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Abstract

Boundary layer ingestion has emerged as a potential propulsion concept on novel aircraft configurations for the future. As these
concepts progress, preliminary design tools are required that enable the simulation of these aircraft and the rapid analysis of multiple
configurations. Simulation tools for boundary layer ingesting propulsion systems tend to focus on proving performance benefits at
design point. However, the simulation of aircraft configurations that utilise boundary layer ingestion requires a method to simulate
the propulsion system at a range of flight conditions other than design point. A tool is therefore required to enable simulations at
off-design. This research presents a work flow to simulate a boundary layer ingesting propulsion system at design and off-design.
The process is intended as a tool for design space exploration and the rapid analysis of concepts at the conceptualisation phase.
Boundary layer calculations have been combined with conventional 1-D gas turbine performance methods to predict performance
of a propulsion system at design point. This method is then extended to enable simulations at off-design conditions for a range
of flight conditions or propulsion system power settings. The formulation provides a thrust-drag representation that supports
conventional aircraft simulation tools. A case study of an aircraft configuration which utilises an array of boundary layer ingesting
propulsors is used to demonstrate the process. The performance of individual propulsors in the array is compared at off-design.
Simulations found that, although each propulsor was sized for the same propulsive force at design point, off-design performance
diverged depending on operating conditions. In addition, the performance of the propulsor array as a whole was predicted as a
function of altitude and Mach number. The case study is used to draw general conclusions on the performance characteristics of a
boundary layer ingesting propulsor.
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FPR  Fan pressure ratio

FS Free-stream

MAG Mass flow non-dimensional group
NPF  Net propulsive force

PSC  Power saving coefficient

Re Reynolds Number

SPC  Specific power consumption

1. Introduction

Aircraft concepts are being developed that make use
of novel configurations to achieve improvements in ef-
ficiency through performance benefits to the airframe
and propulsion system. Boundary layer ingestion (BLI)
is one such technology that has been implemented in
a number of conceptual designs. In an aircraft, the
boundary layer contributes to drag and leads to a mo-
mentum deficit, or wake. The boundary layer can be
similarly detrimental to the propulsion system, as a tur-
bulent boundary layer gives rise to non-uniformities in
the flow which negatively impact performance. Con-
ventional propulsion system design therefore typically
seeks to avoid ingesting any boundary layer flow. How-
ever, boundary layer ingestion provides a way in which
the boundary layer may be used to improve the overall
efficiency of the aircraft and reduce fuel consumption.
The resulting lower momentum of the boundary layer
flow reduces the momentum drag of a propulsion sys-
tem. The same thrust may therefore be produced using
less power than an equivalent propulsion system in free-
stream flow [1]. Research has shown that fuel savings in
the region of 5-10% can be achieved by using boundary
layer ingestion [2, 3, 4]. However, significant distortion
can negate the efficiency benefits of a BLI system [1].

Performance simulation of the typical podded en-
gines on a conventional transport aircraft is a well-
established process. The method allows for a relatively
simple thrust and drag accounting between the aircraft
and its engines. However, this distinction is a greater
challenge for a BLI propulsion system. Flow that en-
ters the intake of a BLI propulsion system is not clean
free-stream air flow. Rather, it has travelled over the air-
craft surface ahead of the intake. The separation of the
airframe and propulsion system is therefore more chal-
lenging.

Research on the simulation of BLI systems can be
broadly split into two categories: computational fluid
dynamic (CFD) analyses of the problem as a whole, and
lower-order analytical methods. CFD methods are use-
ful for the analysis of the combined aircraft and propul-
sion system. However, CFD is computationally expen-
sive and is therefore less useful for the preliminary de-

sign phase. It is useful to have a rapid, low-order an-
alytical method to evaluate competing technologies or
for the process of configuration down-selection.

