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Fundamental Concepts of Boundary Layer Ingestion Propulsion

Toannis Lamprakis*, Drewan S. Sanders’, and Panagiotis Laskaridis*
Cranfield University, Cranfield, Bedfordshire, England MK430AL, United Kingdom

This work further develops energy-based far-field methods, by introducing Galilean covariance
in work-energy relationships of flight. The novelty lies in how decomposition formulations are
re-derived from integral forms of the governing laws applicable to moving control volumes. It is
shown that aerodynamic performance is best evaluated in a reference where the aircraft moves
through the atmosphere. The advantages are clearly demonstrated through the formulation of
a hypothesis on Boundary Layer Ingestion (BLI) power savings using a series of simplified flat
plate - BLI propulsor configurations. This hypothesis links BLI power savings to the energy
content within the boundary layer and the propulsor’s ability to attenuate the ingested boundary
layer’s velocity profile. Extensive numerical studies on both laminar and turbulent flows are
carried out to test this hypothesis, examining different levels of wake recovery achieved through
a body force model propulsor with varying load distributions. Near-perfect wake attenuation is
shown to yield maximum power savings, but only for higher Reynolds number flows, where the
influence of aero-propulsive interference on upstream dissipation is minimal. The flat plate
findings are extended to a 2D axisymmetric fuselage representation, where baroclinic losses
become significant. A maximum power saving of around 8% is achievable at typical cruise

conditions for a single-aisle passenger aircraft.

Nomenclature
Ap = actuator disk area, m?
c = chord length, m
Cp = drag coeflicient
Cy = skin friction coefficient
(O = pressure coeflicient
Cr = thrust coefficient
CS = control volume surface
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v = control volume

d = distance, m

D,D, = total, friction drag, N

e = internal energy, J/Kg

f = volume specific body force vector, N/m?
F = force vector, N

f = body force vector field, N/m?

i = second order tensor identity matrix

M = Mach number

k = turbulent kinetic energy, J/Kg

il = unit normal vector

p = static pressure, Pa

De = =P — Do, gauge pressure, Pa

PER = potential for energy recovery

Ps = propulsor shaft power, W

Pr = Dbody force propulsor power, W

PER = compressibiltiy-corrected potential for energy recovery
PSCmin = minimum power saving coefficient

q = heat conduction flux vector, J/(Kg - s)

q = volumetric heat addition, J/(Kg - s)

r = position vector, m

Re = Reynolds number

Re. = chord-based Reynolds number

S = surface, m?

S = rate-of-strain tensor

t = time, s

T = static temperature, K

T = Thrust, N

% = volume, m?

U = relative velocity between reference frames, m/s

\Y = (u,v,w), velocity in the absolute reference frame, m/s
A\’ = (u’,v’,w’), velocity in the relative reference frame, m/s



Vi = stream wise velocity component, m/s

Wh = potential work rate, W
X = (&,79,2), absolute reference frame coordinates
X’ = (&',¥,%’), relative reference frame coordinates

= boundary layer thickness, m

E, = streamwise kinetic energy outflow rates via Trefftz plane, W
Eyi = E, +E,, total kinetic energy outflow rates via Trefftz plane, W
E p = pressure work rates acting on the Treffz plane, W

E, = transverse kinetic energy outflow rates via Trefftz plane, W
Erp = Ey + E, Trefftz plane net mechanical energy outflow rate , W
1FIP = propulsive efficiency of free-stream ingesting propulsor

a = fuselage inclination angle, rad

o = propulsor thickness, m

0 = momentum thickness, m

0* = energy thickness, m

(C] = volumetric pressure work rate, W

Hs Ky = laminar and turbulent dynamic viscosities, (N - s)/m?

v = kinematic viscosity, m?/s

o = density, kg/m?

T = viscous stress tensor, Pa

b = viscous dissipation rate, W

o = total mechanical loss rate, W

Subscripts and Superscripts

AD,D = Actuator Disk quantity

ARF = Absolute Reference Frame quantity
B = aircraft surface related quantity

BL = boundary layer-related quantity

cS = control volume surface

dist = distribution

e = boundary layer edge quantity



f = body force related quantity

FIP = free-stream ingesting propulsor

irr = irreversible quantity

jet = jet plume region

lam = laminar quantity

prop = propulsor-related quantity

rev = reversible quantity

REF = reference quantity

RRF = Relative Reference Frame quantity
S0-S4 = hypothesis scenarios 0-4

shock = shock-related quantity

t,turb = turbulent quantity

TE = trailing edge quantity

TP = Trefftz plane quantity

wake = wake layer-related quantity

00 = free-stream quantity

’ = quantity in the relative reference frame

I. Introduction
Boundary Layer Ingestion (BLI) is a concept believed to leverage favourable aerodynamic coupling between the airframe
and propulsion systems. A comprehensive review of BLI propulsion by Moirou et al. [1], provides an in-depth
discussion on performance accounting, numerical methods and models, experimental apparatus and practices, and
various BLI aircraft conceptual designs. Concepts include Blended Wing Bodies [2—4], ultra-wide fuselages [5-7], and
tube-and-wing aircraft with a tail-cone concentric BLI propulsor [8—13]. The latter have attracted significant interest
and lend themselves to axisymmetric modelling assumptions. This reduces flow-field complexity and enables primary
mechanisms of BLI to be investigated, as has been explored in Refs. [14—19]. As reviewed by Moirou et al [1], several
works [9-11, 20-30] apply various performance accounting methods to differing levels of modelling fidelity, each
comparing performance benefits against a different baseline. The unfortunate outcome is that, despite these research

efforts, there remains large uncertainties in the claimed benefits and the interpretations of the underlying physics.

A primary challenge is the ambiguity associated with adopting bookkeeping conventions [31, 32] where thrust is

isolated and indirectly represents the useful work required to overcome the airframe’s drag. Thereafter, the total power



required to produce this implied useful work is assessed according to its core, transfer, and propulsive efficiencies
[33]. Improvements in aero engine propulsive efficiency have been particularly instrumental in enhancing aircraft
performance [34-36], however, the definition of propulsive efficiency is reliant on clear divisions between propulsive
and drag streamtubes. Unfortunately, these are inseparable in BLI configurations and it becomes difficult to establish
a thrust definition (from bookkeeping conventions) that meaningfully represents useful work*. Therefore, despite a
number of alternative, BLI specific, force accounting methods [9, 28, 30], a momentum-based approach is likely to
return a thrust that misrepresents useful work and propulsive efficiency. This is evident from a number of studies which
calculate propulsive efficiencies in excess of 100% [14, 22, 37-40], or the debatable analogies of Bevilaqua and Yam
[41] used to constrain it below that threshold. A popular work-around to this dilemma is the Power Saving Coefficient
(PSC) proposed by Smith [42], which compares BLI versus Free-stream Ingesting Propulsor (FIP) power required to
achieve the same net vehicle force. Unfortunately, the PSC is circumstantial because it depends on the baseline used
for comparison. Strictly speaking, and as explained by Hall et al. [5], there is also no unique way of establishing

equivalence between the BLI and FIP propulsor that allows for fair comparisons.

Drela [43] and Sato [44] proposed the Power Balance Method to circumvent these difficulties by approaching aircraft
performance using mechanical energy instead of forces. Arntz et al. [45] extended the idea to an exergy-anergy balance
by incorporating the second law of thermodynamics. Subsequently, Lamprakis [46—49] has demonstrated the validity of
both approaches in their application to BLI configurations in adiabatic and non-adiabatic flows. Nonetheless, Drela’s
[43] and Arntz’s [45] formulations were both derived in the Relative inertial Reference Frame (RRF), which has its
coordinate system fixed to the aircraft. Based on the work of Renard and Deck [50], Sanders and Laskaridis [51]
identified that the mathematical terms in both formulations actually represent physical mechanisms whose energy forms
are naturally perceived in the Absolute inertial Reference Frame (ARF)'. As explained by Mallinckrodt and Leff [52],
work-energy relationships, unlike force-momentum, are Galilean covariant and not Galilean invariant. This means
that the work done, and its corresponding energy, change by equivalent amounts depending on the inertial reference
frame in which they are viewed. Although treatment in the RRF is valid, it is reliant upon an implied shift to the
AREF to contextualise and quantify work-energy relationships. This implied shift is not particularly problematic when
analysing conventional aero-propulsive architectures, but becomes unclear, difficult to visualise, and open to errors when
considering configurations with close aerodynamic coupling between airframe and propulsor. Therefore, in the authors’
opinion, working directly in the ARF provides greater clarity and rigour in dealing with such complexities. Sanders
and Laskaridis’ [51] ARF transformation of the power balance decomposition was limited to steady flow assumption,

whereas this paper properly addresses Galilean covariance by directly applying the generalised, time dependent, integral

*A further complication is that the ingested boundary layer’s size is on the same scale as the propulsion system’s inlet. Subsequently, it is
impossible to obtain local pressure drag contributions by subtracting the potential flow forces, as would normally be permitted via, what Ref. [31]
describes as, Prandtl’s extension to D’Alembert’s paradox.

fDubbed by Renard and Deck [50]



forms of the governing equations in the ARF. This non-trivial matter has been described in detail by Berhouni et al.
[53] in the context of exergy analysis*, who emphasise the importance of analysing flows from the perspective of the
thermodynamic deadstate, in order to arrive at a correct definition for exergy. Although not that dissimilar, there are
a few important differences between that presented herein versus that of Ref. [53]. In particular, this work takes the
approach of moving control volumes, whereas Berhouni et al. [53] derive their formulations for a control volume fixed
in space. The generality of the moving over the fixed control volume approach has some key advantages, which enable it

to be readily applied to non-inertial accelerations and other unsteady motion of an aircraft and its components.

Galilean covariance considerations aside, the energy-based approaches have enabled improved quantification and
qualification of BLI performance via concepts such as; the potential for energy recovery [15, 51] redefined propulsive
efficiency definitions [5, 44], dissipation-based form factor correlations [44] and a full thermo-aerodynamic analysis
[46], which is inclusive of thermal energy recuperation aspects. These have, for example, typically been applied to
complex BLI configurations like the D8 [5-7, 54]. In such applications it becomes difficult isolate BLI specific benefits
from other airframe design adaptations and, in some cases, BLI may actually introduce undesirable interaction effects
[14] which detract from, or negate, benefits. As such, analyses of complex architectures offers limited insight into the

fundamental principles underpinning BLI physics.

