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Rumpfgrenzschichteinsaugung, Störungstoleranter Fan, Aerodynamische Fanauslegung, 
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Aerodynamische Vorauslegung und Bewertung grenzschichteinsaugender Fans 
Universität der Bundeswehr München 
 
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 Anströmbedingungen ausgesetzt. Die 
Berücksichtigung der Inhomogenitäten ist insbesondere in der aerodynamischen Vorauslegung 
eine Herausforderung, da die Berechnung der BLI-Strömung entweder sehr zeitaufwendig ist 
oder die Methoden lediglich globale Leistungsdaten statt detaillierter Strömungsfelder liefern und 
damit den umfangreichen Einsatz im Vorentwurf limitieren. 
In dieser Arbeit wird eine numerisch effiziente aerodynamische Vorentwurfs- und 
Bewertungsmethodik für grenzschichteinsaugende Schuberzeuger entwickelt. Innerhalb der 
Methodik werden ein Reynolds-averaged Navier-Stokes-Ansatz (RANS) und ein 
Stromlinienkrümmungsverfahren miteinander gekoppelt. Der RANS-Ansatz wird für die 
Berechnung der Strömungsumverteilung im Einlauf verwendet, wohingegen das 
Stromlinienkrümmungsverfahren um ein Modell zur Erfassung der infolge BLI auftretenden 
Strömungsumverteilung erweitert und zur Berechnung der lokalen Fanbetriebspunkte am 
Umfang verwendet wird. Während der Entwicklung der Methodik werden die Strömungsfelder 
und die sich daraus ergebenden lokalen Betriebspunkte durch instationäre RANS (uRANS) 
Berechnungen umfassend verifiziert, die instationären Effekte des Leistungseintrages und der 
Verlustgenerierung diskutiert und die Grenzen der Methodik erläutert. Insgesamt ist die Methodik 
in der Lage, den numerischen Aufwand für eine BLI-Bewertung von 10000 CPUh für detaillierte 
uRANS-Berechnungen auf etwa 3 CPUh zu reduzieren und gleichzeitig eine hohe Güte der 
Betriebspunktberechnung zu erzielen. 
Die Methodik wird dann auf zwei verschiedene Fanintegrationen angewandt. Für das 
Integrationsszenario rumpfeingebetteter Turbofans werden drei radiale Verteilungen des Fan-
Totaldruckverhältnisses 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 einlaufstörungstolerante, in den Rumpf eingebettete Fans ein 
höheres Totaldruckverhältnis als konventionelle Fans. Die radiale Totaldruckverteilung erfordert 
ein ausreichend hohes Totaldruckverhältnis innerhalb der Totaldruckstörung, um den Impuls des 
Grenzschichtfluids zu erhöhen, und der Blattspitzenbereich des Rotors sollte leicht entlastet 
werden, um hohe Spaltverluste zu vermeiden. 
Das zweite Integrationsszenario ist ein heckintegrierter Fan, der über den gesamten 
Rumpfumfang Grenzschichtfluid einsaugt. Der Schuberzeuger verfügt über ein radial abfallendes 
Totaldruckverhältnis, mit dem Ziel die Totaldruckstörung am Fanaustritt zu reduzieren. Die neue 
Methodik wird verwendet, um die Fanstufe auszulegen und eine BLIBewertung vorzunehmen. 
Instationäre RANS-Rechnungen verifizieren die Vorentwurfsergebnisse und zeigen die 
Anwendbarkeit der Methodik auf dieses Integrationsszenario. In einem weiteren Schritt wird die 
Auswirkung der überlagerten Drallstörung untersucht. Dabei zeigt der einlaufstörungstolerante 
Fan nur geringe Variationen des Betriebspunktes und die Fähigkeit die Störung abzumildern ist 
weitgehend unbeeinflusst. Daher ist es im aerodynamischen Vorentwurf ausreichend lediglich 
die Totaldruckstörung zu berücksichtigen. Schließlich wird der effiziente Einsatz der Methodik 
demonstriert, indem verschiedene BLI-Betriebspunkte innerhalb des Fankennfelds berechnet 
und diskutiert werden. 
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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 Anströmbedingungen ausge-
setzt. Die Berücksichtigung der Inhomogenitäten ist insbesondere in der aerodynamischen
Vorauslegung eine Herausforderung, da die Berechnung der BLI-Strömung entweder sehr
zeitaufwendig ist oder die Methoden lediglich globale Leistungsdaten statt detaillierter
Strömungsfelder liefern und damit den umfangreichen Einsatz im Vorentwurf limitieren.