As an alternative to CFD, analytical methods may be
used. Force control volumes have been used to esti-
mate the performance of the propulsion system [1, 5, 6].
These control volumes typically deal with the propul-
sion system as an isolated or uninstalled system in a
similar manner to conventional propulsion system anal-
ysis. The boundary layer is generally represented in
these methods as a deficit in mass flow, momentum and
kinetic energy relative to free-stream flow. The distorted
flow of the boundary layer may also result in a reduc-
tion in fan or compressor efficiency and a greater total
pressure loss in the intake duct. To circumvent the dif-
ficulty of thrust-drag bookkeeping, the power balance
method developed by Drela assesses the aircraft sys-
tem as a whole [7]. A similar method was presented by
Arntz et al. that uses an exergy analysis of the aircraft
and propulsion system [8]. However, such methods are
reliant on a more detailed knowledge of the aircraft and
propulsion system configuration. In addition, conven-
tional point-mass based aircraft performance models are
often reliant on the ability to separate the thrust and drag
of the aircraft and propulsion system. Force control vol-
ume methods are therefore more suitable for the pur-
poses of preliminary design and performance analyses.

Typically, research on performance of BLI systems
focuses on proving the efficiency benefits of a BLI sys-
tem. Hence, the focus is on sizing and performance
at design point. There is therefore a gap in research
of tools for off-design simulation of a BLI propulsion
system. The identified force control volume methods
use a thrust and drag accounting system similar to the
uninstalled performance calculations for conventional
podded engines [1, 5, 6]. However, BLI systems are
inherently integrated and must include aspects of the
aircraft configuration to sufficiently represent perfor-
mance. This work therefore builds on previous force
control volumes to attempt to address this particular and
key aspect of the technology assessment. The aim is to
develop a novel method that includes the integration as-
pects of the system, whilst remaining flexible enough
to accommodate design changes or to be used for dif-
ferent configurations, on a consistent basis. The goal
is to create a rapid low-order work flow for use during
the preliminary design phase of a BLI propulsion sys-
tem and aircraft that can be integrated within conven-
tional propulsion system/aircraft performance methods.
The method has been applied on a case study aircraft,
NASA’s N3-X, to demonstrate the developed simulation
process.
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2. Theory

2.1. Thrust and Drag Accounting

The forces produced by an aircraft in flight can be
split to belong to either a propulsion system or an air-
frame force accounting system [9]. Differentiating these
forces is a relatively simple matter for an aircraft with
podded engines, as there is limited interaction between
the engine and airframe. For aircraft with more inte-
grated architectures it becomes more difficult to differ-
entiate between the airframe and the propulsion system
[3]. A boundary layer ingesting propulsion system is an
integrated system with performance influenced by air-
flow over the airframe. Performance may therefore be
represented by a Net Propulsive Force (NPF), which can
include the forces associated with engine integration in-
cluding the engine cowl and afterbody, spillage drag,
and interference drag.

In a BLI system, flow entering the intake has passed
over the surface of the aircraft fuselage. It could there-
fore be argued that the entire fuselage section prior to
the intake is a part of the propulsion system control vol-
ume. This leads to the requirement to define an appro-
priate control volume for an integrated BLI propulsion
system. Two potential definitions of control volume for
a boundary layer ingesting propulsion system are de-
fined here as an internal (propulsion system only) and
external (propulsion system and airframe surface up to
the leading edge) control volume. In an internal control
volume, the airframe drag ahead of the intake is influ-
enced by the suction of the propulsion system. Airframe
drag estimates therefore rely on the propulsion system
operating point. In an external control volume, the con-
trol volume starts at the leading edge, starting in free-
stream flow and covering the entire region ahead of the
intake. However, this control volume includes all the
skin friction drag ahead of the propulsion system intake.
Propulsion system performance calculations therefore
include airframe drag. In both cases, the boundary layer
profile is required to estimate the characteristics of flow
entering the intake.

