layer fluid and therefore lower axial velocities are present.
In the first step, the blades and vanes are removed from the flow and the flow field is
transferred to the absolute reference frame. According to Adamczyk (1984), a "gate func-
tion" is applied to ensure that parts of the volume where a blade or vane is located do not
contribute to the mean value in that particular volume. The resulting instantaneous flow
field is shown in fig. 3.2 (b).

In this study, a number of 16 instantaneous snapshots per rotor pitch are then used
for the time average. Depending on the number of blades, this leads to a minimum of
240 and up to 272 distortion to rotor to stator positions. This is in the same order of
magnitude as presented in Castillo Pardo and Hall (2022). The time-averaged flow field is
shown in fig. 3.2 (c). Streamlines are tracked within the time-averaged data. The black
lines in fig. 3.3 (a) represent a stream tube consisting of a number of streamlines. Along a
stream tube the conservation of mass and rothalpy is evaluated to verify the results within

c,, [m/s]: 100 130 160 190 220 250

Figure 3.2.: Instantaneous flow field in (a), removed blades from the instantaneous flow
field (b) and time-averaged flow field in (c).
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Figure 3.3.: time-averaged BLI flow field. Stream tube tracking in (a) and stream line track-
ing in (b).

the post-processing. Based on the streamlines, radial performance data is then obtained
by circumferentially averaging the data. In addition, radial and circumferential averaging
results in zero-dimensional performance data.

Within the newly developed design methodology, explained in detail in the next section,
the fan flow field is resolved in an axial-radial plane. Consequently, the fan performance
data represent a specific circumferential position which has an infinitesimal extent in the
circumferential direction. The analysis of the flow redistribution upstream of the fan stage
is therefore achieved by tracking streamlines as shown in fig. 3.3 (b) within the intake. For
the sake of comparability, the spanwise rotor performance of the time-resolved calculation
is determined with stream tubes that have an infinitesimal circumferential expansion. This
reduces the stream tubes to a spanwise array of streamlines introduced into the flow field
at a given circumferential position at the inlet.

In contrast, stator performance requires the analysis of stream tube data which has a cir-
cumferential extent. The reason for this is that the vane wakes remain in the time-averaged
flow field. Therefore, the stream tube averaged data is the appropriate data to assess the
vane performance itself. It is also the appropriate data to compare with the data from the
preliminary fan assessment.

Stream tube post-processing is restricted to flows where the time-averaged particle path
coincides with the time-accurate particle path. This assumption is violated in flow fields
with short length scale disturbances or when secondary flow dominates the flow field.
Short length scale disturbances occur in VTP wakes and are discussed further in chapter 5.
An example of secondary flow is a corner separation. This flow feature leads to crossflow
associated with flow redistribution from the hub to the midspan and vice versa. The time-
accurate and time-averaged particle paths can then diverge, making performance data
questionable.
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3.3. Methodology for fan design and assessment

As introduced in chapter 1 and section 3.1.2, the assessment using unsteady CFD methods
is very time consuming, making it unsuitable for the exploration of large design spaces.
Therefore, the new methodology focuses on methods that are numerically more efficient
and the selection of methods supports the main objective of achieving an efficient prelim-
inary design and assessment of boundary layer ingesting fans allowing the exploration of
wide design spaces.

A predecessor of this methodology is presented in the study of Mennicken et al. (2019)
and relies on calibration. The data set used to calibrate the upstream flow redistribution
includes BLI flow fields of twelve individual fans from a design study conducted by Lengyel-
Kampmann (2016). The fans have a high and comparable level of maturity in terms of fan
aerodynamics. The need for a calibration data set might introduce non-physical effects.
This would lead to an incorrect assessment of new BLI configurations. For this reason,
the following subsection presents the extended calibration-free design and assessment
methodology, which only requires information on the fan stage and the fan integration
scenario.

3.3.1. Concept and method coupling

Figure 3.4 (a) shows the fan and bypass section of a turbofan engine. For simplicity, the
core engine and core-related geometric features are neglected. This is reasonable for en-
gines with high bypass ratios, as the fraction of core mass flow is of little interest for fan
performance. Typically, only the internal flow is considered in fan design, which is shown
in green in fig. 3.4 (a). The BLI related flow redistribution takes place at the inlet. As
explained in chapter 2, this is a three-dimensional flow phenomenon. Consequently, a
steady state RANS approach is suitable to capture this redistribution process if the static
pressure field upstream of the fan stage at the aerodynamic interface plane (AIP) is known.

Figure 3.4 (b) shows the section of the bypass that is commonly considered during fan
design. The preliminary fan design takes advantage of a streamline curvature approach
and is shown in orange. As can be seen in fig. 3.4 (b), the inlet flow field is also covered
by SLC. A common SLC approach is not able to cover the circumferential flow redistribu-
tion. Therefore, an enhanced SLC approach is required to account for these flow features.
Furthermore, the overlap between SLC and RANS requires a coupling of both approaches,
which is achieved at the AIP. The entire process of designing and assessing a fan stage is
explained in detail afterwards.

The flowchart in fig. 3.4 (c) shows the general idea of the newly developed methodology.
Essentially, the methodology can be divided into three parts, namely Specification and
design, Flow redistribution within the intake and Local fan operating points.

Specification and design

The first part requires decisions on global design choices. Depending on the fan integra-
tion scenario, the stagnation pressure distortion may differ significantly. The embedded
turbofan distortion pattern addressed in chapter 4 is different from the aft-propulsor in-
tegration distortion pattern addressed in chapter 5. Both patterns are already shown in
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Figure 3.4.: Sectional drawing of the bypass section of a turbofan engine (a) and the corre-
sponding design space for fan design (b). The lower part shows the flow chart
of the fan design and BLI assessment methodology.
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fig. 1.2. In addition, the operating points of BLI propulsors are likely to differ from the
design conditions of fans installed in underwing engines. These changes can be due to
BLI induced changes in inflow conditions or due to the application of the fan stage. The
latter can be divided into fan stages that are required to provide a large portion of the
overall thrust, such as the fans of embedded turbofan engines, and fan stages that are an
additional thrust generator, such as aft-propulsors in the rear of the fuselage. The integra-
tion scenario must therefore be carefully considered when specifying the operating point.
The design is then carried out using the streamline curvature approach. When designing
the fan, clean inflow conditions, an averaged stagnation pressure resulting from the two-
dimensional distortion pattern or a purely radial stagnation pressure distribution can be
considered. The choice of which inflow condition is advantageous for the design depends
on the integration scenario. With a fan design that meets the specification, it is possible
to move on to the second part of the fan design and assessment.

Flow redistribution within the intake

The second part of the methodology aims to calculate the flow redistribution within the
intake. In general, it is necessary to include a number of different local operating con-
ditions around the circumference sufficient to reconstruct the static pressure field at the
AIP. Within the example in fig. 3.4 (c) two local operating points are sufficient. One is in
the centre of the distortion and the other is outside the boundary layer. Each individual
circumferential position has an individual mass flow and an individual stagnation pressure
distribution. The latter changes the fan characteristic as explained in section 2.1. Overall,
the operating conditions of the entire fan stage are characterised by a prescribed static
pressure at the fan stage outlet, which remains fixed during the calculation of the flow re-
distribution. The stream tube contraction is then iterated in each individual local operating
condition to match the static pressure at the fan stage outlet. The enhancement of the
SLC code with stream tube contraction captures the acceleration and deceleration effects
associated with flow redistribution.

The flow field of the different passages is then evaluated to reconstruct the static pres-
sure field at the AIP, which is used as the outlet boundary condition for the RANS-based
intake calculation. The resulting flow field within the intake provides information about
the flow field and flow redistribution. The flow field analysis is fed back into the loop.
This includes an update of the mass flow in the specific passage and the evaluation of
the swirl at the AIP. With regard to the conservation of the swirl within the SLC, the swirl
is converted according to eq. (2.17) into a swirl angle distribution at the inlet, which is
considered within the inlet boundary condition. The local flow fields are then calculated
with the updated inflow conditions. Again, the stream tube contraction is iterated until
the static pressure at the outlet of the fan stage is reached.

The procedure is repeated until the intake flow converges. Convergence is achieved
when the mass flow variation (RANS calculation) of two consecutive loops is less than
0.5%. This is typically achieved after two to five loops, while one loop takes approximately
15 minutes on a conventional workstation.
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Local fan operating points

The third part of the methodology then begins, which involves calculating the local oper-
ating point around the circumference. Similar to the second part, it is necessary to define
a number of passages that are important for the calculation of the fan performance at
the circumference. The analysis of the intake flow field gives the passages specific inlet
boundary conditions in terms of radial stagnation pressure, swirl angle distribution (calcu-
lated as explained above) and mass flow. The fan assessment is based on the converged
flow redistribution calculation and therefore the coupling of both methods is achieved at
AIP. In this step, the stream tube contraction is iterated until the meridional velocity at AIP
matches between the two approaches. Consequently, the fan back pressure is a result
of the local operating point calculations and may vary. However, as the flow kinematics
are the main driver within the fan performance prediction, these changes are expected to
be small. The resulting circumferential flow fields allow the performance of any circumfer-
ential position to be assessed and therefore the assessment of a fan stage at distorted inlet.

The third step of the fan stage assessment takes approximately five to ten minutes, de-
pending on the number of local operating points. Allin all, the entire fan stage assessment
requires approximately 35 to 85 minutes without the need for high performance comput-
ers.

In the following subsections, the newly developed design and assessment methodology
for BLI fans is applied to an embedded turbofan engine and the results are verified by
performance data derived from time-resolved calculations.

3.3.2. Specification and design

This subsection is dedicated to the verification of the first part of the new methodology
and deals with the specification and design as presented in fig. 3.4. First of all, the inte-
gration scenario is selected. This is followed by the specification of the design point and
then the fan design is introduced.

The integration scenario envisions a turbofan engine embedded in the rear fuselage of
a short-to-medium range aircraft. A typical fuselage length of 36m for such an aircraft is
considered. The aircraft boundary layer is assumed to behave as a fully turbulent flat plate.
The equations are given in appendix A.3. Figure 3.5 shows the resulting stagnation pres-
sure distortion, which has a stagnation pressure deficit of 12% compared to the freestream
stagnation pressure. Due to the large fan diameter, the entire stagnation pressure profile
is scaled to cover the upper 50% of the blade from midspan to tip. The distortion intensity
of a 60° segment (Dlgge) is 0.0301.

Table 3.2.: Global fan design parameters.

Ma Hr ADP  Utip corrected
[-] [-] [m/s]
0.65 1.30 299.5




3.3. Methodology for fan design and assessment 45

| (.

p/p..l-l: 0.88 0.91 0.94 0.97 1

30°

Figure 3.5.: Non-dimensional stagnation pressure distribution. The distribution is based on
the assumption that the fuselage body behaves like a fully turbulent flat plate.

A typical design point for fan stages that power short-to-medium range aircraft is sum-
marized in table 3.2. The global design point is defined by a fan pressure ratio of 1.3 at a
fan-face meridional Mach number of 0.65 and an ISA corrected blade tip speed of 299.5
m/s.

This baseline fan is derived from the design study of Lengyel-Kampmann (2016) and the
aerodynamic design of the fan stage is at a high level of maturity. The SLC representation
of the fan stage aims to match the key design features of that fan stage. In the thesis
of Schnos (2020), compressor designs obtained by ACDC are comprehensively verified
by RANS simulations. In this subsection, ACDC is applied to fan stages and a dedicated
verification is performed. Similar comparisons are already presented in Mennicken et al.
(2019) Within this study, the focus is on the fan bypass flow and the corresponding flow
path is shown in fig. 3.6.
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Figure 3.6.: Fan stage flow path stemming from the study of Lengyel-Kampmann (2016).
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Figure 3.7.: Fan map of the fan stage stemming from SLC and RANS.

Figure 3.7 shows the fan map of the fan stage in terms of fan pressure ratio, stagnation-
to-static pressure ratio and isentropic efficiency derived from SLC and RANS. The top row
of the figure shows the full range of the fan map, while the bottom row shows a zoom
into the region of the ADP. In terms of FPR, the agreement between SLC and RANS is good.
The FPR characteristic shows a similar slope over the whole working range, while the FPR
level is slightly higher for SLC than for RANS. As mentioned above, the working range of
the fan stage in SLC is limited either when the peak of the stagnation-to-static pressure
ratio is reached or when no convergence of the flow field can be achieved (i.e. low merid-
ional Mach numbers). Figure 3.7 (b) shows a slightly increasing characteristic (solid blue
line). In terms of the stagnation-to-static characteristic, the stability limit of the fan is not
reached. The operating range of the fan stage is limited due to the low Mach number
levels occurring downstream of the vane hub. In line with the FPR trend, SLC predicts a
slightly higher static pressure rise than can be verified with RANS. This is associated with
higher fan efficiencies as shown in fig. 3.7 (c) and (f). In addition, the agreement between
the RANS and uRANS-based operating point is very good and changes are only visible in
the isentropic efficiency shown in fig. 3.7 (f).

In section 3.1.1 the extrapolation of the airfoil working range is discussed. The solid blue
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Table 3.3.: Operating point at ADP.
m mwrr{’cted Ht Nis.
[kg/s]  [kg/s] [ [
RANS 527.2 1406.6 1.3010 0.9299
SLC  527.1  1406.5 1.3079 0.9367

line is from a calculation where both the incidence and the losses are extrapolated beyond
the stored airfoil working range. If the incidence working range is extrapolated but the
losses of the individual blade sections are kept constant at the value of the last stable oper-
ating point, the fan off-design performance of the fan stage changes. The dashed blue line
in fig. 3.7 shows the fan off-design performance with this working range extension. There
are no changes within the working range. In other words, above 1320 kg/s ISA corrected
mass flow, the characteristics are identical. Below this ISA corrected mass flow, the fan
performance differs. In addition, the fan efficiency actually increases slightly under these
conditions. The fan pressure ratio characteristic is much steeper than the one with addi-
tional losses. This results in a higher static pressure rise of the fan stage at off-design (see
fig. 3.7 (b)). Table 3.3 summarises the fan performance metrics of both approaches at ADP.

A deeper insight into the flow field is taken to compare the fan performance resulting
from both approaches. Figure 3.8 shows the flow kinematics through the fan stage at
the rotor inlet (station 2), between the rotor and stator (station 3) and at the stator outlet
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Figure 3.8.: Radial distribution of flow kinematics at station 2 (a) & (d), station 3 (b) & (e)
and station 4 () & (f).
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(station 4). In general, the hub and tip boundary layers are not included in the streamline
curvature. Consequently, the radial distributions of the flow kinematics are different. In
addition, the hub and tip boundary layers cause the flow to be redistributed towards the
midspan. This is one reason for the differences in meridional velocity at the rotor inlet
(station 2) fig. 3.8 (a). In addition, the fan rotor has a leading edge sweep, which also
leads to flow acceleration at the midspan. Nevertheless, the meridional velocity match-
ing at the rotor inlet is good, with less than 3% variation at midspan. At ADP, the rotor
receives an axial inflow and the circumferential velocity is zero at station 2 in fig. 3.8 (d).
Only a small part of the hub flow (below 5% span) has to deal with a small amount of
swirl at the rotor inlet. Between the rotor and the stator (station 3) the meridional ve-
locity distributions match very well. According to Euler’s work equation, the work input
is associated with the circumferential velocity in the absolute reference frame at the rotor
outlet. Figure 3.8 (e) shows this velocity component along the span. For the SLC, the
velocity component is slightly higher in the hub region. There the isentropic efficiency is
lower in SLC than in RANS, requiring more work to achieve the specified fan pressure ratio.

At the fan exit (station 4) the meridional velocity matching is well achieved. Both span-
wise velocity distributions show a large velocity gradient from hub to tip. Above midspan
the meridional velocities are slightly lower than in RANS. The reason for this is twofold.
Firstly, the aforementioned flow features near the end walls, which are not covered by
SLC, lead to a contraction of the flow beyond the end walls in RANS. Secondly, the fan
stage representation shows a slightly higher static pressure rise, resulting in lower merid-
ional velocities. In addition, the swirl remains at the outlet of the fan stage. Figure 3.8 (f)
shows swirl velocities between -10 and 15 m/s within the RANS-based assessment, while
the SLC-based stator assessment shows less swirl.

Figure 3.9 shows the spanwise fan performance. The rotor has a radially increasing fan
pressure ratio (see 3.9 (a)). Figure 3.9 (b) shows the blade loading in terms of 1-DH and
the diffusion factor. Over the full span, the blade loading and flow deceleration are in a
reasonable range, resulting in DF < 0.55 and 1-DH < 0.3. Near the hub, the rotor design
features are unconventional compared to state-of-the-art engines that deliver compressed
air to the compressor. Typically, higher fan pressure ratios are targeted (around 1.20 or
even higher). As the work input near the hub is challenging due to low circumferential
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Figure 3.9.: Radial distribution of rotor pressure ratio (a), rotor blade loading (b), vane
losses (c) and vane loading (d).
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blade velocities, it is necessary to increase the flow turning. Conventional fan rotor hub
sections achieve the high fan pressure ratio at the expense of reduced flow deceleration
or even local flow acceleration. In contrast, this fan provides significant flow deceleration
over the entire span, which is unusual for rotor hub sections. The stator performance is
assessed by the stagnation pressure loss coefficient in 3.9 (c) and the vane loading in 3.9
(d). The loss prediction in the SLC agrees well with the higher fidelity results at midspan.
Near the end walls the loss generation is underestimated in SLC. In ADP, the blade hub
section significantly slows down the flow while the blade loading is reasonable in terms
of the diffusion factor. Thus, the maximum DF is below 0.55 and the maximum 1-DH is
0.4 near the hub, reflecting the design philosophy reported by Schénweitz et al. (2017).
As mentioned above, the flow path downstream of the rotor is simplified. Therefore, the
low stagnation pressure fluid and the high stagnation pressure fluid are coupled at the fan
stage outlet. On the one hand, this leads to the challenge of decelerating the hub flow
to achieve a high static pressure. On the other hand, the flow between the midspan and
the tip is only slightly decelerated, resulting in the velocity gradient observed in fig. 3.8. In
addition to the information presented in the previous figures, the low velocities near the
vane hub limit the operating range at low mass flows.

In this subsection, the integration scenario (embedded turbofan engines), the global
design parameters, as well as the baseline fan are chosen. So, all results of the first step
within the design methodology, which is visualized in fig. 3.4 (c), are achieved and the fan
stage assessment in distorted inflow can be conducted.

3.3.3. Flow redistribution within the intake

This subsection deals with the calculation of the flow redistribution upstream of the fan
stage. According to fig. 3.4 (), this task includes the selection of local operating points
and the corresponding stream tube contraction in the specific passages, as well as the re-
construction of the static pressure field at the AIP. The latter serves as the outlet boundary
condition of the RANS-based flow redistribution calculation.

Firstly, the choice of local fan operating points is introduced. Figure 3.10 (a) shows a
generic circumferential stagnation pressure distribution at a specific radius. As introduced
in chapter 2, the flow redistribution upstream of the fan stage is related to the stagnation
pressure pattern. The static pressure is expected to be at its minimum where the minimum
stagnation pressure is located. In addition, it is helpful to place local operating points in
positions where the swirl distortion is expected to be low. Therefore, the position in the
middle of the distortion at +180° is considered in the flow redistribution calculation. The
stagnation pressure distribution is characterised by a constant stagnation pressure over a
large part of the circumference. The opposite position to the distortion is expected to have
no pre-swirl, so the 0° position is also included as an operating point to predict the flow
redistribution.

If the stagnation pressure distribution also has a maximum, this position must be con-
sidered because of the expected static pressure peak (see Reutter et al. (2020)). In case
of a more complex stagnation pressure distribution, all maxima and minima have to be
considered. This is addressed in chapter 5.

Secondly, the stream tube contraction must be determined within the different pas-
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Figure 3.10.: Circumferential distribution of dimensionless stagnation and static pressure in
(a) and radial stagnation pressure distribution within the stagnation pressure
sink (blue) the stagnation pressure maximum (red) and in regions of constant
stagnation pressure (black) in (b).

sages. According to eq. (3.1), the stream tube contraction szc; accounts for the difference
between the reference stagnation pressure and the individual stagnation pressure at a
given spanwise position j. As already introduced in section 2.3.2 eq. (2.18), streamline
curvature codes account for the conservation of mass. Usually the blockage parameter b,
that is considered there, is used to account for smaller cross-section areas in blade rows as
blades and vanes partly cover the volume of the flow path. Consequently, the blockage
parameter is equal to zero in bladeless sections. Here the stc array is used to modify the
blockage parameter locally even in bladeless parts of the flow path. This artificial modifica-
tion of the cross-section area is a simple way to introduce the effects of flow redistribution.

stcy | Pryref,1 — Pr,i1
sfc = : :

=—— : (ER))
max |stc;|
ster, J Ptyref,L — Dti,L
Furthermore, a radial resolution for the array needs to be chosen with respect to the spe-
cific distortion pattern. Throughout this study it is sufficient to resolve the radial height
by scan points at 0.2, 0.4, 0.5, 0.6 and 0.8 relative span. Between 0.2 and 0.8 relative
span the stream tube contraction values are interpolated, while below 0.2 and above 0.8
relative span the contraction is kept constant.

So far, the relative contraction of the stream tubes is defined at the AIP. In section 2.2.1
the behaviour of the flow redistribution in the axial direction is addressed. Upstream of
the fan the static pressure distortion decays. Downstream the static pressure distortion
is attenuated by the fan stage (see fig. 2.4 (b)). Therefore, the radial distribution must
be converted to a two-dimensional distribution in the axial-radial plane. Figure 3.11 (a)
shows the stc distribution at the centre of the distortion at +180°. In accordance with the
behaviour of the static pressure distortion described above, the stc distribution increases in
the flow direction upstream of the fan stage and reaches its maximum at the leading edge
of the rotor. Since the intake flow field is calculated using a steady-state RANS approach,
modelling the stc distribution upstream of the AIP is of little interest in SLC. However, the
stc effect downstream of the AIP is important for the SLC-based performance assessment.
In accordance with the findings of Stenning (1980), a linear decay of the stc values is im-
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Figure 3.11.: Stream tube contraction within axial-radial plane (a) and impact on merid-
ional velocity at AIP (b).

plemented between the rotor leading edge and the stator trailing edge (see fig. 2.4). As
the static pressure distortion vanishes downstream of the stator, sic is equal to 0 at the
stator trailing edge.

The stc array has a direct impact on the meridional velocity distribution because the stc
array locally affects the cross-sectional area. Figure 3.11(b) shows the meridional velocity
distribution of the £180° position. Above 50% span, the boundary layer leads to a re-
duced meridional velocity. The dashed-dotted line shows the meridional velocity along the
span when stream tube contraction is not considered. The consideration of the stream
tube contraction leads to an increase of the meridional velocity and the spanwise distribu-
tions of the time-resolved calculation and the SLC become narrower.

After determining the local stream tube contraction arrays, the local operating point
is calculated with respect to a common static back pressure in both passages at 0° and
+180°, which couples both flow fields. At AIP, the static pressure field is derived from the
static pressure distributions of the flow fields obtained by SLC. Due to the axisymmetric
stagnation pressure distribution shown in fig. 3.10, an axisymmetric static pressure field is
assumed for the reconstruction of the static pressure field at AIP. As discussed in chapter 2,
the static pressure starts to decrease at the circumferential position where the stagnation
pressure decreases. In the case of the stagnation pressure pattern in fig. 3.5, these condi-
tions are found at +128°. Therefore, the static pressure of the 0° calculation is assumed
to be constant between -128° and 128°. Between -128° and 180°, and 128° and 180°,
the static pressure field is expected to have a smooth distribution without discontinuities '
and a minimum static pressure at 4180°.

