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Boundary layer ingesting systems have been proposed as a concept with great po-
tential for reducing the fuel consumption of conventional propulsion systems and the
overall drag of an aircraft. These studies have indicated that if the aerodynamic and
efficiency losses were minimised, the propulsion system demonstrated substantial power
consumption benefits in comparison to equivalent propulsion systems operating in free-
stream flow. Previously assessed analytical methods for BLI simulation have been from
an uninstalled perspective. This research will present the formulation of an rapid ana-
lytical method for preliminary design studies which evaluates the installed performance
of a boundary layer ingesting system. The method uses boundary layer theory and one
dimensional gas dynamics to assess the performance of an integrated system.

The method was applied to a case study of the distributed propulsor array of a
blended wing body aircraft. There was particular focus on assessment how local flow
characteristics influence the performance of individual propulsors and the propulsion
system as a whole. The application of the model show that the spanwise flow variation
has a significant impact on the performance of the array as a whole. A clear optimum
design point is identified which minimises the power consumption for an array with a
fixed configuration and net propulsive force requirement. In addition, the sensitivity of
the system to distortion related losses is determined and a point is identified where a
conventional free-stream propulsor is the lower power option. Power saving coefficient
for the configurations considered is estimated to lie in the region of 15%.

Nomenclature
Acronyms
AR = Aspect ratio
BL = Boundary layer
BLC = Boundary layer control
BLI = Boundary layer ingestion
BWB = Blended wing Body
FPR = Fan pressure ratio
FS = Free-stream
KE = Kinetic energy
KEG = Kinetic energy non-dimensional group
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MAG = Mass flow non-dimensional group

MFR = Mass flow ratio

MOG = Momentum non-dimensional group
mom = Momentum

NPF = Net propulsive force

PSC = Power saving coefficient

Re = Reynolds Number

Symbols

) = Boundary layer thickness

o* = Displacement thickness

p = Density

Tw = Skin friction

0 = Momentum thickness

0* = Energy thickness

Gnacelle = Nacelle force

A = Area

c = Aircraft chord length

D = Drag

Fq = Gross thrust

Fy = Net thrust

h = Stream Height

L Array = Array total length

m = Mass flow rate

Nean = Number of fans/propulsors
P = Total pressure

P = Static pressure

Psrr = BLI propulsion system power
Pres = Reference propulsion system power
Re = Reynolds number

Swet = Wetted surface area

U = Axial velocity

w = Stream width

Y = Vertical distance above surface
T = Reference length

o = Reference length at aircraft centreline
Subscripts

00 = Wake

0 = Free-stream

0i = Local free-stream

1 = Inlet (Highlight)

2 = Fan face

3 = Fan exit

9 = Nozzle exhaust

i = Interface plane

J = FExhaust jet

I. Introduction

In general, the boundary layer is considered to be detrimental to the performance of a conventional
aircraft, as it contributes to drag and results in a momentum deficit, or wake. In the propulsion system,
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an ingested turbulent boundary layer can give rise to total pressure and swirl non-uniformities. which
can have a negative impact on the performance of an engine. To avoid such problems with the quality
of the ingested flow, the typical commercial aircraft planform is powered by podded engines. These
are positioned to ingest free-stream air without any influence from the aircraft wake or boundary layer.
Aircraft with more closely integrated engines, such as military configurations, often include some form
of boundary layer bleed or diversion which modifies the boundary layer before it enters the inlet. As
momentum deficit is one of the sources of aircraft drag, it follows that technologies to control or reduce
the impact of the boundary layer are a potential route to an improvement in aircraft performance. Lower
aircraft drag corresponds to lower thrust requirements, and hence has the potential to reduce the fuel
consumption of the aircraft. The continuous increase in environmental awareness, coupled with the
volatility of fuel price, means that reductions in fuel consumption are one of the primary drivers of
aircraft development. As such, boundary layer control is one of the possible technological routes that
can be taken during the design of an aircraft. Passive management of the boundary layer induced drag
on an aircraft can be obtained through modification of the micro-scale nature of the aircraft surface. An
option that may be applied without an extensive aircraft redesign is the application of sharkskin paint,
which reduces turbulence perpendicular to the flow along the airframe [1]. Alternatively, highly smooth
coatings on the surface of the aircraft can be used to reduce the airframe skin friction coefficient [2].

The concept of boundary layer control is not a new one. Early research suggested that the application
of constant suction on the aircraft surface could reduce the drag of the aircraft through removal of the
boundary layer [3]. The boundary layer also has the potential to be of benefit to the propulsion system
through the application of boundary layer ingestion (BLI). BLI can re-energise the wake of the aircraft by
accelerating ingested boundary layer flow back up to the free stream velocity. Such concepts have been
utilised in marine propulsion, and can equally be considered for aviation applications [4]. By ingesting
the boundary layer, less power is used by the propulsion system than for an propulsion system that
produces the same thrust with free-stream air [5]. Additionally, wake re-energisation reduces the overall
drag of the aircraft. However, ingestion of the boundary layer is not entirely beneficial to a propulsion
system. The boundary layer is an inherently distorted flow, which will almost certainly have some impact
on the performance of the system. The engine may be subject to distorted flow from the bottom to the
top of the inlet, or radially along the fan blade, such as in the case of a propulsive fuselage [6]. Significant
distortion can negate the power or fuel consumption benefits of a BLI system, such that a free-stream
system is the more efficient option [5]. The levels of distortion can be exacerbated in more complicated
inlet geometries, such as an S-duct intake. Boundary layers are prone to separation in an adverse
pressure gradient, which is compounded by the development of classical secondary flows associated with
the turning through an S-duct bend [7, 8]. Nonetheless, S-ducts have been considered as an option for a
BLI system, as they support the application of embedded engines to reduce the profile of the aircraft. The
use of passive, active or hybrid boundary layer flow control (BLC) can contribute towards a significant
reduction in the distortion in intakes such as an S-duct [7]. BLI can be combined with a distributed
propulsion system, in order to ingest a greater portion of the aircraft boundary layer. Aircraft such as
NASA’s N3-X make use of a distributed propulsor array mounted on the upper surface of a blended wing
body (BWB) fuselage [10]. The high-aspect ratio spanwise or ‘mail-slot’ inlet allows for the ingestion of
a significant proportion of the boundary layer. Similarly, the Silent Aircraft Initiative’s SAX-40 makes
use of three boundary layer ingesting engine clusters [11] which ingest 16.6% of the airframe boundary
layer [5]. On conventional tube-and-wing configurations an aft mounted BLI propulsion system in the
tail section of the airframe may be used to re-energise the fuselage wake [6, 12].