In dieser Arbeit wird eine numerisch effiziente aerodynamische Vorentwurfs- und Be-
wertungsmethodik für grenzschichteinsaugende Schuberzeuger entwickelt. Innerhalb der
Methodik werden ein Reynolds-averaged Navier-Stokes-Ansatz (RANS) und ein Stromli-
nienkrümmungsverfahren miteinander gekoppelt. Der RANS-Ansatz wird für die Berech-
nung der Strömungsumverteilung im Einlauf verwendet, wohingegen das Stromlinienkrüm-
mungsverfahren um ein Modell zur Erfassung der infolge BLI auftretenden Strömungs-
umverteilung erweitert und zur Berechnung der lokalen Fanbetriebspunkte am Umfang
verwendet wird. Während der Entwicklung der Methodik werden die Strömungsfelder
und die sich daraus ergebenden lokalen Betriebspunkte durch instationäre RANS (uRANS)
Berechnungen umfassend verifiziert, die instationären Effekte des Leistungseintrages und
der Verlustgenerierung diskutiert und die Grenzen der Methodik erläutert. Insgesamt ist
die Methodik in der Lage, den numerischen Aufwand für eine BLI-Bewertung von 10000
CPUh für detaillierte uRANS-Berechnungen auf etwa 3 CPUh zu reduzieren und gleichzeitig
eine hohe Güte der Betriebspunktberechnung zu erzielen.

Die Methodik wird dann auf zwei verschiedene Fanintegrationen angewandt. Für das
Integrationsszenario rumpfeingebetteter Turbofans werden drei radiale Verteilungen des
Fan-Totaldruckverhältnisses 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 einlaufstörungstolerante, in den Rumpf
eingebettete Fans ein höheres Totaldruckverhältnis als konventionelle Fans. Die radiale To-
taldruckverteilung erfordert ein ausreichend hohes Totaldruckverhältnis innerhalb der To-
taldruckstörung, um den Impuls des Grenzschichtfluids zu erhöhen, und der Blattspitzen-
bereich des Rotors sollte leicht entlastet werden, um hohe Spaltverluste zu vermeiden.

Das zweite Integrationsszenario ist ein heckintegrierter Fan, der über den gesamten
Rumpfumfang Grenzschichtfluid einsaugt. Der Schuberzeuger verfügt über ein radial ab-
fallendes Totaldruckverhältnis, mit dem Ziel die Totaldruckstörung am Fanaustritt zu re-
duzieren. Die neue Methodik wird verwendet, um die Fanstufe auszulegen und eine BLI-
Bewertung vorzunehmen. Instationäre RANS-Rechnungen verifizieren die Vorentwurfs-
ergebnisse und zeigen die Anwendbarkeit der Methodik auf dieses Integrationsszenario.
In einem weiteren Schritt wird die Auswirkung der überlagerten Drallstörung untersucht.
Dabei zeigt der einlaufstörungstolerante Fan nur geringe Variationen des Betriebspunktes
und die Fähigkeit die Störung abzumildern ist weitgehend unbeeinflusst. Daher ist es im
aerodynamischen Vorentwurf ausreichend lediglich die Totaldruckstörung zu berücksichti-
gen. Schließlich wird der effiziente Einsatz der Methodik demonstriert, indem verschiedene
BLI-Betriebspunkte innerhalb des Fankennfelds berechnet und diskutiert werden.
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Nomenclature

Latin letters

A cross-section area m²

a polynomial coefficient static pressure approximation -

a specific work J/kg

a/c² dimensionless cross-section area of an airfoil -

b axial length diffusor in chapter 2 m

b blockage -

b boundary layer width m

b polynomial coefficient static pressure approximation -

c chord length m

c polynomial coefficient static pressure approximation -

c velocity in absolute reference frame m/s

cp isobaric heat capacity J/(kg·K)