To better interrogate fundamental BLI mechanisms Baskaran et al. [18] presented an energy-based aero-propulsive
analysis of simplified 2-D axisymmetric, BLI propelled, fuselage designs. This also featured flat plate studies in laminar
flow with and without a wake-filling Body Force Model (BFM). Applicable to incompressible flow, the BFM utilized
the Bernoulli equation to determine the source term distribution necessary to fill in the boundary layer’s total pressure
deficit. The study demonstrated, conceptually, the possibility of achieving greater power savings via improved wake
attenuation, but the reported data were limited to a single laminar flow condition (at one Reynolds number) and it was
therefore unclear if the good agreement between the Blasius solution (= 21.4%) and the large PSC savings reported
(= 19%) were circumstantial. This paper addresses this knowledge gap and requires a comprehensive study, based on
extensive canonical test cases in both laminar and turbulent flow, across a wide range of flow conditions, and for varying

levels of wake attenuation, to thoroughly interrogate the mechanisms underpinning BLI aerodynamics.

The first aim of this paper is to clearly demonstrate the significance, necessity, and physical relevance of dealing with
aerodynamic work-energy balances in the correct inertial reference frame, particularly with respect to BLI. The second
aim is to develop and numerically test a hypothesis on BLI power savings using a series of simplified flat plate—BLI
propulsor configurations. This hypothesis introduces a generalized PSC definition, linking BLI power savings to the

boundary layer’s energy content and the propulsor’s ability in attenuating the ingested boundary layer profile. To

#1t is noted that this manuscript was submitted for peer review prior to the publication by Berhouni et al. [53], and that these notions regarding
appropriate reference frames in such analysis were developed around the same time and from different perspectives.



evaluate this, the hypothesis is tested through CFD simulations of laminar and turbulent flat plate flows, as well as 2D

axisymmetric fuselage representations, across a comprehensive range of Reynolds and Mach numbers.

The work presented in this paper is the dissemination of the final deliverable report of Work Package 1.1a within the
Advanced Product Concept Analysis Environment (APROCONE) project (with funding from the British Government
via the Aerospace Technology Institute / Innovate UK, with grant number 113092, in collaboration with Airbus UK

Ltd), delivered in April 2020 by Lamprakis et al. [55].

I1. Work-Energy Relationships of Flight
This section closely follows the work-energy relationship theory developed by Sanders [56, 57] for the purposes of
analysing ejector powered BLI configurations, as tested in Supporting Understanding of Boundary Layer Ingestion

Model Experiment (SUBLIME) project [58].

A. Reference Frame Perspectives

External aerodynamic problems are typically approached using an inertial reference frame fixed to the aerodynamic
body in question. Analogous to a wind tunnel experiment, the aerodynamic body is viewed as an obstacle which the
oncoming flow must overcome. The body is perceived as being stationary, with the air moving relative to it, and
experiences a net force commonly referred to as drag. This has taken advantage of Galilean invariance in representing
forces in flight. However, from the perspective of this Relative inertial Reference Frame (RRF), static equilibrium
appears to be achieved passively by a force directly opposing this drag. In other words, there is seemingly no active
effort (work) required to hold the aerodynamic body in place, as can be imagined by visualising a sting/support in a
wind tunnel model scenario. Instead, the effort originates in the flow itself, and is supplied by the wind tunnel’s fan in
this analogy. In keeping with the RRF perspective, the flow is pre-energised and its interaction with the aerodynamic
body results in losses that detract from it’s originating energy supply. From this it can be understood that Galilean

invariance no longer applies when considering the origins of the effort (work) required for flight.

This idea in the RRF extends to propulsion, and for demonstration purposes it is convenient to think of propulsion
as a separate system that provides the opposing force to drag (i.e. thrust). This is achieved by imparting additional
momentum to free-stream flow at the cost of some total power consumption. In jet engines, the thermal and transfer
efficiencies describe how effectively the total fuel power has been converted into kinetic energy [33]. The propulsive
efficiency quantifies how much of that kinetic energy is converted into useful work (thrust power). But, work is defined
as the dot product between the force and the distance over which it is acted. Therefore, strictly speaking, the useful work
done by the propulsion system’s net thrust is zero when analysed from the RRF, because it appears to be stationary.

Nonetheless, engineers overcome this by making an implied shift to the ARF, where the balance between thrust and



drag results in dynamic equilibrium and useful work is the net thrust acting at the aircraft’s flight velocity.

Caution is required when relying on an implied shift between the RRF and AREF, particularly when considering the
complexities of highly coupled aerodynamic systems, where the division between thrust and drag is ambiguous, and
useful work (thrust power) is not clearly defined. Unlike forces and Newton’s second law, work-energy relationships
are Galilean covariant rather than invariant [52], which means that the amount of work (and its energy counterpart)
will vary according to the reference frame in which it is perceived. Therefore, it is sensible to adopt a fully consistent
ARF approach, which perceives all the energy supply required for flight as emanating from the aircraft itself, and being
transferred across the aircraft surfaces (via the no-slip condition) to the atmosphere. Subsequently, the atmosphere is
rightly perceived to be an energy sink only, as opposed to the RRF perspective, which may falsely perceive the "moving"
atmosphere as an energy source (like in the wind tunnel experiment analogy). Moreover, the ARF helps to reveal causal
energy transformation pathways, and can be analysed to identify local flow mechanisms containing available energy that

can be harnessed to perform thrust work through strategic propulsion integration, such as BLI.

B. The Governing Equations for Moving Control Volumes

Aircraft external aerodynamic performance analysis is reliant on control volume theory and the associated integral forms
of the governing equations. Aerodynamic texts often introduce the governing equations with respect to a control volume
that has its boundaries fixed in space (see for example Anderson [59]). Although this approach yields a simplified form
of the integral equations suitable for most applications, it does not enable analysis for moving control volumes, as
required for the ARF analysis formulation presented herein. Following Leibniz’ General Transport Theorem Eq. (1), the
integral forms governing mass, linear momentum, mechanical energy, and total energy can be expressed in the forms of

Egs. (2) to (5), respectively.
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In Egs. (2) to (5), V and Vs refer to the local flow velocity, and control volume surface velocity, respectively. The
integration limits CV(f) and CS () indicate the movement of the control volume and its surfaces with respect to time ¢,
respectively. The symbols p, p, 7, [, e, q, and ¢ represent the flow density, static pressure, viscous stress tensor, body
force vector field, internal energy, heat transfer coefficient, and any volumetric heating sources, respectively. The control
volume is comprised of infinitesimally small volumes dV, and the normal vector 7 is defined as pointing out of the

control volume perpendicular to any surface element, such that dS = 7i - dS.

The General Transport Theorem, Eq. (1), helps to correctly isolate and account for changes of properties inside the
control volume due to the movement of its surfaces. If Eq. (1) were to be substituted back into Eqgs. (2) to (5), this
would bring the time derivative within the volume integration and return the integral equations to the more typical
form presented in most texts. However, it is also evident that this is equivalent to setting Ves = 0, which implies that
those typical forms of the integral equations really represent a control volume that is fixed in space relative to the
inertial reference frame being used. Therefore, it is clear that Eqs. (2) to (5) represent the governing equations in a
fully generalised form that will enable an ARF analysis of aircraft external aerodynamics. Furthermore, Egs. (2) to (5)
are written with respect to some arbitrary inertial reference frame X = (&, ¥, Z), and are related to any other arbitrary

inertial reference frame X’ = (&', §’, 2’) travelling at a velocity U relative to X, via Galilean Transformation where:

r=r +U¢, t=1¢ (6)

where r and r’ are position vectors referencing a point in space as perceived from X and X', respectively. Subsequently,

the relationship of the local fluid velocity between the two reference frames is given by:

V=V +U @)



<
\,
\.

AR S
\,

Fig.1 The motion of an aircraft and its control volume in the ARF, X = (%, J, Z), versus the RRF, X’ = (&, ,%').

C. Absolute Reference Frame Formulations

Fig. 1 shows an aircraft flying through the initially quiescent atmosphere, as perceived by the ARF coordinates X, for
two instances in time, #; and 7, and at a constant flight velocity U = —V,. Also shown, are the RRF coordinates X',
which are fixed relative to the aircraft and seen to change position with time. Velocities in the two references frames are
related by Eq. (7). It is convenient to fix the encapsulating control volume relative to the aircraft such that its far-field
surfaces move at its flight speed i.e. (Ves)urfielq = U- The front, top, bottom, right, and left far-field planes are assumed
to be positioned sufficiently far from the aircraft such that they are immersed in undisturbed flow. Therefore, the only
disturbed flow to cross far-field does so via the Trefftz plane Stp. Assuming quasi-steady flow (or periodically unsteady
flow, as addressed by Drela [43]) within the moving control volume, enables the momentum balances of Eq. (3) to be

simplified and rearranged®:

//(pgﬁ—?-ﬁ) dSB—///pde=—//(va'.ﬁ+pgﬁ_¥.ﬁ) dSrp (8)

The first term on the left describes the integrated near-field pressure and shear stress forces scrubbing the aircraft’s
surfaces Sg, and also includes propulsive surfaces moving relative to the aircraft’s centre of mass. Alternatively, the
second term on the left allows for propulsor representation via body forces. The combined forces on the left hand side
equate to the far-field counterpart on the right hand side, which is integrated across the Trefftz plane Stp. Apart from
the body forces, and if shear stresses on the Trefftz plane are to be neglected, Eq. (8) is the classical near versus far-field
force balance, and is the typical starting point for more sophisticated far-field decomposition methods [43, 45, 60-63].
However, it is important to note from reviewing these studies, that the form of Eq. (8) is normally obtained from the RRF

momentum formulation via mathematical substitutions primarily aimed at simply confining the far-field integration to

$The static pressure has been substituted for the gauge static pressure, i.e. p; = p — pe as a further simplification.
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the Trefftz plane only! and not necessarily with the intention of transforming the analysis to the ARF. Whereas the

derivation presented herein is shown to be a natural and direct outcome of the ARF perspective.