A problem arises when performance predictions of a BLI propulsion system are required. Evaluation of
the typical podded engines on a conventional transport aircraft is a well-established method. 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 enters a BLI propulsion
system has travelled over the aircraft surface and the separation of the airframe and propulsion system
is therefore more complicated. This integration also influences performance calculations, as local flow
characteristics are linked with the propulsion system location and the aircraft configuration. Previous
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 which evaluate
the system using boundary layer and propulsion system performance theory. CFD methods are useful
for the analysis of the combined aircraft and propulsion system. However, it is important to be able
to predict the performance of the propulsion system at a preliminary design stage without expensive
experimental methods or complex and time-consuming simulations. This is especially important during
the evaluation of a set of competing technologies or for the process of configuration down-selection. It
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is therefore useful to have a rapid, low-order analytical method which is suitable for simulations of the
overall performance of an air vehicle with an integrated BLI system.

There are a number of factors that should ideally be represented in a BLI simulation. The boundary
layer has a deficit in mass flow, momentum and kinetic energy relative to free-stream flow. This deficit
is due to a variation in pressure, velocity and density from the no-slip surface of the boundary layer.
The distorted flow may also result in a reduction in fan or compressor efficiency and an increased total
pressure loss in the intake. Evaluation of the influence of the boundary layer on performance is therefore
a key aspect of a BLI model. The boundary layer itself may be modelled with simple correlations,
integral boundary layer equations or a case-specific CFD analysis. These representations have been
used in internal force control volumes to estimate the performance of the propulsion system [5, 13, 14].
These control volumes typically deal with the propulsion system as an isolated or uninstalled system
in a similar manner to conventional propulsion system analysis. A challenge of the integral boundary
layer or one-dimensional control volume method is that the influence of the boundary layer on fan
or compressor performance is not directly represented. This may instead by estimated by a parallel
compressor / parallel stream method [5, 15]. The method splits the flow into a number of streams to
assist in prediction of asymmetric flow’s impact on a compressor [16]. A more in-depth representation of
an aircraft with boundary layer ingestion can be performed based on the energy of the system, as shown
by Drela [17]. More recently, this has been expanded upon with an exergy approach by Arntz et al [18].
Representations of the energy of the combined aircraft and propulsion system avoid the challenge of thrust
and drag definitions in an integrated system. However, they are complex methods that move away from
the conventional force representations used in propulsion system models. In addition, the energy methods
rely on knowledge of the configuration as a whole by the use of a control volume which encompasses the
whole aircraft. This is difficult for propulsion system designers that work independently from airframe
designers, or at the preliminary design stage. As with a full CFD analysis, the rapid analysis of multiple
configurations with a full system energy analysis is a time-consuming activity. The combination of these
factors limits the use of the method at a preliminary design stage. In addition, the method has limited
application in aircraft performance models.

The previous methods for BLI simulation have drawbacks in that they rely either too little on the
aircraft configuration (in the case of the uninstalled performance methods), or too much on the config-
uration (in the case of the exergy and energy methods). Nonetheless, conventional force control volume
methods are more suitable for the purposes of both preliminary design and integration in aircraft perfor-
mance analyses. Previous force control volume methods use a thrust and drag accounting system similar
to the uninstalled performance calculations for conventional podded engines. However, BLI systems
are inherently integrated and must include aspects of the aircraft configuration to sufficiently represent
performance. The integration factor in a BLI system is considered to be a vital part of the system simu-
lation. This work therefore builds on previous force control volumes to attempt to address this particular
and key aspect of the technology assessment. The aim of this research is to develop a novel method that
includes the integration aspects of the system, whilst remaining flexible enough to accommodate design
changes or to be used for different configurations, on a consistent basis.

A. Scope

A key aspect of this research is to establish a method and work flow to simulate the performance
of a propulsion system that ingests the boundary layer of the aircraft. The method aims to serve
as a rapid low-order system for use in the preliminary design stage of a conceptual BLI aircraft. A
primary component of the procedure is the simulation of integrated system, rather than the uninstalled
performance typically used in previous analytical methods. This necessitates an unambiguous definition
of the split between the airframe and propulsion system. A key factor of the integrated simulation
is assessment of the influence of the airframe on the propulsion system and vice versa. This includes
representation of how local flow characteristics (such as boundary layer thickness or local free-stream
velocity) influence the propulsion system performance and how the wake re-energisation of a BLI system
will influence the propulsion system requirements. The method aims to act as a module that can be
integrated within conventional propulsion system performance methods.

The method was applied to the N3-X aircraft as a case study. The N3-X is a NASA conceptual blended
wing body aircraft with a distributed BLI propulsor array [10]. This research first presents the theory
behind the simulation method, followed by a description of the relevant formulae that are combined
to create the simulation. The formulae employed represent one potential route to the boundary layer
characteristics required for the performance simulation procedure. However, equivalent rapid methods
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may also be considered as an alternative, provided that the required flow characteristics are produced.
A validation of the procedure for estimation of the boundary layer flow characteristics was performed
against previous research. Finally, the influence of the aircraft and propulsion system configuration on
the propulsion system performance was assessed. The simulation results include an assessment of how
local flow characteristics influence performance, as a key component of the propulsion system simulation.
Boundary layer characteristics are a function of the aircraft configuration, hence propulsors at different
locations on the airframe operate with different inlet conditions. Gladin et al show that, for the BWB
case considered, there is a possible 4% difference in specific fuel consumption of an engine at inboard
and outboard locations on the airframe [19]. This difference in specific fuel consumption is induced by a
change in Reynolds number and hence in boundary layer thickness and characteristics between engines
in different locations. The results of the N3-X analysis serve to address performance aspects specific to
the aircraft configuration and identify what factors may influence an optimum configuration.

II. Theory

A. Thrust and Drag Accounting

The forces produced by an aircraft in flight can be split to belong to either a propulsion system or an
airframe force accounting system in support of conventional descriptions of aircraft performance [20]. In
steady level flight, the net thrust produced by a propulsion system should be adequate to counter the drag
of the combined airframe and installed engine. To calculate this net thrust parameter, it is necessary to
account for both the gross thrust and the momentum drag of the system. Differentiating these forces is a
relatively simple matter for an aircraft with podded engines, as there is limited interaction between the
engine and airframe. However, for aircraft with more integrated architectures it becomes more difficult
to differentiate between the the airframe and the propulsion system [21]. This is typically the case in
a military aircraft, where the engines are often embedded in the airframe. However, it is nonetheless
useful to separate the force accounting of the engine and airframe, as the design of the two components
will generally not be combined and will be performed by different groups at a preliminary design stage.

A number of accounting systems exist that define thrust and drag from different positions (or stations)
relative to the engine and its nacelle. Engine thrust is typically quoted as a ‘standard net thrust’ term
(Fn), the difference between the gross thrust at the nozzle exit (Fgg) and the gross thrust far upstream
(Fgo). Such a definition of thrust can be evaluated independently of flight conditions and is ideal for
uninstalled thrust tests of an engine [20].