D diameter m

d polynomial coefficient static pressure approximation -

DC distortion coefficient -

DF diffusion factor -

DH DeHaller number -

DI distortion intensity -

E power W

e polynomial coefficient static pressure approximation -

F blade or thrust force N

f polynomial coefficient static pressure approximation -

g polynomial coefficient static pressure approximation -

h specific enthalpy J/kg

hrel. relative channel height -

XI



XII Nomenclature

httr hub-to-tip-ratio -

i incidence °

L intake length m

Ma Mach number -

MVDR meridional-velocity-density-ratio (ρout · cm,out )/(ρin · cm,in) -

ṁ mass flow kg/s

ṁcorrected ISA corrected mass flow ṁcorrected = ṁ · pISA
pt
·
√

Tt
TISA

kg/s

N rotational speed 1/min

P power W

p pressure Pa

q dynamic pressure Pa

q heat flux W

q streamwise station in streamline curvature -

R radius at the casing m

R specific gas constant J/(kg·K)

r coordinate r m

Re Reynolds number -

s pitch m

∆s specific entropy ∆s = s - sre f . = cp · ln( T
Tre f .

)−R · ln( p
pre f .

) J/(kg·K)

ṡ time derivative of the entropy J/(kg·K·s)

s/c pitch-chord-ratio -

SM surge margin -

stc stream tube contraction -

T temperature K

t time s

u blade velocity and fluid velocity m/s

w velocity in relative reference frame m/s

x axial position of engine integration m

x coordinate x m

y coordinate y m



Nomenclature XIII

y+ dimensionless wall distance -

Greek letters

α swirl angle °

δ boundary layer thickness m

δ deviation °

η efficiency -

η kinematic viscosity m²/s

γ stagger angle °

ν dynamic viscosity Pa·s

ω angular speed 1/s

ω blade/vane stagnation pressure loss coefficient = pt,in−pt,out
qin

-

ω fan cycle stagnation pressure loss coefficient = pt,in−pt,out
pt,in

-

Φ energy loss W

Φ flow coefficient cax,mean/umean -

Πt−s stagnation to static pressure ratio pout/pt,in -

Πt stagnation pressure ratio pt,out/pt,in -

Ψ work coefficient ∆ht/u2
mean -

ρ density kg/m³

σ standard deviation -

σa stress of a fan blade Pa

τ shear stress Pa

τ temperature ratio -

Θ coordinate in the circumferential direction °

Superscripts

~ vector

’ fluctuation of a quantity

¯ area average

ADP aerodynamic design point

Subscripts

∞ free stream conditions



XIV Nomenclature

Θ circumferential direction

1 time 1

2 time 2

60° segment with circumferential extent of 60°

abs absolute reference frame

ADP aerodynamic design point

avg. average

ax. axial direction

BLI averaged value due to BLI

c curvature

corrected ISA-corrected conditions

distortion inside of the boundary layer

external external

high high value of a quantity

hub hub section of a blade

i,j running index

in inlet

intake intake

is. isentropic

jet jet

kin. kinetic

L,N maximum index

LE leading edge

low low value of a quantity

m meridional

mean mean flow in static pressure approximation

mean radius at which the half of the cross sectional area is

mid half way between mean flow and extrema in static pressure approxi-
mation

midspan 50% span



Nomenclature XV

min. minimum or worst

net netto

nozzle quantity at nozzle exit

out outlet

prop. propulsive

ref. reference

rel relative frame of reference

res vector length

surface surface of the aircraft

surge operating point at the stability limit

t stagnation quantity

t tip

t-s stagnation-to-static

thrust thrust

tip tip section of a blade

trans. transfer

w wall

wake wake of the aircraft

working operating point for the surge margin evaluation

Abbreviations

ACDC Advanced Compressor Design Code

ADP aerodynamic design point

AIP aerodynamic interface plane

AoA angle-of-attack

BL boundary layer

BLI boundary layer ingestion

CFD computational fluid dynamics

CIP compressors in parallel

CO2 carbon dioxid

CPU central processing unit



XVI Nomenclature

DLR German Aerospace Center

FPR fan pressure ratio

ISA International Standard Atmosphere

MIT Massachusetts Institute of Technology

NACA National Advisory Committee for Aeronautics

NASA National Aeronautics and Space Administration

NOx nitrogen oxid

OGV outlet guide vane

RANS Reynolds-averaged Navier-Stokes

rpm rounds per minute

SAE Society of Automotive Engineers

SLC streamline curvature

u unsteady

UHBR ultra high bypass ratio

uRANS unsteady Reynolds Averaged Navier Stokes

VTP vertical tail plane



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 (CO2) 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 Fnet is equal to the product of the mass
flow ṁ and the velocity difference between the flight velocity c∞ and the nozzle velocity
cnozzle. When the nozzle is choked, the static pressure within the nozzle pnozzle exceeds the
ambient pressure p∞ and the net thrust increases according to the pressure force given by
the product of the nozzle area Anozzle and the pressure difference pnozzle− p∞.