Eq. (8) only deals with forces, and instead a more holistic approach is to analyse aerodynamics in terms of work-energy
relationships, as was first proposed by Drela [43], who developed a power-based decomposition from the RRF mechanical
energy balance. However, as with the classical far-field force balance derivation, Drela [43] applies similar simplifying
substitutions to the mechanical energy balance in the RRF to limit the far-field surface integrations to the Trefftz plane
only. Drela [43], does not make any explicit mention that this simplification equates to an effective transformation to
the ARF. However, Sanders and Laskaridis [51] made this connection explicitly and argued that contextualising the
decomposition from the ARF perspective enables a more natural interpretation of the energy forms described by the
various mathematical terms. This was supported via a rather limited mathematical transformation from the steady-flow
RRF mechanical energy balance, and did not yet make the connection to use a moving control volume derivation to
properly represent the ARF, which was later done by Sanders [56, 57]. The form of Eq. (4) is a significant improvement
on this, as it is fully generalised and also readily applicable to unsteady flows too, which is left for consideration and
further development in future work. Instead, for the purposes of this paper, Eq. (4) is applied to the moving control

volume in Fig. 1, following previous assumptions, and is subsequently rearranged to givel:

—//(pgvgs—?-V’Cs)-dsB+///pf-V'dV+//(png—%vm)-dsB—///pf-Vw V=... (9
P

Ps > ~Fg-U ~F-U

//(V;pvl+pgv_¥'v)’dSTP+///—PgV-VdV+///?:VVdV

Erp (C] [

The term Ps describes the shaft power related to any moving propulsive surface, like a propeller for example, and is the
work related to the motion of the control volume surface Sy relative to the aircraft’s centre of mass. This near-field shaft
power is confirmed by application of the total energy balance Eq. (5), which indicates that it corresponds to a total
enthalpy rise in the flow, as described in Appendix B. The same appendix, also shows that body forces may be used to
represent a propulsor instead of actual geometries, and that Py is the corresponding power input that can also be shown,

from the total energy balance Eq. (5), to equate to the enthalpy rise typically associated with shaft power.

The remaining terms on the left of Eq. (9), Fg-U and F z-U, denote the pseudo-work™ rate of the forces acting on the

IThis is achieved by first substituting V/ = V/ — V¢, + V, into the RRF momentum balance formulation (and relying on the corresponding RRF
mass balance equating to zero, see Ref. [62]), followed by positioning the other far-field planes sufficiently far away from the aircraft, such that they
are immersed in free-stream flow.

It is noted that this work assumes a fully inclusive, uninterrupted control volume, and therefore does not need to include Drela’s [43] " P " term,
which is normally used to account for energy fluxes across the interfaces between the aircraft’s and propulsor’s separated control volumes.

**following Mallinckrodt and Leff’s |52] interpretation of work associated with integrated forces applied to the centre of mass of an object
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flow (at the aircraft’s flight velocity) by the aircraft surfaces Sg and body forces f, respectively. To maintain dynamic
equilibrium, and because quasi-steady flow has been assumed, any imbalance in the combination of these forces must be
compensated for. Drela [43] suggests that a net negative streamwise force indicates an excess in power which must be

converted to altitude potential energy by the aircraft in steady climb, or vice versa, and so:

Wi = FgU + F;-U (10)

where, W and & symbolise the aircraft weight and climb rate, respectively. Therefore, this term can exist on either the
left or right side of Eq. (9) depending on whether the climb rate is negative or positive. In other words, if the aircraft
is descending, then its altitude potential energy will be transferred to the atmosphere, whereas an ascending aircraft
transfers a portion of the propulsive power into raising the aircraft’s altitude potential energy instead of transferring it to

the atmosphere.

The mechanical energy deposited in the wake via the Trefftz plane is given by Erp in Eq. (9), and may be decomposed

into the ARF streamwise kinetic energy E,,, transverse kinetic energy E,,, and pressure work E p constituents’:

Ey
] 2 24 2
Eszf/(p%u’+p%u’+ Palt )dSTp 11)
—_—— ——— ——
Ea EV El”

where (u,v,w) and (u’,v’,w’), are the ARF and RRF fluid velocity components, respectively.

The remaining terms ® and @ on the right of Eq. (9) are both Galilean invariant and are the volumetric pressure work
and viscous dissipation, respectively. ® measures the volumetric mechanical pressure power of the fluid expanding
against atmospheric pressure. It is closely related to compressibility (zero for incompressible flow) and spans across
regions of strong pressure gradients. It has the opposite sign in comparison to Drela’s formulation [43], as its net
contribution is deemed to be a loss and is thus placed on the power consumption side of the balance instead. This is in
agreement with Sato’s [44] and Lamprakis et al. [48] analyses, and only circumstantially shown to be negative where
a highly compressive portion of the control volume has been omitted in the analysis due to the propulsor modelling
approach taken [51]. In fact ® may have very large local magnitudes which cancel out globally. This in-turn highlights
the need for caution when using the "Pg" term in Drela’s formulation [43], which is related to internal integrations of ®
and thus dependent on the chosen locations of its inlet and outlet interface planes. To avoid ambiguity, this work opts for
using the shaft power, Pg, and body force power, Pr, which can be directly equated to total enthalpy rise across an

adiabatic propulsor representation.

assuming the shear stress term to be negligible

12



Unlike ©, the volumetric viscous dissipation @ is strictly positive, and its net value is an accumulation of its local
contributions. This is advantageous because it enables power consumption in the flow to be spatially decomposed and

directly attributed to local flow mechanisms, such as BLs, free-shear layers (wake), jet plumes, and shocks:

D = Op + Dyare + Djer + Psnock (12)

D. A Note on Including the Second Law of Thermodynamics

Inclusion of the second law of thermodynamics via the Gibbs equation, as performed by Arntz et al. [45], offers a more
strict and explicit distinction between reversible and irreversible flow quantities. In so doing, the right hand side of the
work-energy relationship is split into energy available to do work (exergy) versus energy that has been destroyed (anergy).
In typical adiabatic flows, the difference is the isolation of thermal exergy terms, which could in theory be recuperated
by a heat engine. However, in the context of BLI, it is the recovery of mechanical exergy that is of interest and the
additional decomposition of the thermal exergy-anergy is not required. Lamprakis [46] has discussed this in detail with
respect to the theory of adiabatic and non-adiabatic flows, supported by a boundary layer defect integral analysis method

[47], and demonstrated on adiabatic and non-adiabatic unpowered [48] and powered fuselages [49], respectively.

Dissipation Prevention Potential
0.8F
)
0.6
5.8 0.08F
S 0.08
3%
A|Q 0.06
Energy Recovery Potential
0.04
0.02f ]

o1 2 zle 3 4
Fig. 2 Kinetic energy, E,, versus viscous dissipation, ®, accumulation for a hypothetical flat plate being pulled
through initially quiescent flow by a frictionless pulley system.
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I11. Available Energy from Flat Plate Aerodynamic Work

A. The Potential for Energy Recovery Hypothesis
This section considers steady, flat plate flows in isolation, where no aerodynamic propulsion is included, and is therefore

referred to herein as "unpowered". In this scenario, the mechanical energy balance of Eq. (9) reduces to:

DV = E,+® (13)

where, for a quasi zero-pressure gradient flow, the wall normal velocity component v and pressure-dependent terms, such
as © and E p» Tepresent second order effects due to the flow streamlines being nearly tangent to the wall and p = pc,
respectively. Thus, the drag power energy exchange mechanisms for this flow are closely approximated by the sum of

the streamwise kinetic energy flux E,, and the viscous dissipation rates ® within the control volume.

From the ARF perspective, the unpowered flat plate must still maintain dynamic equilibrium, and requires that a force
be applied to it in driving it through the air. Fig. 2 presents a hypothetical scenario, where a flat plate is viewed from the
ARF and seen to be pulled through initially quiescent fluid by a frictionless pulley and cart system. The purpose of this
diagram is to illustrate clearly the causal work-energy pathways. Firstly, work is done by a continuous force Fp applied
to the rope at a constant velocity equal in magnitude to the flat plate’s velocity U. This work is then transferred perfectly
to the flat plate, assuming no losses via the frictionless pulley and cart system, in the form of kinetic energy that is itself
available to do work. In turn, the flat plate does work on the fluid via the no-slip condition, whereby the initially still
fluid is pulled along with the flat plate’s motion. Thus, kinetic energy has been imparted directly to the fluid in contact
with the surface. Due to this acceleration, a boundary layer forms as a diminishing amount of the kinetic energy reaches
those fluid layers that are located increasingly further away from the flat plate’s surface. The outwardly diminishing
kinetic energy in the boundary layer is due to the imperfect viscous work done between fluid layers in transferring this
kinetic energy, and subsequently a large portion of energy is lost irreversibly via local viscous dissipation in raising
the fluid’s internal energy. This is further described by Renard and Deck’s [50] ARF modified skin friction version of
Eq. (13), which provides a comprehensive analysis of the intricate work-energy relationships of zero pressure gradient
laminar and turbulent flow. Now, considering a vertical survey plane at a fixed £ axis location, the energy lost via viscous
dissipation @, ahead of the survey plane, rapidly accumulates as the flat plate passes by. This is accompanied by a much
more gradual accumulation in local residual kinetic energy E, left behind by the boundary layer, and reaches a peak
once the plate’s trailing edge has passed by, as illustrated in Fig. 2. At the instance the trailing edge passes this location,
the entire work rate imparted to the flat plate (Fg-U = DV,,) has been transferred to the flow ahead of the survey plane,
and exists either as viscous dissipation or residual streamwise kinetic energy. As the plate continues to move beyond the

survey plane, there is no more local work transfer to the flow. Therefore, the net residual streamwise kinetic energy that
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PER

Fig.3 Hypothesis of PER g as a function of Re,. with annotated velocity profiles and excess kinetic energy rates
for two different Re. numbers in turbulent flow.