The approximation of the static pressure field is achieved by a continuously differentiable
function combining second and third order polynomials. The circumferential pressure

(3.2)

p(® _{a®3+b®2+c®+d, if Opean <= O <= Opig

e®? +fO+g, if Opia < O <= Opyrrema

"Discontinuities occur at shocks or can occur when shear layers are present, i.e. downstream of a shock-
boundary layer interaction.
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Table 3.4.: Restrictions for static pressure field reconstruction.

outer part coupling inner part
third order coupling second order

p(®mcan) = Pmean Pmid,2nd = Pmid 3rd p(@)extrcmu) = Pextrema
pl((":')mean) =0 p’mid,2"" = p’mid,S’d p’(®extrema) =0
p” (®mean) =0

is approximated by a third order polynomial in the outer part and a second order poly-
nomial in the middle of the static pressure pattern. Both polynomials are coupled and
the coefficients a to g are calculated individually for each spanwise position. Table 3.4
shows the constraints of the static pressure reconstruction. The second order polynomial
approximates the inner part of the static pressure field around an extremum (in this case
a minimum). So at ®,eme==1180° the static pressure is known and the derivative of the
static pressure field is zero. At the edge of the stagnation pressure distortion (4+128°) the
static pressure is assumed to be equal to the static pressure of the 0° position. In addi-
tion, the static pressure distribution is required to have a smooth transition to constant
static pressure. This leads to the requirement that the first and second derivatives of the
third order polynomial are equal to zero at the edge of the distortion pattern. Finally, the
two polynomials are coupled. In this study, the spatial position of the coupling is halfway
between the edge and the middle of the distortion. At this position the static pressure
of the second and third order polynomials are equal. In addition, the derivatives of both
functions are equal to ensure a smooth transition from one part of the static pressure field
to the other. Having defined the simplified description of the static pressure field, it can be
calculated at AIP.

Figure 3.12 shows the dimensionless static pressure distribution obtained from the pre-
liminary design methodology (a) and from the time-resolved RANS calculations (b). As
explained above, the static pressure distribution is updated during the different loops un-

plp,.[: 0.7 0.73 0.76 0.79 0.82

Figure 3.12.: Non-dimensional static pressure distribution at AIP (station 2).
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Figure 3.13.: Meridional and circumferential velocity distribution stemming from SLC (a)
and (c) and uRANS (b) and (d) at AIP (station 2).

til convergence of the intake flow field is achieved. Contrary to the axisymmetric pres-
sure field in fig. 3.12 (a), the static pressure field of the time-resolved calculation is non-
axisymmetric as shown in fig. 3.12. The underlying flow feature that causes lower static
pressure levels in the counter-swirl region between 120° and 180° is the amplified tip gap
flow, which leads to flow acceleration in the midspan section of the blade. Apart from
this difference, the general static pressure pattern as well as the (non-dimensional) static
pressure level is similar between fig. 3.12 (a) and (b). Between -128° and 128° the static
pressure field is constant around the circumference and shows the same spanwise variation
with high static pressures near the hub and lower static pressures at midspan. As discussed
in the previous section, the RANS-based assessment of the fan stage shows higher merid-
ional velocities than in SLC. Therefore the static pressure is lower in the midspan region in
fig. 3.12 (b). By definition, the minimum static pressure is in the middle of the distortion
within the preliminary assessment (cf. fig. 3.12 (a)). The time-resolved result also shows
the minimum static pressure near +180°. Since the static pressure field is derived from
individual SLC flow fields, only an indirect coupling of the static pressure is achieved at AIP.
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In particular, the static pressure near the hub is slightly lower in SLC than it would be in a
fully coupled flow field visualised in (cf. fig. 3.12 (b). Nevertheless, the general matching of
the static pressure fields is very good and, at the same time, the numerical effort to obtain
this flow field is significantly lower. The static pressure distribution directly translates into
the flow kinematics at AIP. Figure 3.13 shows the meridional and circumferential velocity
distributions at AIP. The results of the preliminary fan assessment are shown on the left and
the detailed design assessment is shown on the right. Consistent with the static pressure
field, the uRANS-based meridional velocity distribution shows slightly higher velocity lev-
els outside of the distortion at midspan. In addition, the meridional velocity distribution is
non-axisymmetric whereas the preliminary assessment velocity distribution is axisymmetric.
However, the main variation in meridional velocity is due to BLI. The meridional velocity de-
creases within the boundary layer due to the low stagnation pressure. This variation is well
captured by the preliminary fan assessment. In addition, swirl is another important BLI flow
characteristic resulting from flow redistribution. The symmetric static pressure field directly
translates into symmetric velocity fields in the SLC. Contrary to this symmetry, the velocity
fields obtained by time-resolved calculations are slightly non-axisymmetric. The preliminary
evaluation gives slightly higher swirl velocity levels than the result from the time-resolved
calculation (see fig. 3.13 (c) and (d)). However, the circumferential velocity levels are well
captured in fig. 3.13 (c) and (d). In addition, the circumferential velocity levels obtained
by SLC are slightly higher near the hub. This is consistent with the slightly lower static
pressure levels there and results from the indirect coupling of the static pressure field at
AlP.

In summary, this subsection presents the selection of the necessary locations around the
circumference to calculate the flow redistribution, the definition and effect of the stream
tube contraction, and the consistency of the intake flow fields. These results are used in
the third stage of the fan assessment.

3.3.4. Local fan operating points

This subsection deals with fan performance at distorted inflow conditions, corresponding
to the third stage of the design methodology. Firstly, the focus is on the global fan perfor-
mance. Secondly, a more detailed assessment of local operating points and flow conditions
around the circumference is presented.

Fan stage performance

Figure 3.14 (a) shows the fan pressure ratio of the entire fan stage projected onto the inlet
plane. On the one hand, the fan design intent of an increasing fan pressure ratio in the
spanwise direction is visible around the entire circumference. On the other hand, the fan
pressure ratio increases within the distorted sector compared to undistorted inflow condi-
tions. Figures 3.14(b) and (c) show fan maps in terms of fan pressure ratio and isentropic
fan efficiency over ISA corrected mass flow. Both maps include the steady-state character-
istics (solid lines) as well as the connecting line of local operating points (orbit) obtained by
URANS. The uRANS performance data is used to verify the results from the preliminary fan
assessment. The SLC orbit is obtained by an operating point at 0°, which represents ho-
mogeneous inflow conditions. In addition, a local operating point is calculated every 10°
between 4120° and +180° to cover the distorted sector. A compressors-in-parallel (CIP)
approach is also considered. The steady-state operating points are visualised by squares
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Figure 3.14.: Fan map including speed lines at undistorted inflow, the aerodynamic design
point, the local operating points (orbits) around the circumference as well
as the averaged BLI operating point in terms of fan pressure ratio (a) and
isentropic efficiency (b).

while diamonds represent averaged BLI operating points.

The CIP operating point is obtained by area averaging the stagnation pressure within
the distorted area. With respect to a common static pressure at the fan stage outlet, the
total-to-static characteristic gives the ISA corrected mass flow with distorted inflow. The
fan pressure ratio and isentropic efficiency are then obtained. The averaged operating
point is calculated by averaging the distorted and undistorted operating points.

Figure 3.14 (b) shows that the local operating points outside the distortion (at 0°) have
a slightly higher corrected mass flow than the aerodynamic design point. This variation is
not captured by the CIP approach as ADP conditions are used for the operating conditions
outside the distortion. As the fan rotates around the circumference, it enters the distorted
sector at -128°. Both methods take into account the decreasing corrected mass flow as
well as the decreasing fan pressure ratios at co-swirl conditions. Figure 3.14 (b) shows
that the fan pressure ratio is underestimated in SLC compared to uRANS. In the middle
of the distortion (at +180°) the minimum corrected mass flow is reached. As introduced
in section 3.2, the local operating points of the time-resolved calculations are obtained by
averaging over a sector. In contrast, the SLC approach considers the operating conditions
at a specific circumferential position with an infinitesimal circumferential extent. Therefore,
the minimum corrected mass flow is slightly lower for SLC. In CIP, the operating point of
the low momentum stream tube has a significantly higher corrected mass flow due to the
fact that the entire distorted sector is averaged. Therefore, the CIP based operating point
does not give a good indication of the operating conditions in the distorted sector and the
preliminary design methodology is superior.

The SLC and URANS orbits show their maximum fan pressure ratios near the middle of
the distortion in the counter-swirl region. As the fan rotates through the counter-swirl
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Table 3.5.: Operating points in case of BLI.

m mwrrected Ht Nis.

[kgfs]  [kg/s] [] [
URANS 521.8 1401.0 1.3030 0.9274
SLC  520.7 1398.0 1.3068 0.9316
CIp 521.0 1396.8 1.3032 0.9289

region of the distortion, the fan pressure ratio decreases until undistorted inflow condi-
tions are reached. Both methods capture this effect, but SLC slightly overpredicts the fan
pressure ratios at high mass flows between 128° and 0°.

The averaged operating points from the orbit calculations are given by the diamonds
in fig. 3.14 (b) and are listed in table 3.5. The decrease in corrected mass flow is slightly
overpredicted by SLC and even the CIP based operating point shows a good agreement
with the uRANS-based data. The fan pressure ratio of the CIP and uRANS-based operating
points is slightly higher than that of the steady state operating point. As the fan pressure
ratios within the co-swirl area are lower in SLC and the fan pressure ratio peak is slightly
lower than in URANS, the resulting averaged operating point is also slightly lower than the
steady-state reference operating point.

Figure 3.14 (c) shows the isentropic efficiency variation around the circumference. Out-
side the boundary layer, the fan efficiency is similar to the ADP efficiency for both ap-
proaches. As the fan enters the distortion, the uRANS-based fan efficiency increases
slightly and reaches its maximum near the middle of the distortion. Within the counter-
swirl region, the fan efficiency decreases and is about 2% lower than for ADP. The aver-
aged fan efficiency is 0.26% lower than the reference efficiency. This decrease is relatively
small compared to the efficiency degradation reported in the literature (see chapter 2).
The efficiency orbit obtained by the SLC shows a different behaviour. The orbit is narrow
in terms of efficiency variations. In addition, the counter-swirl part of the orbit is slightly
above the co-swirl part. This results in an under-prediction of the fan efficiency in the
co-swirl and an overprediction of the fan efficiency in the counter-swirl. The trend of the
fan efficiency orbit is therefore not captured by the preliminary assessment. The resulting
efficiency degradation is 0.5%, which is slightly higher than the uRANS-based efficiency
degradation. As the trend of the isentropic efficiency orbit is not captured by the SLC
methodology, the matching of the averaged degradation of isentropic efficiency is arbi-
trary. A detailed analysis of this specific issue is given later in this thesis. Coincidentally,
both values are in the same order of magnitude and this quantity must be treated with
caution.

As mentioned above, the fan orbit is obtained by calculating an operating point every
10° within the distorted sector, complemented by an operating point at the 0° position. To
verify the chosen orbit resolution, fig. 3.15 contains three different local operating point
spacings, visualised by the orange orbits. The orbit in fig. 3.15 (a) uses local operating
points every 10° around the circumference. Therefore the orbit is similar over a large part
of the circumference. The additional operating points outside the distortion, between -
120° and +120°, are visible by the accumulation of operating points near ADP. The effect
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Figure 3.15.: Orbit sensitivity with respect to local operating point resolution. Operating
points every 10° (a) over the circumference, every 5° (b) or 1°(c) respectively
within the boundary layer.

of these additional operating points on the averaged operating point is negligible. It is
therefore sufficient to consider a homogeneous inflow with only one operating point at
0°. Figures fig. 3.15 (b) and (c) show refined orbit resolutions within the boundary layer of
5° and 1° respectively. For the most part, the orbits are similar to the baseline orbit resolu-
tion. Small variations are visible within the counter-swirl part. As the local operating point
variations are small, the averaged operating points show only small variations. Therefore,
the baseline orbit resolution is sufficient to capture the main BLI related changes in fan
performance.

In this subsection the BLI related operating point variations within the fan map are pre-
sented. The fan pressure ratio orbit as well as the averaged operating points are well
predicted by the SLC compared to the results of the time-resolved calculations. In con-
trast, the local fan efficiency prediction shows differences compared to the verification
data set. Therefore, a more detailed analysis of the local flow conditions, work input and
loss generation is addressed in the following subsection.

Rotor flow

This subsection deals with the detailed assessment of the fan performance around the
circumference. The flow redistribution calculation provides the flow kinematics at the AIP
and are already presented in fig. 3.13. These conditions translate directly into the relative
Mach number and incidence patterns shown in 3.16. The Mach number levels and Mach
number variation are well captured by the preliminary design methodology in fig. 3.16 (a)
compared to the high fidelity result in fig. 3.16 (b). The same is true for the incidence
variation shown in fig. 3.16 (c) and (d). Within the boundary layer the decrease in axial
velocity causes the main variations in both quantities. The relative Mach number values
decreases due to lower axial velocities within the distortion. However, the swirl velocities
also affect these distributions in the tip region. In the co-swirl region, the swirl causes an



58 3. Methodology development for fan design and assessment in distorted inflow

Ma,, [ 0.350.550.75 0.95 1.15

0:/—3O° o 30°

-60° 60° 60°
-90° 90° 90°
-120° 120° 120°
e 1507 eae® 150°

@) (b)

i[°]: -!2.5 0 2.5.5

¢ 30— 30° 300 —9—_30°
-60° 60° -60° 60°
-90° 90° -90° 90°
-120° 120° -120° 120°
SLC-150° s 150° URA;JSSW 500

(© (d)

Figure 3.16.: Relative Mach number and incidence at AIP

additional decrease in the relative Mach number levels and the positive incidence is slightly
lower. In contrast, both quantities are slightly higher in the counter-swirl region.

From hub to midspan, the circumferential variations in relative Mach number are negli-
gible. In contrast, the blade incidence varies in the co- and counter-swirl regions. While
the co-swirl leads to negative incidence at -160°, the counter-swirl region has positive in-
cidence. Furthermore, fig. 3.16 (c) shows slightly higher negative incidences at -160° than
the uRANS-based results in fig. 3.16 (d).

Based on the observations of varying inflow conditions, specific local operating con-
ditions are now considered for further investigation. At 0° the local fan performance is
hardly affected by the fuselage boundary layer. In the co-swirl region, the maximum neg-
ative incidence is observed at -160°. In the middle of the distortion (£180°) the lowest
meridional velocity levels are observed, mainly no swirl is expected. At 170° the positive
incidence almost reaches its maximum and the maximum fan pressure ratio is obtained.
The relative Mach number peaks at 140° and counter-swirl is still present in this position.
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Figure 3.17.: Spanwise distributions at rotor inlet. Upper row: co-swirl. Lower row:
counter-swirl.

Thus, amplified tip gap flow is expected.

The layout of the following figures showing the spanwise distributions is similar. The
solid lines show the SLC results while the dashed lines show the uRANS-based results. The
co-swirl operating point is at -160° shown by the blue line, the middle of the distortion
(£180°) is shown by the red lines and the operating conditions outside the distortion (0°)
are shown by the black lines. Counter-swirl operation is shown by the green lines (at 170°)
and by the purple lines (at 140°).

Figure 3.17 shows the spanwise distributions of the meridional and circumferential ve-
locities as well as the relative Mach number and incidence at the abovementioned cir-
cumferential positions. As already seen at AIP, the BLI related flow features are well cap-
tured by the preliminary design methodology and the variations between different local
operating conditions are greater than the differences between uRANS and SLC-based re-
sults. Furthermore, the main trends between the circumferential positions are covered
by the preliminary fan assessment compared to the uRANS-based results. Only in the
counter-swirl region minor differences are visible. The time-resolved calculation shows a
non-axisymmetric static pressure distribution and lower pressure levels are present in the
counter-swirl region. Therefore, the uRANS-based meridional velocity ¢, also differs there
as shown in fig. 3.17 (e). Consequently, both the circumferential velocity and the blade in-
cidence are affected. Near the hub, the uURANS-based meridional velocities are essentially
the same when compared between 140° and 170°, while the SLC shows slightly lower
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Figure 3.18.: Meridional velocity at rotor outlet within co-swirl (a) and counter-swirl (c) as
well as circumferential velocity in the co- (b) and counter-swirl area (d).

velocities at 140°. Nevertheless, SLC captures the correct trend in the upper part of the
blade where the boundary layer fluid is located.

Figure 3.18 shows the flow conditions downstream of the rotor. In terms of merid-
ional velocity, the SLC-based preliminary assessment covers the main trends between the
passages and a very good match is achieved within the co-swirl and the middle of the
distortion. Especially above midspan the meridional velocity remains low in the -160° and
+180° position compared to the undistorted inflow (see fig. 3.18 (a)). In the counter-swirl
region, the main BLI related variations are also captured by SLC. However, the meridional
velocity remains lower in the counter-swirl, as already seen at the rotor inlet. In addition,
the slightly lower velocities near the hub at 140° compared to the 170° position persist.
In the counter-swirl positions the meridional velocities near the tip are higher in the time-
resolved results than in the SLC. This is an indication that the tip gap modelling is not able
to fully capture the complex flow within the tip gap region. The amplified flow through
the tip gap leads to blockage in the upper part of the blade and to higher meridional ve-
locities towards the midspan due to contraction.

According to Euler’s equation 2.1, the circumferential velocity in the absolute frame of
reference is directly related to the work input. Therefore fig. 3.18 (b) and (d) show this ve-
locity component along the span at different circumferential positions. As explained in the
previous section, the fan shows a more efficient hub section within the RANS-based assess-
ment and therefore work input related variations in the circumferential velocity. This trend
is maintained below 20% span and therefore SLC shows higher velocity levels. Between
20% and 70% span, both approaches show that the circumferential velocities within the
distorted sector are slightly lower compared to the undistorted inflow (0°), except for the
140° position. Therefore, the work input is expected to be slightly lower for the distorted
sector than for the undistorted flow, except for the 140° position. Above 70% the dis-
torted sectors show higher circumferential velocities than the undistorted inflow condition
at 0° in both approaches. Therefore, a higher work input is expected within the distortion.
In addition, there are discrepancies above 70% of the span between SLC and uRANS. The
lower circumferential velocities within the uRANS results are due to the deviation. Within
the SLC assessment, the deviation model is not able to resolve all BLI related flow features.
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Figure 3.19.: Stagnation temperature variation at rotor outlet.

In general, the spanwise variations around the circumference calculated by SLC are veri-
fied by the uRANS results. As explained earlier, the varying inflow conditions around the
circumference lead to variations in work input and therefore fig. 3.19 shows the spanwise
stagnation temperature distribution at the rotor outlet. SLC showed lower circumferen-
tial velocities within the distorted sector at midspan, except for the counter-swirl position
(140°). As expected, the stagnation temperature level is slightly lower at -160°, 4+180°
and 170° compared to 0°. In addition, the slightly higher level at 140° compared to 0° is
expected: the tip section shows higher circumferential velocities throughout the distorted
sector and consequently the stagnation temperature distribution shows higher levels than
at 0°. In contrast, the URANS results show a different behaviour at the midspan. The same
trend as for SLC is expected, but the stagnation temperature levels of the BLI related flow
are higher than at 0°.

In the tip section, the uURANS-based data shows deviation that limit the circumferential
velocity level. This tip flow related flow feature is not captured within SLC and higher
circumferential velocity levels are present. Consequently, the work input and stagnation
temperature levels of the SLC data exceed the uRANS levels near the casing. The addi-
tional work input is therefore associated with unsteady effects. Due to the steady-state
modelling, this trend is not considered in SLC. Contrary to the expectation that unsteady
effects can be neglected, the unsteady work input addressed by Mazzawy (1977) is rele-
vant in such conditions.

Previously the increased isentropic efficiency in the co-swirl section up to the middle
of the distortion was discussed. As seen above, the increase is partly due to increased
stagnation temperatures caused by unsteadiness. The other important quantity related to
isentropic efficiency is entropy generation. Therefore, a detailed analysis of this quantity
is presented. During this study the reference state for entropy calculation is set to 7. =
250 K and py.r = 35000 Pa. Figure 3.20 shows the instantaneous entropy distribution at
different streamwise positions. At the rotor inlet in fig. 3.20 (a) high entropy levels can
be observed within the distorted sector. The entropy is transported convectively through
the fan stage. As the high entropy fluid enters the rotor, it is shifted in the direction of
fan rotation. Figure 3.20 (b) shows the entropy distribution at rotor mid-chord. Within
the blade boundary layers the entropy increases at each circumferential position. In addi-
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Figure 3.20.: Entropy at rotor inlet (a), mid-chord of the rotor (b) and downstream of the
rotor (c).

tion, the flow related losses in the tip gap lead to an increase in entropy in the tip region
around the entire circumference. As expected, the area of high entropy fluid is larger in
the counter-swirl region and is associated with the amplified tip gap flow. Figure 3.20 (c)
shows the entropy distribution downstream of the rotor. Here the rotor wakes can be seen
by the increased entropy values in the spanwise direction. In addition, the tip gap fluid
mixes with the fluid passing through the passage. Therefore the entropy distribution in
the tip region is smeared. However, the counter-swirl region shows the highest entropy
level, partly due to convection of the high entropy fluid and partly due to increased loss
generation within the fan stage. Figure 3.21 shows the instantaneous time derivative of
the entropy downstream of the rotor (a) and the associated standard deviation (b). The
formula for both quantities is given in appendix A.5. In general, the time derivative of the
entropy is closely related to the instantaneous loss generation within the flow. This is com-
plemented by the evaluation of the standard deviation at fixed position. The time-average
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Figure 3.21.: Entropy rate and standard deviation at rotor outlet.
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Figure 3.22.: Entropy increase (As) compared to reference conditions at rotor inlet (a) and
(c) as well as at rotor outlet (b) and (d).

of the entropy derivative is zero. The level of the standard deviation is therefore related to
the entropy generation at a specific position.

In fig. 3.21 (a) the rotor wakes are visible by the high values of the entropy rate. The
wakes move counter-clockwise around the circumference. Positive values indicate that a
wake was not present at a specific circumferential location in the previous time step and
vice versa. Between -150° and +180° the entropy derivation is smaller over a large part
of the span than in the undistorted inflow conditions. In addition, the tip gap fluid causes
higher entropy derivatives in the counter-swirl region between 120° and 150°. Figure 3.21
(b) shows that the flow from the counter-swirl region up to the middle of the distortion
undergoes a smaller entropy variation over a large part of the span than the fluid in the
undistorted passages. In addition, entropy generation increases in the tip region of the
counter-swirl fluid. Thus, based on the rotor flow field, the high efficiencies in the co-swirl
region are associated with the higher stagnation temperature rise and lower loss genera-
tion. In contrast, the additional losses in the counter-swirl region outweigh the additional
work input.

In line with the analysis of the uURANS data, the spanwise data from both approaches
are analysed. Figure 3.22 shows the change in entropy between the rotor inlet and outlet.
As can be seen, the entropy is higher within the boundary layer as expected (see 3.22
(a) and (c)). There the distributions are in good agreement between the low-fidelity and
high-fidelity approaches. At the rotor outlet the entropy is increased due to losses within
the rotor. SLC is able to predict the trends between the circumferential positions compared
to the URANS results. Nevertheless, the entropy increase is higher in SLC in all passages
except the 140° position. It is worth mentioning that no further loss extrapolation is taken
into account for the local operating point calculation. These results underline that a further
increase of losses due to local loss extrapolation is not reasonable.