Fnet = ṁ · (cnozzle− c∞)+Anozzle · (pnozzle− p∞) (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

Fnet = ṁ · (cnozzle− cavg.,in) (1.2)

1
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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∞ ·Fnet to the power associated with
the kinetic energy Pkin.

ηprop =
c∞ ·Fnet

Pkin
=

c∞ · ṁ · (cnozzle− cavg.,in)
1
2 · ṁ · (c

2
nozzle− c2

avg.,in)
(1.3)

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 cavg.,in

entering the propulsor leads to a lower velocity in the nozzle cnozzle while maintaining a
specific thrust level. Furthermore, the kinetic energy, which is added to the flow Pkin, 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



1.1. Motivation for the use of boundary layer ingesting propulsion units 3

of the momentum balance.

Pprop−Φ jet = Φsur f ace +Φwake (1.4)

Equation 1.4 shows that the propulsive power added to the flow Pprop minus the jet losses
Φ jet equals the surface losses Φsur f ace and the wake losses Φwake. 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

(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 · cΘ,out −uin · cΘ,in (2.1)

Two simplifications can help evaluating the work equation. In case of a constant radius
the blade velocity reduces to uout = uin = u and the work input reads u ·∆cΘ. 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 · cΘ,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 wout is less than win. 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

Φ =
cax

umean
(2.2)

relates the axial velocity cax to the blade velocity umean. Another dimensionless quantity is
the work coefficient, which relates the enthalpy increase ∆ht to the square of the blade
velocity.

Ψ = ∆ht/u2
mean (2.3)

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

7
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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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Π

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 (Πt−s =

pout
pt,in

) 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 Schönweitz 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 DC60° in eq. (2.4) uses the dynamic pressure in the case of incom-
pressible flow (Longley and Greitzer (1992)).

DC60◦ =
pt,360◦− pt,min,60◦

1
2 ρc2

ax
(2.4)

The denominator of the distortion intensity DI60° in eq. (2.5) is the average stagnation
pressure (SAE (2011)).

DI60◦ =
pt,360◦− pt,min,60◦

pt,360◦
(2.5)

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
(a), 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 ∆R/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 L/D between 0.6 and 0.8 while ∆R/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 DC60° 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

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 = αΘ,in,OP−αΘ,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.

δ = αΘ,out,OP−αΘ,out,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 cΘ,out . 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
(c), 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.

− 1
ρ

∂ p
∂x

= w
∂w
∂x

+
∂w
∂ t

(2.8)

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′.
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Ainb x
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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.

T ds = dh− 1
ρ

d p (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).∫ b
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dx =−

∫ b

0
ρ

∂w′

∂ t
1

1+ Aout−Ain
Ainb x

dx+
∫ b

0
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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 t1 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 t2 particle A, which entered the passage at t1, 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 (Πt = 1.7) and a low fan pressure
ratio (Πt = 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 Φ= cax

u . 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
Schönweitz 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), Mårtensson 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 Mårtensson 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. Mårtensson 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. Kožulović (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 Iura 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 Iura and Rannie
(1954)). Therefore, the average mass flow in stall operation remains largely constant (see
Iura 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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(a)
(b)

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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Π

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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