Fg =nmu+ A(p — po) (1)

Net thrust is the common definition for the thrust produced by an aircraft, however, in an integrated
system the installation terms are also linked to the performance. The integration aspects of the system
should therefore be included as a part of the force accounting for greater accuracy. In order to facilitate
this, the propulsion system performance may instead be represented by a Net Propulsive Force (NPF).
This term typically includes the force terms associated with the engine cowl and afterbody, spillage drag,
and interference drag. NPF can be defined as in Equation 2, where ¢pacene is the nacelle force, Fgg is
the gross thrust, and Fg; is the force that acts on the inlet (Figure 1) [20].

NPF = FGQ - FGl - ¢nacelle (2)

For a boundary layer ingesting system, a portion of the airframe profile drag could be accounted for
in the propulsion system drag. This portion of airframe drag is encompassed by the streamtube which
enters the propulsion system inlet. It could be argued that the profile drag of the entire airframe section
prior to the inlet must be accounted for as a component of the propulsion system drag. However, this
complicates the calculation of the propulsion system performance during the various flight phases of the
aircraft, as the separation between the airframe and propulsion system is unclear. Inclusion of the entire
upstream flow would result in an engine performance calculation that required aircraft performance and
operating data for every point in the flight of interest. At the opposite extreme, where no portion of
the airframe is included in the propulsion system control volume, the aircraft drag calculation would
be reliant on engine performance. At off-design conditions or at inlet mass flow ratios not equal to
unity, the engine suction may accelerate or decelerate flow into the inlet. This would result in changes
in the skin friction drag directly before the inlet as a function of the propulsion system performance,
rather than aircraft performance. It is therefore clear that, in order to adequately split the aircraft and
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propulsion system thrust and drag accounting, a suitable interface point, ¢, should be chosen (Figure 1).
This interface should approximately indicate the region where engine thrust and drag is no longer a
function of the aircraft condition, and vice versa. This station has been suggested to lie in the order
of approximately twice the inlet height ahead of the engine highlight plane [22; 23]. An equation to
calculate the net propulsive force of the propulsion system may be created using this station definition:

NPF = Fgg — Fgi — TwSwet — Dhnacelle (3)

Where 7, Swet represents the skin friction drag from the wetted surface area between stations ¢ and the
inlet highlight (Station 1). As this portion of drag is now accounted for in the propulsion system, it
must be separated from the calculated aircraft drag. The value of 7,Sywet Will account for only a small
proportion of the total drag of the aircraft, unless the propulsion system becomes very large.

The net propulsive force formulation establishes an equation for performance assessment of a BLI
propulsion system. The following subsections work through the process to obtain the parameters neces-
sary for the final NPF result. This process begins with an estimation of the boundary layer characteristics
at the interface point, i, followed by the characteristics for the inlet stream. These inlet stream char-
acteristics are subsequently implemented in a conventional one dimensional gas dynamics method for
calculation of the propulsion system NPF.

IR B 1 N TR Y

MFR<1 o Free-stream

h Boundary Layer

Exhaust

40«;—)‘

Figure 1: Propulsion system control volume and station definition.

B. Boundary Layer 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 easily solvable form than the full Navier-Stokes
equations through the application of appropriate limits to the integrals and with the use of velocity
profile approximations [24]. The 1/n'" power law relationship provides one form of velocity profile
approximation, where a typical value used to approximate a fully developed boundary layer is n = 7
[25]. As one potential alternative, Pohlhausen’s approximation of the boundary layer velocity profile
applies a fourth order polynomial to represent the boundary layer velocity profile and makes use of the
pressure gradient in the external flow [26]. A number of methods are also available for estimation of
the boundary layer thickness, d, and characteristics. One such boundary layer thickness estimation is a
simple turbulent flat plate approximation of the boundary layer (Equation 4) [27]. The flow regime for
the case under consideration determines whether laminar or turbulent boundary thickness assumptions
should be applied. Alternative functions may provide more suitable estimations of the boundary layer
thickness for the specific configuration and flow regime at which the system operates.

5= 0317/32 ()

Re;

A number of additional dimensions that define the boundary layer are available: the displacement thick-

ness (0*), momentum thickness (6), and energy thickness (6*) [28]:

— = 1——=—=1d 5
4 0 Po Uo Y ()
0 Oopyuy{ uy}
- = ——=11——=]|d 6
0 /o Po Uo Uuo Y (©)
0* > py u w2
A et ' y) d 7
0 /o Pouol (Uo ] v @)
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Each boundary layer thickness term represents the distance by which the surface would have to be
displaced in an inviscid flow in order to result in the same mass flow, momentum or kinetic energy as
the viscous flow. Given the definition of these terms, the boundary layer flow characteristics may be
represented as non-dimensional parameters [23]:

. 1 *
MBL Py Uy 0
MAG = —— = 2 Ad(y/d) =1— — ]
Polo;dw 0 Po Uy (/) o ®
MOIE], ! Py Uy 2 o* 0
MOG = ——+ = 1 -2) dy/dH)=1— — — = 9
e = e (1) =15 -3 ®
KEgL /1 py (uy\® 5t 0
KEG= 5L _ [ P (%) qus)=1-2 -2 1
G O.5p0u8i5w o Po \ Uo (v/9) é é (10)

The non-dimensional groups represented in Equations 8-10 are referred to as the mass flow group (MAG),
the momentum group (MOG), and the kinetic energy group (KEG). The groups define the flow charac-
teristics in a unit area of the boundary layer flow relative to the same unit area in a free-stream flow.
Each of the boundary layer characteristics, mpr,, mompy, and KEgy,, is subject to a deficit relative to
the equivalent free-stream flow characteristics. In addition to deficits in the mass flow, momentum and
kinetic energy, flow in the boundary layer experiences a certain measure of total pressure deficit. This
can be calculated as a mass-averaged value:

ﬁBL . 1
Py mprL JBL

P,

dri I
2 m (11)
The average velocity of flow through the boundary layer may be defined in a similar integral manner:

T 1
UBL _ _ / % drn (12)
Ug mpL JpL Uo

The primary purpose of this step in the process is to output three relevant boundary layer characteristics:
the mass flow, average velocity, and the average total pressure relative to the free-stream total pressure.
Any of the numerous methods available for determining the boundary layer characteristics may be
applied, provided that they produce the required boundary layer characteristics.