Instead, a suitable interface point, i, can be chosen
which indicates the region where engine thrust and drag
can be separated from the aircraft flight conditions, and
aircraft drag can be separated from engine performance
(Figure 1). This is estimated to lie approximately two
inlet heights ahead of the highlight [10, 11]. In some
configurations, the local flow speed just outside the
boundary layer may not be the same as the flight ve-
locity. This is generally the case for a BWB configura-
tion, where the aerofoil cross-section means that there is
a velocity profile from the leading to trailing edge. It is

therefore also useful to define i0 as the local free-stream,
i.e. just outside the boundary layer.

A BLI propulsion system is generally mounted on the
fuselage surface. In the clean aircraft case, the drag
of this wetted surface area is accounted for in the air-
frame drag calculation. Once the propulsion system is
installed, the drag of this surface is now covered by the
propulsion system control volume. This portion of the
fuselage drag should therefore be removed from the to-
tal airframe drag. Hence, the net propulsive force for a
BLI system may be defined as follows:

NPF = FG9_FGi_TW,iS wet,i_Dnacelle +AD = Daircraft,clean
(H
Where Fgy is the gross thrust, Fg; is the momentum
drag, 7,,;Swet; 1s the skin friction of the surface from
the interface point to the intake highlight, Dy,cerie is the
nacelle drag, AD is the skin friction drag of the airframe
surface covered by the propulsion system control vol-
ume and Dircraft clean 1S the drag of the aircraft without
the propulsion system. Fg can be defined as follows:

Fg = ru + A(p = po) 2

The difference between Fg9 and Fg; is analogous to
the conventional net thrust term used in propulsion sys-
tem performance reporting. For a free-stream propul-
sor, Fg; is equal to Fgo. In addition, the skin friction
is no longer a part of the control volume. The defini-
tion of NPF therefore becomes similar to the conven-
tional thrust definition for a free-stream system. For an
aircraft of a fixed size (i.. Dajrcraficlean CONStant), the
net propulsive force required from the system at design
point is constant. The installed BLI system can there-
fore be simulated independently from the aircraft per-
formance. The only airframe inputs to the propulsion
system performance are the local flow conditions.

2.2. Boundary Layer Flow Characteristics

Equations which describe the flow in a boundary
layer can be derived from the Navier-Stokes equations
for viscous flow. These equations reduce to a more eas-
ily solvable form than the full Navier-Stokes equations
through the application of appropriate limits to the in-
tegrals and with the use of velocity profile approxima-
tions [12]. The 1/n™ power law relationship provides
one form of velocity profile approximation, where a typ-
ical value used to approximate a fully developed bound-
ary layer is n = 7 [13]. In addition to the boundary
layer thickness, 6, a number of additional dimensions
that define the boundary layer are available: the dis-
placement thickness (6*), momentum thickness (), and
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Figure 1: Propulsion system control volume and station definition.

energy thickness (6%) [14]. Each boundary layer thick-
ness term represents the distance by which the surface
would have to be displaced in an inviscid flow in or-
der to result in the same mass flow, momentum or ki-
netic energy as the viscous flow. Boundary layer flow
characteristics may be represented as non-dimensional
parameters by applying these boundary layer thickness
definitions. For the purposes of this research, the mass
flow is represented as a non-dimensional parameter, the
‘mass flow group’ (MAG) [11]:

%
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Flow in the boundary layer also has total pressure deficit
and a reduction in velocity relative to free-stream flow.
These can be calculated as a mass flow-averaged values:
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The primary purpose of this step in the process is to ob-
tain three flow characteristics needed for propulsion sys-
tem performance calculation: mass flow, velocity, and
total pressure. Any of the numerous methods available
for determining boundary layer characteristics may be
applied, provided that they produce the required flow
characteristics.