Rotor performance

Figure 3.23 (a) and (e) shows the rotor performance in the specific passages. The trends
in the fan pressure ratio are well captured by the SLC-based approach. Within the boun-
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Figure 3.23.: Spanwise rotor performance in terms of fan pressure ratio, diffusion factor,
DeHaller number and isentropic efficiency.

dary layer fluid, the fan pressure ratio increases and peaks at 170°. The slightly lower fan
pressure ratios in the spanwise direction are reasonable as the stagnation temperature rise
is slightly lower in the SLC and the loss generation is slightly overpredicted. Within the
distorted sector the blade loading increases compared to the homogeneous inflow con-
ditions. These trends are also well captured by the preliminary design methodology. The

Figure 3.24.: Absolute rotor blade forces (a) and non-dimensional blade forces in (b).
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aforementioned differences in the velocity distributions lead to differences in the blade
loading metrics, which are mainly located in the tip region. The blade loading is overpre-
dicted and the largest difference is seen at the 170° position. Another important metric
is the rotor blade force variation around the circumference. Figure 3.24 shows the re-
sulting and relative blade forces around the circumference. The black solid line shows
the instantaneous blade force around the circumference, the black dashed line shows the
time-averaged blade force and the blue squares show the blade forces resulting from the
SLC approach. The blade forces are therefore calculated differently. While the blade forces
of the time-resolved calculations take into account the pressure and friction forces acting
on the blade surface, the SLC-based forces are obtained by solving the momentum bal-
ance within the rotor. Friction is therefore neglected. In appendix A.4 the equations for
blade force calculation are given.

In general, the instantaneous blade force outside the distortion is close to the time-
averaged value of the blade force. There the absolute value of the blade force obtained by
SLC is slightly lower than the instantaneous value obtained by URANS. As the rotor enters
the co-swirl region, the blade force decreases and reaches its minimum approximately half
way through the distortion. The blade force then increases and reaches its maximum
in the middle of the counter-swirl region. The blade force then decreases and enters a
largely constant distribution. As can be seen from the fan map and the radial distributions,
the fan blade force variation is well predicted within the preliminary fan assessment. The
maximum fan blade force in the counter-swirl region is approximately 5% lower than the
instantaneous blade force variation. This trend is well captured by the approach and can
be used in early design stages for a distortion tolerant fan design.

Stator flow and performance

Figure 3.25 shows the spanwise distribution of the flow field at the stator outlet. As can
be seen in fig. 3.25 (b) and (e), the OGV reduce the swirl as intended. The remaining
swirl is less with SLC than with the higher fidelity approach, which is consistent with the
comparison of fan performance at ADP (see section 3.3.4). In addition, fig. 3.25 (a) and (d)
show a good match of the meridional velocity between the two approaches at the stator
outlet, except for the 170° position. There the meridional velocity is significantly lower. As
already introduced in section 3.3.1 during the calculation of the local operating points, the
velocity triangles are matched at AIP and the static pressure at the fan stage exit is a result
of the fan performance assessment. Therefore, the spanwise static pressure varies around
the circumference within the SLC while the uRANS distributions are essentially the same.
Within the 170° position, the stagnation pressure at the fan stage outlet is lower due to
the incoming momentum deficit at the rotor inlet. In addition, the static pressure is at its
maximum there, resulting in the low meridional velocity. Thus, the three-dimensional flow
and the coupled static pressure field within the time-resolved calculation leads to a more
complex flow than the SLC approach can capture at this position. Figure 3.26 shows the
stator loading at specific circumferential positions. The main trends of increasing diffusion
factor or DeHaller number related loading coefficient are captured by the SLC-based re-
sults. As seen in the velocity distributions, the 170° passage shows the biggest difference
between the two approaches. The stator hub section is also highly loaded at the ADP
as introduced in section 3.3.4. In contrast to the URANS-based results, the vane loading
within this region increases further in the SLC. In particular, the flow fields in the blade
hub regions are very complex and highly three-dimensional. These flow characteristics are
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Figure 3.25.: Flow kinematics at stator outlet in terms of meridional velocity (a) and (d)
and circumferential velocity (b) and (e). Spanwise static pressure distribution
in (c).

not taken into account in SLC and therefore differences between the two approaches are
to be expected.

The uRANS-based flow field is also evaluated in terms of distortion intensity downstream
of the stator. The fan significantly attenuates the distortion and the distortion intensity of
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Figure 3.26.: Stator loading. Co-swirl in (a) and (b), counter-swirl in (c) and (d).
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Figure 3.27.: Distribution of the entropy increase at stator mid-chord (a) and downstream
of the stator (b).

a 60° segment is 0.0213. This is a reduction of 29.27% compared to the inflow distortion.
The loss analysis carried out for the rotor is also applied to the stator. As the fluid enters
the stator, the rotor wakes are shredded. This can be seen in fig. 3.27 (a), which shows
the entropy variation at mid-chord of the stator. The bowed rotor wake passes through
two stator passages. In addition, the vane boundary layers are visible due to the increased
entropy levels. In particular, the flow within the tip corner between £180° and 150° shows
high levels of entropy. Downstream of the vane the complex distribution of rotor and sta-
tor wakes persists and the high and low entropy fluids mix. Therefore the distribution in
3.27 (b) is more smeared than at the vane mid-chord.

In addition, the time derivative of the entropy with the standard deviation downstream
of the stator is shown in fig. 3.28. Essentially the same trends as those observed for the
rotor are present downstream of the stator. The time derivative of the entropy shows the
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Figure 3.28.: Entropy generation rate and standard deviation at stator outlet.
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rotor and stator wakes. The latter are the straight lines, while the rotor wakes remain
bowed but are attenuated compared to the upstream position. The two-dimensional pat-
tern of the entropy time rate in fig. 3.28 (a) is much more complex than in fig. 3.21 (a).
Similar to the findings at the rotor outlet, higher values are obtained within the counter-
swirl region at the stator outlet. The standard deviation shows significantly lower values
downstream of the stator than in the upstream position. Figure 3.28 (b) shows small vari-
ations in the co-swirl related part and higher values in the counter-swirl region. The vane
flow field confirms the observations of rotor related loss generation.

All'in all, the reason for the unexpectedly high efficiency region in the efficiency orbit
is twofold. As explained in this subsection, there is a higher work input due to unsteadi-
ness. In addition, the entropy rise within the fan stage also varies within the different
regions of the boundary layer. Smaller variations in the entropy rise in the co-swirl region
up to the middle of the distortion, combined with unsteady work input, lead to increased
fan efficiency. In contrast, the entropy rise associated with the tip gap flow outweighs
the additional stagnation temperature rise and leads to a decrease in fan efficiency in the
counter-swirl region, which is consistent with the findings presented in chapter 2.

Considering that the preliminary fan evaluation requires about 3 CPUh compared to
about 10000 CPUh in the uRANS case, the results are encouraging for wide design space
explorations.

3.4. Limitations of the methodology

The newly developed fan design and fan assessment methodology has mainly three limita-
tions, which have already been discussed in the previous section. Nevertheless, it is helpful
to summarise these limitations again in this subsection.

3.4.1. Steady-state modelling

Mazzawy (1977) finds that the unsteady work input has an impact on the performance
calculation within the enhanced multiple compressors in parallel approach. This approach
is described in chapter 2. The newly developed design and assessment methodology takes
advantage of steady-state approaches and therefore does not resolve time-dependent flow
features. Consequently, the unsteady work input is not considered and the stagnation
temperature at the rotor outlet misses the additional stagnation temperature rise due to
unsteadiness as shown in fig. 3.18 (c) and (f).

3.4.2. Loss generation

The calculation of viscous losses is dependent on the inlet Mach number, the blade in-
cidence and the contraction of the specific stream tube. The loss generation within the
streamline curvature approach overestimates the loss generation compared to the time-
resolved data. This is shown in fig. 3.18 (b) and (e). The unsteady variation of inflow
conditions present in the time-resolved calculation changes the loss generation, which is
not accounted for in the preliminary design methodology.
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Shock prediction

The presence of transonic flow is likely to lead to flow deceleration due to shocks. As
introduced in 3.3, a model that accounts for shock losses is used. This model is calibrated
using MISES calculations, which resolve the flow field in a blade-to-blade plane. The flow
is treated as two-dimensional in MISES. According to Cumpsty (2010), the nature of tran-
sonic flow, including shocks, is three-dimensional. Furthermore, in three dimensions the
flow is able to radially redistribute within the blade passage (see Taylor and Miller (2016))
or maintain radial velocity components (see Gunn and Hall (2014)). This three-dimensional
flow feature affects the flow conditions within the passage and consequently the shock.
However, both the calibration data and the flow fields derived from the streamline cur-
vature approach are two-dimensional. Therefore, discrepancies in the predicted shock
position and curvature of the shock compared to the three-dimensional shock are likely.

Tip gap modelling

The tip gap model is a simplified model that takes into account the static pressure differ-
ence in the specific blade section. The static pressure difference is used to predict the flow
through the tip gap and the associated losses. Due to the two-dimensional treatment of
the flow, the specific flow conditions in the co- and counter-swirl regime are not taken into
account. In the counter-swirl regime, the static pressure gradient resulting from the flow
redistribution is aligned with the static pressure difference across the blade. As a result,
the tip gap flow is amplified. In the co-swirl region, the static pressure gradient of the
flow redistribution and the static pressure difference feeding the tip gap flow are in the
opposite direction, resulting in less attenuation of the tip gap flow and lower losses. As a
result, loss prediction misses relevant flow features.

3.5. Interim conclusion of the methodology development

This subsection presented the detailed comparison of the flows from the newly developed
preliminary design and assessment methodology with the results from a time-resolved
calculation. The preliminary design methodology is able to capture the BLI related flow
redistribution within the inlet very well. The quantitative and qualitative prediction of the
relative Mach number distribution, as well as the incidence distribution, is in very good
agreement with the uRANS-based results. The corresponding fan performance analysis
captures the main trends in orbit width and height, and the averaged fan operating point
is also in good agreement with the verification data. The spanwise distributions are es-
pecially well predicted within the fan rotor. The flow kinematics, resulting fan pressure
ratio and blade loading are also well predicted. The stator performance is reasonably well
predicted. However, the decoupling of the different passages within the SLC is an inherent
difference in the approach compared to the calculation of three-dimensional flow. Con-
sidering that the preliminary fan design and assessment methodology allows a reduction
in computational time of four orders of magnitude compared to uRANS calculations, the
accuracy of the results is encouraging for large design space explorations.






4. Fuselage embedded fans

This subsection deals with turbofan engines embedded in the aft section of an aircraft
fuselage. Therefore, the boundary layer fluid entering the fan stage is from the midspan
to the tip region of the blade. Throughout this section, a similar boundary layer pattern is
applied to the fan stages as introduced in chapter 3.

In contrast to the previous chapter, the fan stage dimensions are better matched to
the boundary layer thickness at the assumed integration location and therefore no scaling
of the distortion is required. Firstly, conceptual design considerations are presented in
terms of top-level design parameters that include boundary layer properties as well as
fan performance parameters. Secondly, three fan stages with different radial fan pressure
ratios are investigated for their ability to operate within the boundary layer fluid. Thirdly,
the effect of circumferential blade tip speed on distortion tolerant fan design is presented.
Based on the findings in this section, design suggestions for a distortion tolerant fan are
given.

4.1. Conceptual design considerations

At the conceptual design stage, aircraft requirements result in a top-level specification of
fan design parameters. In general, the aircraft drag gives the engine thrust, which is trans-
lated into a mass flow and fan pressure ratio requirement. Figure 4.1 shows a velocity
distribution representing the middle of the distortion. In addition, fig. 4.1 shows a cut
through the fan stage. The core engine is neglected in the following considerations. The
sizing of the fan diameter requires the consideration of flight conditions (altitude and Mach
number) as well as the specification of the hub-to-tip ratio and a target flow capacity. The
latter is closely related to the meridional Mach number at the rotor inlet. The nozzle area is
obtained by considering the flow state at the nozzle exit, the ambient conditions and the
specified mass flow. As already introduced in chapter 1, a distortion tolerant fan design

boundary layer
thickness
Fan diameter
™~ Nozzle

Figure 4.1.: Velocity distribution in the midsection of a generic boundary layer (left) and
cross-sectional view an a fan stage (right).
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Figure 4.2.: Distributions of Mach number (a), axial velocity (b) and mass flow per meter
boundary layer width (c) for two flight Mach number levels and flight altitudes,
respectively.

is an interdisciplinary task between aircraft and propulsion unit design. Especially in the
conceptual design phase, it is necessary to be aware of the sensitivity to different design
considerations.

The fuselage’s boundary layer is assumed to be similar to that of a fully turbulent, flat
plate, with the velocity field of the boundary layer following the one-seventh power law.
A.3 provides a set of equations to calculate the boundary layer properties, which depend
directly on the Reynolds number. The latter is influenced by ambient conditions and flight
Mach number, and as a result, the analysis examines three sets of altitude and flight Mach
number. The properties of the boundary layer are defined by the flight conditions, specif-
ically the flight Mach number and altitude. Two different Mach number levels, 0.78 and
0.72, have been examined. The Mach number of 0.78 represents the cruise conditions of
a state-of-the-art aircraft, for short to medium range flights. The MIT D8 double bubble
aircraft, which utilizes BLI propulsion, cruises at Mach 0.72 (see Hall's analysis, 2015). Ad-
ditionally, two distinct altitudes, namely 9.66km and 10.66km, are presented as they are
representative for cruise (see Silberhorn et al. (2019)). Figure 4.2 shows the distribution of
Mach number (a), axial velocity (b) and mass flow per metre of boundary layer width (c)
within the boundary layer. Generally, the boundary layer thickness increases as Reynolds
number decreases. The Reynolds number varies from 1.9-10% (Ma=0.72, H=10.66km),
through 2.1-10% (Ma=0.78, H=10.66km), to 2.3-10% (Ma=0.78, H=9.66km). Therefore,
the thickness of the boundary layer shows a slight increase at a fixed flight Mach num-
ber and higher altitude. Correspondingly, the density and static temperature decrease as
altitude increases. The latter results in the spread of the axial velocity distribution for the
Mach number 0.78 cases. Additionally, in the lower Mach number case, the boundary
layer thickness increases slightly at a fixed altitude.

When considering the velocity and density changes, there is a variation in the distribu-
tions of mass flow per meter boundary layer thickness as visualised in fig. 4.2(c). Within
the boundary layer, there is a mass flow of 20 to 24 kg/s per meter boundary layer width.
For the flight Mach number of 0.78, the mass averaged Mach number is 0.687. While
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Figure 4.3.: Pressure field around an aircraft with BLI engines. Adapted from Vinz and
Raichle (2022). Courtesy DLR Institute of Aerodynamics and Flow Technology.

the flight Mach number of 0.72 has an averaged Mach number of 0.635. Especially, the
averaged Mach number of the flow entering the engine is a crucial metric for the top-level
BLI fan specification.

As highlighted in chapter 1, calculating the drag and thrust becomes more challenging
for aircraft utilizing boundary layer ingesting propulsion units. Specifically, the non-uniform
static pressure field occurring upstream of the intake should be taken into account when
employing the classical thrust equation, as discussed by Plas (2006). Normally, the con-
trol volume extends well upstream of the engine, with ambient conditions present at the
control volume inlet. This study investigates the static pressure field around an aircraft
powered by BLI engines, as shown in fig. 4.3. As shown in fig. 4.3, the static pressure
field is predominantly uniform at a distance of 1.3 fan diameters upstream of the fan
stage. Consequently, the 1.3 fan diameter upstream is selected as the control volume inlet
for the fan thrust calculation and the outlet is positioned at the bypass nozzle exit. The
conventional thrust accounting method is utilized in the sensitivity analysis going forward.
The net thrust equation is given by eq. (4.1). The thrust comprises a term that calculates
the velocity difference between the inlet and nozzle multiplied by the mass flow. As this
analysis considers only the bypass flow, the mass flow remains constant. Additionally, if
the nozzle is choked, the static pressure difference between the nozzle and ambient con-
ditions contributes to the thrust. However, this term vanishes in the case of unchoked
nozzle operating conditions.

Fuet =11 (Cnozzle - Cavg,in) +Apozzle - (pnozzle - pw) 4.1

Equation 4.2 calculates the power added to the flow by the fan blade. The power depends
on the mass flow through the fan stage, the isobaric heat capacity, and the stagnation
temperature rise between the fan inlet and outlet.

P=rm- Cpe (ﬂ,nozzle - T;‘in) (4-2)

Additionally, the efficiency of the thrust power compared to the shaft power is accounted
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Figure 4.4.: Working lines with constant bypass nozzle cross-section area. Design parame-
ters: IT,=1.3, Nisran=0.93 and @,=0.05.

for to evaluate the efficiency of the thrust power generation.

Ekin“jet Ethrust Fher * Coo
Nerans. - Mprop. = S = (4.3)
trans prop. P Ekin.,jet P

A simple working line calculation is performed as part of the sensitivity study. The nozzle
performance only takes into account the gas dynamic properties. Therefore, the working
line is determined by the specification of the ambient conditions, an assumption of the fan
efficiency and the losses upstream and downstream of the fan stage, and an initial size
of the bypass nozzle. Throughout the sensitivity study, the fan efficiency and losses are
kept constant. Operating points with the same net thrust are investigated as those oper-
ating points comparable to powering an aircraft with a fixed thrust requirement. These
assumptions would need to be verified in more detailed and multidisciplinary designs. The
purpose of the conceptual design considerations is rather to give general directions for a
distortion tolerant fan design.

In the following, a sensitivity study is depicted which accounts for the impact of BLI on
performance metrics. The baseline case considers an aircraft that operates at a flight Mach
number of 0.78. No boundary layer ingestion is foreseen and the stream tube enters the
engine with the free stream momentum of the flight Mach number Ma... The other two
cases take advantage of BLI. The aircraft still operates at a flight Mach number of 0.78,
but due to the fuselage boundary layer, the momentum of the stream tube entering the
engine is lower. In one case the stream tube entering the engine has an averaged Mach
number due to BLI (Magy;) of 0.715. In the other case, Magy, is set to 0.65. In all cases the
fan operates at a meridional Mach number at fan inlet of 0.62 and a fan pressure ratio of
1.30.

Figure 4.4 shows the data obtained for a scenario where the engine is designed for clean
inflow and then exposed to BLI. Due to the nozzle sizing for clean inflow conditions, the
working lines for the BLI cases are shifted to the left as revealed in fig. 4.4 (a). However,
the net thrust remains almost unchanged as shown in fig. 4.4 (b). The slight decrease in
net thrust would require an increase in the corrected fan shaft speed. A small increase in
the corrected mass flow and fan pressure ratio will then give the same net thrust. Figure
4.4 (o) illustrates the beneficial effect of BLI in terms of reducing the power input to the
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Figure 4.5.: Working lines with adjusted bypass nozzle cross-section area. Design parame-
ters: IT,=1.3, Nisran=0.93 and @,=0.05.
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Figure 4.6.: Working lines with adjusted bypass nozzle cross-section area. Design parame-
ters: I1,=1.39, N5 Far=0.93 and @,=0.05.

flow for a comparable thrust level. Reducing the inlet Mach number from 0.78 to 0.715
results in a 6.36% reduction in power input. Further reducing the Mach number level to
0.65 results in a 12.4% reduction in power input compared to the baseline case. Corre-
spondingly, the product of the transfer and propulsive efficiencies in the BLI cases increases
by 4% and 8.67% respectively.

In a further step, the BLI conditions are considered in the nozzle sizing, while the fan
specification remains fixed. This means that as the inlet momentum decreases due to BLI,
the nozzle area increases. This allows the specified mass flow to pass through the nozzle.
Figure 4.5 (a) shows the working lines for this particular redesign. As the nozzle area is
slightly increased by 0.46% and 1.45% respectively, the working lines of the lower Mach
number cases are shifted to the right within the map. Consequently, the thrust level is
achieved at the same corrected mass flow and fan pressure ratio as in the reference case.
The trends in power requirement and thrust generation efficiency remain similar to the
fixed nozzle case. Therefore, for the sake of comparability, the dedicated nozzle design is
applied for the cases with increasing fan pressure ratios.
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Figure 4.6 shows the results for a fan stage pressure ratio of 1.39. As the fan pressure
ratio increases, less mass flow is required to generate thrust. Consequently, the fan diame-
ter decreases by about 11.8% compared to the baseline fan. In addition, the bypass nozzle
area is approximately 26% smaller than the baseline nozzle. Both effects are expected to
result in a lower engine weight, which will be beneficial in facilitating engine integration
and associated fuselage redesign. Due to the increased FPR, the operating points are at
lower corrected mass flows. The trend in terms of lower power consumption due to BLI
remains identical (see fig. 4.6 (). In addition, the slope of the efficiency curves changes
and the operating points are close to the peak efficiency as shown in fig. 4.6 (d).

Lastly, a fan pressure ratio of 1.52 is analysed and the results are shown in fig. 4.7. The
corrected mass flow decreases further for the given thrust requirement. This reduces the
fan diameter by approximately 21.5% compared to the base case. The bypass nozzle is
also about 45% smaller. The trend of decreasing power consumption with decreasing in-
let Mach number remains. Taking into account the efficiency of thrust generation, fig. 4.7
shows that the operating points are beyond the efficiency maximum.

Within fig. 4.8 the results for the different fan pressure ratios and Mach numbers of
0.78 and 0.715 are presented. The minimum power input is obtained for the fan pressure
ratio of 1.39 (see fig. 4.8) and the operating point is close to the maximum of the effi-
ciency characteristic. Considering that the mass flow within the boundary layer is relatively
small (see 4.2 (c)), the inlet geometry is expected to be non-axisymmetric and more ellip-
tical than conventional inlets. This results in a highly three-dimensional intake geometry,
as the elliptical cross-section is required to smoothly transition to a rotationally symmetric
cross-section within the fan stage. Comparable geometries are presented in the literature
and related studies are discussed in chapter 2.

These results are consistent with the literature and similar results are presented by Plas
(2006), Sato (2012) or Hall (2015). However, the results presented in this study are more
focused on typical fan design metrics. In addition, the study of working lines and the effect
of nozzle size complement the above studies.
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Figure 4.7.: Working lines with adjusted bypass nozzle cross-section area. Design parame-
ters: IT;=1.52, s ran=0.93 and @,=0.05.



4.2. Impact of the spanwise fan pressure ratio distribution on distortion tolerance 77

— Ma_=0.78 — Ma,, =0.715
—11,=1.30 -—-I,=138 = I1, = 1.50
15 Ff // 2af—i II 811 '{' — 08
14— Z 2o T T o7 IS
— ; i = P Py 15 {
ST I S YV | 2 o3 '{ = 0.6} /[
Vs e
K iwaw// R ] OS]
150"275 300 1502257300 1502257300 1507225 300
m [kar/s] m [kg/s] m [kg/s] m [kg/s]
(a (b) (0) (d)

Figure 4.8.: Synthesis of the sensitivity study considering different fan pressure ratio levels.

4.2. Impact of the spanwise fan pressure ratio distribution on
distortion tolerance

4.2.1. Fan design philosophy and performance at homogeneous inflow

The following subsection investigates the impact of different spanwise fan pressure ratio
distributions on distortion tolerance. Since the stagnation pressure distortion is located in
the tip region of the fan blade, it is expected that the variation of the radial fan pressure
ratio will affect the flow redistribution and distortion attenuation. Figure 4.9 shows the
distinguishing design feature of the three fans, which is an ascending, a constant and a
descending spanwise fan pressure ratio distribution. These fans are designed and reported
by Schonweitz et al. (2017). In addition, the fan stages are investigated as a verification
data set for the intermediate design methodology presented by Mennicken et al. (2019).

Table 4.1 summarises the design objectives for the fan stages. The specification includes
a fan pressure ratio of 1.32, a meridional Mach number of approximately 0.63 and a cor-
rected fan blade tip speed of 292 m/s. For the sake of completeness, fig. A.3 visualises
the flow paths of the specific fan stage designs. All flow paths cover a simplified spinner
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Figure 4.9.: Spanwise fan pressure ratios for the ascending, constant and descending fan.
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Table 4.1.: Fan stage specification for verification.

Hr ['] Ma, ['] Utip corrected [m/s]
1.32 ~0.63 292

geometry upstream of the rotor. In particular, the constant and descending fan stages
show a concave hub line close to the rotor leading edge in fig. A.3 (b) and (). In addition,
the higher work input in the fan blade hub section requires more contraction in the fan
hub section. The stator flow path shows a slight increase in the hub line for the ascending
fan in fig. A.3 (a), while the cross-sectional area is mainly preserved throughout the stators
of the other fan stages in fig. A.3 (b) and (c).