was available energy, gradually decays as it is converted entirely irreversibly to internal energy via viscous dissipation.
In theory, the peak net kinetic energy was energy available to do work, and could have potentially been harvested by an
appropriate mechanism before decaying irreversibly to heat. It is proposed that BLI propulsion is a mechanism that can
harvest this energy whilst also providing the thrust to overcome the friction forces between the flat plate and the fluid. A
general Potential for Energy Recovery (PER) metric has been introduced to quantifying this premise by assuming that

any residual drag power that has not yet been dissipated ahead of the Trefftz plane, should be available to do work [51]:

®  Ep+0
PER=1- — = % (14)
DV, DV,
In the zero-pressure gradient unpowered flat plate scenario, PER may be simplified to the approximation:
E,
PER =~ 15

Subsequently, a hypothesis may be formulated for the effect of the chords-based Reynolds number Re. on the PER.
The formation of a boundary layer of thickness J, is viewed differently in the ARF from the more conventional RRF
visualisation. This is depicted in the schematics of Fig. 3, which illustrate the ARF and RRF velocity profiles in purple
and blue, respectively. The streamwise kinetic energy E,, imparted to the flow via the no-slip condition, is determined
according to ARF perspective and scales with «> (blue highlighted area), which is subject to the BL’s velocity profile
shape and subsequently dependent on Re.. As depicted in Fig. 3, a higher Re,. results in a more concave BL profile,
with larger gradients close to the wall and a thinner 6. This means that there is a greater concentration of dissipation

occurring closer to the wall, which in turn results in a reduced amount of residual kinetic energy being left behind in the

15



boundary layer. Subsequently, there is less kinetic energy available to harvest and so PER reduces.

B. Energy Decomposition of Laminar flow

1. Blasius solution
For a zero pressure gradient Blasius flow, the drag power along the flat plate at each streamwise position is measured by
the sum of the local streamwise kinetic energy flux and the upstream viscous dissipation, as per Eq. (13). Following the

derivations of Drela [43], the kinetic energy is at its maximum value at the trailing edge of the flat plate and is given by:
Eup = 0.142p, V2 cRe 0 (16)
The corresponding cumulative viscous dissipation can be written as:

C
O = 0.522 / PV ReZ03 dx (17)
0

Finally, the stream-wise drag power generation along the flat plate is obtained from the skin friction as:
c
DV, = 0.332/ PV Re0 dx (18)
0

which simplifies to:

DV = 0.664po, V3 Re 0 (19)

Subsequently, based on the Blasius solution, the potential for energy recovery at the trailing edge of a laminar flat plate
is:

Blasius :
¢)TE<NIUS E

_ “amE
DV = DV 21.4% (20)

Blasius _
PER "™ =1 -
This quantity describes the amount of kinetic energy, as a proportion of work input to overcome drag, that is available

for recovery by a propulsive device.

2. CFD analysis

Figure 4 summarizes the energy decomposition along the flat plate and wake corresponding to laminar flows for
Re. = 5x10°,1 x 10° and four different M., numbers. The normalised E, distributions in Fig. 4 a) show a clear
Re. dependency which runs counter to the preceding Blasius solution. This is mostly an outcome of the drag being
underpredicted by the Blasius solution at the lower Re. regimes as shown in Fig. 4 f). This deviation is discussed by
White [64] and originates from the leading and trailing edge singularities of the flat plate in response to the discontinuous

change of boundary conditions in the flow field resulting in localised pressure fields. These singularities and their effect
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in the skin friction drag are also addressed in higher order theories with the inclusion of modified skin friction drag
formulations [65-67]. From an energy perspective, these singularities are translated, locally, to excess pressure work
E p» (see Fig. 4 ¢)) and volumetric compression/expansion work, 0, the relative magnitude of which is a strong function
Mach number as indicated by Fig. 4 c) and d). The rapid decay of the singularities’ energy trace with increasing
Re, number in Fig. 4 c) signifies that the higher Re, regime largely suppresses their presence and that the energy
characteristics of the boundary layer more closely resemble the Blasius flow field described by Eq. (13). The discrepancy
between the E p» magnitude of the two singularities indicates that the presence of the boundary layer flow at the trailing
edge partially mitigates the effects of the singularity. For this non-lifting 2-D flow, the E,, term merely accounts for the
transverse kinetic energy due to the wall-normal flow displacement with significant contributions for the lower Re,.

spectrum, for which the boundary layer thickness displacement is larger.

C. Energy Decomposition of Turbulent flow

Figure 5 shows the evolution of the various energy terms of the turbulent flat plate flow for Re. = 1 x 10°, 1 x 10% and
four different M, numbers. The energy-based characteristics are primarily driven by the £, and ® evolutions, while the
net £ p + O singularity spike contributions measure less than 3% of the total power and rapidly subside for the highest
Re range, as shown in Fig. 5 ¢) and d). In contrast with the self-similar Blasius profile, the boundary layer shape of the
turbulent flat plate flow is clearly Reynolds number dependent, with higher Re, values yielding more concave-shaped
velocity profiles. This results in a substantial reduction in the rate of change of E,/dx along the flat plate and in a
correspondingly smaller energy recovery fraction of the drag power, as shown in Fig. 5 a). The E,, variation is a second
order term as expected for high Re. flows (v << V) which rapidly decays downstream of the flat plate and can be
omitted from the energy balance without any significant compromise to accuracy. The superposition of the viscous
dissipation plots in Fig. 5 e) for different free-stream Mach numbers, signifies that @ is purely a function of Re,. number
due to its effect on the boundary layer shape. Thus, higher Re. number flows progressively shift larger fractions of
dissipation from the wake to the upstream boundary layers, such that the ratio @y /®Pp decreases, in agreement with
the hypothesis described in Fig. 3. It is conceptually useful to analyse the difference between the Re,. = 1 x 10°,1 x 103
dissipation curves by considering the relative contributions from their laminar (®;,,,) and turbulent (®,,,,-,) constituents.
These are shown in the subplot of Fig. 5 e) as obtained from the dissipation integrand by considering in isolation the
laminar and eddy viscosity components, as discussed in Appendix B. For Re. = 1 x 10°, the relative contribution of
@, is directly comparable to ®,,,,, along the flat plate, while the dissipation rate inside the wake region is measured
strictly by the turbulent mixing losses. The same reasoning applies for Re. = 1 x 108, however the turbulent dissipation
component dominates with a ratio of ®;,,,,/®;,,,> 2 at almost every streamwise position. The implication of the
increased turbulent dissipation is that for the Re. = 1 x 10% case, an additional =~ 3.9% energy fraction has been

irreversibly dissipated at the trailing edge of the plate. Finally, the CFD skin friction predictions for different Re and
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Fig. 4 Laminar flow energy decompositions along the plate (x/c < 1) and in the wake (x/c > 1), as well as Cp
(compared against Blasius predictions), for varying M., and Re,.

Mach numbers (discrete points) along with the skin friction relation of White [68] (black line) are plotted in Fig. 5 f) as
a non-dimensional measure of the drag power. The M, = 0.2 data show excellent agreement with White’s correlation
with larger deviations to be noted only in the highest Re. range mostly due to White’s approximation assumptions [68].
Higher freestream compressibility manifests as a downward offset of the curves indicating a “relaxation net effect” due
to beneficial thermo-compressible coupling effects arising from the boundary layer self-heating which outweigh the

effects of singularities.
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Fig.5 Turbulent flow energy decompositions along the plate (x/c < 1) and in the wake (x/c > 1), as well as Cp
(compared against White’s predictions), for varying M., and Re..

D. Trailing Edge Potential for Energy Recovery versus Reynolds Number

1. Flat Plate PER Evolution

For a quasi zero-pressure gradient flow, Eq. (14) is plotted in Fig. 6 for a Re. = 1 x 10° in laminar flow. The excess
kinetic energy, PER ~ E,/DV., gradually accumulates along the length of the plate, reaching its peak at the trailing
edge. The corresponding fraction PER = 1 — ®/DV,, measures the drag power not yet lost via viscous dissipation. The

two curves become coupled at the trailing edge, whereafter the decay in Erp matches the accumulation in ®. Therefore,
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Fig. 6 Laminar flow available energy accumulation versus drag power consumption, along the flat plate and in
its wake, at Re, = 1 x 10° and M, = 0.2,0.5,0.7,0.85.

the trailing edge location is likely the position of maximum energy recovery (PERTg) and is in agrement with Drela’s

[43] observations.

2. Laminar and Turbulent Flow PERTg Map

A non-dimensional representation of available energy at the trailing edge, PERtg is summarized in Fig. 7. Qualitative
comparison of the laminar and turbulent PERTg curves confirms that laminar flows shift larger portions of dissipation
from the body to the wake, yielding higher PERtg values. The laminar PERTg curves exhibit values of > 30% for
the lowest Re. number regime, thereafter gradually asymptoting to the Blasius =~ 21.4% prediction for the upper Re.
regime. With reference to the energy decomposition of Fig. 4, the mechanical energy increment between the PER plots
and the Blasius prediction is mainly a corollary of the strong pressure boundary work £ p and the local ® generated by
the trailing edge singularity. For the upper Re. laminar flow regime, the effect of the singularities rapidly subsides, such
that the governing energy transfer mechanisms are well described by the Blasius power balance form. For turbulent flow,
the boundary layer shape is associated with a combination of higher average-velocity gradients and higher effective
viscosity that severely penalise the dissipation characteristics of the flow resulting in a substantial downward slope
of the PERTg curves, in agreement with the hypothesis graph of Fig. 3. For a fixed Re. = 1 x 10° condition, the
excess boundary layer dissipation penalty yields a 43% reduction in the available energy fraction relative to laminar
flow. The overlap of the turbulent PERTg plots of different M, indicates that the effect of singularities rapidly decays
with increasing Re.., rendering E, and @ as the dominant energy terms. For typical airliners at cruise conditions
(Re. = 1 x 108 —5x 10%), Fig. 7 suggests that about 8 — 9% of the fuselage’s drag power is available at its trailing edge

for recuperation.
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Fig. 7 PERftg map of laminar and turbulent flat plate flows as a function of Re. for various Mach numbers.