2.3. Inlet Flow Characteristics for a BLI System

Depending on its size, flow ingested by the propul-
sion system may be more than (/6 > 1), less then
(h/6 < 1) or only the boundary layer (h/6 = 1). A
higher proportion of ingested free-stream air (high //06)

implies a system with inlet flow characteristics tend-
ing to free-stream. In the case where the propulsion
streamtube is the same size of the boundary layer, the
inlet flow characteristics are represented by Equation 3,
Equation 4 and Equation 5. In the case where less than
the entire boundary layer is ingested, the flow character-
istics for the incoming streamtube may be estimated by
changing the limits of the previous integrals to between
0 and the streamtube height, /&, where £ is less than 6. In
the final case, ingested flow combines both free-stream
and boundary layer flow characteristics. Given the def-
inition of station i, the boundary layer flow characteris-
tics and profile can be calculated independently. How-
ever, flow characteristics for the streamtube as a whole
will be influenced by the ratio of free-stream to bound-
ary layer air, i/6 . For the mass flow, this may be calcu-
lated as follows:

Mol TS + WBL (h
Poloiow

2_1)+MAG  (6)
PoloiOW 0

The total pressure deficit and average velocity of the
streamtube flow must be averaged over the entire in-
let stream. However, total pressure for flow outside the
boundary layer is constant (P, = Pgy). This splits the
integral into boundary layer (y between 0 and 6) and
free-stream flow sections (y between ¢ and h):

(4~ 1) + MAG(Z2)
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The average velocity in the combined stream may be
likewise calculated by integrating over the entire stream:

5 (5-1+MAG(E)
w (L -1)+MAG
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2.4. Off-Design Performance

A key aspect of developing a new model for simulat-
ing a boundary layer ingesting propulsion system was
to enable the use of the model over the full aircraft mis-
sion profile. The reviewed literature presented at the
beginning of the chapter does not provide a method for
simulating BLI propulsion systems at off-design. There-
fore, this section will detail the extension of the design
point method detailed in the previous sections for use
at off-design and hence any altitude, Mach number, or
propulsion system power setting.

The performance of a propulsion system at off-design
can be represented by maps that relate pressure ra-
tio, mass flow, rotational speed and/or efficiency of
each propulsion system component. At off-design, the
change in mass flow demanded by a propulsor may be
represented by the selected component running lines.
This depends on the configuration of the components,
such as nozzle area, or variable subcomponents such as
inlet guide vanes. The mass flow demand may be pre-
sented as a non-dimensional mass flow (NDMF) inde-
pendent from the flight conditions:

NDME = YT )

P

The running line of the component provides a relation-
ship between the mass flow through the component, its
pressure ratio, rotational speed, and efficiency. The
mass flow demanded by the operating point of each
component must be matched to the operating point of
other components within the propulsion system. The
size of the inlet stream varies depending on the mass
flow demand, with a high mass flow demand resulting
in a larger cross-sectional area for the incoming stream-
tube of air. For a BLI system, the size of the stream-
tube will have a noticeable effect on the characteristics
of the flow entering the intake. An engine operating
with a high capture area ratio will ingest predominantly
free-stream air, with a very high ratio of 4/6. In con-
trast, a propulsor operating with a low capture area ratio
may ingest predominantly boundary layer. The bound-
ary layer thickness is also a function of the flight ve-
locity, amongst other factors. The flow characteristics
required for the non-dimensional mass flow are there-
fore a function of the size of the capture streamtube and
hence the mass flow demand.

Given the definition of station i, the boundary layer
flow characteristics are determined by the Mach num-
ber and altitude, regardless of the propulsion system
power setting. These may therefore be calculated inde-
pendently from the streamtube size. However, given the

relationship between flow characteristics and the size of
the inlet stream, a mass flow-matching procedure is re-
quired to match the upstream mass flow and streamtube
size to the mass flow demanded by the propulsor (Fig-
ure 2):

1. Use standard mass flow matching procedures to

obtain propulsor component operating speed line

2. Determine the boundary layer flow characteristics

3. Guess streamtube height, & to determine stream-

tube flow characteristics and mass flow

4. Calculate mass flow at the fan face from the mass

flow demand, NDMF

5. Repeat from Step 3 until streamtube mass flow

matches propulsion system mass flow demand
The mass flow matching method is a generic workflow
that is intended to be applicable for any propulsion sys-
tem configuration. The goal of the mass flow matching
process is to determine inlet flow characteristics, given
that the capture area ratio and hence %/¢ is initially un-
known. The procedure should be included within the
matching process for the component operating points to
determine the engine’s overall operating point. Once
the engine’s operating point has been determined and
the mass flow matching procedure is complete, the per-
formance of the propulsion system may be estimated by
following conventional 1D gas dynamics methods.