C. Inlet Properties for a BLI System

Flow ingested by the propulsion system may be more or less than the entire boundary layer flow. Hence,
an additional step is required in the process in order to establish these inlet flow characteristics. Assuming
a rectangular streamtube with height h and width w, there are three possible options that can be
considered:

1. Ingest only the boundary layer (h/é = 1).

2. Ingest free-stream and the boundary layer (h/§ > 1).

3. Ingest a portion of the boundary layer (h/§ < 1).
In the first case, the characteristics of the ingested flow can be derived using the equations summarised
in the previous subsection. In the case of an inlet which ingests only a portion of the boundary layer, the
upper limit of the integrals of Equations 8-10 becomes h/d, the ratio of streamtube height to boundary
layer thickness. In the final case, ingested flow characteristics must take into account the combination
of both free-stream and boundary layer flow. The boundary layer characteristics and profile can be
calculated as usual. However, the total inlet mass flow of the inlet stream is the sum of both the
free-stream (flow through the area (h — §)w) and boundary layer mass flow:

Miotal mps + MaL h
- =(35-1)+MAG 13
PoUO;OW PoUQ; OW (6 ) T (13)

Unlike mass flow, the total pressure deficit and average velocity of the flow are terms that are averaged
over the entire inlet stream. Calculation of each of these flow characteristics follows on from the definitions
established in Equations 11 and 12. Therefore, the combined total pressure deficit of the boundary layer
and free-stream flow is a mass-averaged value integrated over the entire stream (Equation 14). However,
total pressure for flow outside the boundary layer is constant (P, = P,). This splits the integral into
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boundary layer (y between 0 and ¢) and free-stream flow sections (y between § and h). The solution to the
total pressure integral of the inlet flow may be represented in the non-dimensional form of Equation 16.

P, 1 "p,
i Y 14
Py mpp /o Py (14)

9 Py h
7dm+/ diin 15
/o P 5 15)
P, _ (5 1)+MAG(EE)
Py (b-1)+MAG

P 1
PO mtotal

(16)

The average velocity in the combined stream may be likewise calculated by integrating over the entire
inlet stream (Equation 17). Similar to the total pressure deficit, the velocity outside of the boundary
layer in the local free-stream flow is constant (u, = wg), which splits the integral into free-stream and

boundary layer flow components.
U; 1 h Uy . .
— = —=dm (17)
0

ug  MprL Ug

Each of the three defined terms, 7ota1, Wi, and P;/Py, is a key component of the net propulsive force
calculation through the definition of Fg (Equation 1). The representation of each of the terms as
averaged and total values for the stream enables the integration of the boundary layer characteristics
within conventional methods for propulsion system performance.

D. Ingested Drag of a BLI System

A key factor in the efficiency benefit of a BLI system is the reduction in airframe drag due to the re-
energisation of the wake. The drag of the airframe may be split into two components: the ingested drag,
Dingested, and the uningested drag of the airframe, Dajrerare. The clean aircraft drag may therefore be
represented as the sum of the ingested and uningested drag components (Equation 18). In steady level
flight the propulsion system is required to produce only enough net thrust to counteract the drag not
recovered by wake re-energisation, Dgjicraft, rather than the entire drag of the clean aircraft. However,
the net propulsive force is required to counteract the entire system drag. This definition highlights that
the thrust (F) requirement of a BLI system is a value dependant on its configuration and location,
despite a constant NPF.

Daircraft7clean = NPF = Dingested + Daircraft (18>

Plas [22] references a method for calculation of the drag recovered by wake re-energisation based on a
modified von Kérman momentum equation (Equation 19). The calculation of ingested drag makes use
of boundary layer characteristics at the interface point and the average boundary layer shape factor, H
(Equation 20), between the interface point (Station i) and the wake (Station oo):

— Haug
u
Dingested = PBLU%LHW (BL> (19)
Ug
H,+1 1 /06"
Hoy =211 (9 n 1> (20)

To maintain consistency with the boundary layer characteristic definitions used here, the ingested drag
is defined non-dimensionally through substitution for MOG (Equation 9):

Dingested 0 (ugi, Havg
———— =MOG: - | — o
pouig;ow g ( ug > (21)

Assuming that the airframe drag remains constant, drag ingested (or recovered) by the propulsion system
reduces the required thrust output in comparison to an equivalent propulsion system in free-stream flow.
At first glance, an engine which ingests only free-stream flow can therefore appear a better option than
a BLI engine, as Fly is greater. However, accounting for the ingested drag on the engine side of the
NPF equation balances out this difference. In steady, level flight this means that the propulsion system
NPF should be equal to the drag of the clean aircraft, Dajrcraft,clean, the drag of the airframe excluding

8 of 22

American Institute of Aeronautics and Astronautics



the propulsion system (Equation 22). The BLI system is therefore sized to achieve the NPF required
by the aircraft design. Using this definition of NPF, both a propulsion system in free-stream flow and a
BLI propulsion system would be required to produce the same net propulsive force on the same aircraft
configuration.

NPF = FGQ - FGi - Twact — Dyacelle + Dingcstcd = Daircraft,clcan (22)

The calculation of each term in the net propulsive force equation requires the application of the previously
described methods for estimation of the characteristics of a boundary layer. These boundary layer
characteristics are used to obtain the inlet characteristics of the system, in addition to ingested drag.
Unlike a system operating in free-stream flow, the inlet stream characteristics are a function of the inlet
stream size through the h/§ term.

E. Representing the Efficiency of a BLI System

Measures of efficiency are a necessary component of the assessment of a propulsion system. For a BLI
system in particular, the performance relative to a conventional propulsion system must be improved
by a sufficient margin to justify the adoption of the technology. However, appropriate representations
of efficiency are required to define the efficiency of a BLI system. Propulsive efficiency (7propulsive)
contributes to the overall efficiency parameter of a conventional propulsion system. In the standard
form used in propulsion system performance, propulsive efficiency quantifies the useful propulsive power
output as a percentage of the power available from the free-stream flow. For a conventional propulsion
system, this can be calculated using the following formula:

QU()
Tlpropulsive = (23)

() + ’(,Lj

The formula highlights one of the drivers of propulsion system design: maximising the propulsive ef-
ficiency necessitates minimising the exhaust jet velocity. However, this is associated with a reduction
in the specific thrust of the propulsion system. In the case of a BLI propulsion system there are three
velocities that define the propulsive efficiency, as the flow entering the propulsion system is not equal to
the flow available in the free-stream. These velocities are the velocity of the air entering the inlet, @;, the
velocity of the exhaust jet, u;, and the velocity of the free-stream flow, ug. The propulsive efficiency of a
boundary layer ingesting system therefore cannot be defined in the same manner as that of a free-stream
engine. As the useful propulsive power is in terms of the local inlet stream, the propulsive efficiency of
the system is defined relative to these terms [29]:

2UQ

Tlpropulsive,BL = (24)

u; + uj

In the case of a purely wake filling BLI propulsor, the exhaust velocity is equal to the free-stream
velocity (uj = ug). However, unlike a conventional propulsion system, the inlet velocity is less than the
free-stream (U; < ug). The denominator of the propulsive efficiency equation is therefore less than the
numerator, as u; + u; is equal to u; + ug, which is less than 2ug. In this configuration the propulsive
efficiency as defined in Equation 24 is greater than 100%. An increase in the momentum deficit leads to
further reductions in w; which results in an increase in propulsive efficiency. Even in a BLI system with
a higher exhaust velocity, the propulsive efficiency will be greater than that of an equivalent propulsion
system in free-stream flow. This is due to the discrepancy between ug and @ (u; < ug) and the fact that,
for the same specific thrust, u; for a BLI propulsion system is lower than that of a propulsion system in
free-stream flow. w@; tends to ug as the momentum deficit reduces, and the propulsive efficiency returns
to the conventional definition.