IV. Propelling Flat Plates using Harvested Boundary Layer Energy

A. Hypothesis for Propulsively Harvesting Energy
Representing the propulsor as an actuator disk (AD) defined by a body force vector field f, provides a useful conceptual
tool for interrogating BLI energy harvesting in a systematic manner. Fig. 8 depicts five scenarios for aerodynamically
powering a flat plate through the flow. For all of these scenarios dynamic equilibrium is imposed, i.e. Wi = 0 in
Eq. (10), and Eq. (9) reduces to:

Pr=Emp+0O+® 2n

To explain the five scenarios in Fig. 8, it is convenient to assume a control volume whose far-field boundaries extend

infinitely far from the powered flat plate assembly in all directions, such that Erp — 0. As a result of this assumption,
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Fig. 8 Hypothesis of energy utilization and anticipated power saving trends versus Re..
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the net ©® remaining is assumed to be the sum of locally produced irreversibilities that can be lumped together with the

local viscous dissipation to give a combined local loss:

O =@+ O where, /// O dV = 0 (22)
V—oo

These local irreversibilities, ®;, are synonymous with the Baroclinic power described by Sato [44] and later by

Lamprakis [46] and Lamprakis et al [48]. Eq. (21) now simplifies to:
Pf = d)EL + cI)::vake + (Dj*el (23)
Scenario 0 (S0O) in Fig. 8, is analogous of a podded propulsor installation that ingests free-stream flow. The finite
diameter propulsor must produce a jet that dissipates viscously, <I>Jf‘et. Additionally, the flat plate’s BL shifts unopposed
into the wake, where any available kinetic energy also dissipates viscously, i.e. DV = @y + @, . The power
consumption of the AD, Py, must compensate for all this dissipation in order to maintain dynamic equilibrium, and so

Py.so > DVi. The free-stream ingesting propulsor’s (FIP) propulsive efficiency is derived from Eq. (9):

(o} Fr-V
jet f )
nep =1 - = (24)
Py Py

Scenario 1 (S1) in Fig. 8 represents an ideal FIP with npp = 100%. This hypothetical, ideal FIP would require its

diameter to approach infinity such that Vje, — 0 and (DJT"C[ — 0. Nonetheless, the power consumed by the propulsor in

5

achieving dynamic equilibrium , is Pg 51 = @ + @} = DV. Using this as an appropriate baseline, a minimum

Power Saving Coefficient for a BLI propulsor can be defined relative to the hypothetically ideal FIP:

Prsi—Prpu {— Pr BLI

PSCmin = Pf,Sl D Voo

(25)

This is a minimum power saving because it is compared to a perfect free-stream ingesting propulsor, and it is natural to
expect that the power savings will be greater when compared against a more realistic propulsor with its own intrinsic
inefficiencies and having npp < 100%. A similar definition has been independently introduced by Baskaran et al. [18],
but additional insight is gained by reformulating Eq. (25) to be a function of the accumulation of losses in the flow.
Following the previous assumption, Eq. (22), the PSCy, can be expressed in terms of changes in ®* relative to scenario

1 of Fig. 8:

(CDEL,Sl - q)EL) + (q);rop,SI - q);mp) + ( wake,S1 (D:vake) Ay +ADy  + ADY

PSCin = DVe DV,

(20)
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Here, the subscript "BL" refers to the losses in the boundary layer between the leading and trailing edge 0 < x/c < 1,
"prop" any intrinsic propulsor losses, and "wake" any losses behind the propulsor x/c > 1. Therefore, the energy
harvesting process is futile if the upstream losses due to aerodynamic airframe/propulsion interaction penalties, in
combination with propulsor intrinsic losses, exceed the downstream wake dissipation reduction. Conversely, Eq. (26)
indicates that in the absence of ®;,,, and for fixed upstream BL losses A®y; ~ 0, PSCiin is driven by the wake

attenuating capabilities of the BLI propulsor, exclusively.

Scenario 2 (S2) in Fig. 8, assumes that the AD is placed at the trailing edge of the flat plate, and its height matches
that of the incoming BL. Here, the body forces are assumed to be uniform along the AD and only a minor level of BL
attenuation is achieved in the wake. This partial attenuation means that only a small portion of the available streamwise
kinetic energy was harvested before dissipating in the wake. Assuming @, = 0 and A®y; = 0, Eq. (26) indicates that
Prs2 < DV, because A®? > 0.

wake

Scenario 3 (S3) in Fig. 8, distributes the AD’s body forces based on the incoming BL profile in an attempt to fully
harvest the streamwise kinetic energy and completely attenuate the wake at the trailing edge of the flat plate. However, it

is unlikely that instantaneous full attenuation is achievable, and instead the remaining streamwise kinetic energy will go

5

on to dissipate in the wake. Following the same assumptions (@,

=0 & ADy, = 0) there is an improvement over

. . >k ¥
scenario 2, i.e. Pr s3 < Py g2 because (IJWake’S3 < (Dwake,SZ'

Finally Scenario 4 (S4) in Fig. 8, represents the hypothetical situation where the distribution in body forces is able to
completely harvest the available kinetic energy, and in keeping with previous assumptions (¥, = 0 & A®y, = 0). In
this idealised scenario, no disturbances exist in the wake, which means that dynamic equilibrium is simultaneously
achieved, as can be inferred from the right hand side of Eq. (8). Subsequently, the AD’s power consumption only need

compensate for the energy dissipated in the BL ahead of it, i.e. Pr 54 = @, , = @y, |, and the power saving coefficient

of Eq. (25) equates to the potential for energy recovery, i.e. PSCmnin = PERTE.

In scenarios 2-4 of Fig. 8, it is expected that the amount of power saving is dependent on Re., as was described
previously with reference to Fig. 3 and supported by the numerical results of Fig. 7. The subsequent aim of this study
was to conduct RANS CFD models of scenario 2 and 3 so that the hypothesis of Fig. 8 could be numerically tested, and
its assumptions interrogated, as it is likely that the AD will introduce additional aerodynamic interference losses (the
propulsor may affect the upstream boundary layer characteristics relative to the unpowered configuration) in trying to

harvest energy from the boundary layer.
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B. Propulsively Harvesting Laminar Boundary Layer Energy

The AD was first included at the trailing edge of a flat plate** in laminar flow, where uniform and distributed body force
vector fields (described in Appendix C) were implemented to test the hypothesised scenarios of 2 and 3 depicted in
Fig. 8. The primary objective was to see if the numerical models reflected the PSCp, trends. The second objective

was to test the validity/significance of the assumptions that @, = 0 & A®y, = 0.

1. Propulsor’s Influence on Viscous Dissipation Accumulation in Laminar Flow

The viscous dissipation accumulation over the flat plate, and into the wake, is depicted in Fig. 9 for laminar flow.
A comparison is made between the unpowered flat plate, uniform AD loading, and wake attenuating AD loading,
respectively. Fig. 9 (a) examines a single, relatively high, Reynolds number, Re. = 1x10°, at different free-stream
Mach numbers M, = 0.2,0.5,0.7. Here, ®@p;. is observed to be almost completely independent of M, and nearly
entirely invariant to the propulsor suction effect, for both uniform and distributed AD loadings. Across the AD, there is
a slight "jump" increase in @ in comparison to the unpowered flat plate, which may be attributed to two causes. The
first is the subtle suction effect that the AD has on the BL just ahead of it, where a slight deceleration (relative to the
atmosphere) of the flow increases gradients closest to the wall, i.e. A®gp, < 0. The second involves intrinsic additional
losses incurred by the shear work of the AD’s body forces acting on the incoming BL flow, i.e. A®p,, < 0. This is
an inherent minimum loss that occurs, not necessarily due to limitations or assumptions in the propulsor modelling®®
only, but rather due to the shearing that takes place across the boundary layer when it is "forcefully" reshaped to a
uniform profile. This is an inherent loss associated with propulsively harvesting the BL’s available kinetic energy. In
both aspects, the wake attenuating distribution of body forces introduces slightly more dissipation just as the BL is
shed into the wake, and is also observed to be marginally more sensitive to the compressibility of the flow, as can be
seen by slight increase in accumulated dissipation with M. Thereafter, the ® is observed to continue accumulating
behind the uniformly loaded AD, which suggests that it was unable to harvest all of the BL's streamwise kinetic energy.
Nonetheless, this dissipation accumulation is observed to be lower than that in the wake of the unpowered flat plate,
which suggests that at least some BL energy recovery along with a reduction in the AD power Py to achieve dynamic
equilibrium. On the other hand, the accumulation of @ just behind the distributively loaded AD (targeting full wake
attenuation) is observed to cease completely in the wake. This suggests that almost all of the BL’s available streamwise
kinetic energy has been harvested and utilised in achieving dynamic equilibrium, thereby significantly reducing the AD

power consumption, despite the slight increase in local losses due to the effect of the AD’s presence on the BL.

Fig. 9 (b) examines a single, relatively low, Mach number, M, = 0.2, at different Reynolds numbers, Re,. =

Hsee Appendix A.A for CFD setup.
$3Viscosity remains activated within the propulsor cell zone. Although it could be deactivated, retaining it allows for an assessment of the inherent
losses associated with wake attenuation, as well as any numerical dissipation introduced.
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Fig. 9 Powered versus unpowered flat plate’s dissipation ® accumulation in laminar flow for a) Fixed Re. and
varying M., b) Fixed M., and varying Re..

5%x10%,1x103, 1x10°, 1x10°. As anticipated, the rate of viscous dissipation accumulation d®/dx in zero-pressure
gradient flow along the unpowered flat plate (0 < x/c < 1), decreases with increasing Re.. However, in the powered
cases, the observed rise in d®/dx ahead of the AD for low Re,, indicates that these flows are increasingly susceptible to
the suction effect of the AD, whereas high Re. flows are more resistant. As an example, for the lower Re. < 10 X 10°
regimes, the suction of the distributively loaded AD severely alters the boundary layer shape in its near vicinity by
decelerating and stretching it. This results in an abrupt increase of the rate of change of dissipation d®pg; /dx and
a subsequent upstream dissipation penalty (A®p;. < 0) measuring € ~ 15.6% and € ~ 20% for Re. = 1 x 10 and
Re. =5 x 102, respectively, as indicated in Fig. 9 (b). Moreover, this penalty is exacerbated by compressibility effects

at higher free-stream Mach numebers, which is summarised in Fig. 10.