The SLC models of the fan stages are adjusted to match the fan stage performance of
the high fidelity results. The SLC results are shown by the solid lines, while the RANS re-
sults are shown by the dashed lines. Figure 4.10 shows the Mach number distributions at
different flow positions. At the rotor inlet the relative Mach number is similar for all fans
because the meridional Mach number and the fan blade speed are similar (see fig. 4.10
(a)). The absolute Mach number is shown between the rotor and stator and at the fan
stage outlet. As mentioned above, the increased fan pressure ratio near the hub requires
an increased work input there. As the circumferential speed at the trailing edge of the
rotor is limited by the hub radius, the rotation of the flow and hence the circumferential
speed in the absolute frame of reference increases. Consequently, the Mach number level
increases for the constant and descending fan stages. Downstream of the fan stage, the
Mach number distribution reflects the radial fan pressure ratio profile. As expected, the
ascending fan stage has low Mach number levels near the hub and higher Mach numbers
near the tip. In contrast, the constant fan stage has an almost constant Mach number
distribution downstream of the fan stage, while the descending fan stage even has the
highest Mach numbers near the hub. Figure 4.11 (a) illustrates the specific design intent
of the three fan stages. The design of the ascending fan stage shows a similar design
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Figure 4.10.: Spanwise relative Mach number at rotor inlet (a) and absolute Mach number
distributions at stator inlet (b) and stator outlet (c) at ADP.
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Figure 4.11.: Rotor performance in (a) & (b) and stator performance in (c) & (d) at design
conditions.

intent to the fan stage introduced in chapter 3. So the same comments about the low fan
pressure ratio near the hub apply to this fan. The constant and decreasing spanwise fan
pressure ratio fans show a higher fan pressure ratio near the hub. In general, a higher fan
pressure ratio requires a higher flow turning. As a result, the spanwise stagger angle distri-
bution of the fan blade designs differs. Near the hub, the stagger angle of the ascending
fan is bigger than in the descending case. Close to 60% of the span the trend changes
and the stagger angle of the ascending fan is smaller than that of the descending fan.
Over the entire span, the stagger angle distribution of the fan with constant fan pressure
ratio is between the others.

The fan blade loading differs significantly near the hub. A high FPR requirement leads
to flow acceleration in the rotor hub section and thus the DeHaller number is above unity
and the diffusion factor is below zero as it is DeHaller number driven (see fig. 4.11 (b)).
Furthermore, fig. 4.11 (b) shows that the upper part of the fan blades have almost the
same blade loading. The stator performance is shown in fig. 4.11 (c) and (d). The stator
losses are mainly related to the flow near the hub and tip end walls. Near the hub, the
SLC does not capture the trends of the RANS results. The stator of the ascending fan
shows higher losses in SLC than in RANS, while the constant and descending fan stages
show lower losses in this region. Near the tip, the SLC-based assessment shows lower
losses than RANS. However, over a wide range of the span, the loss prediction is in good
agreement for all designs.

The vane loading is shown in fig. 4.11 (d) and is in good agreement for the three fan
stages over a wide portion of the span. Variations between the two approaches appear
near the end walls. In particular, the blade hub sections are highly loaded. In order to
achieve better vane hub performance, the flow path could be improved by adding con-
traction in this specific region. However, this analysis analyses the effect of a rotor design
feature on distortion sensitivity and therefore accepts the lower level of maturity within
the vane section. Based on this comparison, the redesign of the three fan stages compares
very well with the baseline designs at ADP.

Figure 4.12 shows the corresponding fan map performance in terms of fan pressure
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Figure 4.12.: Fan map in terms of total-to-total fan pressure ratio (a), total-to-static fan
pressure ratio (b) and isentropic efficiency (c) stemming from SLC and RANS.

ratio (a), stagnation-to-static fan pressure ratio (b) and isentropic efficiency (c). As can be
seen in fig. 4.12, the fan pressure ratio at off-design is steeper for all fan stages. In addi-
tion, the static pressure rise is higher in SLC than in RANS due to the lower loss generation
within the SLC representation. Consequently, the isentropic efficiencies are higher in SLC
than in RANS. In addition, a higher static pressure rise is achieved for the constant and
descending fan, which is maintained between the different approaches. As the ascend-
ing fan hub has a very low fan pressure ratio, the static pressure downstream of the fan
shows a radial profile in the hub region even at ADP. In the off-design, the increase in
static pressure leads to a further reduction in Mach number levels. Thus, in SLC, the stator
hub area limits the operating range to lower corrected mass flows. In RANS, the complex
three-dimensional flow pattern allows the fan stage to operate at lower mass flows, which
cannot be reproduced in SLC. This is the reason for the significant reduction in operating
range. In contrast to the ascending fan, the operating limit of the other two fan stages is
reached when the stagnation-to-static characteristic peaks.

Overall, the redesigned fan stages match the baseline design characteristics at the aero-
dynamic design point. The off-design performance differs as the fans approach the specific
aerodynamic stability limits. In the next subsection, the performance at distorted inflow
conditions is investigated.

4.2.2. BLI fan performance assessment

All three fan stages from the previous subsection are subjected to a generic boundary
layer profile as described in chapter 3. In contrast to the previous section, no scaling
of the boundary layer profile is required as the fan stage dimensions and the boundary
layer profile are in a reasonable proportion. The minimum stagnation pressure of the
two-dimensional boundary layer profile is limited to 89.3% of the freestream stagnation
pressure to avoid numerical challenges during the calculations. This results in a distortion
intensity of 0.0368. As mentioned in chapter 3, the fan stages are exposed to the BLI flow
while the static pressure at the fan stage outlet remains at the level of the ADP conditions.
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Table 4.2.: BLI related shift of the operating points with respect to ADP.

L —tiapp  Mcorrected BLI—Mcorrected ADP 11,81 —1 ADP
Iapp Meorrected ADP I app
[%] (%] [%]
ascending BLI SLC -1.35 -0.20 -0.15
BLI uRANS -1.41 -0.54 0.01
constant BLI SLC -1.20 -0.52 0.30
BLI uRANS -1.79 -0.94 0.27
descending  BLISLC -1.01 0.00 -0.55
BLI uRANS -1.88 -1.03 0.43

Averaged fan performance

Table 4.2 summarises the operating point variations due to BLI relative to ADP from the
preliminary fan assessment and high-fidelity verification. The time-resolved calculations
show that the reduction in mass flow due to BLI compared to ADP is between -1.41%
for the ascending and -1.88% for the descending fan stage. In terms of corrected mass
flow, the variation is slightly smaller, ranging from -0.54% to -1.03%. On the other hand,
the fan pressure ratio remains mainly at the ADP level and the descending fan shows the
highest increase of 0.43%. The most sensitive parameter is the isentropic fan efficiency.
The ascending fan loses 2.5% due to the distorted inflow compared to ADP, while the vari-
ation of the constant and descending fans is less severe. The efficiency of the constant fan
decreases by about -0.65% and the efficiency of the descending fan decreases by -0.82%
compared to ADP.

In terms of averaged operating points, the preliminary fan assessment is able to predict
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Figure 4.13.: Relative operating point variation with respect to ADP.
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the correct magnitude of operating point variation. The ascending fan shows a mass flow
reduction of -1.35%, while the other fans show smaller BLI related mass flow reductions
of -1.2% and -1.01% respectively. As already seen for the URANS data, the corrected
mass flow variation is smaller compared to the mass flow variation and the descending
fan stage shows no change in corrected mass flow. For this fan, the stagnation pressure
term coincidentally offsets the mass flow decrease within the correction formula. How-
ever, it is worth noting that the mass flow variation is close to the convergence criterion
for the flow redistribution calculation. Therefore, variations in this order of magnitude can
be expected from the approach. Furthermore, the SLC-based fan pressure ratio variation
is small. The largest increase of 0.3% shows the constant fan, while the descending fan
shows the largest decrease of -0.55%. The trends between the fans and the direction of
the fan pressure ratio changes are not fully captured by SLC. For example, the fan pressure
ratio increases at BLI, but the ascending and descending fans have slightly lower FPRs than
at ADP.

Figure 4.13 shows the local operating point excursion as well as the averaged operating
point in relation to ADP. The preliminary design methodology is capable of covering the
orbit width in terms of (corrected) mass flow. This includes the increase in (corrected) mass
flow outside the boundary layer as well as the decrease in (corrected) mass flow inside the
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Figure 4.14.: Relative static pressure at the aerodynamic interface plane.
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boundary layer. As already introduced in chapter 3, the stagnation pressure rise within
the co-swirl region is underestimated in the preliminary assessment. The uRANS results of
the three fans show only minor differences within the co-swirl, while SLC shows a more
pronounced tendency there. Within SLC, the descending fan operates under choking con-
ditions in the co-swirl region, so the fan pressure ratio decreases. In good agreement with
fig. 4.13, the choking is less pronounced for the fan rotor with constant fan pressure ratio.
The instantaneous flow fields of the time-resolved calculations do not show severe chok-
ing in the co-swirl region. As mentioned in section 3.4, the prediction of choking is one
of the limitations of the SLC approach. The variations and trends within the counter-swirl
region are well covered by SLC, and the variation of the fan pressure ratio of the orbit is
well captured by the approach. Even the BLI-related operating point variations show dif-
ferences between the three fans. A more detailed analysis of the flow field and local fan
performance is therefore carried out.

Rotor performance

Flow redistribution is a key feature of the BLI flow and therefore, it is present in the re-
sults of the three fans. Figure 4.14 shows the non-dimensional static pressure distribution
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Figure 4.15.: Meridional velocity at the aerodynamic interface plane.
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related to the free stream stagnation pressure. In chapter 3 the indirect coupling of the
upstream flow for the static pressure reconstruction as well as the assumed axial symmetry
is discussed. Figure 4.14 (d) shows the effect on the static pressure distribution. Since the
spinner geometry leads to an acceleration of the hub section and the stream tube con-
traction of the tip region of the blade affects the static pressure level through the static
pressure equilibrium, the static pressure within the hub section at +180° decreases in 4.14
(d). The time-resolved static pressure field shows higher values at this position, as the
static pressures of the other circumferential positions interact in a fully coupled flow field,
as shown in fig. 4.14 (a). The prediction of the relative static pressure field of the constant
and descending fans shows a better match within the hub section at 180°. This is due
to the concave hub line mentioned at the beginning of this subsection. The flow deceler-
ation caused by this geometric feature leads to good matching there. With the exception
of the hub section of the ascending fan stage and the slightly more smeared relative static
pressure pattern of the high-fidelity results, the preliminary fan assessment covers the BLI
related variations both qualitatively and quantitatively, the static pressure minimum is well
matched as is the spanwise distribution around the circumference. In addition, the varying
static pressure levels between the different fan stages are also captured. Accordingly, the
velocity distributions upstream of the rotors are similar for both approaches. The afore-
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Figure 4.16.: Circumferential velocity in the absolute frame of reference at the aerody-
namic interface plane.
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mentioned trends around the circumference as well as the differences between the fan
stages persist. Figure 4.15 shows the meridional velocity distribution while fig. 4.16 de-
picts the circumferential velocity in the absolute reference frame. The hub section of the
ascending fan stage shows the greatest differences at +180°, as expected from the rel-
ative pressure distribution. According to the more smeared static pressure distribution of
the time-resolved calculation, the circumferential velocity levels are slightly smaller than
those calculated by SLC (see fig. 4.16). Nevertheless, both the velocity pattern and the
magnitude of this quantity are well predicted. The velocity components presented above
translate directly into the rotor incidence, which is visualised in 4.17. As introduced in
chapter 3, the decrease in axial velocity within the boundary layer leads to positive inci-
dence in the tip region of the fan stage and can be found in the results of both approaches.
From hub to midspan, the incidence is dominated by the circumferential velocity in the co-
and counter-swirl regions. Furthermore, the negative incidence (at -130°) is more pro-
nounced than the positive incidence (at 130°) which is captured by SLC and uRANS. The
velocity distribution also affects the Mach number pattern at the AIP. However the dif-
ferences between the different fans are small. For the sake of completeness, the relative
Mach number distributions are shown in fig. A.4. The characteristic Mach number distri-
bution with lower Mach number levels in the co-swirl area than in the counter-swirl region
is well predicted by the SLC. As explained in chapter 2 and chapter 4, high Mach numbers
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Figure 4.17.: Rotor incidence at the aerodynamic interface plane.
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Figure 4.18.: Velocity triangles at rotor outlet at 0° in (a) and (b) as well as at +180° (e)
and (f). Entropy distribution at rotor outlet at 0° in (c) and (d) as well as at
140° (g) and (h).

combined with positive incidence lead to an increasing static pressure difference between
the pressure and suction sides of a blade. In addition, with the static pressure gradient due
to flow redistribution, the tip gap flow is amplified and the associated losses increase.

For the sake of simplicity, only a few specific operating conditions around the circumfer-
ence are considered. Figure 4.18 shows the spanwise velocity distributions downstream of
the rotor at 0° (a) and +180° (e). The low momentum boundary layer fluid is re-energised
by the fan stage. Nevertheless, a meridional velocity deficit remains in the flow. Above
50% span, the undistorted inflow at 0° has significantly higher meridional velocities than
at +180°, as shown in fig. 4.18 (a) and (e). This trend is well captured by the preliminary
fan evaluation. The BLI fluid also changes the circumferential velocity distributions above
50% span compared to the undistorted flow (see fig. 4.18 (b) and (f)). So both the slope
and the velocity levels of the circumferential velocity distribution change. These variations
are also well captured by the preliminary design methodology. As mentioned in chapter 3,
the tip gap flow related deviation that is present in the time-resolved calculations is not
found in the SLC results. There, the tip gap modelling is not able to reproduce the complex
flow.

As discussed in chapter 2 and chapter 3, BLI is associated with convective transport of an
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entropy distortion. The BLI related loss generation is analysed by comparing the spanwise
entropy distribution at 0° (homogeneous inflow) in fig. 4.18 (c) and 140° (counter-swirl) in
(g) at the rotor outlet. Tip gap flow has already been identified as one of the main drivers
of loss generation in BLI flows. Therefore fig. 4.18 (d) and (h) provide a zoom into the tip
region of the spanwise distributions shown in (c) and (g). As explained in chapter 3, the tip
gap flow is amplified within the counter-swirl region. In general, the entropy level within
the counter-swirl region is higher than for undistorted inflow conditions above 50% span.
This trend is more pronounced in the tip region, as shown by zooming into the specific
spanwise distributions, and is captured by both approaches. Related to the convective
transport of entropy, the additional entropy rise within the fan stage is of interest and is
evaluated for URANS data. At 0°, the ascending fan has an entropy rise between the rotor
inlet and outlet of 22.38 J/(kgKs), while the entropy rise of the constant and descending
fans is 20.67 and 20.79, respectively (cf. fig. 4.18 (d)). The higher entropy increase is
expected within the rotor of the ascending fan due to the addition of more work in the
tip region of the blade. The increase in entropy is almost the same for the constant and
descending fans compared to the ascending fan design ((cf. fig. 4.18 (d)). A lower entropy
increase for the descending fan would have been expected as the work input for this fan is
the lowest compared to the others. Within the counter-swirl region, the entropy rise of all
the fan rotors increases and the ascending fan shows an entropy rise of 26.44 J/(kgKs), the
constant and descending fans have an entropy rise of 25.25 and 24.84 J/(kgKs), respec-
tively (cf. fig. 4.18 (h)). As expected, the ascending fan has the highest entropy increase at
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Figure 4.19.: Fan pressure ratio and fan blade loading at 0° (a) and (e), at 180° (b) and
(f), at 140° (c) and (g) as well as at 170° (d) and (h).
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both circumferential positions due to its design philosophy. This trend is captured by the
SLC. Contrary to the ascending fan, the SLC-based results do not capture the trend be-
tween the constant and descending fans. The SLC-based fan assessment results in a lower
isentropic efficiency for the constant spanwise fan stage compared to the descending one,
while the RANS-based assessment shows the opposite. This trend is maintained in the BLI
assessment and leads directly to the differences in entropy at the rotor outlet.

The entropy increase is one important part to account for the isentropic efficiency. The
other is the stagnation temperature, which is closely related to the work input. Higher
work input leads to higher stagnation temperature. Therefore, the entropy increase of
the ascending fan occurs at the same time as the stagnation temperature increases. This
affects the isentropic efficiency, and in contrast to the fan stage performance variations,
the rotor isentropic efficiency decrease of the ascending fan is 0.62%, while the decrease
of the constant fan stage is 0.72%. The highest rotor efficiency decrease occurs for the
descending fan rotor and is 1.43%.

The varying inflow conditions caused by BLI result in varying fan performance around
the circumference. Therefore, the fan pressure ratio and diffusion factor are evaluated
at 0°, £180°, 140° and 170°. These results are presented in fig. 4.19. In general, the
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performance variations due to BLI are well covered by the SLC-based methodology. For
undistorted inflow, only the descending fan shows small differences in fan pressure ratio
and blade loading. At 180°, the fan pressure ratio distributions of the SLC assessment are
slightly lower than the uRANS results. The reasons for the lower fan pressure ratios are
the neglected unsteady work input, already addressed in chapter 3, and the prediction of
choking conditions. As mentioned in the discussion of orbits, the descending fan suffers
most from the deficit in choke prediction over a wide part of the blade. Therefore, the fan
pressure distribution differs the most in fig. 4.19 (b). As the choking and associated shock
systems are highly three-dimensional, this feature is not perfectly captured by SLC (see also
chapter 3). The spanwise distributions of the two approaches are close for the constant
and ascending fan. Nevertheless, the variation in FPR and DF levels and the changed slopes
of both quantities are well captured by the SLC approach. The same is true for the other
circumferential positions at 140° shown in fig. 4.19 (c) & (g) and at 170° shown in fig. 4.19
(d) & (h).

Figure 4.20 shows the evaluation of the fan blade force variation due to boundary layer
ingestion. The main trend around the circumference is similar to that presented in chap-
ter 3. Within the preliminary fan assessment, the quantitative and qualitative prediction of
fan blade forces is in good agreement with the uRANS-based data. The slightly increasing
fan blade forces from ascending over constant to descending are reasonable due to the
corresponding increase in orbit height. This trend is also well captured by SLC.

Stator performance

The question of the slightly greater decrease in mass flow of the descending fan remains
unanswered. Figure 4.21 shows the diffusion factor of the stator vanes at 0° (a) and 4-180°
(b). It is clear that the vane loading is different between the two positions. In particular,
the load increases at the mid and tip sections of the vane. Consequently, the slopes of all
three fan stages are different. However, the increase in the diffusion factor is greater for
the constant and descending fans. It can be seen that both the change in slope and the
increase in the spanwise diffusion factor are captured by the methodology. However, the
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Figure 4.21.: Stator blade loading at position 0° (a) and +180° (b).
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Figure 4.22.: Meridional velocity distribution at fan stage exit of the ascending (a), constant
(b) and descending (c) fan..

vane loading is overestimated and the three-dimensional flow characteristics lead to lower
values of the diffusion factor. The fan stages re-energize the boundary layer fluid in the
tip region of the fan. As a result, low momentum fluid passes through the vane around
the 180° position. As the rotor rotates, the BLI fluid is shifted slightly to the right. Figure
4.22 shows the meridional velocity downstream of the stator. As expected, the ascending
fan shows the greatest spanwise variation in meridional velocity due to its design intent
of radially increasing fan pressure ratio (see fig. 4.22 (a)). However, the circumferential
variation downstream of the stator is less than the inlet velocity distribution. In contrast,
the constant fan shows a more homogeneous velocity distribution in both the spanwise
and circumferential directions, as shown in fig. 4.22 (b). As intended by the design, the in-
crease in the fan pressure ratio in the tip region is lowest in the case of the descending fan
stage. Therefore, the attenuation of the boundary layer distortion is less in this fan stage.
This results in lower meridional velocities and higher blockage of the tip region at 180°.
These conditions are shown in fig. 4.22 (c). In turn, these conditions lead to a greater
reduction in the mass flow of the descending fan. The relative stagnation pressure ratio to
the averaged stagnation pressure at the stator outlet is shown in fig. 4.23. As explained
above, the design intent defines the relative stagnation pressure pattern downstream of
the fan stage. As the descending fan stage adds less power to the boundary layer fluid,
the circumferential variation of the stagnation pressure ratio is higher than for the other
cases.

The distortion intensity Dlgge downstream of the fans is 0.0199 (ascending) and 0.0192
(constant and descending) respectively. All fans are therefore capable of reducing the dis-
tortion. In terms of axial velocity non-uniformity, the constant fan appears advantageous
compared to the ascending and descending fans. In addition, a greater variation in stag-
nation pressure is likely to lead to variations within the nozzle velocity distribution. Based
on the findings of Kozulovi¢ (2010), these variations are likely to affect the propulsive effi-
ciency and need to be carefully considered within the nozzle design.

Based on this section, the interim conclusion is that all fan stages are able to cope
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Figure 4.23.: Non-dimensional stagnation pressure at fan stage exit of the ascending (a),
constant (b) and descending (c) fan.

with the distortion. Based on the reduction in rotor efficiency and the smaller shift of the
averaged operating point compared to ADP, the ascending and constant fans appear to be
advantageous for a distortion tolerant fan design. In contrast, the low momentum fluid
entering the vane tip section within the descending fan stage leads to a greater reduction
in mass flow and should be avoided. Furthermore, even if only rotor design features are
of interest, the vane design should not be neglected as it can have a detrimental effect on
the overall fan stage performance.

4.3. Exploration study - impact of meridional Mach number
and tip speed on BLI performance

In this section a design space exploration in the design space of the meridional Mach num-
ber and the blade tip speed is addressed. The purpose of this design study is twofold:
firstly, the design space exploration is performed to identify a beneficial parameter range
within the aforementioned design space for a distortion tolerant fan design. Secondly, to
demonstrate the efficient application of the design methodology over a large design space.

Subsection 4.1 shows that the amount of boundary layer fluid ingested affects the thrust
related performance metrics. Increasing the amount of boundary layer fluid leads to a
lower inlet momentum and therefore a lower thrust specific power consumption. Closely
related to the lower inlet momentum is a reduction in the inflow Mach number. Therefore,
it seems beneficial to reduce the meridional Mach number at the rotor inlet. The fan
performance is expected to decrease as the meridional Mach number increases due to
higher viscous losses. In addition, the meridional Mach number is expected to influence
the flow redistribution. The other design parameter is the ISA corrected tip speed of the
fan blade. For a given fan pressure ratio and thus work input, this parameter determines
the required flow turning according to Euler’s work equation eq. (2.1). Consequently, the
blade geometry, i.e. the blade stagger angle, is driven by the selection of the blade tip
speed.
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4.3.1. Exploration study conception

The flow path of the fan stage is derived from the DLR UHBR fan stage. This fan stage
is representative of a high bypass ratio turbofan engine and is extensively covered in the
publications of Kaplan et al. (2006) and Schnell et al. (2009). Minor variations in the vane
hub line are incorporated to improve vane loading. In this study, the fan pressure ratio
is set to 1.3 at the ADP and the fan stage geometry is kept constant downstream of the
AIP. Thus, the variation of the fan face meridional Mach number is achieved by varying
the mass flow. In addition, the fan stage has 18 blades and 38 vanes. An axisymmetric
inlet geometry is incorporated upstream of the fan stage. This geometry is adapted from
Braunling (2009) and varies as a function of the meridional Mach number. The reason for
the variation is the similarity of the flow conditions upstream of the fan stage. According to
the isentropic relation in eq. (4.4), the static pressure depends on the stagnation pressure
and the Mach number.