Propulsive efficiency is not the only descriptor of performance and efficiency. A high propulsive
efficiency in a BLI system may result from a thick boundary layer with a high momentum deficit.
However, this may be matched by distortion related inefficiencies elsewhere which are detrimental to
the overall system performance. The performance benefit of a BLI system can instead be represented in
terms of a power saving coefficient, as proposed by Smith (Equation 25) [4]. This enables the assessment
of the benefits of the propulsion system as a whole relative to a comparable system in free-stream flow.

PSC — Pret — P (25)

Pret
Where P, indicates the power consumption of a podded propulsion system operating in freestream flow
required to propel an aircraft with drag Daircraft,clean- PBLI indicates the power consumption of a BLI
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propulsion system required to propel the same aircraft. A positive power saving coefficient represents a
BLI system with a power consumption that is lower than that of a free-stream propulsion system. The
power saving coefficient representation of efficiency encompasses any losses within the system, and is able
to represent the changes of a BLI system relative to an equivalent free-stream option. Smith found that
in some cases that the PSC for propulsion system could be in the region of 7%, for the configurations
considered [4]. Plas notes that the power saving coefficient will reduce as system loss is increased and
can negate the benefit of a BLI system. Nonetheless, the configuration considered had the potential for
a power saving of up to approximately 10% when 25% of the airframe drag was ingested [5]. The PSC
parameter has been used to assess the impact that configuration changes or flow distortion have on the
system as a whole. A system that results in a PSC less than zero may be concluded to be non-viable, as
a free-stream propulsion system would be a more efficient option.

F. Propulsion System Sizing and Design Point Performance

The design point simulation of a boundary layer ingesting propulsion system follows the method progres-
sion shown in Figure 2. The first step in the process establishes the local flow characteristics (including
Reynolds number, boundary layer thickness and local free-stream velocity at the edge of the boundary
layer). These local conditions provide support for assessment of how the spanwise flow variation in-
fluences performance. Subsequently the boundary layer characteristics and inlet stream characteristics
may be determined. Finally, the inlet stream characteristics are used to calculate the performance of
the propulsor using conventional one dimensional gas dynamics. Inlet properties are defined as average
and total inlet stream values through the calculations described in the previous sections. The specific
configuration under assessment is required in order to define the local properties required for inlet flow
calculations. Two key representations of the location effects have been identified that influence local
flow characteristics. The first of these is a variation in local velocity (up; = f(x,y)). As an example
configuration, in a blended wing body type aircraft the aerofoil cross-section results in a velocity dis-
tribution over the airframe induced by the pressure distribution over the aircraft surface [30]. Flow
over an aerofoil accelerates from the leading edge up to a point along the aerofoil surface, followed by
a subsequent deceleration. Local velocity at the edge of the boundary layer, ug;, is therefore strongly
dependent on the airframe configuration. The second location effect that was considered is the change in
boundary layer thickness. The boundary layer thickness is a function of both the Reynolds number and
the surface length before the inlet (Equation 4). Inlets mounted at the leading edge of an airframe will
therefore ingest little to no boundary layer, whilst inlets mounted at the trailing edge (or in the wake)
will have a noticeable thicker boundary layer available.

Location-specific
Flow Characteristics

_______________

Local Velocity
(uo;)

BL Flow Station i Flow Propulsor
Characteristics Characteristics Performance

BL Thickness
(6)

Figure 2: BLI propulsor simulation method.

Nacelle design is an additional important factor for the integrated engine performance and the NPF
model. For the purposes of this research a simple nacelle design was implemented for nacelle drag
estimation. This included a NACA-1 forebody, a straight midbody, and a circular arc afterbody. As
will be demonstrated later in this research, the nacelle drag results in an approximately step increase in
the power consumption of the BLI system. Alternative nacelle configurations will change the magnitude
of this increase, with the potential for designs that minimise the drag of a BLI nacelle. Due to the
integrated configuration, the lower surface of a BLI system is embedded in the airframe. The wetted
surface area and hence nacelle drag of a BLI propulsion system may therefore be lower than that of a
conventional podded engine.

The boundary layer theory discussed in the previous section represents the impact of the boundary
layer on inlet stream characteristics as three changes relative to a free-stream propulsion system: a total
pressure deficit, a reduction in the inlet velocity, and a reduction in mass flow. Unlike 2- or 3-D methods,
additional inlet pressure loss due to the boundary layer and compressor efficiency loss due to distortion
are not directly represented. These may instead be introduced into performance calculations as averaged
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numerical approximations.

Similar to a conventional propulsion system, the size of a propulsor is determined by the propulsive
force required. However, in the case of a BLI system, changes to the propulsor and inlet dimensions
will influence the averaged flow characteristics at the interface point. Estimation of the size of a BLI
propulsor using the method developed in this research therefore necessitates a procedure that solves for
a propulsor size which produces the required net propulsive force.

III. Case Study on the N3-X

A case-study was performed on the N3-X aircraft to demonstrate the application of the model to
an aircraft configuration. The N3-X (Figure 3) is a blended/hybrid wing body aircraft developed by
NASA propelled by a boundary layer ingesting distributed propulsor array. The array is powered by
a pair of turbogenerators via a superconducting electrical system [10]. The distributed propulsor array
produces the majority of the aircraft thrust, with the turbogenerators producing enough thrust to counter
their drag. The propulsion system was designed for a Mach number of 0.84 at an altitude of 30,000 ft.
Previous simulations of the N3-X relied on an uninstalled analysis of the propulsion system and a net
thrust perspective [10, 13, 31]. The case study attempted to address a number of limitations with
previous simulations of the aircraft propulsion system:

e Direct representation of the airframe drag recovered by wake re-energisation

e Spanwise variation in flow characteristics along the length of the array

e Reduced reliance on CFD data for performance calculations
The combination of these factors supports the development of a propulsion system model that may be
integrated within an aircraft performance model. In addition, it enables the assessment of multiple
aircraft and propulsion system configurations.

/\\

Figure 3: NASA’s N3-X Aircraft [32].