The method does not assess the behaviour of the
boundary layer once it has entered the propulsion sys-
tem control volume. In addition, the integrals presented
in the previous section are 1D. A number of general as-
sumptions are therefore used: Flow at station i is inde-
pendent of propulsion system mass flow demand. Con-
stant ratio of free stream to boundary layer air, /6, from
the interface point onwards. Streamtube flow charac-
teristics are averaged from the interface point onwards.
Square streamtube cross-section of constant width, w.
Flow characteristics do not vary significantly along the
width of the streamtube.

2.5. Representing the Efficiency of a BLI System

The performance benefit of a BLI system is often rep-
resented in research in terms of a power saving coeffi-
cient (PSC) [2]. This term represents the power con-
sumption of a propulsion system producing a fixed NPF
with boundary layer flow in comparison to a free-stream
propulsion system. Positive PSC represents a propul-
sion system that is more efficient than an equivalent in
free-stream. However, it is also useful to have a metric
to directly identify efficiency of a system, rather than
defining a system against which BLI should be com-
pared. A metric analogous to the thrust specific fuel
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Figure 2: BLI propulsor simulation method at off-design

consumption will also be used here; a ‘thrust specific
power consumption’:

propulsor

P
SPC = —pF (10)
This metric represents the power demanded by a propul-
sor per unit propulsive force. As with specific fuel con-
sumption, a lower SPC implies a more efficient system.
This term is useful to help identify a minimum power
configuration.

2.6. Sizing and Design Point Performance

In the case of a BLI system, changes to the propul-
sor dimensions (and hence the streamtube size) or loca-
tion with respect to the airframe will influence the aver-
aged flow characteristics at the interface point. Scaling
a propulsor is therefore not a linear relationship between
size and propulsive force, unless //6 and the propulsor
location is fixed. There are two key representations of
the influence of propulsor location on local flow charac-
teristics: a variation in local velocity (ug; = f(x, z)) and
a change in boundary layer thickness (6 = f(Re, x)).
Once a propulsor’s location is selected, the boundary
layer characteristics and propulsor streamtube charac-
teristics may be determined. The inlet flow characteris-
tics for a given value of & can then be used to estimate
the performance of the propulsor using conventional
one dimensional gas dynamics methods for propulsion
system performance. An iterative procedure is required
to obtain the propulsor size for the requisite NPF.

The impact of the boundary layer on flow entering
the propulsor is represented as three changes relative
to free-stream: a total pressure deficit, a reduction in
velocity, and a reduction in mass flow. Additional in-
let total pressure loss due to the boundary layer and
fan/compressor efficiency loss due to distortion may in-
stead be introduced as averaged numerical approxima-
tions. For the purposes of this research a NACA-1 fore-
body and circular arc afterbody was implemented for
nacelle drag estimation.

3. N3-X Case Study Definition

NASA’s N3-X conceptual aircraft [4, 15] (Figure 3)
was used as a case study to demonstrate the workflow
developed in the research. The N3-X is designed to re-
duce energy consumption by at least 60% relative to a
conventional 2005 entry-into-service aircraft. In order
to achieve this, the aircraft makes use of a number of
novel technologies including a blended wing body air-
frame, turbo-electric distributed propulsion, boundary
layer ingestion, and a superconducting electrical trans-
mission system. Publicly available data on the aircraft
was applied to demonstrate the analysis possible us-
ing the limited information available at an early design
stage. This is in keeping with the intended application
of the method as a preliminary design tool.