—1
p:p,-(1+7’“2 Ma?)x-1/x 4.4)

The Mach number is also correlated with the cross-sectional area and mass flow. As all fan
stages are exposed to a similar stagnation pressure distortion pattern, the static pressure
level determines the mass flow fraction of the distorted and undistorted part of the flow.
As a comparable fraction between the distorted and undistorted flow is desired, Mach
number similarity is required far upstream. Consequently, it is necessary to change the
intake flow path upstream of the fan. However, this directly translates into differences in
flow deceleration in this specific component. Figure 4.24 (a) shows the flow path of the
fan stage with a meridional Mach number at the rotor inlet of 0.56 and a corrected blade
tip speed of 280 m/s. The flow path upstream of the fan stage is divided into two sections:
in the first section there is a straight duct followed by a flow decelerating inlet geometry
with an axial length of approximately 0.6 fan diameters. The purpose of the straight
duct is to decouple the inflow from the convex curvature of the casing. The design fan
pressure ratio in the spanwise direction is shown in fig. 4.24 (b). As a consequence of the
findings in the previous sections, the fan pressure ratio near the hub is increased to avoid
challenging flow conditions due to low momentum fluid at the fan stage outlet. Between
10% and 70% span, the fan pressure ratio increases. This allows the work input to take
advantage of higher blade speeds at higher spanwise blade sections. Above 70% span,
the fan pressure ratio decreases slightly to attenuate the tip gap flow and associated losses.
As mentioned above, the blade speed is directly related to the required flow turning and
therefore to the blade geometry. Figure 4.25 illustrates the effect of tip speed on specific
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Figure 4.24.: Flow path adapted from the DLR UHBR fan stage.
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Figure 4.25.: Airfoils dependent on tip speed near the hub (a), at midspan (b) and in the
tip section (c).

airfoils at different radial blade sections. The black airfoils are from a fan stage design
with a higher blade speed than the blue airfoils. Therefore, the stagger angle is greater
at all radial blade sections. In chapter 2 the effect of the blade geometry on the stage
characteristic is introduced. The fan stage characteristic becomes steeper with increasing
blade speed and increasing trailing edge metal angle. This translates into higher stagger
angles and according to chapter 2 the slope of the characteristic is different. At ADP, the
characteristics intersect while the off-design performance differs. Steeper characteristics
result in lower fan pressure ratios near the choke and higher fan pressure ratios near the
stability limit. Figure 4.26 shows the varying design parameters of the fan stages. As
the fan pressure ratio is fixed, the work input is similar in all cases. Due to the changes in
blade speed, the work coefficient decreases as the tip speed increases. The flow coefficient
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Figure 4.26.: Work coefficient (a), flow coefficient (b) and stage efficiency (c) of the specific
fan stages at ADP.
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Figure 4.27.: Averaged operating point with respect to ADP conditions.

depends on the axial velocity and the blade speed. Therefore the flow coefficient decreases
with increasing tip speed and decreasing meridional Mach number. Consequently, the flow
coefficient increases from the upper left to the lower right of the parameter space. The fan
stage efficiency shows the highest levels of efficiency at low meridional Mach numbers and
moderate blade speeds. This metric decreases with increasing meridional Mach number
due to increasing viscous losses within the fan stage. These losses are closely related to the
fluid velocity and therefore to the meridional Mach number. The decrease in efficiency with
increasing blade speed is related to increasing shock losses. As the blade speed increases,
the relative Mach number and therefore the pre-shock Mach number increases, which is
the main driver of shock losses.

4.3.2. Distortion tolerance of the specific designs

In this exploration study, all fan stages are exposed to the same stagnation pressure pat-
tern, which is similar to the distortion applied in the previous section. Furthermore, the
intake geometry is designed to maintain the same meridional Mach number far upstream
of the fan stage at ADP. Therefore, the fraction of distorted and undistorted inflow remains
the same over the parameter space. Consequently, the averaged corrected mass flow, nor-
malised by the corrected mass flow at ADP, remains constant. Most of the fan stages
show a decrease in corrected mass flow of about 1.2%. This is shown in the distribution
in fig. 4.27 (a) and there is little variation between the designs. One outlier is the small
decrease in the corrected mass flow of the design with a meridional Mach number of 0.59
and a corrected blade tip speed of 295 m/s. This design shows a tendency to operate close
to choking conditions at high momentum inflow (0° position). Therefore, the mass flow
increases slightly over a large part of the circumference, as does the averaged mass flow.
Figure 4.27 (b) shows the relative increase in the stagnation pressure ratio of the averaged
operating point with respect to ADP. There is a slight increase in the fan pressure ratio with
increasing blade tip speed. As seen before, the change in the averaged operating point
in terms of fan pressure ratio is small. So the undistorted part of the annulus mainly in-
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Figure 4.28.: Flow coefficient normalized by the ADP flow coefficient at 0° (a), +180° (b)
and 140° (c).

fluences the averaged operating point. This is consistent with the findings of the previous
sections.

Flow redistribution and local operating points

Figure 4.28 shows the flow coefficient normalised to the ADP flow coefficient at 0° (undis-
torted inflow) (a), £180° ( middle of the distortion) (b) and 140° (counter-swirl) (c). The
position outside and in the counter-swirl position show only small variations compared to
the ADP conditions. In contrast, a dependence on the meridional Mach number can be
seen in the middle of the distortion. The intake decelerates the flow while the flow redis-
tribution tends to accelerate the flow. Furthermore, the intake geometry of the low merid-
ional Mach number designs is required to decelerate the flow more. As the meridional
Mach number increases, and with it the flow deceleration, the spanwise averaged axial
velocity at the rotor inlet increases. The shape of the intake geometry and the intended
flow deceleration thus affect the flow redistribution. This needs to be carefully considered
during detailed design, but is beyond the scope of this preliminary design study. Figures
4.29 and 4.30 show flow conditions at 80% span at the rotor inlet. The relative Mach
number distribution in 4.29 increases as intended from the lower left to the upper right
of the design space. At the 0° position shown in (a) the Mach number level is similar
to the ADP conditions. In the middle of the distortion, shown in fig. 4.29 (b), the Mach
number level decreases due to the momentum deficit. Conversely, the Mach number level
increases in the counter-swirl region as shown in fig. 4.29 (c). The corresponding incidence
distribution in fig. 4.30 shows a dependence on both design parameters. While the 0° po-
sition in (a) is mainly unaffected by the distortion, the incidence is close to zero. In the
middle of the distortion there is a positive incidence. The level of incidence decreases with
increasing Mach number and increasing blade speed (see fig. 4.30 (b)). In the counter-swirl
the positive incidence is slightly lower than in the middle of the distortion and decreases
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Figure 4.31.: Non-dimensional work coefficient at 0° (a), =180° (b) and 140° (c).

slightly with increasing blade speed. These conditions are shown in fig. 4.30 (c).

At the rotor inlet, increasing Mach number levels combined with positive incidence are
expected to amplify the tip gap flow and associated losses. Thus, as blade speed increases,
the lower incidence level needs to be carefully traded against the increasing Mach number
level. In addition to this trade-off, other aspects need to be considered: the operating
range of a blade is expected to narrow as the tip speed increases. In addition, the variation
of the blade pressure distribution along the blade operating range, which feeds the tip
gap flow, has to be considered in the detailed design. Another important aspect of fan
performance is the interaction of the tip gap flow with the transonic flow, which needs
to be considered. It is likely to present more design challenges as the Mach number level
increases and the tip gap flow interacts with the transonic flow in the upper part of the
blade. As the circumferentially averaged approach is used for performance calculations,
this is beyond the scope of the preliminary fan assessment. Nevertheless, the above topics
need to be addressed during the detailed design of a distortion tolerant fan.

The impact of local inflow conditions on work input is shown in fig. 4.31. Figure 4.31
(a) shows that the work input at 0° is close to the ADP conditions throughout the param-
eter space. In contrast, the higher positive incidences at higher blade speeds, combined
with the steeper characteristics, lead to higher work input in the middle of the distortion
and in the counter-swirl region, as shown in fig. 4.31 (b) and (c). Consequently, the fan
stages with higher blade speeds are expected to attenuate the distortion pattern further
than the low blade speed fans. In terms of aeromechanical design, the blade force vari-
ation due to BLI is of interest. Figure 4.32 shows this variation at 0°, 180° and 140°. At
the undistorted inflow shown in (a), the resulting fan blade force is similar to the ADP
conditions. In the middle of the distortion, the fan blade forces show slightly increasing
blade force levels at low meridional Mach numbers and increasing blade speed. The same
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Figure 4.32.: Non-dimensional blade forces at 0° (a), +180° (b) and 140° (c).

is true for the counter-swirl region shown in fig. 4.32 (c). There is a stronger dependence
on blade speed. The relative blade force varies from 8% at the low blade speeds to 25%
at the highest blade speeds. Note that the relative blade force minimum is in the same
order of magnitude as the relative blade force peak. So the amplitude of the blade force
is twice the values shown in fig. 4.32 (c). This is consistent with the circumferential blade
force distribution shown in the previous section. According to the simplified consideration
of blade stresses due to centrifugal forces presented in eq. (2.15), increasing blade speed
would either require thicker blades or increase the stress level for a given fan blade.

An interim conclusion of this subsection is that the preliminary design parameters of
meridional Mach number and tip speed have an impact on the design of a distortion toler-
ant fan. At lower meridional Mach numbers, the efficiency of the fan stage improves due
to lower viscous losses at the ADP. In the middle of the distortion, there is a slightly higher
work input at lower meridional Mach numbers. This is related to the flow redistribution in
the upstream inlet. As the tip speed increases, the work input increases. Consequently, dis-
tortion attenuation is expected to improve at the expense of increasing blade forces, which
are likely to increase dynamic stresses. These need to be traded against blade stresses due
to centrifugal forces. The latter will result in increased mean blade stresses according to
eq. (2.15) for a fixed blade cross-section.

4.4. Summary and design recommendations for embedded
fan stages

This chapter examines the integration of embedded turbofan engines in the rear part of
the fuselage. This integration scenario requires adjustments to the fan design and inte-
gration compared to conventional underwing mounted engines. Firstly, the intake design
is expected to be highly three-dimensional to increase the amount of boundary layer fluid
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ingested, as concluded in section 4.1. As the amount of boundary layer fluid ingested in-
creases, the average Mach number at the engine inlet decreases, which is associated with
higher efficiencies at undistorted inflow. Compared to future underwing fans, which are
expected to have a fan pressure ratio of 1.3, the fan pressure ratio of distortion tolerant
fans should be increased to 1.35 to 1.4. According to Lengyel-Kampmann (2016), the ef-
ficiency of the fan stage is expected to decrease slightly due to the increased fan pressure
ratio at homogeneous inflow. The same applies to the efficiency of the thrust generation
at homogeneous inflow, as the propulsive efficiency decreases. Contrary to the homoge-
neous inflow conditions, the thrust generation efficiency in the BLI flow may remain at a
high level or even increase due to the low momentum inflow as discussed in section 4.1.
Increasing the fan pressure ratio results in smaller engine dimensions and lower mass flow
requirements. The latter limits the dimensions of the non-axisymmetric intake geometry
and potentially simplifies engine integration. Smaller fan diameters are expected to result
in less wetted area of the nacelle and a lighter engine in the rear of the fuselage. Both
should improve engine integration. Another important aspect related to the fan pressure
ratio is the thrust specific power consumption of the fan. As the inlet momentum de-
creases, so does this metric. In other words, lower jet velocities can be achieved even at
higher fan pressure ratios due to the ingestion of low momentum fluid. Furthermore, for
fan stages within the above pressure ratio range, the bypass nozzle area can be increased.
This shifts the fan operating line and allows the operating point to be precisely located
within the fan map.

Based on the studies of the spanwise fan pressure ratio, an ascending or constant distri-
bution is recommended. The fan stage then attenuates the stagnation pressure distortion
and increases the momentum of the boundary layer fluid. This results in less OGV tip corner
separation, which is observed with the descending design. Nevertheless, the tip section of
the blade should be unloaded in terms of work input and fan pressure ratio. The ascending
fan pressure ratio showed a more pronounced loss generation in the counter-swirl region
than the constant and descending designs. The associated loss generation in the tip region
causes the majority of the BLI related losses (at least for a well performing vane row). This
is consistent with the research presented in the literature review in chapter 2. Therefore,
passive flow control devices, i.e. casing treatments or brush seals, which suppress the tip
gap flow and the associated loss generation may be beneficial in the specific part of the
annulus. The meridional Mach number and blade tip speed also have an impact on the
distortion tolerance of a fan stage. At lower meridional Mach numbers, the efficiency of
the fan stage improves due to lower viscous losses at the ADP. In the middle of the distor-
tion there is a slightly higher work input at lower meridional Mach numbers. This is related
to the flow redistribution in the upstream intake. As the tip speed increases, the work
input increases. Consequently, the attenuation of the distortion is expected to improve at
the expense of increasing blade forces. According to eq. (2.15), the mean blade stresses
increase due to centrifugal forces for fixed blade thicknesses. The increasing blade forces
and mean blade stresses are expected to have a detrimental effect on aeromechanical sta-
bility and need to be considered in the detailed design of a distortion tolerant fan. Table
4.3 summarises the design suggestions.
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Table 4.3.: Design suggestion for embedded turbofan engines compared to under-the-
wing-mounted engines.
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5. Aft-propulsor

This chapter deals with the design and assessment of a rear-integrated, electrically driven
propulsor, which ingests the boundary layer of a fuselage around its entire circumference.
The fan design study comprises conceptual design studies, preliminary design and detailed
analysis of the fan stage to verify the preliminary design.

This chapter is structured as follows: firstly, the aircraft concept, the design objectives
and the boundary conditions are presented. Secondly, favourable global design parame-
ters as well as the design philosophy are identified during the conceptual design. Based
on these results, the design of the aft fan is presented by considering a purely radial dis-
tortion. The aft fan is then subjected to a two-dimensional stagnation pressure distortion
representative of the specific fan integration. Within this performance assessment, the
preliminary fan assessment methodology is used and the results are verified with time-
resolved, high-fidelity data. In a further step, the performance variation due to combined
stagnation pressure and swirl distortion is assessed and compared to the performance with
isolated stagnation pressure distortion. The newly developed methodology is then used to
evaluate the fan stage at off-design conditions along the cruise speed line. Finally, the
design objectives and results are discussed and design recommendations are given.

5.1. Aircraft and propulsion concept, design targets and
inflow conditions

This subsection describes the aircraft and propulsion concept as well as the design objec-
tives of the aft-propulsor. Figure 5.1 shows the aircraft and the hybrid-electric propulsion
concept, consisting of under-wing engines and the electrically driven aft-propulsor. The
aircraft is designed to provide an alternative for future short to medium range commercial
passenger aircraft. A detailed analysis of the overall aircraft design is given in Silberhorn
et al. (2020). The focus of this study is on the aft integrated propulsor as it is exposed to
the boundary layer fluid.

Figure 5.1.: Aircraft and propulsion unit concept taking advantage of hybridization and
boundary layer ingestion. Adapted from Silberhorn et al. (2020).
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Table 5.1.: Aft-fan requirements.
Altitude  Fur 1t Titcorrectea T Mis.
m N[5 % 0 d
10363.2 8000 99.5 2940 1.27 0.90

Table 5.1 summarises the specification for the aft-propulsor design. At cruise, the total
aircraft drag is 40 kN and the fuselage drag is 20%. Therefore, the net thrust of the aft-
propulsor is set at 8 kN. The thrust requirement translates into a mass flow of 99.5 kg/s
and a fan pressure ratio of 1.27. At the given altitude of 10363.2 m the mass flow can
be converted to a corrected mass flow of 294 kg/s. In addition, the isentropic efficiency of
the fan stage is assumed to be greater than 90% within the aft fan specification.

A circumferentially averaged stagnation pressure distribution is used in the preliminary
design of the rear propulsor. The dashed line in fig. 5.2 (a) represents a circumferentially
averaged radial distortion derived from a flat plate boundary layer analysis provided by
Silberhorn et al. (2020). The stagnation pressure distribution is characterised by a low mo-
mentum fluid near the hub and a stagnation pressure increase in the spanwise direction.
The fluid entering the tip section is still at a lower stagnation pressure than the free flow,
so the fan operates entirely within the circumferentially averaged boundary layer.

The realistic flow field entering the aft-propulsor has circumferential variations in stagna-
tion pressure and swirl as visualised in fig. 5.2 (b) and (c). A distortion generator developed
by Cinquegrana and Vitagliano (2021) provides these distortion patterns. Table 5.2 shows
the parameters and corresponding parameter ranges of the distortion generator. The ge-
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Figure 5.2.: Circumferentially averaged fuselage boundary layer (a), two-dimensional stag-
nation pressure distortion pattern (b) and corresponding swirl distortion in (c).
Boundary layer profiles stemming form Silberhorn et al. (2020) and Cinque-
grana and Vitagliano (2021), respectively.
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Table 5.2.: Design space of the distortion generator according to Cinquegrana and
Vitagliano (2021).
X A Yhub limake Ma. Reo AocA
(m] [ [m]  [ml (kg/sl [ 107 [°]
Minimum 358 1.31 0425 050 5519 074 232 00
Baseline 36.0 1.54 0.500 0.60 6493 078 244 0.0
Maximum 37.2 1.77 0575 0.85 68.00 082 256 20

e

ometry related parameters are the axial integration position of the propulsor x, the fan
hub radius at the fan inlet ry,;, the fan face area A (can be converted to tip radius) and
the intake length l;ure. Based on these parameters, the hub-to-tip-ratio varies between
0.492 and 0.665. In addition, the mass flux at the fan face ni/A, the flight Mach number
Ma.., the Reynolds number Re.. and the angle of attack (AoA) represent the operating
conditions of the fan and the aircraft.

The distortion generator is a Proper Orthogonal Decomposition based dataset derived
from aircraft CFD calculations. The aircraft geometry includes a nacelle at the rear of the
fuselage intersecting the vertical tail plane (VTP). NACA 1 profile series are used to derive
the nacelle geometries. The fan stage modelling uses an actuator disc approach, where
the fan behaviour is represented by stagnation pressure and stagnation temperature in-
creases. The results from 80 individual aircraft and aft-fan configurations form the training
database to calibrate the distortion generator.

Figure 5.2 (b) and (c) show a typical distortion pattern in this integration scenario. The
distortion pattern shows flow features resulting from the fuselage and nacelle geometry.
At 0° the VTP wake is present and leads to a decrease in the stagnation pressure. In ad-
dition, the intersection of the VTP and the nacelle causes separations that further reduce
the stagnation pressure. There is also a high degree of co- and counter-swirl. The upper
part of the fuselage shows only minor geometric variations upstream of the aft-propulsor
integration. Therefore, the upper half of the annulus shows a boundary layer profile char-
acterised by low momentum fluid close to the fuselage and increasing stagnation pressure
in the spanwise direction. The dimensionless stagnation pressure reaches 96% of the free
flow stagnation pressure. The lower part of the fuselage geometry is characterised by the
upsweep of the fuselage leading to lower stagnation pressure values in the lower part of
the stagnation pressure distribution in 5.2 (b). The minimum stagnation pressure is located
at £116°. In addition, the upsweep of the fuselage induces a swirl that moves from +180°
to 0° along the fuselage, except for the tip region at £116°. There the swirl is in the oppo-
site direction, which is also associated with the upsweep of the fuselage. The inner surface
of the nacelle causes a decrease in the stagnation pressure due to the tip wall boundary
layer. The distortion intensity Dlgo of the stagnation pressure pattern is 0.048.

5.2. Conceptual design considerations

This section deals with the conceptual design of the aft-propulsor, which is in line with
the publication of Mennicken et al. (2020). As explained in chapter 1, the beneficial ef-
fect of BLI is due to the lower power required to re-energize the low momentum fluid
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Figure 5.3.: Simplified flow path of the aft-propulsor. Two streamlines are visualized repre-
senting flow conditions near the hub and at midspan.

compared to high momentum fluid thrust generation. In this integration scenario, the
low momentum fluid is concentrated near the hub of the aft propulsor (see 5.2 (a) and
(b)). Consequently, the hub section of the aft fan is required to add more power to the
fluid than the upper sections when aiming to homogenise the stagnation pressure profile.
A fan stage that accomplishes this task will have a radially descending fan pressure ratio
profile in the spanwise direction. In addition, distortion attenuation is expected to reduce
velocity gradients downstream of the fan stage. According to Denton (1993), shear flow
characterised by velocity gradients leads to entropy generation and adds losses to the flow.
In addition, a more uniform velocity distribution in the nozzle is expected and beneficial to
achieve high levels of propulsive efficiency (see Kozulovi¢ (2010)).

As the design philosophy of a descending radial fan pressure ratio is identified for this
specific fan integration, three questions need to be answered during the conceptual de-
sign:

1. Which fan pressure ratio is required near the hub to obtain more homogeneous
outflow?

2. Which design parameters influence the fan pressure ratio near the hub and how
must they be chosen?

3. How do these design parameters influence the blade tip section?

These questions are individually discussed in the following subsections.

5.2.1. Fan pressure ratio near the hub for homogeneous outflow

This subsection answers the first question about the fan pressure ratio near the hub to
obtain a more homogeneous outflow. The spanwise fan pressure ratio can be selected in
the preliminary design and the decision on its radial distribution affects the flow conditions
downstream of the fan. Figure 5.3 shows the simplified flow path of the aft-propulsor and
two individual streamlines at midspan and near the hub. The inflow conditions are defined
by the fuselage boundary layer. In addition, the midspan fan pressure ratio is set and
directly translates into a stagnation pressure at the fan stage exit. Assuming a meridional
Mach number level at the fan stage exit translates to a static pressure level. At the fan
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Figure 5.4.: Fan pressure ratio near the hub over Mach number levels at midspan down-
stream of the fan stage dependent on hub inflow Mach number (a), fan pres-
sure ratio at midspan (b), inflow Mach number at midspan (c) and outlet Mach
number near the hub (d).

stage exit, this static pressure is assumed to be constant in the radial direction, which in
turn couples the hub and midspan streamlines. Then the fan pressure ratio near the hub
that satisfies the above assumptions can be expressed by eq. (5.1). The hub fan pressure
ratio

I1 b = (1 + % 'Marznid:pan,in)’(/(’(71) ) H/.m[dspan (l =+ K‘Til .Maﬁubﬂm)l(/()c—l) (5 1)
t,hub — -1 > — . — > - )
(1 + KT 'Mamidxpan,out)K/(K h (1 + KT .Malmb,in)x/(’( 1)

is dependent on the Mach number levels near the hub and at midspan at the inlet and
outlet, and the fan pressure ratio at midspan. Figure 5.4 shows the baseline values of
each design parameter and the effect of these parameters on the pressure ratio of the hub
fan as a function of the Mach number at the fan outlet. In general, the increase in the
midspan Mach number level at the fan stage outlet results in a decrease in the required fan
pressure ratio near the hub. The increase in the hub inlet Mach number associated with
the higher momentum fluid in the boundary layer leads to a decrease in the fan pressure
ratio near the hub (see fig. 5.4 (a)). However, increasing the momentum of the fluid at
midspan, while having low momentum fluid near the hub, results in a higher fan pressure
ratio requirement near the hub, as shown in fig. 5.4 (b). This is due to the increased static
pressure downstream of the fan stage imposed by the midspan stream tube. The same
explanation applies to the increase of fan pressure ratio at midspan. Consequently, the
fan pressure ratio near the hub increases when the fluid receives a higher work input at
midspan. Figure 5.4 (d) shows that aiming for higher Mach numbers near the hub leads to
an increase in the hub fan pressure ratio. However, it is clear that the effect of the incom-
ing boundary layer and the hub Mach number downstream of the stator have a greater
influence on the hub fan pressure ratio than the midspan flow related parameters.

All'in all, this sensitivity study clearly shows that the hub fan pressure ratio needs to be
higher compared to the hub sections of conventional fan stages. Furthermore, the fan
pressure ratio of the hub section can be intentionally reduced by specific design choices.
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Figure 5.5.: Velocity triangles for Wp,,,<1 (@), ¥rp=1 (b) and ¥j,,,>1 (0).