The propulsor array has an inlet set at 85% of the centreline chord and parallel to the trailing edge
[10]. A combination of the highly swept fuselage leading edge and the angled nature of the propulsor
array results in a significant change in chord length and local Mach number between the centreline
propulsor and the propulsors at the extreme edges of the array. Due to the nature of the aircraft shape
and airflow, each propulsor inlet experiences different boundary layer and air flow characteristics at the
interface point (Figure 4). The inclusion of these span-related effects means that each fan in the propulsor
array performs differently dependent on the location and configuration. These differences introduce an
additional level of complexity into the simulation of the propulsor array. The complexity can be simplified
with the assumption that conditions are mirrored about the centreline. Nonetheless, this does imply that
each propulsor must be individually designed if optimisation of the propulsion system performance is
required. The rapid assessments possible using the developed method enable multiple configurations to
be assessed in order to identify where the optimum may lie.

The case study made use of publicly available data and research on the aircraft: the aircraft and
propulsor array configuration [10], and the boundary layer profiles at the centreline of the airframe [33].
The aircraft configuration provided the reference lengths (z, distance from the aircraft leading edge)
necessary for estimation of the boundary layer thickness. As an initial estimate, the turbulent flat plate
assumption was applied (Equation 4). 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. The boundary layer profiles also provided an estimation of the
local free-stream velocity at the edge of the boundary layer on the aircraft centreline. The velocity
profile provided the local free-stream Mach number at the edge of the boundary layer from x/c¢ = 0.6
to z/c = 1.0, where ¢ is the centreline chord length. In the absence of a full CFD data analysis of
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 would be equal at
any axial distance xg from the aircraft nose. A more detailed estimate of airframe boundary layer and

11 of 22

American Institute of Aeronautics and Astronautics



velocity distribution may be calculated using a more complete analysis of the airframe. However, the
publicly available data was applied to demonstrate the analysis possible using the limited information
that might be available at an early design stage. This is in keeping with the intended application of the
method as a preliminary design tool.
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(a) Mach number profile [33]. (b) Fuselage boundary layer thickness.

Figure 4: N3-X airframe Mach number profile and BL thickness.

IV. Model Validation

In order to assess the applicability of the model, a validation procedure was performed. The N3-
X propulsor array has previously been simulated using a control volume method by Felder et al., the
results of which were used to perform a preliminary validation [34]. The reference N3-X simulation did
not include location-related or integration parameters. Therefore, in order to allow a like-for-like analysis,
the propulsor performance was calculated assuming operation of an array of net thrust-producing (rather
than NPF) propulsors at the centreline of the airframe.

A primary component of the developed method was the estimation of local properties using a bound-
ary layer theory-based method, as opposed to a more complex CFD analysis. Therefore, the validity and
accuracy of the predicted inlet stream characteristics was assessed. Reference [34] provides the average
Mach number and total pressure deficit relative to free-stream for inlet streams of various heights, ob-
tained from CFD data. An equivalent procedure to estimate flow characteristics was performed with the
method of Section IT over the range of streamtube heights provided by the reference. The results of this
validation are shown in Figure 5. Comparison of the inlet stream properties to the NASA results shows
an average difference in Mach number of 0.015 and an average 0.2% difference in boundary layer total
pressure loss. This demonstrates that the inlet stream properties predicted by the analytical method
match up closely with those predicted by the CFD derived results.

Subsequently, the overall performance output (Fy) was compared to a sizing procedure performed
in the reference [34]. The simulations performed in the reference attempted to predict the size of a
BLI propulsor with a fixed thrust requirement. The reference method used a net thrust control volume
combined with inlet flow characteristics derived from the CFD output in Figure 5 [13]. As has been
noted, changing the size of the propulsors modifies the average inlet flow characteristics. Therefore, a
procedure was required to solve for the inlet stream height & which produces the required thrust, given
the propulsor design parameters. In order to perform the comparison, a number of parameters were set
to equal those reported in the reference for each simulation point: Total array thrust, fan pressure ratio,
number of fans in the array (from which the net thrust of each propulsor may be calculated), inlet aspect
ratio, and fan efficiency. The inlet height predicted by the model was found to match the trend shown
by the NASA predictions with an average difference in the height of the propulsion system inlet stream
of 3.8% (Figure 6). Both the reference method and the developed method apply a force control volume
for performance calculation. Therefore, the validation demonstrated that the discrepancy in estimated
inlet characteristics has only a minor impact on performance calculations.
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V. BLI Propulsor Design and Performance Trend Analysis

The thrust produced by a propulsor in the array can be influenced in a number of ways. Assuming the
same operating conditions and propulsor efficiency, an increase in propulsor size will increase the mass
flow ingested by the propulsion system and therefore increase the total thrust. However, inlet properties
are a function of the ratio of inlet height to boundary layer thickness. Hence, an increase in mass flow
by an increase in inlet height will tend the performance towards that of a free-stream propulsion system
(assuming a constant boundary layer thickness). Alternatively, the propulsor thrust can be increased
with an increase in the fan pressure ratio. These two options are demonstrated in Figure 7. Note that as
the results of this subsection are in terms of net thrust, the nacelle drag and installation related factors of
the NPF equations are neglected. This allows the performance of a configuration to be predicted before
including installation-specific aspects.
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(a) Net Thrust. (b) Propulsive Efficiency.

Figure T7: Design charts for a propulsor at M0.84 and 30,000 ft.

A higher fan pressure ratio increases the exhaust velocity of the propulsion system. This results in an
increase in specific thrust with a corresponding decrease in propulsive efficiency. The propulsive efficiency
for the BLI system nonetheless remains high, and is greater than 100% for the simulated pressure ratios
of 1.0 and 1.1. An increase in the inlet height increases the average velocity w; at the inlet until it
approaches the free-stream velocity ug. This results in a drop in propulsive efficiency asymptotically
approaching the point where @; is equal to uy (Equation 17) and the propulsive efficiency is equal to
that of a propulsion system in free-stream flow.

The design charts demonstrate one of the challenges in designing a thrust-producing BLI propulsor.
Thrust increase obtained by simply increasing the mass flow (via scaling of the propulsor) results in a
reduction in boundary layer benefit. A similar conclusion can be made from results shown by Liu et al
[15], which demonstrates an increase in power saving coefficient as the BLI ratio (ratio of boundary layer
mass flow to total mass flow, and related to the inverse of h/delta) is decreased. Conventional propulsion
system performance also dictates that a higher exhaust jet velocity through a higher fan pressure ratio
will reduce system efficiency. A balance is therefore required between the two options.