Figure 3: N3-X aircraft top-down sketch (not to scale)

The case study made use of publicly available data on
the aircraft and propulsor array configuration [15], and
the boundary layer profiles at the centreline of the fuse-
lage [4]. A turbulent flat plate assumption was applied
for all flight conditions to estimate boundary layer thick-
ness. To account for the discrepancy between the flat
plate assumption and the actual aircraft configuration,
the boundary layer thickness was scaled by a constant
to match the available boundary layer profiles. Local
free-stream Mach number at the edge of the boundary
layer from x/c = 0.6 to x/c = 1.0 was extracted from
the boundary layer profiles, where c is the chord length.
In the absence of full CFD data for the airframe, the
velocity profile was extended to encompass the entire
airframe. This included the assumption that the local
free-stream velocity at the edge of the boundary layer
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would be equal at any axial distance x( from the aircraft
nose. It was assumed that the airframe velocity profile
may be scaled to the flight Mach number.

The array is sized for the aerodynamic design point
(ADP) at Mach 0.84, 30,000 ft and consists of 15
propulsors with a fan pressure ratio of 1.3 and an adi-
abatic efficiency of 0.9535 [4]. The net propulsive force
required at ADP is 119 kN [16]. The propulsors are
assumed to use a variable area floating nozzle to en-
sure fan stability given the low fan pressure ratios be-
ing used for the propulsors [15]. Off-design mass flow
matching is therefore required only between the fan and
the mass flow of the inlet stream, as the nozzle area is
assume to adjust to match the fan operating point. The
fans are assumed to operate on a peak efficiency running
line. The array is sized such that each propulsor pro-
duces the same NPF at design point. As a result, each
propulsors has a different mass flow, size, and power de-
mand, mirrored about the centreline. The lowest power
fan is located at the centreline, as it ingests the thickest
boundary layer and has a relatively lower local velocity.
Power demand increases for propulsors at the extreme
end of the array, due to a thinner boundary layer and
higher local velocity [17]. The total power demand for
the propulsor array is 35.2 MW at design point (average
of 2.35 MW per propulsor).

4. Model Validation

The model was validated against previous simula-
tions for the N3-X propulsion system at design point
by Felder et al. [16]. As the research did not include
location-related or integration factors, performance was
calculated for a propulsor at the centreline of the air-
frame only. Initially, the predicted inlet stream char-
acteristics were compared to previous results derived
from CFD data. Comparison of the inlet stream prop-
erties to the NASA results shows an average difference
in Mach number of 0.015 and an average 0.2% differ-
ence in boundary layer total pressure deficit [17]. Sub-
sequently, the propulsor size from the sizing procedure
was compared. For each case, propulsor net thrust, fan
pressure ratio, inlet aspect ratio, and fan efficiency were
defined to equal values specified in previous research
[16]. The propulsor size predicted by the model was
found to match previous predictions to within 4% [17].
The validation therefore demonstrated that the differ-
ence in estimated inlet flow characteristics has only a
minor impact on sizing calculations.

5. Case Study Results

5.1. Boundary layer-related Losses

The 1-D control volume used here does not directly
represent losses due to boundary layer distortion. How-
ever, the sensitivity of performance to two distortion-
related factors was assessed. The first is a loss in total
pressure through the inlet. This term accounts for the
turbulent nature of the boundary layer, which may re-
sult in reductions in inlet efficiency on top of losses that
would normally occur in the intake duct of a free-stream
propulsion system. The second loss is a drop in fan ef-
ficiency due to the non-uniform velocity and pressure
profile at the fan face.