Fig. 10 a) and b) depict the effect of M., on the distribution of the volume specific dissipation ~ u(dV /dy)?* across the
normalised boundary layer y/dgrer* at two different positions ahead of the AD, x/c = 0.8 and x/c = 0.98, respectively.
The results are plotted for the unpowered, uniformly loaded, and distributively loaded AD corresponding to Re. = 1x10°
and M, = 0.2,0.5,0.7, respectively. In general, the AD’s suction increases progressively with higher M., which
amplifies the dissipative characteristics of the boundary layer closer to the wall. This amplification becomes particularly
high for the distributively loaded, wake attenuating AD, due to the abrupt deceleration of the thinner and higher
momentum shear layers adjacent to the wall. From a comparison between the two positions of Fig. 10 a) and b), it is

clearly evident to see that this effect becomes far more dominant in the vicinity closest to the AD (i.e x/c = 0.98).

¥ 6rer is the BL thickness of the unpowered flat plate at the same position at Mo, = 0.2
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Fig. 10 Propulsor suction effect on the volume specific dissipation distribution across the laminar boundary
layer for fixed Re. = 1 x 103, varying M., and two positions: a) x/c = 0.8 b) x/c = 0.98.

Following this explanation and returning to Fig. 9 (b), the result is that there is sudden, almost, discontinuous, increase
in the viscous dissipation accumulation across the AD. At the lower Reynolds numbers, and in particular for the
distributively loaded AD, this additional dissipation penalty raises the total accumulated dissipation significantly above
that of the unpowered flat plate, despite having attenuated the wake. This implies a highly inefficient streamwise kinetic
energy harvesting process whereby, under low Re conditions, the AD’s power consumption would exceed that of an
ideal free-stream ingesting propulsor, i.e. Pr > DV, because ADg|. + A®p,, < 0. In other words, the dissipation
penalties incurred in attenuating the wake exceed the amount of kinetic energy harvested during the process, resulting in
a negative power saving PSCnin < 0 as per Eq. (26). This runs contrary to the hypothesised graph in Fig. 8, for low
Re numbers in laminar flow because the assumptions that A®gy, = 0 and Adp,,, ~ 0 are no longer valid under these
conditions. However, the higher Re number flows behaved as anticipated, A®@py, = 0 and A®@, = 0, and it is shown
later, via s similar analysis, that the hypothesis trends seems to hold true for turbulent flows, particularly at low Mach

numbers.

2. Propulsor’s Influence on Mechanical Energy Outflow in Laminar Flow

The evolution of the drag power-normalised mechanical energy outflow of the unpowered and powered flat plate
configurations is summarized in Fig. 11 a) and b) for laminar flow with varying M., and Re_, respectively. Similar to
the preceding dissipation analysis, Fig. 11 a) examines a single, relatively high, Reynolds number, Re,. = 1x10°, at
different free-stream Mach numbers Mo, = 0.2,0.5,0.7. As observed for d®/dx along the flat plate (0 < x/c < 1), the
rate-of-change in mechanical power outflow per unit length, d€tp/dx, appears to be relatively independent of My, and
insensitive to the AD’s suction and associated compressibility effects. However, although Erp is the same between
unpowered and powered scenarios, the proportions of its constituents, £, and E,,, are not. In the unpowered case,

Erp ~ E,, (because E p = 0, as shown in in Fig. 4) and accumulates to a peak value at the trailing edge. However, for the
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Fig. 11 Powered versus unpowered flat plate’s mechanical energy flux Erp in laminar flow for a) Fixed Re. and
varying M., b) Fixed M., and varying Re..

powered cases shown in Fig. 11 a), £, > 0 as the BL approaches the AD, meaning that £, must have been reduced to
maintain the same Etp as the unpowered case. As shown by the sketch in Fig. 11 a), the AD’s suction effect promotes a
more concave BL profile, thereby reducing E, (and increasing local dissipation), which is now found to have a lower
peak slightly ahead of the trailing edge. At this relatively high Re, this mechanism occurs to an almost identical degree
for each M., as is shown by the respective plots. However at lower Re numbers, the flow is more sensitive to the AD’s
suction effect. Nonetheless, examining and comparing Etp in the wake, shows that the uniformly loaded AD harvests
some of E,, (with the remainder decaying as it dissipates viscously), whereas the distributively loaded, wake attenuating
AD, completely harvests all of £, by eliminating it from the wake. This energy harvesting is also found to be relatively

insensitive to M.

Now turning to Fig. 11 b), which depicts the evolution of Etp for a relatively low constant Mach, M, = 0.2, and a range
of Re numbers, Re. = 5x10%, 1x103, 1103, 1x10°, it is clear that the AD’s suction effect has a significant impact on
Erp and not only E,. In accordance with Fig. 7, lower Re numbers result in greater proportions of £, and therefore
Erp. However, a more curious observation is that the proportion Erp / DV, increases for the powered cases, and for
the distributively loaded AD in particular. This gives the misleading impression that there is, proportionally speaking,
more energy available to be harvested. The issue here is that the drag power used to normalise these curves, belongs to

the unpowered case. But the suction effect, to which low Re numbers are particularly prone, causes higher gradients
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Fig. 12 Powered laminar flat plate flow PSCyin versus Re,. at different M.,’s, for the uniformly and distributively
loaded AD compared against the unpowered PERyg.

near the wall, which increases the dissipation accumulation in the BL as was discussed around Fig. 10 b). Therefore,
although the absolute amount of Erp may have increased, it has been accompanied by an even larger increase in BL
dissipation, i.e. |A®pr| > |AETP| at x/c = 1. It was necessary to normalise the curves by the same "drag power"
for consistency, and this emphasises the need to examine both dissipation and mechanical power outflows together
before drawing any final conclusions. Subsequently, for laminar flows, it may be understood that the AD’s suction effect
causes dissipative penalties that more than override the benefits of reduced Re,. prescribed by Fig. 7. Nonetheless this
sensitivity to the suction effect diminishes as Re.. is increased, and the benefits of harvesting E,, will begin to outweigh
the dissipation penalties. However, once Re. has been increased sufficiently, such that the BL has become insensitive to
the AD’s suction effect, then the benefits will start to decrease as the proportion of E,, available for recovery reduces.

This leads on to the PSC .y, trends, which are discussed next.

3. Combined Mach-Reynolds Number Effects on PSC,, in Laminar Flow

The non-dimensional power saving curves of the laminar BLI flat plate configuration are obtained as a function of
the chords-based Reynolds number Re. and for 3 different freestream Mach numbers, as shown in Fig. 12. The
superpositioned dashed lines indicate the hypothetical maximum PSCy,;, = PER7g attainable via an ideal wake
attenuation process along with the hypothetical Blasius limit prediction. The trends obtained from the numerical results
differ significantly from those hypothesised in Fig. 8, because the assumptions did not hold under the low Re. flow
cases, particularly at high M, and for the distributively loaded, wake attenuating AD. Instead, the AD’s suction effect
caused significant additional viscous dissipation in the upstream BL, which was in addition to its own losses due to the
irreversible shear work performed on the BL in attempting to attenuate the wake. Subsequently, and with reference to
Eq. (26), PSCrmin < 0 because |ADgr, + ADprop| > [ADyake| Where (ADpy, + ADprop) < 0 and Ay, > 0. However,
it was observed that the flow became ever more resistant to the AD’s suction effect as Re,. was increased, which
reduced the associated dissipation penalties and led to a shift in balance where they were eventually outweighed by the

wake attenuation gains, i.e. [A®pr, + ADpop| < [ADyype|. The rise in PSCriy with continued increase in Re., soon
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Fig. 13 Powered versus unpowered flat plate’s dissipation ® accumulation in turbulent flow for a) Fixed Re,
and varying M, b) Fixed M, and varying Re,.

plateaued because of the counteracting mechanism of reduced available energy, as described by the PER trends of Fig. 7.
Eventually, as Re, is raised further, the suction effect on ®p;, becomes negligible and, for the distirbutively loaded
AD at low M, the PSC, converges on the PERTg limit. The negative offset of PSCy;, with increasing M., eludes
to intrinsic compressibility losses incurred by the AD in the shear force work performed in attempting to attenuate
the wake, i.e dDProp oc M. Finally, the lower PSC i, values for the uniformly loaded AD, at the higher Re. numbers,

clearly shows that the distributively loaded AD extracted and utilised more energy from the BL.

C. Propulsively Harvesting Turbulent Boundary Layer Energy

1. Propulsor’s Influence on Viscous Dissipation Accumulation in Turbulent Flow

The turbulent flow evolution of the drag power-normalised dissipation for the unpowered and powered flat plate with
uniform and distributed forces, is shown in Fig. 13 a) and b) for varying M., and Re. numbers, respectively. Fig. 13 (a)
examines a single Reynolds number, Re,. = 1X 107, at different free-stream Mach numbers M., = 0.2, 0.5,0.7. Over
the flat plate (0 < x/c < 1), the dissipation curves are superimposed over one another, and shown to be completely
independent of M., as well as the propulsor’s suction effect. Thus, the upstream dissipation of turbulent flow is shown
to be resistant to pressure gradients in agreement with the analysis of Hall et al. [S]. The AD’s intrinsic losses cause
sharp rise in dissipation just behind the AD, particularly evident in the higher M, = 0.7 case. This rise is attributed to a
slight delay in the counteracting shear work induced by the deceleration of the flow (wrt the ARF) by the AD acting on

the BL. This rise detracts from the gains obtained from preventing wake dissipation, which is particularly noticeable
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Fig. 14 Powered versus unpowered flat plate’s mechanical energy flux Erp in turbulent flow for a) Fixed Re,.
and varying M, b) Fixed M, and varying Re..

in the case of the uniformly loaded AD propulsion at the high M., = 0.7. Nonetheless, there is a clear net gain for
all scenarios, but especially for the distributively loaded AD at low M, which manages to eliminate most of the BL
dissipation that would have occurred within the wake. From this it may be inferred that the AD successfully harvested
some of the available streamwise kinetic energy, at the cost of some shearing work to achieve attenuation, towards

achieving dynamic equilibrium.