VI. N3-X Case-Study Results

The following section focuses on results obtained for the specific case of the N3-X. The net propulsive
force requirement of the configuration is defined by the drag of the airframe, assuming a design point
in steady level flight. The propulsor array is required to produce a net thrust of 85.82 kN from 15 fans
(5.72 kN net thrust per propulsor) [33], unless otherwise stated. The thrust requirement was defined
based on the assumption that the net thrust required from the array is equal to the drag of the aircraft,
scaled by a drag reduction factor of 7%. This drag reduction factor accounts for the drag recovered by
the wake re-energisation of the BLI system [10]. The original thrust requirement assumes that there is
very little installation drag and that the drag of the nacelle is equal to the drag of the wetted surface
area that would otherwise be exposed to free-stream air [33]. The required net thrust value was used to
obtain the clean aircraft drag, equal to the NPF of Equation 22, as 92.28 kN. The design assessed in the
following section will assume each propulsor produces the same NPF.
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A. Boundary layer-related Losses

The inherently distorted flow of the boundary layer will have a negative impact on propulsor performance,
as additional inefficiencies and losses are introduced that would not be present with ingestion of only free-
stream flow. As the 1-D control volume method used here does not directly represent these additional
losses, the sensitivity of performance to two such factors will be demonstrated. The first of these is a
loss in total pressure through the inlet. This term accounts for the turbulent nature of the boundary
layer, which may result in reductions in inlet efficiency on top of losses that would normally occur in
a free-stream inlet. The second loss is a drop in fan efficiency due to the flow distortion at the fan
face. The inlet flow has a non-uniform velocity and pressure profile introduced by the ingested boundary
layer. This non-uniform flow can negatively impact the fan performance, especially for a fan that is not
distortion tolerant. In addition, the flow profile can push the fan closer to surge, which necessitates a
more generous surge margin for the design [5].

Figure 8 demonstrates the influence that losses have on the efficiency of a single propulsor at the
centreline of the aircraft. The general trend demonstrates a reduction in PSC as the fan pressure ratio
increases, similar to the analysis performed by Liu et al. [15]. For the low loss systems, a relatively
lower pressure ratio corresponds to greater power savings. However, as the inlet total pressure loss
increases, the power requirement of the fans operating with a relatively lower pressure ratio sharply
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 pressure ratio brought about by the inlet pressure
loss. This is obtained by an increase in inlet height, which increases the ratio A/ and brings the inlet
average properties closer to free-stream. A higher fan pressure ratio reduces the mass flow required by
the propulsion 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 more beneficial to power consumption in cases of high inlet pressure loss. An optimum point becomes
apparent as the inlet pressure loss increases, defining the ideal fan pressure ratio to obtain the minimum
power consumption of the propulsor.

Decreasing the efficiency of the fan results in an increase in the enthalpy change across the fan.
However, there is little change in the thrust produced and hence no compensation by a change in mass
flow ratio is required. This results in only a step increase in the power requirement of the fan as fan
efficiency is decreased (Figure 8).

Although research has shown that ingesting a larger portion of airframe drag is beneficial for the power
saving coefficient, specific design factors - such as the fan pressure ratio - will also have an influence. Low
pressure ratio propulsors can ingest a greater amount of drag due to their greater size, but will have a
lower PSC in high loss cases than alternative configurations, due to a higher power requirement. There
is a point beyond which the free-stream propulsor is more efficient than a BLI propulsor. However, if one
assumes that inlet and fan efficiency losses can be kept low, the power consumption of a BLI propulsor
is lower than that of a propulsor producing the same net thrust from free-stream flow. This reflects
conclusions drawn from previous research, which demonstrate a positive PSC for low loss BLI systems
[5, 35].
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Figure 8: Influence of efficiency loss on PSC for a propulsor at M0.84 and 30,000 ft (neglecting nacelle drag).
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B. Whole Array Performance

The previous two sets of results have shown the performance of a single propulsor operating at the
centreline of the aircraft. As one of the focuses was to assess the influence of property variation in the
integrated system on performance, the following subsections will assess the propulsor array as a whole.
In an ideal BLI case, each propulsor would ingest only boundary layer air (h/é = 1). In addition, the
design would avoid extension into the high velocity and thin boundary layer flow that would occur at
the outer edges fuselage section. In reality, the propulsors at the edges of the array see a significantly
thinner boundary layer and a local velocity which approaches Mach 0.9. This has a negative impact
on the efficiency of the propulsor and results in an increase the array power requirement and hence
fuel burn of the propulsion system (Figure 9). The influence of the two previously defined location-
related characteristics of the flow is broken down in Figure 9. Three fictitious cases were simulated to
demonstrate how the span-related flow characteristics influence performance:

e No Span Effects — Each propulsor in the array ingests the same inlet flow conditions. This case
is equivalent to each propulsor being located at the centreline of the airframe. Boundary layer
thickness and local free-stream velocity at the edge of the boundary layer are constant. This
hypothetical case represents the previous analyses performed on the N3-X propulsion system.

e M; Variation Only — Boundary layer thickness § along the length of the array is equal to the
centreline boundary layer thickness. The only spanwise variation in flow characteristics is due to
the velocity profile over the airframe .

e § Variation Only — Local Mach number at the edge of the boundary layer is equal to the centreline
local Mach number. The only spanwise variation in flow characteristics is due to the change in
boundary layer thickness as a result of the variation in fuselage length prior to the inlet.

The reduction of the boundary layer thickness along the array length results in a step increase in the
power requirement of the array. This increase in power requirement results from the increase in h/é along
the array length, which tends the inlet flow characteristics to the characteristics of the free-stream flow. In
addition, the thinner boundary layer reduces the wake re-energisation potential of the propulsion system.
A higher value of h/d therefore has a purely detrimental effect on PSC of the propulsion system. Higher
local free-stream velocity results in an increase in momentum drag, Fg;. However the ingested drag is
increased by the increasing local velocity (Equation 19). Assuming boundary layer properties remain
constant, the higher local velocity results in a higher ingested drag. This is beneficial to performance
despite an increase in Fg;. The combination of the two spanwise flow characteristics works to reduce
the efficiency of the system as a whole.

Variation in fan pressure ratio establishes a clear optimum configuration for the array. The optimum
is a result of a combination of the variation in flow characteristics along the array length and the power
requirements of compression. An increase in fan pressure ratio reduces the mass flow necessary to
produce the NPF required from the array. This shortens the array length and reduces h/J, through a
reduction in the inlet area. However, the higher compression will increase the power consumption of the
propulsion system. Despite the primarily beneficial effects that result from a shorter array, the reduced
array length reduces the drag ingested by the propulsor array (Figure 9b), as the array extends over
a smaller percentage of the airframe. The greatest proportion of airframe drag would be recovered by
an array which stretched over the entire fuselage length. The maximum ingested drag corresponds with
values predicted by Hardin et al, who suggest approximately 12% of the airframe drag could be recovered
by an array on the N3-X upper fuselage [21].

The nacelle drag of the propulsion system is an additional factor in a full NPF assessment. The
nacelle of an array such as that of the N3-X has a reduced wetted surface area in comparison to a
conventional podded nacelle. This serves to reduce nacelle drag relative to a podded propulsion system.
A PSC comparison is therefore no longer a like-for-like analysis. To account for this, the following results
will be in terms of pure power consumption of the array.