An increase in the total pressure loss through the
intake leads to an increase in the propulsor’s power
consumption (Figure 4a). The power consumption of
very low fan pressure ratio propulsors (FPR 1.1-1.2) is
strongly influenced by the total pressure deficit in the
propulsor, and there is a sharp increase as the deficit
increases. In order to achieve the required thrust, the
propulsion system requires an increasingly large mass
flow to compensate for a reduction in effective fan pres-
sure ratio brought about by the inlet pressure loss. This
is obtained by an increase in propulsor size, which in-
creases the ratio 7/6 and brings the inlet average flow
characteristics closer to free-stream. A higher fan pres-
sure ratio reduces the mass flow required by the propul-
sion system and hence decreases the propulsion system
size. However, power consumption is increased, as it
is a function of both mass flow and enthalpy change.
Nonetheless, a higher pressure ratio is beneficial for
power consumption in cases of high inlet pressure loss.
For a low total pressure loss (e.g. the 0.2% value quoted
in the original research on the N3-X), the propulsor
with the lowest power and highest power saving versus
a free-stream propulsor is the one with the lowest fan
pressure ratio. However, an optimum fan pressure ratio
for minimum power begins to emerge as the total pres-
sure loss increases, defining a configuration with the
lowest power consumption for the particular duct pres-
sure loss. Decreasing the efficiency of the fan results in
an increase in the enthalpy change across the fan. How-
ever, there is little change in the thrust produced and
hence propulsor size does not need to be increased. This
results in only a step increase in the power requirement
of the fan as fan efficiency is decreased (Figure 4b). A
key conclusion to highlight is that a higher power saving
versus a free-stream system may not correspond to the
minimum power configuration. A high PSC is therefore
not always the lowest power propulsion system option.
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Figure 4: Influence of efficiency loss on specific power consumption
for a propulsor on the N3-X airframe centreline at M0.84 and 30,000
ft (neglecting nacelle drag).

5.2. Individual Propulsors

Each propulsor is sized to produce the same net
propulsive force at design point. However, they will
perform differently at off-design due to differences in
propulsor size and design. In addition, each propulsor
in the array is subject to different flow conditions. The
performance of two propulsors in the array, the centre-
line propulsor and the propulsor at the far end of the
array, was simulated at the ADP flight conditions, Mach
0.84 at 30,000 ft, (Figure 5) and sea level static (Fig-
ure 6) for a range of fan rotational speeds (i.e. power
settings).

Both propulsors are sized for the same NPF at design
point, therefore, the reduction in net propulsive force
as the fan RPM reduces is similar (Figure 5a). How-
ever, the centreline propulsor produces slightly more
net propulsive force than the end propulsor as the rota-
tional speed is reduced. Both fans are assumed to oper-
ate on the same fan map (scaled to their respective non-
dimensional mass flow). Their running line is therefore

similar, with the same relationship between rotational
speed, fan pressure ratio, and efficiency. The difference
arises due to the different flow characteristics of the two
propulsors. Momentum drag for centreline propulsor is
lower, due to a thicker boundary layer and slower local
flow. The centreline propulsor is therefore able to pro-
duce more net thrust than the propulsor at the extreme
edge of the array. In addition, the SPC of the centreline
propulsor is consistently lower than propulsors further
along the span (propulsors from centreline to outer edge
plotted on Figure 5b). Reducing the rotational speed
of the propulsor reduces its power consumption and in-
creases its propulsive efficiency (due to a lower exhaust
velocity), hence SPC improves as the rotational speed is
reduced. In addition, //6 decreases as rotational speed
reduces, due to a lower mass flow demand and hence a
lower mass flow ratio. The results also highlight that a
minimum SPC point becomes apparent for the propul-
sors at the edge of the array.
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Figure 5: ADP performance of propulsors at the centreline and end of
the propulsor array as a function of rotational speed.