Fig. 13 (b) examines a single Mach number, M., = 0.2, at different Reynolds numbers Re. = 1x10°, 1x107, 1x108.
The dissipation along the flat plate is still observed to be independent of the AD’s suction effect, confirming that it
is fairly resistant to pressure gradients when turbulent (this confirms once again the observations of Hall et al. [5]).
Therefore the rate of dissipation accumulation d®/dx is dependent solely on Re,., which determines the shape of the
BL and the proportions of its energy content in terms of dissipation versus kinetic energy. Thereafter behind the AD, it
is clearly shown that the both uniformly and distributively loaded AD incur few intrinsic losses at low M, and have
successfully prevented further viscous dissipation in the wake. Subsequently, it may be inferred that a large portion of
the BL's streamwise kinetic energy was harvested by the AD, particularly in the case of distributive forces, and put

towards achieving dynamic equilibrium.
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Fig.15 Powered turbulent flat plate flow PSC i, versus Re,. at different M.,’s, for the uniformly and distributively
loaded AD compared against the unpowered PERyg.

2. Propulsor’s Influence on Mechanical Energy Outflow in Turbulent Flow

The turbulent flow evolution mechanical energy outflow for the unpowered and powered flat plate with uniform and
distributed forces, is shown in Fig. 14 a) and b) for varying M, and Re. numbers, respectively. Fig. 14 (a) examines a
single Reynolds number, Re,. = 1X 107, at different free-stream Mach numbers Mo, = 0.2,0.5,0.7. Unlike the viscous
dissipation, the mechanical energy outflow is clearly influenced by the propulsor’s suction effect. Fig. 13 (a) shows that
the amount of streamwise kinetic energy E, is reduced in exchange for pressure boundary work E,,, which is more
pronounced for the distributively loaded AD at higher M.,. This suggests that less of the BL’s energy is readily available
in kinetic energy form and instead the proportion in E p 1s a contributor to compressibility related losses . Therefore,

lower savings should be anticipated at higher M.

Fig. 14 (b) examines a single Mach number, M, = 0.2, at different Reynolds numbers Re. = 1 10%, 1x107, 1x108.
This plot clearly indicates how there is a greater accumulation in available kinetic energy at lower Re., as hypothesised,
but that these lower Re. are more sensitive to the propulsor’s suction effect, described above. The BL is thinner at
higher Re., and therefore less influenced by pressure gradients. Nonetheless, a near perfect extraction of the BL’s
energy is achieved for the distributively loaded actuator disk versus the uniformly loaded AD. But both do achieve a

significant benefit relative to the unpowered case.

3. Combined Mach-Reynolds Number Effects on PSC,i, in Turbulent Flow

The non-dimensional power saving curves of the turbulent BLI flat plate configuration are calculated directly form
the power consumption of the AD (see Appendix C) and depicted as a function of the chords-based Reynolds number
Re. and for 3 different freestream Mach numbers, as shown in Fig. 15. The PSCpi, curves now closely resembles
the hypothesis graph of Fig. 8 with PSCyin > 0 over the entire regime, and indicate reduction in benefit for increased
Re. and M.,. The PERTE curves delimit the upper hypothetical power saving bounds with values substantially lower

than that of laminar flow. The power saving of the uniformly loaded AD reduce monotonically with Re, with the
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rate of change dPSC/dRe,. being imposed by the PER slope. Thus, in the absence of notable upstream dissipation
penalties (@pL — @, ~ 0), the power savings are only function of the residual mechanical energy deposited in the wake
(wake dissipation). The source of the vertical offset of the power saving trends with increasing M., is justified from the
reduction of the available upstream mechanical energy due to the stronger suction effect of the propulsor and the slight
increase in the downstream dissipation (see Fig. 13 a)). The wake attenuator AD significantly increases the power
savings, resulting in an upward shift of the corresponding PSCyin curves closer to PER limit. At Re. = 2 x 103, the
corresponding PSCyin ~ 15.7% even exceeds that of PER indicating either a beneficial acrodynamic synergy between
the propulsor and the upstream viscous flow (A®g; > 0)¥ or numerical inaccuracies affiliated with the source terms
and slight net force mismatching. Similar numerical uncertainties are also associated with the monotonicity change of
the wake attenuator trends at Re. = 1 x 10® due to contributions from © that fluctuate with M., and Re, in response
to the trailing edge singularity and the abrupt attenuation process. A key advantage of the present non-dimensional
PSCmin map representation is that it may be used to predict and map potential power savings for a wide range of
operating conditions. The blue highlighted region on the graph denotes the typical Re. range for typical airliners (such
as the A320) with power saving estimates of PSCpin ~ 5% — 9%, rendering BLI propulsion as an attractive means for

improved aerodynamic performance.

V. Fuselage Boundary Layer Energy Harvesting

A. Reference Fuselage Geometry and Specifications

An A320 NEO axisymmetric fuselage approximation (fuselage shape and dimensions obtained from Ref. [69]) is
selected for the subsequent studies and a comparison of the actual and approximated geometries is illustrated in Fig. 16.
The fuselage has an overall length of ¢ = 37.57m, a maximum diameter of D = 3.95m and is comprised of an elliptical
nose, a cylindrical midbody section and a conical aftbody with a sharp trailing edge. The reference cruise conditions for
the subsequent studies are representative of an A320 with a cruising altitude of 37000 ft and a flight Mach number of
M., = 0.78. Hereafter, all the powered BLI fuselage CFD studies will be carried out at zero net vehicle force conditions

for the fuselage-propulsor assembly.

B. Energy Decomposition of the Unpowered Fuselage

The power decomposition transfers among the various energy constituents of the unpowered axisymmetric fuselage
are summarized in Fig. 17 for three different Re. and M. Here, only the energy transfers in the wake behind the
trailing edge are shown, and the evolution of energy terms over the body are omitted for brevity. The negative E p

contributions in the near wake region signify that in the presence of strong pressure gradients, the total mechanical

$This is permissible from the PSCypi, definition (Eq. (26)) and a possible outcome of the interaction between the trailing edge singularity and the
quasi discontinuous behaviour of the propulsor.
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Fig. 16 (Upper half) AIRBUS A320 NEO fuselage dimensions, obtained from Ref. [69]. (Lower half)
Axisymmetric approximation for the numerical simulations.

energy outflow leaving the Trefftz plane, Eq. (11), is primarily governed by the energy exchange among its energy
constituents, with E, partially negating the seemingly large kinetic energy outflow fraction. The pressure-velocity
energy transfer is terminated at a short distance downstream of the trailing edge (x/c < 0.2) where the pressure field of
the fuselage rapidly subsides (£ p = 0). The flow then transitions to a free shear layer, similar to a flat plate wake, with

its downstream residual excess kinetic energy being gradually converted into dissipation.

For high M, flows, the pressure field of the body favours additional thermo-compressible energy exchange that shifts the
Eyand E p values at the trailing edge further apart, with a larger E p offset being balanced out by a correspondingly greater
O contribution. The rapid decay of ® along the near wake region results, mainly, from the isentropic thermo-compressible
energy exchange due to the spatial expansion of the flow (p,V - V < 0 locally) which eventually yields a net positive
(loss) residual power trace O for a fully expanded flow. The origin of @ is related to the entropic portion of 6,
i.e the baroclinic power imparted to the flow due to non-isentropic flow compression and expansion with substantial
contributions for transonic flows with shock formation or flow fields with significant heat transfer effects, as detailed in
Ref. [48]. For the adiabatic flow scenarios examined herein, the compressibility-induced losses represent merely a
second-order effect ® < 1% even for the highest M, regime (without shock formation), so that the total mechanical

energy loss is governed by viscous dissipation.

From a dissipation perspective, higher Re,. values amplify the relative magnitude and thus power transfer among Ey, E »
and © with the net overall effect being reflected as a corresponding increase in the rate of change of dissipation d®/dx,
in agreement with the flat plate analysis. For fixed Re_, the effect of increasing M., manifests as a vertical offset of the
curves without explicitly affecting the dissipative characteristics (d®/dx same for all curves). Closer inspection of the
O, residual indicates that its energy fraction approximately corresponds to the dissipation decrement of the respective
dissipation curve, relative to the incompressible scenario (M, = 0.2). That is, the seeming dissipation reduction benefit
for higher M, has been merely manifested in the form of baroclinic power excess. Following Eq. (22) and the notation

by Sato [44], a compressibility-corrected dissipation may be introduced as the sum of the dissipation at each wake point

33



0.5
0.4
0.3
0.2
0.1

-0.1
-0.2
-0.3
-0.4
-0.5

0.98

2

.0.96

40

X
£0.94
.20.92
X
R 09

P

0.88
0.86

Re. =1 x10°

a)

o

7 0-0..