5.2.2. How to control the hub fan pressure ratio and the impact on the tip
radius

In the previous subsection, the sensitivity study revealed challenging performance require-
ments for the fan hub. Therefore, an analysis is given to quantify the realistically achievable
hub fan pressure ratio. This analysis is complemented by an estimate of the tip radius. As
before, a simple model is set up for the sensitivity study, based on the definition of isen-
tropic efficiency and the Euler work equation. The isentropic efficiency in eq. (5.2) relates
the stagnation pressure ratio IT, and the stagnation temperature ratio 7.

(k—1)/x
I, -1
= 5.2
M=~ (5.2)
Considering the work input for non-swirling inflow, given in eq. (2.1), and assuming adia-
batic flow, leads to the similarity of work input and stagnation enthalpy rise presented in
eq. (5.3).

a = Uout - €O abs..,out = Cp* (Tt,uut - Tr,in) (53)

In eq. (2.1) the work input depends on the circumferential velocity of the blade and the
circumferential velocity cg s, our- Taking into account the axial inflow, the work coefficient
given in eq. (2.3) can be expressed by the ratio of the aforementioned velocities and is
given in eq. (5.4).

€0 ,abs.out
Wiy = ——— (5.4)
Uout

Figure 5.5 visualises the influence of ¥}, on the velocity triangles at the rotor outlet. The
velocity triangle in fig. 5.5 (a) has a Whw<1 and the circumferential velocity we o is in
the opposite direction to the blade rotation. This results in the lowest flow turning and
therefore the lowest work input of the three cases. The case of ¥, equal to one leads
to a vanishing circumferential velocity wg ,, as can be seen in fig. 5.5 (b), the flow turning
increases and so does the fan pressure ratio. The velocity triangle in fig. 5.5 (c) shows the
highest flow turning. All the circumferential velocity components are oriented in the same
direction, which is associated with a ¥, value greater than one, and the fan pressure
ratio increases.

The combination of eq. (5.2) and eg. (5.3), taking into account eq. (5.4), gives the
formula for the fan pressure ratio near the hub. A comprehensive derivation of eq. (5.5) is
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Figure 5.6.: Achievable fan pressure ratio near the hub with respect to hub radii variations
(a), isentropic efficiency variations (b) and the velocity traingle shape (c). The
tip radius estimation based on the blade tip Mach number is given in (d).

given in appendix A.7.1.
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Ht.hub = (nis . + 1) k-1 (55)
Equation 5.5 shows the dependence of the fan pressure ratio near the hub on the isen-
tropic efficiency n;,., the mechanical shaft speed N, the work input ¥, and the hub radius
at the fan rotor outlet ryup 0. The mechanical shaft speed is rarely used in the aerody-
namic analysis of turbomachinery flows. Typically, the corrected shaft speed is considered
to achieve Mach similarity. However, in hybrid-electric propulsion units, the mechanical
shaft speed is of interest because the performance of the electric motor depends on the
mechanical shaft speed and is mainly independent of the ambient conditions. Further dis-
cussions on this topic can be found in the publications of Mennicken et al. (2022) or Vratny
and Hornung (2018).

The fan pressure ratio near the hub is plotted against the mechanical shaft speed in
fig. 5.6. In general, increasing the mechanical shaft speed leads to an increase in the fan
pressure ratio. The most influential parameter to raise the fan pressure ratio is the hub
radius, as can be clearly seen in fig. 5.6 (a). Increasing the hub radius results in increased
blade speeds and a higher work input is achieved. In addition, increasing the hub radius
allows the integration of an electric motor. The effect of the isentropic efficiency of the
hub flow as well as the variation of the outflow velocity triangles is smaller, as shown by
the narrow band in fig. 5.6 (b) and (c).

As a direct coupling of the electric motor and the fan stage is intended, the selection of
the mechanical shaft speed must allow a good operating behaviour of both components.
In contrast to the beneficial effect of increasing shaft speed on the hub flow, the mechan-
ical shaft speed must be carefully balanced with respect to the tip flow. High blade speeds
lead to high inflow Mach numbers and therefore the pre-shock Mach number is likely to
increase and the associated shock losses are also likely to increase. Figure 5.6 (d) shows the
resulting tip radius for different levels of tip Mach number. As the shaft speed increases,
the specific tip Mach numbers are obtained at smaller tip radii.
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Table 5.3.: Aft-fan design characteristics deduced from conceptual design.

N Thub,out httr DFan Utip,corrected lIlhub Pout hub /paut,midspan
(1/min]  [m]  [] [m] [m/s] [ []
2500 0.63 0.61 1.79 253.4 0.96 0.96

The power requirement of the electric motor is directly related to the torque of the elec-
tric motor, taking into account the shaft speed. In general, for a given power requirement,
the electric motor torque increases as the shaft speed decreases and vice versa. In addition,
it is easier to achieve a high electric motor torque as the electric motor diameter increases.
Therefore, an increasing hub diameter is advantageous for direct coupled electrically driven
fans.

5.3. Aft-Fan performance at design conditions - radial
stagnation pressure distortion

This subsection deals with the design of the aft fan and the aerodynamic performance of
the ADP. The results of the conceptual design study of section 5.2 are the basis for the
two and three dimensional design of the fan stage. The design takes into account a radial
stagnation pressure distortion introduced in section 5.1 and shown in fig. 5.2. Table 5.3
lists the specific design choices for the aft-propulsor design. As mentioned in the previous
sections, the mechanical shaft speed of the rotor and the hub radius of the rotor trailing
edge are important measures to achieve a high fan pressure ratio near the hub, which is
required to attenuate the stagnation pressure distortion. Therefore, the fan shaft speed
(which is automatically the electric motor shaft speed for a direct coupled drive train) is set
at 2500 rpm and the hub radius at the rotor outlet is 0.63 m, which is relatively high com-
pared to conventional fans. For the corrected mass flow and boundary layer profile, the
hub-to-tip ratio and fan diameter are set to 0.61 and 1.79 m respectively. Consequently,
the corrected blade tip speed is 253.4 m/s. Within the conceptual design, the work coeffi-
cient Wy, is used to characterise the rotor outlet velocity triangle. The specific design has

r[m]

0.5F

analysis planes

06 04 02 00 02 04 06 08
x [m]

(a) (b)

Figure 5.7.: Flow path, blade and vane count as well as analysis planes in (a). Full annulus
propulsor (b). Adapted from Mennicken et al. (2022).
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Figure 5.8.: Meridional and circumferential velocity at rotor inlet (a) and (d), rotor outlet (b)
and (e) as well as at stator outlet (c) and (f).

a value of 0.96. At the rotor hub, the flow turning results in a velocity triangle where the
velocity in the relative frame of reference is almost aligned with the axial direction. Figure
5.7 (a) shows the flow path of the aft fan, which consists of 16 blades and 38 vanes.
The three-dimensional geometry is visualised in fig. 5.7 (b). The aft fan is designed using
SLC and the associated airfoil database. As introduced in section 3.1.1, the SLC approach
allows the seamless coupling of three-dimensional CFD calculations used to verify the fan
performance.

Figure 5.8 shows the velocity distribution through the fan stage obtained from SLC and
RANS. At the rotor inlet, the stagnation pressure profile translates directly into a low merid-
ional velocity near the hub. This can be seen in fig. 5.8 (a) by the low meridional velocity
levels in the lower 40% span. The design of the aft fan takes into account a non-swirling
inflow. As intended, the hub section of the fan stage re-energises the boundary layer
fluid. As a result, the velocity gradient through the fan stage decreases, as shown by
the less steep meridional velocity profile in fig. 5.8 (b) compared to (a). Nevertheless, the
difficult flow conditions near the fan root lead to fluid migration towards the midspan in
the RANS calculations. This accounts for the very high magnitude of the circumferential
velocity near the hub in fig. 5.8 (e). In addition, the spanwise distribution shows a lower
magnitude of the circumferential velocity in the SLC, which is associated with a lower work
input. Downstream of the fan, the meridional velocity distribution is characterised by low
velocity gradients. In addition, the flow downstream of the fan stage is essentially free of
swirl. The swirl angle is in the range of 4-2° in the lower 5% range, below 4° above 90%
range and between 5-90% range between -1.5° and 0.7°. The flow conditions down-
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Figure 5.9.: Flow conditions downstream of the fan stage.

stream of the fan stage are complemented by the dimensionless static and stagnation
pressures and the Mach number distribution shown in fig. 5.9. In the conceptual design,
the static pressure is assumed to be homogeneous over the entire span, which directly
translates into an axial outflow. As can be seen from fig. 5.9 (a), the static pressure near
the hub is only 96% of the static pressure at midspan, driven by the residual swirl at the
stator outlet (see fig. 5.8 (f)). This results in a lower fan pressure ratio requirement near
the hub. The fan stage also reduces stagnation pressure distortion. The fuselage boundary
layer shows a non-dimensional stagnation pressure variation of 20% with respect to the
free stream stagnation pressure (see fig. 5.2). The high work input near the hub leads to a
more homogeneous stagnation pressure distribution downstream of the fan stage and the
spanwise variation of the stagnation pressure is about 13.7% as shown in fig. 5.9 (b). Cor-
responding to the homogeneous meridional velocity, a nearly constant Mach number of
0.56 is achieved over a wide portion of the span, as shown in fig. 5.9 (c). The Mach num-
ber distributions near the hub and casing show lower Mach numbers but remain above
0.36. In line with the explanations in section 5.1, these flow conditions are expected to be
beneficial for the flow downstream of the fan.

Figure 5.10 shows the fan blade and vane performance data. The spanwise fan pressure
distribution in fig. 5.10 clearly shows the design intent of a high fan pressure ratio near
the hub. Below 5% span, the aforementioned three-dimensional fan root flow leads to
an increase in fan pressure ratio as shown in fig. 5.10 (a). The blade loading increases
significantly and the isentropic efficiency also shows an increase (see fig. 5.10 (b) and (c)).
Therefore, this part of the spanwise distribution has to be treated carefully, as it is likely
that the postprocessing routine will reach its limits due to the strong crossflow (see sec-
tion 3.2). The upper part of the blade shows that the design philosophy of a descending
fan pressure ratio distribution is well achieved. In addition, the figure shows a slightly
lower fan pressure ratio in RANS than in SLC over a large part of the span. This is closely
related to the higher efficiencies in SLC (see fig. 5.10 (c)) in the upper part of the blade.
Therefore, the tip flow related loss mechanisms are not fully captured by SLC and a higher
fan pressure ratio is provided in the SLC design to match the RANS specification data.

The blade is properly loaded over a wide portion of the span, resulting in DF<0.5 and
1-DH<0.3. As the fan pressure ratio decreases and with it the flow turning, the blade
loading decreases in the spanwise direction. However, the trends and shape of the blade
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Figure 5.10.: Spanwise rotor performance in terms of fan pressure ratio (a), blade loading

(b) and rotor isentropic efficiency (c). Spanwise vane losses in (d) and vane
loading in (e).

load distributions are well captured by the SLC-based approach. The vane performance is
assessed by considering the loss coefficient @ and the vane loading. The losses are well
predicted over a large part of the vane. As already discussed, the flow is difficult to pre-
dict within the endwall boundary layers as well as the wake of the rotor tip gap. In these
regions, SLC only considers simplified models. Therefore, the loss prediction below 10%
and above 80% span differs between the two approaches. In addition, the blade loading
prediction is in good agreement between the two approaches. The highest vane loading
is obtained in the tip region. The flow path shows a slightly increasing casing radius in this
particular region and no contraction is predicted. Therefore, the flow deceleration is high.
In addition, the vane receives inflow from the upper part of the rotor blade. There, the

fluid comes out of the tip gap and creates a more challenging flow condition within the
vane.

Table 5.4.: Aerodynamic design point of the aft-propulsor.

m mcorrected M“m,in Ht Nis. SM
[kg/s]  [kgfs] [ [] [l (%]

Specification  99.5 294.0 - 1.27 >0.90 -
SLC 99.43 29322 0.546 1.2926 0.936 129

RANS 99.28 29169 0.543 1.2749 0919 174
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Table 5.4 summarises the aft fan specification and the results of the preliminary design.
As discussed above, the SLC aft fan design required a slightly higher fan pressure ratio to
meet the specification data. The specified minimum fan stage efficiency of 0.9 is exceeded
by approximately 1.9% during fan stage design. Another important measure for fan stages
is the margin to the stability limit. According to eq. (2.12), the stability margin is 12.9%
and 17.4% from the SLC- and RANS-based assessment. The SLC-based figure is smaller,
mainly due to the smaller corrected mass flow at the stability limit. As mentioned in the
previous sections, the stability limit is reached when the stagnation-to-static characteristic
peaks. Figure 5.11 (a) shows the comparison of the SLC- and RANS-based characteristics.
It can clearly be seen that the fan pressure ratio is higher in SLC over the whole range
of the fan map. The difference is due to lower predicted losses in SLC. However, the
corrected mass flow related range of stable operating conditions is slightly lower in SLC
than in RANS. Apart from these differences, the width of the fan map is well captured
during preliminary design. Figure 5.11 (b) shows the fan map at cruise in terms of fan
pressure ratio over corrected mass flow. The isentropic efficiency contour is also shown
and the black square marks the aerodynamic design point which is well within the high
efficiency region. The operating range of the electric motor is limited by the maximum
torque shown by the solid grey line and the maximum power shown by the dashed grey
line. The limits of the electric motor directly limit the operation of the fan. Consequently,
the fan operates below both lines at cruising speed. It should be noted that the fan map is
only valid for cruise conditions. On the one hand, varying ambient conditions will change
the boundary layer properties and therefore the fan characteristics. On the other hand,
the power requirement of the fan changes when cruise conditions change. Therefore,
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Figure 5.11.: SLC and RANS-based design speedlines in (a) and fan map for cruise operat-
ing conditions in (b).
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the operating limits of the fan, which result from the operability of the electric motor,
shift within the fan map. A comprehensive analysis of the above effects can be found in
Mennicken et al. (2022). There, low altitude and low Mach number operation is examined.

5.4. Aft-Fan operation in realistic, two-dimensional fuselage
boundary layer

In this section, the aft-fan design is subjected to a realistic two-dimensional fuselage
boundary layer consisting of a stagnation pressure and a swirl distortion (see fig. 5.2 (b)
and (c)). As the individual effect on fan performance is of interest, the analysis is split into
two parts. Firstly, the isolated effect of stagnation pressure distortion is investigated. At
this stage, the SLC-based assessment is used to identify the main changes in the operation
of the aft fan. In addition, the results are verified by time-resolved calculations. Secondly,
the effect of swirl distortion is analysed and compared to the fan performance in isolated
stagnation pressure distortion.

5.4.1. Fan performance in stagnation pressure distortion

This subsection considers the assessment of fan performance under stagnation pressure
distortion. On the one hand, the preliminary assessment is carried out taking advantage of
the newly developed methodology. On the other hand, a time-resolved calculation is used
as a verification dataset to show the applicability of the new methodology to a highly two-
dimensional and therefore challenging boundary layer pattern. Figure 5.12 (a) shows the
two-dimensional distribution of the non-dimensional stagnation pressure, while fig. 5.12
(b) shows the circumferential distribution at three spanwise positions. At 0° the VTP causes
a decrease in the stagnation pressure. The upper part of the annulus shows high stagna-
tion pressure values, while the fuselage upsweep causes a low stagnation pressure at +-90°.
This results in a number of local maxima and minima. At this point it is helpful to recapit-
ulate the idea of the preliminary fan assessment in the distorted inflow. When calculating
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Figure 5.12.: Non-dimensional stagnation pressure distortion (a) and circumferential distri-
bution at three spanwise positions (b) at intake inlet.
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the flow redistribution, the maxima and minima of the stagnation pressure distribution
need to be considered, as this is where the static pressure is expected to have its extremes.
In addition, the stagnation pressure distortion is axisymmetric. Therefore, considering the
stagnation pressure distribution shown in fig. 5.12 leads to the following selection: the
stagnation pressure distribution is symmetric about the vertical axis. Thus only half of the
annulus needs to be considered in the flow redistribution calculation. The +£180° posi-
tion is included because it is a local maximum. At the -116° position, the upsweep of
the fuselage causes the stagnation pressure minimum. At -48° the stagnation pressure is
high and close to its maximum. In addition, the VTP wake causes a significant decrease
in the stagnation pressure, which has a small circumferential extent compared to the rotor
pitch. Depending on the circumferential position within the wake, the inflow boundary
conditions for the SLC change and so does the flow field required to obtain the static pres-
sure distribution at the AIP. To avoid this dependency, a 20° segment is circumferentially
averaged to provide the inflow boundary condition for the SLC approach.

Flow redistribution

Figure 5.13 shows the dimensionless static pressure distribution at the aerodynamic in-
terface plane. In general, the preliminary fan assessment methodology captures its main
variations both qualitatively and quantitatively. The dimensionless SLC-based static pres-
sure pattern is axisymmetric by definition, as can be seen in fig. 5.13 (a). In contrast, the
time-resolved calculation in fig. 5.13 (b) shows a slightly asymmetric pressure field. Nev-
ertheless, the main features within the static pressure distributions are similar. The higher
static pressure at £180° is captured as well as the local static pressure minimum at £116°,
which is slightly more smeared in the SLC-based analysis. The maximum static pressure
in the upper part of the annulus between +90° is also captured, but the static pressure
is slightly higher in SLC than in the time-resolved calculation. Even in the VTP region the
static pressure field is well captured within the flow redistribution calculation. The static
pressure drop is slightly over predicted at 0°. Nevertheless, the general agreement of the
dimensionless static pressure distributions is well achieved.

plp,.: 0.65 0.675 0.7 0.725 0.75

-30° 30°

60° -60°

90° -90°

Figure 5.13.: Non-dimensional static pressure pattern at AIP.
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Figure 5.14.: Meridional velocity distribution at AIP.

As the meridional velocity distribution depends on the stagnation and static pressure dis-
tribution, the agreement between the preliminary assessment and the time-resolved data
is expected, and the meridional velocity pattern is mainly driven by the stagnation pres-
sure distribution. Figure 5.14 shows the two-dimensional meridional velocity at AIP and
underlines the applicability of the preliminary design and assessment methodology to this
integration scenario. The same applies to the circumferential velocity distribution in the
absolute reference frame. This velocity component is closely related to the static pressure
distribution and therefore the good agreement between fig. 5.15 (a) and (b) is expected,
taking into account fig. 5.13.

The swirl pattern shows a complex distribution of co-swirl (blue) and counter-swirl (red)
parts around the annulus. In the +180° position the swirl is counterbalanced and leads
to no swirl. The static pressure minimum is at +116°. Consequently, between -116° and
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Figure 5.15.: Circumferential velocity distribution at AIP.
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Figure 5.16.: Incidence distribution at AIP.

+180° the static pressure field leads to counter-swirl, while between 116° and +180°
there is co-swirl. As mentioned above, the uRANS data show lower static pressure levels
between -150° and -180°. There, the counter-swirl amplifies the tip gap flow leading to
the lower static pressure level at midspan. In the opposite position, where the co-swirl is
present, the tip gap flow is less severe and the static pressure level is higher. The same
mechanism is already observed for the other integration scenario in section 3.3.4. From
the £116° to the 448° position, the swirl distribution changes from co-swirl to counter-
swirl and vice versa. The highest swirl velocities are in the hub region at £90°. As the
static pressure maximum is at £48°, the swirl distribution changes from counter- to co-
swirl and vice versa. The same explanation applies to the asymmetry along the vertical axis
between +30° and +60°. The differences in static pressure are therefore closely linked to
the variation in swirl at the rotor inlet. In the middle of the VTP wake, the swirl levels out
and there is no swirl. The velocity distribution translates directly into the rotor incidence
shown in fig. 5.16. First of all, the incidence patterns of both approaches match very well.
Furthermore, the main incidence variations are associated with the meridional velocity dis-
tribution. Positive incidence is present at the +116° position and negative incidence is
located in the upper part of the annulus. The strong stagnation pressure decrease in the
tip region of the VTP wake leads to a high positive incidence. Nevertheless, there are cir-
cumferential positions where the incidence distribution is dominated by the circumferential
velocity. This is the case in the hub region at 10° and -90°. This feature is also captured by
both approaches.

In this study, the incidence distribution is calculated with respect to the ADP. For ADP,
the purely radial stagnation pressure distribution is derived from a simplified turbulent flat
plate approach, while the two-dimensional distribution is derived from the distortion gen-
erator. The design condition shows a lower stagnation pressure near the hub than the
higher fidelity distortion pattern. In addition, the stagnation point at the rotor leading
edge is shifted to the pressure side below 5% span at ADP. This results in a highly negative
incidence around the entire circumference, but the positioning of the stagnation point is
better than the incidence distribution suggests.
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Figure 5.17.: Relative Mach number distribution at AIP. SLC (a) and uRANS (b).

Finally, the Mach number distribution in the relative frame of reference is shown in
fig. 5.17. As already seen in the incidence distribution, the Mach number pattern depends
mainly on the stagnation pressure and therefore on the meridional velocity pattern. Thus
the upper part of the annulus shows high Mach numbers in the tip region, while the lower
part of the annulus shows lower Mach numbers there. The peak Mach number occurs in
the tip region at -20°. Close to the hub there are more homogeneous conditions around
the circumference. This is associated with less variation in stagnation pressure around the
circumference.

Averaged operating point

The fan performance of the fan stage in the presence of the two-dimensional stagnation
pressure distortion is given in terms of (corrected) mass flow, fan pressure ratio and fan
efficiency in table 5.5. The required mass flow is well matched by the preliminary fan as-
sessment and the higher fidelity assessment using time-resolved calculations. The variation
in the corrected mass flow is mainly due to a different stagnation pressure at the global
inlet. Furthermore, the fan pressure ratio is higher in both calculations, as already observed
and discussed in section 5.3. As presented in the previous chapters, the SLC-based pre-
diction of isentropic efficiency is challenging as the loss prediction as well as the unsteady

Table 5.5.: Fan stage performance data stemming from the preliminary and time-resolved
assessment of the aft-propulsor in stagnation pressure distortion.

m Hicorrected IT Nis.

[kgss]  [kgfs] [ [
Specification 99.5 294.0 1.27 >0.90
SLC 99.45 290.62 1.2958 0.9126

uRANS 100.35 293.14 1.2748 0.9074
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Figure 5.18.: Fan pressure ratio of the fan stage projected on the global inlet (a), local
fan performance in terms of relative fan pressure ratio over non-dimensional
mass flow (b) and corrected mass flow (c). Local fan performance around the
circumference (d).

work input are not covered in SLC. This fact can be seen in the predicted fan efficiency
drop of 2.34% in SLC. In contrast, the efficiency decrease due to stagnation pressure
distortion in the time-resolved calculation is 1.16%. For the sake of completeness, the
averaged fan efficiency within the SLC approach is included but not further investigated in
this section. Figure 5.18 (a) shows the fan pressure ratio of the fan stage projected onto
the fan inlet plane. As these results include the rotor and stator data, the vane wakes are
present in the fan pressure ratio pattern. In addition, the positions are marked by the solid
lines where the post-processing of local performance metrics within the time-averaged
flow field is questionable. For example, such regions are near the VTP wake and near the
hub at the 90° position. There the rotor inlet swirl is high and the particle path within the
time-averaged calculation is not the same as the particle path in the time-resolved calcula-
tion. Therefore, any data that takes into account the relationships between different flow
positions needs to be treated with caution at these circumferential positions. In particu-
lar, fan efficiency, which is sensitive to input variables, can be misleading. However, the
flow kinematics, as well as quantities that are insensitive to input quantities, such as the
fan pressure ratio, can be analysed and give an indication of the performance variations
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around the circumference. The fan orbits are dimensionless with respect to ADP and show
the local relative fan pressure ratio over the dimensionless mass flow (a) and the corrected
mass flow (b), respectively. Compared to the orbit in the previous sections, the fan or-
bit in this integration scenario is much more complex. Therefore fig. 5.18 (d) shows the
circumferential distribution of the fan pressure ratio derived from the orbits. It is mainly
the low momentum fluid that causes the low (corrected) mass flow and high fan pressure
ratio, while the high momentum fluid is associated with high (corrected) mass flow and
low fan pressure ratio. The preliminary fan assessment covers the orbit in terms of relative
mass flow. The mass flow variation is 25% between minimum and maximum. In addition,
the SLC-based orbit consists of only a few passages around the circumference. Therefore,
not every increase or decrease in the fan pressure ratio is covered. However, the main
variation of this quantity between the high and low momentum fluid is accounted for. As
seen in the other integration scenario, the time-resolved results show a slightly higher fan
pressure ratio peak. The corrected mass flow differs due to the different consideration
of the specific passage. Within the SLC-based approach, a specific infinitesimally thick
circumferential extent is accounted for, whereas the passage extent of the time resolved
result is approximately 9.5°. As the circumferential extent increases, the averaged stagna-
tion pressure is likely to increase and therefore the corrected mass flow by definition will
decrease. Nevertheless, the predicted local operating conditions of the aft-propulsor agree
well with the higher fidelity data. A detailed analysis of the flow field and performance
data is therefore carried out.