At sea level static the airframe boundary layer is
negligible, meaning location-specific differences do not



C. Goldberg et al. | Manuscript Submission to Aerospace Science and Technology 00 (2018) 1-11 9

play a part in performance. In addition, the capture
area ratio ratio of sea level static operation means that
any ingested boundary layer is negligible in compari-
son to the ingested free-stream flow (4/6 tends to infin-
ity). Therefore, the only difference in performance be-
tween propulsors is the difference resulting from their
size. As the fan efficiencies and inlet flow character-
istics are the same, both propulsors have the same spe-
cific power consumption for any rotational speed at SLS
(Figure 6b). However, the propulsor at the array end
is sized for a higher non-dimensional mass flow, as the
sizing process assumed that all propulsors must produce
the same NPF at design point. The propulsor at the ar-
ray end therefore produces slightly more thrust than the
centreline propulsor at SLS, as there is no difference in
momentum drag or inlet flow characteristics as a func-
tion of location at static conditions.
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Figure 6: Sea level static performance of propulsors at the centreline
and end of the propulsor array as a function of rotational speed.

5.3. Whole Array

As with a conventional system, more thrust can be
produced at low flight velocity, low altitude operating
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points (Figure 7b). At low speed, the propulsion system
is able to produce increasing amounts of thrust, as the
momentum drag reduces. At static conditions, /6 tends
to infinity, and hence the propulsor effectively operates
in free-stream flow. This is matched by a lower spe-
cific power consumption at low altitude and low Mach
numbers (Figure 6b). Although more thrust can be pro-
duced in these conditions, these conditions are also as-
sociated with a higher capture area ratio (and hence
higher #/6), which slightly reduces efficiency in com-
parison to a lower /6. The overall specific power con-
sumption nevertheless decreases overall for the system,
due to the increase in thrust produced. At the aerody-
namic design point, the lower efficiency of propulsors
at the outer edges of the array reduces the overall effi-
ciency of the array as a whole. In contrast, at low speed,
high mass flow ratio (high %/0), the array is able to pro-
duce significant thrust as total pressure deficit due to the
boundary layer reduces and momentum drag is lower.
At these conditions, propulsors at the outer edges are
able to produce more thrust for a similar efficiency to
the centreline propulsor, as they are sized for a larger
non-dimensional mass flow.

5.4. Conclusions

This research has presented the development of a
work flow to size and simulate the performance of a
boundary layer ingesting propulsion system. A control
volume has been defined that can be used to separate
thrust and drag of an integrated BLI propulsion system.
This formulation allows aircraft drag to be presented as
a ‘clean’ aircraft drag term, Dyircraftclean, that is inde-
pendent from the propulsion system configuration. The
work flow combines boundary layer theory with con-
ventional 1D gas dynamics methods for the estimation
of propulsion system performance. Inlet flow character-
istics are estimated as total (mass flow) and mass flow-
averaged values (pressure and velocity). With BLI, a
propulsor’s inlet flow characteristics are a function of
streamtube size. A mass flow matching process is there-
fore required to match the mass flow of the streamtube
to the mass flow demand of the propulsion system. The
method is presented as a generic tool that may be used
to predict the performance of a boundary layer ingesting
propulsion system at any flight condition.

The process was demonstrated on a case study air-
craft, NASA’s blended wing body N3-X with a dis-
tributed array of boundary layer ingesting propulsors.
Intake total pressure loss was found to have a signifi-
cant impact on the propulsor’s performance for very low
pressure ratio fans, whilst fan efficiency loss was found
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Figure 7: Propulsor array performance as a function of altitude and
Mach number at 100% fan rotational speed

to have a less significant influence. Comparison of indi-
vidual propulsors identified that location-specific flow
characteristics will influence performance. Whilst the
propulsors were sized for the same net propulsive force
at design point, performance at off-design was found to
diverge depending on operating conditions. Efficiency
of each propulsor at the aerodynamic design point was
found to depend on the power setting, with a minimum
power rotational speed emerging for propulsors at the
outer edges of the array. In contrast, the efficiency of
each propulsors was found to converge at conditions
with a high ratio of 4/ , where location-specific differ-
ence in flow characteristics become negligible. Finally,
the process was used to create a map of the propulsor
array’s performance at 100% fan rotational speed as a
function of altitude and Mach number. This may then
be used in combination with aircraft performance mod-
elling tools to predict the performance of an aircraft us-
ing a boundary layer ingesting propulsor array.
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