Sizing the propulsion system with the full NPF equation increases the power consumption of the array,
as each propulsor must compensate for the installation terms whilst still providing thrust (Figure 10).
The addition of these installation terms further develops the ‘hook’ in the power requirement curve
and shifts the optimum fan pressure ratio to a higher value. This optimum configuration is a result of
the span-related flow characteristics identified in the previous analysis. Nacelle drag increases the net
propulsive force required for the propulsion system, and hence increases the mass flow needed to produce
the required force. The trade-off between array size and fan pressure ratio establishes a new configuration
which minimises power consumption. Research suggests flow on the nacelle of the BWB may be prone
to separation [36], therefore, the importance of a optimised nacelle design is further highlighted.

16 of 22

American Institute of Aeronautics and Astronautics



30% 20%

. Ili]uIISArrayEff . Full Array
= 250 N === 0 5pan ects o .
_5 ‘-\ ......... Mi Variation Only 16% \ No Span Effects
2 \ — . . § Variation Only
\,

£ 20% . ®
8 ~. ~ — 5 12%
a0 15% R O 2
S e — 3 8 8%
(O = (]
Y 0% 2
-
£ s% 4%

0% 0%

1.0 1.2 1.4 16 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
Fan Pressure Ratio Fan Pressure Ratio
(a) Power saving coefficient. (b) Ingested drag.

Figure 9: Influence of span-wise flow characteristic variation on performance for an array with 15 fans at M0.84
and 30,000 ft (neglecting nacelle drag).
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Figure 10: Power requirements for an array with 15 fans at M0.84 and 30,000 ft using full NPF equation.
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C. Array Configuration

Optimum configuration of the propulsion system has been shown to be dependant on the fan pressure
ratio and thrust requirement of the design. However, the configuration also includes parameters such
as the number of propulsors and the aspect ratio of each propulsor inlet. Tall, narrow inlets increases
the ratio h/0, but will reduce array length, which avoids the flow on the outer edges of the fuselage. In
contrast, short, wide inlets will bring the inlet height closer to the boundary layer height and ingest a
relatively greater portion of the airframe drag. However, this will increase the array length. The trade-off
between these costs and benefits determines the ideal configuration in terms of aspect ratio.

Given the link between the array configuration and performance, the optimum number of fans for
the array is a key component of the ideal configuration. Assuming an equal fan pressure ratio for every
propulsor in the array, any selected fan pressure ratio will correspond to a number of fans, Ng,,, which
minimises the array power consumption (Figure 11). The h/§ parameter and array length, Layray, may be
used to describe this outcome. An increase in h/d tends the inlet characteristics towards the free-stream
flow characteristics, which results in a reduction in the benefits of BLI. Therefore, for an individual
propulsor with fixed fan pressure ratio, a reduction in h/J is beneficial and reduces power consumption.
If the inlet aspect ratio and the array NPF are to be maintained at a constant value, this may be
achieved by an increase in the number of propulsor in the array. A greater number of propulsors reduces
the average height of each propulsor, as the inlet area is spread over a greater array length. However, this
extends the array into the relatively higher speed, thin boundary layer flow (high h/§) at the fuselage
edge, which may result in a detriment to the overall power consumption of the array. A similar conclusion
may be made with respect to the fan pressure selected for the array. A relatively higher fan pressure
ratio propulsor has a smaller area (low h/d, short array), although the higher compression may result
in an overall greater power consumption. A change in the inlet aspect ratio serves a similar purpose to
changes in the N, parameter, as aspect ratio will influence both the array length and hs. A change
in inlet aspect ratio establishes a new optimum for the array configuration (Figure 12). Each of the
variables demonstrates that the optimum configuration is achieved where the results of changes in h/J§
and array length are balanced.
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Figure 11: Power for arrays with varying number of fans (neglecting nacelle drag).

VII. Conclusion

This research has developed a method for the simulation of a boundary layer ingesting propulsion
system, with particular emphasis on factors influenced by the integration of the system. Results have
been presented for a distributed propulsion system operating on the N3-X, however, the method is non
system-specific and may be adapted for use in alternative configurations.

A selection of simulation results have been presented which demonstrate how the boundary layer and
span effects influence the performance of a propulsor array. The results display the importance of taking
into account the span-wise variation in inlet characteristics along the length of the array. The addition of
the flow characteristic variation results in an increase in the power required by the array, as the boundary
layer thins and the entry Mach number increases along the length of the array. Despite a higher power
requirement, the higher pressure ratio fans benefit from being less sensitive to inlet pressure losses. In
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Figure 12: Power for arrays with varying aspect ratio of the inlet stream (neglecting nacelle drag).

a high inlet pressure loss case - such as might be seen for a high aspect ratio inlet transitioning to a
circular fan face cross-section, or for an s-duct inlet - the optimum fan pressure ratio increases. This is
compounded by the introduction of installation terms which further increases the optimum fan pressure
ratio. The additional mass flow (and hence power) required from a low pressure ratio to compensate
for either inlet pressure loss or the drag of a nacelle is noticeably greater than for a high pressure ratio
fan. Hence minimising the fan pressure ratio is not always the ideal route to minimising the propulsor
power requirement. The additional design variables introduced in the analyses demonstrated that the
optimum design is obtained when the results of changes in h/§ and array length are balanced. The
variables provide an additional degree of freedom which may be used to design each individual propulsor
in order to optimise the array as a whole:

e Number of Propulsors

e Fan Pressure Ratio

e Inlet Aspect Ratio

e Net Propulsive Force
Each parameter has an impact on the array configuration and the performance of the individual propul-
sors. The method developed in this research enables the quick assessment of multiple configurations
to assist in the preliminary assessment of each configuration and final selection of an optimised set of
parameters. The presented results have been primarily in terms of the power saving coefficient, however,
it should be noted that the optimum configuration from a power saving coefficient perspective may not
be the optimum with regards to minimising power consumption (Figures 11 and 12).

Although previous research has shown that PSC can be improved by increasing the ingested drag of
the array, it is not the only route to improvement of PSC. Simulations performed for the N3-X case have
shown that the optimum FPR point with respect to PSC does not occur for a configuration with the
highest percentage of ingested drag. Equally, a lower loss system will have improved power consumption,
despite being a smaller array with a slightly lower ingested drag percentage. The results highlight the
importance of tying the propulsion system and aircraft performance together at an early stage.

A limitation of the 1-D control volume method presented here is the inability to directly represent the
additional intake loss incurred by ingesting the boundary layer and the losses in fan efficiency produce
by flow distortion. Alternative methods are still required to identify the system-specific losses produced
in the inlet.

Further research will extend the method to application for simulation at off-design conditions. Pre-
vious research on BLI system performance focuses almost exclusively on simulating design point perfor-
mance, particularly with respect to the analytical methods. However, full assessments of aircraft making
use of BLI system will require an off-design modelling procedure.
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