Rotor flow field and performance

The two-dimensional distributions discussed earlier show the correct calculation of flow
redistribution within the intake. The spanwise distributions of the specific circumferential
positions are given in fig. A.5, which can be found in appendix A.7. Slight differences
appear in the passages not included in the flow redistribution calculation. The velocity
components at the rotor outlet are shown in fig. 5.19. The circumferential variation due to
BLI is well captured. However, there are differences between the two approaches for the
meridional and circumferential velocity components. This is already observed for the other
integration scenario and is related to the simplified modelling of the secondary flow, the
simplified modelling of the stream tube contraction and the neglect of unsteady effects.

The circumferential velocity component is related to the specific work input. As the
trends between the different circumferential positions are captured, it is expected that the
differences in fan performance will also be well predicted. Figure 5.7 shows the position-
ing of the analysis planes and the stator inlet plane is slightly downstream of the rotor
outlet. The good prediction of the stator incidence is therefore expected by judging the
outflow velocity triangles and is visualised in fig. 5.19 (c) and (f). The trends around the
circumference are well covered and the agreement at +180° and +48° between the two
approaches is very good. Within the low momentum fluid, the differences between the
two approaches are greater, mainly due to a difference in the static pressure rise. This in
turn leads to differences in flow kinematics.

Figure 5.19 shows the rotor performance in terms of fan pressure ratio and blade load-
ing. At the +180° position, the fan pressure ratio is overpredicted by the SLC approach
compared to URANS. In section 5.3 the designs are presented and still at ADP the SLC
predicted fan pressure ratio was higher to meet the fan specification in RANS. So it is rea-



122 5. Aft-propulsor

——— URANS —sLC —— +180°
— -116° — ag° —— 48 — 116°
1.0 ~ 10T as 105
0.8 \\)\\ 08 NN 0.8 e
' 4 Pl ’,’/’, ' /3%(
T 06 ¢ l'l ! T 06 / / T06 ;
Fo4 /}'/ Fo4 / s L0400
0.2 74 02 g 02 '
A s I \
0.0%55 %j 500 0.0~75-175 80 0.0%5=8"0 876
c, [m/s] Copps, [M/S] i[]
(a) (b) ()
1.0 = 1.0 ~ 1.0g N
08 % ) 08 %\.) i 0.8 \i\\\}.\\
. W . i i
T 06 }f' ; T 06 / / T 06 \ )
Foa .y Foa Foa A
0.2 Z/// 0.2 /'f' 0.2 \Q‘
’ o | h¥
0.0445 K508 0.0545 115780 0.09g80 816
c,, [m#s] Copabs. [m/s] i[°]

(d (©) ®

Figure 5.19.: Spanwise velocity components at rotor outlet in terms of meridional velocity
(a) and (d), circumferential velocity (b) and (e). Stator incidence in (c) and (f).

sonable to expect the differences to appear in this position as well. The same applies to the
blade loading at +180°. Within the low momentum fluid, the fan pressure ratio distribu-
tions narrow between the two approaches. Thus, the lower work input in the SLC already
identified for the other integration scenario in chapter 3 and chapter 4 remains for the rear
integrated fuselage propulsor. At £48°, the SLC predicted spanwise stagnation pressure
rise is higher than in uRANS, except for the blade section at 70% span (see fig. 5.20 (a)
and (d)). In addition, fig. 5.20 (b) and (e) show a higher full circumferential blade loading
at SLC, mainly due to the differences in DeHaller number. There are therefore differences
in terms of flow deceleration between the two approaches. In addition, the effect of the
twist direction is visible in fig. 5.19. In particular, the counter-swirl leads to a higher flow
deceleration and therefore a higher blade loading at +116°. Nevertheless, the newly de-
veloped methodology is able to capture the fan performance trends around the annulus,
which is important in the preliminary design stage.

Rotor performance can also be translated into fan blade forces. Figure 5.21 shows the
absolute and relative blade forces around the circumference. The absolute value of the
resulting force shows a small offset over the entire circumference in fig. 5.21 (a). The
blade force of the time-resolved data shows an increase in blade force as the blade passes
through the VTP wake. In the high momentum fluid positions the blade force decreases
and shows its minima, while in the low momentum fluid the blade force increases. It can
be observed that the positions where the negative incidence peaks are found show the
local minima of the blade force.
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Figure 5.20.: Spanwise fan pressure ratio (a) and (d) and rotor blade loading in terms of
the diffusion factor (b) and (e) and deHaller number (c) and (f).

The main trend is also covered within the preliminary fan assessment, but the maxima
and minima are slightly shifted. In the SLC, the maximum fan blade is outside the mini-
mum momentum fluid. So between 180° and 0° the fan blade forces are well matched. In
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Figure 5.21.: Absolute and relative fan blade forces around the circumference.
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particular, the relative fan blade force is well covered (see fig. 5.21 (b)). The peak at -135°
is not captured by the SLC approach. As on the right side of the annulus, the peak on the
left side of the annulus would be expected to be shifted more towards the high momen-
tum. This is where the airfoil is operating in choked conditions and even the uRANS data
shows a low blade force at -90°.

However, the increase in blade force within the low momentum fluid cannot be fully
explained by the author and requires further investigation which is beyond the scope of
this study. These variations are expected to be related to unsteady effects within the flow,
which can quickly change the blade pressure distribution. In turn, the integrated blade
force may show greater variations than those calculated using steady-state approaches.
The unsteady effects on the blade forces are presented by Mailach (2010), Sanders et al.
(2001) and Sanders and Fleeter (2001) and have already been briefly discussed in chap-
ter 2. Nevertheless, the fan blade force variation is well covered and can be used in the
preliminary fan design.

Stator flow field and performance

The stator performance is briefly discussed. The flow field downstream of the stator is
shown in fig. 5.22. The SLC-based flow field is able to cover the circumferential variations
in terms of meridional and circumferential velocities. The remaining swirl is low down-
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Figure 5.22.: Spanwise velocity components at stator outlet in terms of meridional veloc-
ity (a) and (d), circumferential velocity (b) and (e). Non-dimensional static
pressure in (c) and (f).
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Figure 5.23.: Spanwise stator loading.

stream of the fan as shown in fig. 5.22 (b) and (e). As already seen at the rotor outlet, the
116° position shows the biggest difference between SLC and uRANS in terms of merid-
ional velocity. This is due to the overpredicted pressure rise at this position as shown in
fig. 5.22 (f). Another important aspect of the static pressure field downstream of the fan
is the slightly different slope of the static pressure field. While the uRANS data are basi-
cally constant along the span, the SLC data show a radially increasing static pressure. As
already seen and explained in chapter 3, the static pressure field can vary around the an-
nulus when calculating the local fan performance due to the flow field coupling at the AIP.
This difference needs to be carefully considered in the preliminary assessment of distortion
tolerant fans. Figure 5.23 shows the corresponding vane loading. In general, the circum-
ferential trends are captured by SLC with the exception of the 116° position. Furthermore,
the shape of the spanwise variations is in good agreement with the uRANS data. However,
the vane loading levels are slightly shifted.

5.4.2. Fan performance in stagnation pressure and swirl distortion

The previous subsection discusses fan performance within the isolated stagnation pressure
distortion caused by the fuselage boundary layer. However, the BLI related inflow condi-
tions also have a swirl distortion which is shown in fig. 5.24. The swirl distortion induces a
deflection of the flow from the lower part of the fuselage to the upper part. As mentioned
in section 5.1, co-swirl occurs mainly between 0° and 180° except for the tip region of the
lower part of the annulus half and vice versa. Only the tip region between +120° and
+180° shows the opposite swirl direction.

Swirl distortions are likely to have a detrimental effect on fan performance, which is ad-
dressed in SAE (2022). Castillo Pardo and Hall (2022) show that their aft-fan performance
is sensitive to swirl, which significantly changes the blade loading and fan efficiency. There-
fore, the aft-fan design is subjected to the swirl distortion to study the swirl-related differ-
ences within the flow field compared to the stagnation pressure-only operating conditions.
Only time-resolved calculations are considered in this subsection.
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Figure 5.24.: Two-dimensional swirl angle distribution in (a) and at three different spanwise
positions around the circumference in (b) at domain inlet.

Fan stage performance

Table 5.6 summarises the key fan performance metrics for both operating points and the
specified performance requirements. As can be seen, both time-resolved operating points
show slightly higher mass flows, while the corrected mass flow is slightly lower. This
difference is due to the difference between the assumed stagnation pressure profile at
specification and the two-dimensional stagnation pressure profile. The fan pressure ratio
is slightly higher than specified and remains largely constant when the swirl distortion is
superimposed. In addition, the fan efficiencies are above specification at both operating
points. Swirl distortion causes an additional 0.35% reduction in fan efficiency. Figure 5.25
shows the fan pressure ratio projected onto the global inlet in (a) considering the com-
bined distortion. The positions where the post-processing approach is questionable are
marked by the black lines within the contour plot. Compared to the isolated stagnation
pressure distortion, the regions near the VTP (0°) and between 90° and 120° increase.
This is where the streamline tracking within the time-averaged flow field differs from the
realistic time-resolved particle trajectory. Therefore, performance data relating inflow and
outflow velocities should be treated with caution. Nevertheless, the time-averaged flow
field data remain valid in terms of flow kinematics, and the performance data give an in-
dication of the variations in fan performance. The orbit data shown in fig. 5.25 (b) and (c)
show essentially the same complex behaviour and can be translated into a circumferential

Table 5.6.: Aft-fan performance in stagnation pressure distortion and a combined stagna-
tion pressure and swirl distortion.

T Hicorrected Ht Nis.

kgss]  [kgss] [ []
Specification ~ 99.5 294.0 1.27 >0.90
pt-dist 100.35 293.14 1.2748 0.9074
pt- and swirl  100.07 292.36 1.2735 0.9039
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Figure 5.25.: Fan pressure ratio of the fan stage projected on the global inlet (a), local
fan performance in terms of relative fan pressure ratio over non-dimensional
mass flow (b) and corrected mass flow (c). Local fan performance around the
circumference (d).

fan pressure ratio distribution shown in fig. 5.25 (d). The main difference in the superim-
position of swirl distortion occurs close to the VTP. There is a large amount of swirling flow,
resulting in lower axial velocities. This in turn reduces the relative mass flow. However, the
VTP region covers only a small portion of the circumference and therefore this variation
has only a small effect on the averaged mass flow as shown above.

Flow redistribution and rotor performance

In the following subsection, the changes in flow redistribution and local fan performance
due to swirl distortion are discussed. Flow redistribution occurs upstream of the fan stage
and affects the flow field at the AIP. Figure 5.26 shows the dimensionless static pressure
distribution and shows that the static pressure pattern has similar characteristics for the
isolated and combined distortions. There are only minor changes in the static pressure
levels. Thus, the high static pressure regime remains in the combined distortion in the
upper half of the annulus as well as the low static pressure regime in the lower half of
the annulus. Furthermore, the effect of the VTP on the static pressure field at 0° is clearly
visible. However, the high static pressure in the upper right part shows a slightly higher
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Figure 5.26.: Non-dimensional static pressure distribution stemming from the stagnation
pressure distortion (a) and the combined stagnation pressure and swirl dis-
tortion (b) at AIP.

static pressure in fig. 5.26 (b) than in (a) and the low static pressure in the lower left part
shows a slightly lower static pressure in fig. 5.26 (b) than in (a). These effects are caused
by the swirl distortion, while the static pressure pattern is mainly driven by the stagnation
pressure distortion.

Figure 5.27 shows the corresponding swirl distribution at the AIP. The upstream intake
aims at decelerating the flow and attenuates the swirl velocity from the intake to the rotor
inlet. In the vicinity of the VTP wake (at 0°) up to +30°, the swirl entering the intake is
mainly preserved as it flows towards the AIP. Between 4-30° and £75°, the swirl is slightly
attenuated due to the flow redistribution, which causes an opposite swirl direction in the

.
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Figure 5.27.: Circumferential velocity distribution stemming from the stagnation pressure
distortion (a) and the combined stagnation pressure and swirl distortion (b).
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Figure 5.28.: Spanwise distribution of the meridional velocity (a) and (e), circumferential
velocity (b) and (f), rotor incidence (c) and (g) as well as relative Mach number
(d) and (h) at rotor inlet.

case of isolated stagnation pressure distortion. A significant change in the swirl occurs at
+90° where the low momentum fluid flow regime is located. There the flow redistribution
changes the swirl direction from counter- to co-swirl and vice versa. In the lower part of
the annulus between +90° and £180°, the flow redistribution of the isolated stagnation
pressure distortion leads to a pre-swirl in the same direction as the incoming swirl. Conse-
quently, the swirl is mainly preserved for the combined distortion. Thus, the swirl distortion
pattern entering the engine remains mainly in the flow and the intake attenuates the swirl
level only slightly. Nevertheless, the flow redistribution is able to change the swirl direction

at +£90°.

In contrast to the swirl induced changes discussed at AIP, the stagnation pressure dis-
tortion mainly affects the flow field at AIP. As a result, the meridional velocity distribution
remains essentially the same at AIP. Furthermore, the meridional velocity level is an order of
magnitude larger than the circumferential velocity, which in turn leads to similar incidence
and relative Mach number distributions. For the sake of completeness, these patterns are
shown in fig. A.8, fig. A.9 and A.10.

Figure 5.28 depicts the spanwise flow kinematics around the circumference at the rotor
inlet. As already seen in the dimensionless static pressure distribution, the swirl distortion
causes a higher static pressure level in the upper right part of the annulus and a lower
static pressure in the lower left part. Consequently, the meridional velocity components at
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Figure 5.29.: Spanwise distribution of the meridional velocity (a) and (e), circumferential
velocity (b) and (f) as well as deviation (c) and (g) at rotor outlet. Stator
incidence in (d) and (h).

-116° and 48° in fig. 5.28 (a) and (e) show differences. In contrast, the spanwise distri-
butions of the other circumferential positions are mainly on top of each other. The swirl
distortion is the distinguishing flow feature between the two operating conditions. Con-
sequently, the swirl distribution changes significantly between the two operating points in
fig. 5.28 (b) and (f). On the one hand, the swirl mainly changes the circumferential velocity
distribution below 50% span in the upper half of the annulus (at £48°). On the other
hand, the swirl causes a change in the swirl direction along the span in the lower part
of the annulus at +£116°. The effect on the rotor incidence is shown in fig. 5.28 (c) and
(g). As the meridional and circumferential velocities are essentially the same at £180°, the
incidence distributions are similar.

In the upper half of the annulus, the meridional velocity is mainly unaffected by the
swirl distortion and the swirl changes the incidence levels below 35% span. At 48° the
incidence is shifted towards positive incidence, while at -48° the incidence distribution is
shifted towards negative incidence. At -116°, the lower 50% of the span is shifted to-
wards positive incidence, while the upper part of the blade incidence is shifted towards
negative incidence. Conversely, at 116°, the swirl shifts the incidence distribution towards
negative incidence near the hub and towards positive incidence in the upper part of the
blade. The relative Mach number distribution is also affected by the changes in the merid-
ional and circumferential velocity distributions. In particular, the high swirl velocity near the
hub leads to increasing Mach number levels at -116° and decreasing Mach number levels
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Figure 5.30.: Rotor pressure ratio (a) & (d), diffusion factor (b) & (e) and deHaller number
(o) & ().

at 48° and 116°. Consistent with the findings above, the variations are more pronounced
in the lower part of the annulus than in the upper part. The varying flow kinematics at the
rotor inlet change the blade aerodynamics and therefore the flow kinematics at the rotor
outlet (cf. fig. 5.29). Within the +180° position these changes are small and therefore
the flow kinematics at the rotor outlet and stator inlet are similar. At £48° there are small
changes between the two operating points. The deviation shown in fig. 5.29 (c) and (g)
causes the main differences there. In the vicinity of the hub, positive incidence results in a
higher deviation, which means that the flow is not perfectly aligned with the direction of
the blade trailing edge. This results in lower circumferential velocity levels in the absolute
reference frame. The work input associated with the outflow velocity is therefore reduced.
At -48°, the expected lower work input is compensated by additional work associated with
the swirl velocity at the rotor inlet. The opposite is true at 48°.

The biggest difference in flow kinematics between the two cases occurs at +£116°. At
-116°, the low momentum fluid near the hub combined with positive incidence leads to
a deviation at the rotor outlet due to the swirl distortion. The lower circumferential ve-
locity near the hub would lead to a lower work input, but is compensated by the swirl at
the rotor inlet. As the inlet swirl direction, and therefore the rotor incidence distribution,
changes along the span at -116°, the deviation in the spanwise direction also decreases.
Above about 40% span, the combined distortion case shows less deviation and conse-
quently the circumferential velocity increases and is higher than in the stagnation pressure
distortion case. However, the upper part of the blade adds less work to the flow due to
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the co-swirl at the rotor inlet. The corresponding stator incidence changes from positive
to negative in the radial direction. The 116° position shows similar characteristics, but the
swirl direction at the rotor inlet is in the opposite direction and therefore the opposite be-
haviour occurs compared to the -116° position. Rotor performance in terms of spanwise
fan pressure ratio, diffusion factor and deHaller number is shown in fig. 5.30. As can be
seen in this figure, the swirl distortion and associated work input changes the performance
metrics compared to the isolated stagnation pressure distortion. Based on the flow kine-
matics, the work input changes only slightly between -116° and 116° and between -48°
and 48°. Consequently, the spanwise fan pressure ratio is almost the same at +£116° and
+48°. Thus, the major variations along the circumference are due to the change in inflow
momentum. As expected, the high inflow momentum has the lowest fan pressure ratio
(see fig. 5.30 (a) and (d)). As a result, the blade load metrics show a low load in terms of
flow deceleration in fig. 5.30(c), which is also reflected in a low diffusion factor. At 180°
the inflow conditions are comparable to the stagnation pressure profile of the aerodynamic
design point. The fan pressure ratio and blade loading are therefore mainly comparable
to those presented in section 5.3. The most demanding operating conditions for the fan
stage occur within the low momentum fluid at +116°. Within the isolated stagnation
pressure distortion, the fan pressure ratio at 116° is higher than at the -116° position. This
is mainly due to the lower deviation and higher work input. Within the combined distor-
tion, below about 50% span, the fan pressure ratio at 116° remains higher than at -116°.
Conversely, above 50% span, the fan pressure ratio of the -116° position exceeds that of
the 116° position. Here, the inflow conditions due to the swirl distortion and the deviation
at the rotor outlet lead to a higher work input and therefore a higher fan pressure ratio at
the -116° position. The associated blade loading shows the same trend resulting from the
above flow conditions. Within the isolated stagnation pressure distortion, the blade load-
ing at 116° is more demanding than at -116°. Superimposing the swirl distortion results
in a lower loading at 116°, mainly due to the lower flow deceleration.

The fan blade forces are shown in fig. 5.31. Both distributions show similar behaviour.
In the low momentum fluid the blade forces are higher than in the high momentum fluid
and the VTP causes a sharp force variation at 0°. However, the swirl distortion attenuates
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Figure 5.31.: Resulting blade forces around the circumference. Absolute (a), relative (b).
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the blade force variation. The largest differences are in the range of 5% at 0°, 20°, 45°
and 75°.

Stator flow and performance

Similar flow conditions are obtained downstream of the stator. Figure 5.32 (a) shows these
conditions. The swirl distortion does not significantly alter the levels of the meridional ve-
locity. Only small variations are visible in the 48° and 116° positions. The remaining swirl
is of the same order of magnitude in the case of superimposed swirl distortion as in the
case of isolated stagnation pressure distortion. Therefore, the fan is able to align the flow
with the streamwise direction. Any remaining swirl downstream of the fan stage is a loss
in terms of thrust generation. Furthermore, the static pressure field downstream of the
vane shows higher variations for the combined distortion. However, the variation is rela-
tively small and less than 1%. In line with the findings above, the swirl distortion causes
variations in the vane loading which are mainly found below 50% span (see fig. 5.33). At
-116° and +£180°, the additional swirl distortion leads to reduced vane loading. Conversely,
higher vane loading is observed at 116° and 48°. This section discusses the circumferential
variation of the fan pressure ratio and the associated distortion attenuation. Based on the
overall efficiency of the fan stage, the swirl distortion showed only small variations. Down-
stream of the fan stage, the distortion intensity DI gg- is evaluated for both distortions. The
isolated stagnation pressure distortion shows a distortion intensity of 0.034, which is 30%
lower than at the inlet. In contrast, the combined distortion has a distortion intensity of
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Figure 5.32.: Spanwise meridional velocity (a) & (d), circumferential velocity (b) & (e) and
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non-dimensional static pressure (c) & (f) downstream of the stator.
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Figure 5.33.: Spanwise distribution of vane loading.

0.029. This is a reduction of 40% compared to the inlet distortion. Overall, the fan stage
is able to significantly reduce the distortion and also homogenise the stagnation pressure
distribution downstream of the fan stage. The intended aft-fan design therefore fulfils its
intended purpose.

5.4.3. Entropy variation and associated loss generation through the fan
stage

This subsection deals with convective entropy transport and entropy generation. Figure
5.34 shows the instantaneous entropy distribution at the rotor inlet in the top row, at the
rotor mid-chord in the middle row and between the rotor and stator in the bottom row. At
the rotor inlet, the entropy distribution is similar between the two operating points and is
mainly associated with convective transport of the boundary layer fluid. Consequently, the
high entropy region coincides with the low momentum fluid and vice versa. In addition,
the VTP wake is present at the 0° position and passes through the rotor at this position.
Within the blade row, the main loss generation is associated with the blade boundary
layer and the tip gap flow. Downstream of the rotor blade, the fan blade wakes and the
tip gap flow mixes with the surrounding fluid. Therefore, the distribution is more mixed
compared to the mid-chord section. In addition, the VTP and blade wake merge to form
a thicker combined wake. However, within the entropy distribution it is difficult to distin-
guish whether the high entropy level is due to convective transport of entropy or entropy
generation. Therefore fig. 5.35 shows the entropy time rate s between rotor and stator of
two consecutive time steps. High values of the time rate indicate a higher increase in en-
tropy and therefore a higher loss generation and vice versa. The standard deviation is also
evaluated. High values indicate that the entropy time rate of the wakes passing through
a particular location is higher. This is associated with increased loss generation. Regions
with low values of the standard deviation indicate lower loss generation.

In both flow fields the entropy time derivatives of the fan blade wakes are similar over
a large part of the circumference as shown in fig. 5.35 (a) and (b). However, there are
more pronounced rotor wakes between +30° and £80°. At 80° the wake has a different
radial distribution, mainly related to the swirl distribution. Furthermore, the -150° to -180°
region shows more pronounced wakes in the combined distortion case shown in fig. 5.35
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Figure 5.34.: Distribution of the entropy rise at rotor inlet in (a) and (b), rotor mid-chord in
(c) and (d) and at rotor outlet (e) and (f). Left: stagnation pressure distortion.
Right: stagnation pressure and swirl distortion.
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Figure 5.35.: Time derivative of the entropy between rotor and stator stemming from iso-
lated stagnation pressure distortion (a) and combined distortion (b). Corre-
sponding standard deviation of entropy time rate in (c) and (d).

(b). The same is true for the tip region between 90° and 120°.

The corresponding standard deviation of entropy shows essentially the same distribu-
tion for both distortions. There is a small variation in the co-swirl region between -90° and
-120° near the hub. Furthermore, the hub region between 90° and 120° is also associ-
ated with lower time rates of entropy. Wake mixing leads to lower differences at -10° and
higher variations at -20°. So the presence of the VTP wake causes more losses in the flow.

However, there are also differences in the standard deviation associated with swirl distor-
tion. The VTP mixing in the upper part at 0° causes high values of the standard deviation.
This is where the convective transport of co-swirl fluid into the counter-swirl inflow region
takes place and is likely to produce higher losses leading to higher standard deviation. This
flow feature would require further investigation beyond the scope of this work. Further-
more, the hub region showed the most significant swirl induced variations in the rotor
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Figure 5.36.: Entropy distribution at stator mid-chord in (a) and (b) and stator outlet in (c)
and (d). Left: stagnation pressure distortion. Right: stagnation pressure and
swirl distortion.

inflow conditions at the positions between 30° and 60° and between -120° and -150°.
In the co-swirl region (30° to 60°) the standard deviation and associated losses decrease,
while the counter-swirl leads to higher standard deviation and therefore losses between
-120° and -150°. In addition, the tip region between 90° and 120° and close to -30°
shows swirl induced variations in the standard deviation of the entropy time rate associ-
ated with variations in the tip gap flow. Figure 5.36 shows the entropy distribution at the
mid-chord of the stator (top row) and downstream of the stator (bottom row) of the iso-
lated stagnation pressure distortion on the left and the combined distortion on the right.
Between the rotor and stator, the flow contains swirl and entropy moves with the particles
in a counterclockwise circumferential direction. Within the vane, losses are generated and
entropy increases within the vane boundary layer. So the vane boundary layers are clearly
visible in the top row of fig. 5.36. These are the sharp radial profiles, while the bended fan
blade wakes are cut at the leading edge of the vanes and extend over at least two vane
passages. Downstream of the vane row, the rotor and vane wakes remain in the flow but
mix, resulting in a more mixed entropy pattern. The corresponding entropy time rate and
standard deviation are given in fig. 5.37 downstream of the stator. It can be seen that
the time derivative has lower values there. It can therefore be concluded that the main
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Figure 5.37.: Time derivative of the entropy at stator outlet stemming from isolated stag-
nation pressure distortion (a) and combined distortion (b). Corresponding
standard deviation of entropy time rate in (c) and (d).

loss generation takes place in the rotor. Furthermore, the level of the standard deviation
is lower downstream of the stator vane than in the upstream position. The main differ-
ence is related to the convective transport of the VTP related fluid. The standard deviation
therefore peaks at 0° in the combined distortion.

To summarise the results presented in this subsection, the stagnation pressure distortion
is the main driver of the fan performance and the main variations in the local flow charac-
teristics, while the effect of the swirl distortion on the overall fan performance is small. The
total mass flow decreases by about 0.2%, the fan pressure ratio is slightly lower and the
fan efficiency decreases by about 0.4%. In addition, the interaction between the fan and
the distortion leads to a change in the swirl direction in the hub region of +90°, which
is notable. However, the swirl distortion locally changes the inflow conditions in terms
of incoming swirl and therefore incidence. Nevertheless, at an early stage of preliminary
design, the effect of the fan response to the stagnation pressure distortion is of major
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interest.

5.5. Fan operation along a fan iso-speedline

This subsection demonstrates an application of the newly developed methodology at an
early preliminary design stage. As mentioned in the previous sections, the margin to the
stability limit is crucial for assessing the fan stage operation. Therefore, the fan perfor-
mance near the stability limit gives important insights into the distortion tolerance of the
fan. In this subsection the fan performance along an iso speed line is investigated. The
individual inlet boundary conditions along the speed line are derived from the distortion
generator introduced in section 5.1. The main characteristic of the stagnation pressure
distortion pattern remains within the individual distortions. Only minor variations occur in
the VTP region. Figure 5.38 shows the specific orbits at different operating points within
the fan map. The reference operating conditions are marked in fig. 5.11. The orbits show
the variation in orbit width which increases from near choke to near stall conditions. In ad-
dition, the variation in fan pressure ratio is greater at near stall than at ADP. The near choke
condition also shows a greater variation in fan pressure ratio than ADP. Table 5.7 contains
data on the averaged operating point as well as the upper left and lower right points of
the orbit. The observation of the orbits translates into the operating point variation listed
in the three right columns of the table. These relative quantities take into account the vari-
ation between the left and right parts of the orbit in the nominator and are normalised by
the averaged operating point. The real and corrected mass flow variations increase signif-
icantly from near choke to near stall. For example, the operating point variation increases
from 8.49% at near choke to 22.88% at near stall in terms of corrected mass flow. In
terms of fan pressure variation, there is an increase from 4.35% to 5.36% towards the
stability limit. In addition, the fan pressure variation also increases towards the near stall
conditions. The high variation of 7% is due to the choking of the high momentum fluid.
There the fan pressure ratio drops as shown in table 5.7.

The application of the preliminary fan assessment over a wide range of operating condi-
tions within the fan map underlines the beneficial use at an early design stage. The entire
fan map calculation takes approximately four hours on a conventional workstation, so the
off-design performance is quantified in a relatively short time and can be used to improve
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Figure 5.38.: Orbits of different operating conditions along an iso-speedline.
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Table 5.7.: Fan operating points along an iso-speedline. Every operating point is character-
ized by the average performance data as well as the upper left and lower right
point of the orbit.

W eomeaed Wi gt g gl

kol kgl [ [ [ 8
near avg. 90.73 264.55 1.3486 0.3411 0.2288 0.0536
stall left 71.32 226.4 1.3989

right 102.27 286.92 1.3266
inter-  avg. 9525 27796 1323 0.2926 0.181 0.0518
mediate  left  78.06 2475 1.3694
right 10593 297.82 1.3009
adp avg. 9945 290.62 1.2958 0.2483 0.1377  0.0435
left  84.51 267.29 1.3271
right 109.2  307.31 1.2707
near avg. 1040 30435 1.2634 0.1928 0.0849  0.0700
choke left  92.26  290.89 1.3167
right 11231 316.72 1.2283

the fan design in a subsequent iteration. Nevertheless, the off-design performance assess-
ment needs further verification with time-resolved calculations to increase the confidence
level in the preliminary design and assessment methodology.

5.6. Summary and design suggestions for full annulus
fuselage fans

This chapter presents and discusses the design of an aft-propulsor from concept through
preliminary design to detailed fan assessment. In this integration scenario, a descending
spanwise fan pressure ratio and a high hub-to-tip ratio fan stage are found to be beneficial
in terms of distortion attenuation. The fan stage design meets all design specifications and
even exceeds the required isentropic efficiency by 0.74% and 0.39% respectively. Further-
more, the design proves that the distortion intensity can be reduced by 30% and 40%
respectively.

Nevertheless, the fan stage design can be improved by considering a more realistic
stagnation pressure profile. The spanwise distribution available during preliminary de-
sign differs slightly from the circumferentially averaged stagnation pressure of the two-
dimensional distortion. In particular, the hub and tip sections are subject to slightly dif-
ferent inflow conditions. This should be considered in future fan design and is expected
to improve fan operation under realistic BLI conditions. In addition, the hub section of
the rotor showed challenging flow conditions. A redesign of this specific blade section is
expected to improve fan operation and efficiency.

This chapter also demonstrates the versatility of the new design and assessment method-
ology for distortion tolerant fans. The flow redistribution upstream of the fan as well as the
fan performance metrics show that the methodology is able to cover the main BLI related
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flow characteristics. Therefore, this methodology can be used in future design studies. Fur-
thermore, the swirl distortion has only a small effect on the downstream fan performance
and can therefore be neglected in the early stages of preliminary design.

However, the distortion pattern of a fuselage propulsor is much more complex and the
data from the time-resolved calculations reveal more unsteady effects that need to be
investigated in more detail in future studies.






6. Conclusion and way forward for
distortion tolerant fan designs

Boundary layer ingestion is a thrust related technology for more fuel efficient engines for
future aviation. In contrast to the beneficial influence on the engine cycle level, the inho-
mogeneous inflow poses a challenge for fan aerodynamics. In particular, the preliminary
design of distortion tolerant fans is challenging because the approaches to account for BLI
are either inaccurate in terms of aerodynamic flow calculation (i.e. compressors-in-parallel)
or highly time-consuming and already require detailed geometric input, such as unsteady
RANS approaches. Therefore, a design and assessment methodology for the preliminary
aerodynamic design of distortion tolerant fans is required.

This thesis summarises the challenges for fan designs exposed to non-homogeneous in-
flow, introduces the BLI specific flow characteristics including flow redistribution upstream
of the fan stage and the corresponding variations in fan performance. Based on these
findings, the methodology for preliminary design and assessment of BLI fan stages is devel-
oped, which is numerically efficient and allows applicability during preliminary fan design.
The results of the newly developed methodology are verified by time-resolved calculations
and applied to the exploration of wide design spaces and fan performance along iso speed
lines. The achievements of this work can be divided into achievements at the methodology
level and for the fan design.

6.1. Achievements at methodology level

This study presents a new methodology that couples streamline curvature calculations with
flow predictions from a RANS approach. The former is extended by a stream tube contrac-
tion model to include the BLI related flow redistribution. The determination of the stream
tube contraction as a function of the radial stagnation pressure distribution is explained.
Furthermore, the translation into a two-dimensional field as well as the influence of the
stream tube contraction on the meridional velocity component is well demonstrated within
chapter 3. The RANS approach is used to calculate the flow redistribution upstream of the
fan stage. For this purpose, the radial static pressure distribution is extracted from the flow
field obtained by the streamline curvature approach at specific circumferential positions.
Two second and third order polynomials are then used to approximate the circumferential
static pressure variation between local static pressure minima and maxima. The stacking
of a number of circumferential static pressure distributions results in the two-dimensional
static pressure field which serves as the outlet boundary condition within the flow redistri-
bution calculations. Based on the flow redistribution, the local operating points around the
circumference are calculated within SLC. The fan performance data of the newly developed
methodology are comprehensively verified by time-resolved calculations and demonstrate
its ability to calculate BLI flows in terms of (corrected) mass flow and fan pressure ratio
variations. The accurate calculation of local operating points allows the assessment of
local inflow conditions (i.e. blade incidence) and blade performance, which is related to
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distortion attenuation. Furthermore, the design methodology is able to capture the effect
of different radial fan pressure ratio distributions as well as a completely different fan in-
tegration scenario. Thus, aerodynamicists can use the methodology to accurately select a
specific design philosophy for a given integration scenario. In addition, the methodology
is also able to capture the blade force variations around the circumference, which is impor-
tant for a preliminary aeromechanical evaluation of the blade. However, the limitations of
the methodology, due to the neglect of unsteady work input and the limitations in terms
of loss prediction, result in a rounder orbit than time-resolved calculations.

The entire fan assessment is less time-consuming than the calculation of the verifica-
tion data. While the calculation of the uRANS flow field requires approximately 10000
CPUh, the preliminary design methodology requires only 3 CPUh. Therefore, the entire
preliminary design and assessment of a distortion tolerant fan can be performed on a
conventional workstation instead of a high performance computing cluster.

6.2. Achievements at fan design level

Fuselage embedded turbofans

This integration scenario shows a distortion pattern with low momentum fluid in the tip
region, which also features radial distortion and extends approximately 120° in the circum-
ferential direction. The rotor is therefore subjected to a one per revolution distortion. With
the aim of maximising the boundary layer fluid fraction to minimise the power required for
thrust generation, the fan pressure ratio of the fan stage should be slightly increased com-
pared to a conventional underwing engine. Considering a 2035 technology level, the fan
pressure ratio of conventional engines is expected to be between 1.3-1.32. A distortion
tolerant fan is likely to be designed for a fan pressure ratio of 1.35 to 1.4. This will result
in lighter engines, making engine integration easier. In addition, the intake geometry is
expected to be highly three-dimensional at the inlet to increase the amount of boundary
layer fluid ingested. However, the exact parameters will have to be determined in a joint
design study taking into account the aircraft and the engine.

In terms of fan design parameters, the impact of the radial fan pressure ratio tends to-
wards a constant or ascending distribution. These designs are able to re-energise the low
momentum fluid, resulting in lower flow separations in the vane tip region. In accordance
with the literature, the flow redistribution leads to positive incidence and high Mach num-
ber levels in the counter-swirl tip region. Such flow conditions result in amplified tip gap
flow and hence increased losses. These increased losses due to off-design operation occur
even when the losses at ADP are moderate. Consequently, the overall fan performance
is adversely affected. One mitigation strategy is to unload the tip section of the blade to
attenuate the tip gap flow and associated losses. The parameter space of meridional Mach
number and blade tip speed showed no clear trend towards a distortion tolerant fan. At
low meridional Mach numbers, the fan efficiency increases due to lower viscous losses. As
the meridional Mach number increases, the flow deceleration at the inlet decreases, which
also affects the flow redistribution. In the case of BLI, the blade incidence decreases with
increasing meridional Mach number. Associated with the attenuated blade incidence, the
blade force variation also decreases. These effects are a combination of the flow decelera-
tion in the intake and the BLI related flow redistribution. As tip speed increases, work input
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and blade force variation increase. In order to reduce the distortion, an increased tip speed
appears to be advantageous, with the disadvantage of increased blade force amplitudes.
The latter is expected to be detrimental to the aeromechanical performance of the fan.
Therefore, an intermediate level of meridional Mach number and tip speed is expected
to be beneficial for a distortion tolerant fan. The three-dimensional intake geometry in
combination with the flow deceleration and the fan design parameters can be considered
simultaneously by taking advantage of this design methodology.

Aft-propulsor

The integration of a propulsor that ingests the fuselage boundary layer over the entire
circumference leads to an unconventional fan design. Due to the relatively low mass flow
and the need to re-energise the low momentum fluid close to the fan hub, a fan with a
high hub-to-tip ratio is designed with a decreasing radial fan pressure ratio. The fan stage
meets the design specification and even exceeds the isentropic efficiency requirement by
0.74%. This design philosophy is able to reduce the distortion intensity downstream of
the fan stage by 30% compared to the inflow conditions.

In addition, the effect of swirl distortion on flow redistribution and fan performance is
identified. The flow redistribution is essentially unaffected by the swirl distortion. Thus, the
static pressure field remains mainly the same compared to the isolated stagnation pressure
distortion. The swirl distortion is attenuated over a large part of the annulus, but the swirl
remains in the flow at the rotor inlet. However, the flow redistribution is able to change
the swirl direction in the hub region at +90°.

The fan performance in terms of corrected mass flow, fan pressure ratio and fan ef-
ficiency is only slightly reduced. The distortion attenuation increases compared to the
isolated distortion and the distortion intensity downstream of the fan decreases by 40%
compared to the inflow distortion. Based on these findings, it is sufficient to consider
only the stagnation pressure distortion at an early design stage. As the design maturity
increases, the combined distortion should be considered to include all relevant flow fea-
tures.

6.3. Future work

In future studies, a deeper insight into the unsteady effects of boundary layer ingestion
can improve the understanding of distortion tolerant fan design. The unsteady work in-
put could be demonstrated by evaluating cascades with varying inflow conditions. These
results would lead to a quantification of the unsteady stagnation temperature rise that
occurs in BLI flows. Furthermore, the viscous loss generation due to non-homogeneous
inflow needs to be studied in greater detail in order to understand the effect of lower
loss generation in the co-swirl region, which is also characterised by positive incidence.
Another effect expected to be caused by unsteadiness is the blade force variation of the
aft-propulsor in chapter 5. Understanding all of these effects is necessary to further im-
prove the aerodynamic and aeromechanical performance of distortion tolerant fans. Fur-
thermore, this knowledge can be used to improve the specific loss and work input models
within the preliminary design methodology.
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As mentioned in the literature review in chapter 2, the loss generation associated with
the tip gap flow in the counter-swirl region is the dominant loss mechanism that detri-
mentally affects BLI fan performance. Therefore, a distortion tolerant fan stage needs to
attenuate this flow feature. On the one hand, this can be achieved by unloading the tip
section of the blade. On the other hand, passive flow control devices could have a benefi-
cial effect on the overall fan performance. Non-axisymmetric casing treatments or the use
of brush seals could improve local flow conditions and lead to lower losses. Reducing loss
generation at this specific location of the annulus is expected to significantly increase the
efficiency of BLI fans.
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A. Appendix

A.1. Velocity triangle definition

Figure A.1 shows the velocity triangle definition
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Figure A.1.: Velocity triangle and flow angle definition.
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A. Appendix

A.2. Favre and Reynolds-averaged Navier-Stokes equations

0

g[P(£+

dp d .
§+a I_(Pui)*o (A1)
D o)+ 2 (puy) = 0P 1 0%
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A.3. Generic boundary layer description

In chapter 1 the advantages of BLI engines are introduced and the BLI related flow fea-
tures are comprehensively described in chapter 2. This subsection describes the generic
boundary layer description which is taken advantage of in this study. The boundary layer
modelling assumes a fully turbulent flat plate as described in Schroder (2010). The flat
plate has an infinite extension in the direction of the z coordinate. Thus, the boundary
layer profile is dependent on the x and y coordinate Schroder (2010). All flow features
which are associated with curved surfaces are neglected. As boundary layer properties
are dependent on the Reynolds number, the definition of the Reynolds number is given
in eq. (A.4). The nominator represents inertial forces and the denominator accounts for

viscous forces.
P oo X  Uo'X

n \%
According to the boundary layer model the boundary layer thickness & increases in depen-
dence on the axial length of the plate x and the axial Reynolds number.
0.37

Re(x)'/5

Turbulent velocity profiles u can be divided into a time-averaged velocity component z and
a fluctuating velocity «’. Figure A.2 shows the non-dimensional velocity profile within a
boundary layer. Due to the slip condition at the surface, there the flow satisfies eq. (A.6).

Re(x) = (A.4)

S(x) = (A5)
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Figure A.2.: Non-dimensional velocity profile within a fully turbulent flat plate boundary
layer according to Schroder (2010).

u(y=0)=0. (A.6)

Then the averaged velocity profile is only dependent on the freestream velocity u.., the
boundary layer thickness & and the position perpendicular to the flow.

(y) = it - (g)”’ A7)

Under the consideration of ideal gas, the definition of the flight Mach number and the
Sutherland-law, the calculation of the stagnation pressure profile can be performed.
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A.4. Blade forces
Within RANS the blade force vector is given by:
ﬁ = (PwﬁJr ‘L-WLTI) ‘A (AS)

where p,, is the pressure at the face, 7 is the outward pointing unit face normal, t, is the
wall shear stress, i, is the part of the normalized velocity at the inner cell next to the face
parallel to the face, and A is the face area.

Within SLC the momentum balance around the blade is solved in the axial and circum-

ferential direction.
/ pE(aﬁ)dA = //p'ﬁdA‘i'Zﬁexternal (Ag)
A

A
E‘es:\/Fx—z‘FF@z‘FEz (A1O)

Within SLC F, is neglected.
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A.5. Entropy related analysis

Entropy is a quantity which is related to the static pressure, static temperature and a specific
reference state.

d )—R-in(-£-) (A1)

Tref. Pref.

Throughout this study the reference pressure p;.r is 35000Pa and the reference tempera-
ture Ty is 250K.

As =5—Spef. = cp-In(

The formula for the time derivative of the entropy is:

ds  s0—511

T T T A

(A.12)

The standard deviation of the time derivative of the entropy is:

(A.13)
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A.6. Fuselage embedded turbofan

A.6.1. Spanwise fan pressure ratio
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Figure A.3.: Flow path. From left to right: ascending, constant, descending.

Table A.1.: Operating points at ADP.
i Hcorrected HI Nis.
[kg/s]  [kgfs] [

ascending  SLC  256.7 685.2 1.3093 0.9246
RANS 256.5 684.3 1.3020 0.9017

constant SLC 2529 677.7 1.3172 0.9161
RANS 253.1 675.3 1.3102 0.8996

descending SLC 2505 668.7 1.3180 0.9205
RANS 250.7 668.8 1.3131 0.8907

Table A.2.: Operating points in case of BLI.

m Mcorrected Ht

lka/s]  [kgfs] [
ascending BLI SLC 25324 682.67 1.3074
BLI uRANS 252.88 680.59 1.3021
constant BLI SLC 249.86 673.60 1.3212
BLI uRANS 248.57 66893 1.3138
descending BLI SLC 247.97 668.69 1.3107
BLIURANS 24599 661.94 1.3187
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Figure A.4.: Relative Mach number at the aerodynamic interface plane.
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A.7. Aft-propulsor

A.7.1. Derivation of the formula of the achievable fan pressure ratio near

the hub
(k—1)/x
I} -1
is = ——— A.14
M= = (A14)
Solving for I1, gives:

I, = (- (5 — 1)+ 1)/ (A.15)

The definition of the stagnation temperature ratio 7, is:

T}ﬂut T; in +AT; ATt

== —— =1t — A16
o Tr,in Tr,in * Tl,in ( )

The Euler work equation for non-swirling inflow leads to the product of the blade velocity
u times the circumferential velocity component in the absolute frame of reference cg aps.2.
In adiabatic flow this is equal to the stagnation enthalpy rise.

a = Uout * CO.abs.,out — Uin - C.abs..in = uzmtACG.ub.s.‘out =Cp- (T[A,oul - 7;‘.in) =Cp- AT[ (A 1 7)

Applying the definition in eq. (A.16) and eq. (A.17) to eq. (A.15) leads to:

AT, Uout * €O abs.ou —
T = (i () YO = (- (P52 VD Ay
Jin pAtin

The definition of the blade velocity is given in eq. (A.19).

i—wr=NT (A19)

30

A simplification of the downstream velocity triangle can be introduced by considering the
work coefficient near the hub, which relates both velocities.

Y, = 22 (A.20)

Replacing the velocity cg o bY x - ey and introducing the definition of the blade velocity
which is given in eq. (A.19) leads to:

Wb * Uout * Uo, K Whup - Nt )2 K
Fi o Mo 3y Pho ()" o (A.21)

T juy = (Mis -
Cp- Y;.in Cp- 7;‘,in
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A.7.2. Stagnation pressure distortion
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Figure A.5.: Spanwise inflow conditions at rotor inlet in terms of meridional velocity (a) and
(e), circumferential velocity (b) and (f), incidence (c) and (g) and relative Mach
number (d) and (h).
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Figure A.6.: Fan pressure ratio projected on fan inlet plane (a), and local operating points
stemming from SLC (blue) and uRANS (black) in (b) and (c).
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A.7.3. Stagnation pressure and swirl distortion
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Figure A.7.: Fan pressure ratio projected on fan inlet plane of the combined distortion (a),
and local operating points stemming from the stagnation pressure (black) and

combined distortion (red) in (b) and (c)
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Figure A.8.: Meridional velocity distribution stemming from the stagnation pressure distor-
tion (a) and the combined stagnation pressure and swirl distortion (b).
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Figure A.9.: Incidence distribution stemming from the stagnation pressure distortion (a)
and the combined stagnation pressure and swirl distortion (b).
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Figure A.10.: Mach number distribution stemming from the stagnation pressure distortion
(a) and the combined stagnation pressure and swirl distortion (b).
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