Dx V.,

0 2

i?ﬂk

o

6

8

10

0.5
0.4}
0.3}
0.2}

0.1

0.1}

-0.2

0.3}
0.4}
-0.5 4

0.98
0.96
0.94
0.92

0.9
0.88
0.86

&JA

o

c)
050 Re, =1 x 108
0412
0.318
0.2 B
0.1t

0.1}
0.2
0.3
-0.4 l
0.5 L5

0.98
0.96
0.94
0.92

0.9

0.88|® 0
0—0, 0

0.86 L— D0 O-0.02

|— M, =02— M, =05

M, =0.7— M, = 0.7§|

Fig. 17 Unpowered fuselage energy decomposition of £y, £ p (first row) and @, © (second row) at various M.,
and Re,. numbers (columns): a) Re. = 1 x 10°b) Re. = 1 x 107 ¢) Re. = 1 x 108.

plus the affiliated O residual corresponding to a fully expanded flow:

P~ D+ 0,

(27)

where @* measures the approximate total mechanical energy loss due to dissipative and baroclinic losses. The

compressibility-corrected dissipation curves, (shown in grey for all M) collapse approximately on the incompressible

(M« = 0.2) dissipation trend for all Re. numbers, signifying that the @* evolution is compressibility independent. For

completeness, the normalised local deviation (® — @) is plotted as a measure of the uncertainty being involved in

the ® assumption in close proximity of the body. The uncertainty is significantly higher for larger Re. values, with

marginal effect however on the respective ®* evolution. The implication is that the major bulk of © in the near wake

region is possibly associated with isentropic energy exchanges and does not significantly affect the magnitude of the

baroclinic constituent, so that the ®@* approximation generally holds.
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C. Accounting for Baroclinic Power Losses within the PER Factor

A slightly modified definition of the original PER metric of Eq. (14) may be introduced to account for compressibility-
induced losses, observed within the volumetric pressure work ®. These irreversibilities, referred to herein as baroclinic
losses ®j;r, manifest primarily within the boundary layers experiencing pressure gradients. It is difficult to directly
separate out ®;, from O at local points in the flow. However, a good approximation is obtained from a positive
volumetric pressure power residual, @, for a fully expanded flow, which offsets the apparent compressibility-induced
reduction in the (normalised) dissipation evolution. Thus, the new potential for energy recovery (PER) sifts out the O,
contribution and the corresponding Mach number dependency from the energy recovery process, yielding the following
expression:

D + Oy _®+0. )

=1- ~ 1 = PER - —= 2
PER DV DV DV @8

where the epression is only valid for Stp positioned behind the trailing edge. The last right-hand side equality of
Eq. (28) indicates that the value of PER is offset, relative to the original definition, by an amount equal to the residual
compressibility power imparted to the flow field. For quasi zero-pressure gradient flows, ® = 0, so that the Eq. (28)
reduces to Eq. (14). A more rigorous derivation of PER and discussion on O, implications for subsonic and transonic
adiabatic and heated axisymmetric flows is provided by Lamprakis et al. [48] based on the concept of baroclinic power
by Sato [44]. For typical aerodynamic flows, @ > 0, so that PER < PER with significant contributions for transonic

flows with shock formation and non-negligible heat transfer effects (wall heating) [48].

Fig. 18 shows plots of the trailing edge values of PERtg and PER g curves of the unpowered fuselage as a function of
Re . and for various Mach numbers. The flat plate PER g predictions (red plots) are also included for comparison along
with two distinct points that correspond to cruise conditions. Eq. (28) leads to the collapse of all the plots onto the
incompressible M., = 0.2 curve, signifying the compressibility invariance of the losses, rendering the Re, as the only
relevant flow parameter. The PER curves show excellent agreement with the corresponding flat plate PER data across
the entire Re, range, confirming that ~ 9% of the fuselage drag power is available for recovery at cruise conditions. The
accuracy of the flat plate predictions is however circumstantial and primarily controlled by the fineness ratio of the
fuselage [48], with more streamlined aerodynamic bodies retaining over their surfaces quasi zero-pressure gradient flow

dissipative characteristics.

D. A BLI Powered Fuselage

When dealing with close aero-coupling between propulsor and airframe, it is often tempting to try and explain benefits
(or seek additional benefits) via near-field forces and C,, distributions, with relevant examples (among others) being Refs.
[9, 70, 71]. In these examples, the attempt to use C,, distributions to explain separated near-field propulsor, nacelle,

and airframe forces, requires extreme caution and can be misleading. A prime example is from Gray et al. [9]; "To
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Fig. 18 PERtg and PERtE trends versus Re. and M, for an axisymmetric A320 fuselage representation,
compared against the turbulent flat plate PERtg trends of Fig. 7.

better understand the aerodynamic cause for the change in force coefficient for forces generated by the propulsor, we
examined the C, distribution on the surface of the aft fuselage.". Focusing on near-field forces and C), distributions can
lead to potentially misguided design decisions, as demonstrated by Seitz et al. [70] where "the length of the boat tail
was increased, to increase the positive axial force on the body due to the higher static pressure in the exhaust of the
fuselage fan". Additionally from Blumenthal et al. [8] "The fuselage has an aft-facing surface in this region, so it is
possible that an increase in pressure coefficient could provide more thrust". Subsequently, the purpose of this section
is threefold. Firstly, to illustrate how seemingly beneficial C,, distributions along the fuselage, induced by the BLI
propulsor, can be misleading. Secondly, to demonstrate how the energy-based approach can be used to better explain
aero-coupling implications, thereby avoiding misconceptions around leveraging seemingly "beneficial” C,, distributions
on the fuselage. Finally, to test and verify the hypothesis that the greatest amount of available energy, described by

Eq. (28) and depicted in Fig. 18, can be propulsively harvested at the fuselage’s trailing edge.

1. Test Case Description

To demonstrate misconceptions surrounding additional benefits from seemingly favourable C), distributions, induced on
the fuselage surface by the propulsor, various propulsor positions were tested along the tail cone surface, as shown in
Fig. 19. The radius of the propulsor was adjusted at each position such that the annulus area of the propulsor was kept
constant, in lack of more rigorous means of establishing a "fair" comparison among the various positions. The reference
area has been selected to coincide with the cross-sectional area of the boundary layer flow at the trailing edge, such that
the T.E. propulsor ingests the entire viscous fluid flow. For all the aft cone positions, the propulsor is modelled as an
actuator disk (see details in Appendix C), while a wake attenuator is additionally considered at the trailing edge. Finally,
a radial body force component is incorporated for the x/c = 0.79, 0.86,0.93 positions, as described in Appendix A.B
such that the ingested flow is accelerated parallel to the local wall curvature thereby mitigating additional separation

losses arising from purely axial acceleration.
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Fig. 19 Different AD locations tested along the fuselage tail-cone. AD area kept constant and equal to the
cross-sectional area of the BL at the trailing edge of the unpowered fuselage.

Table 1 Integrated pressure (¢, ), skin friction (¢,) and total (&) fuselage force changes with respect to the
unpowered fuselage drag.

Prop. Position (x/c)  €,(%) €7 (%)  €ot(%)

0.72 -67.4 3.0 =23
0.79 -121.7 2.5 —-6.8
0.86 58.3 1.1 54
0.93 154.0 0.4 12
1 (Uniform) 118.7 0.1 9.0
1 (Distributed) 161.1 0.2 12.3

2. Seemingly favourable near-field fuselage forces

The effect of the BLI propulsor position on the fuselage pressure coeflicient (C},) and skin friction coefficient (C)
distributions is shown in Fig. 20. Fig. 20 a) shows that positioning the propulsor in-front of the T.E., raises the net average
C,, (versus the unpowered case) over the aft facing tail-cone, which is seemingly advantageous in terms of increasing
the forward contribution of fuselage near-field forces. Conversely, the suction effect of positioning the propulsor at the
T.E., substantially lowers the C,, over the tail-cone, suggesting a detriment in terms of fuselage near-field forces. From
Fig. 20 b), it is observed that acceleration of the flow over the tail-cone serves to increase C for all scenarios, thereby
penalising the near-field forces experienced by the fuselage. The trade-offs between contributions of integrated pressure
and friction forces to the total fuselage force, are tabulated in Table 1 in terms of their respective deviations €,,, €, and
€tot from the unpowered fuselage values. In Table 1, where the propulsor is positioned at x/c¢ = 0.72 and x/c = 0.79, the
seemingly beneficial effect of increased average C), outweighs the penalty of increased Cy, implying a fuselage "thrust"
(-ve value) benefit of 2.3% and 6.8%, respectively. Conversely, the T.E. propulsor positions seemed to increase fuselage
"drag" by 9% and 12% for the uniform and wake attenuating body force distributions, respectively. However, the
following energy analysis will demonstrate that this is misleading, and that the propulsors positioned at x/c = 0.72 and

x/c = 0.79 were in fact the poorest performers, whereas the trailing edge propulsors were among the best performers.
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Fig. 20 BLI propulsor position effect on the C,, and C evolutions along the fuselage.

3. Energy Decomposition of a BLI Powered Fuselage

The normalised evolution of the power outflow and volumetric loss constituents is summarized in Fig. 21 for the various
propulsor positions. Relative to the unpowered fuselage, the presence of the BLI propulsor yields a rapid decay of the
mechanical energy constituents Ey and E, as shown in Fig. 21 a) while the overlap of the various curves and the £,
trend invariance signifies that the energy recovery process is nearly independent of the propulsor position and primarily
governed by the excess kinetic energy reduction. The decelerated flow regions (wrt the ARF) forming upstream (due to
suction) and downstream of the propulsor manifest locally as an increase in the local rate of change d®/dx which is
determined by the propulsor position, as shown in Fig. 21 b). The reason is that for the farther upstream propulsor
positions, the boundary layer jet flow is scrubbing on progressively larger wetted airframe surfaces. The airframe
dissipation rise results in the upward offset of the wake dissipation curve, even for a seemingly equal wake reduction
efficiency, or equivalently same d®yake/dx among the various propulsor positions in Fig. 21 ¢). The distributed forces
achieve, similar to the flat plate studies, a nearly instantaneous wake attenuation with a subsequent ~ 9% elimination
reduction benefit. The ® evolution rapidly asymptotes to its baroclinic power residual within 0.4 chords, measuring
non-negligible losses of up to ~ 3.2% of the drag power depending on the propulsor position. Relative to the unpowered
configuration, the minimum baroclinic penalty is attained for a fully attenuated wake, while the scattering of O, with
varying propulsor position indicates the possibility of aerodynamic propulsor-airframe synergies for the minimisation of
the compressibility loss penalty. For fixed net force conditions, the propulsive power requirement of the propulsor is
determined by its volumetric losses @* imparted to the flow as shown in Fig. 21 d). For the two most upstream positions
x/c =0.72,0.79, the normalised mechanical losses exceed the unity threshold, indicating that the airframe-propulsor

assembly imparts additional losses, relative to the unpowered configuration. The reason is that the affiliated airframe
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Fig. 21 Evolution of energy constituents for the powered BLI fuselage corresponding to different propulsor
positions.

dissipation penalty completely outweighs the wake reduction benefit. The minimum loss is therefore achieved for a
fully attenuated wake with the remaining BLI positions attaining similar wake reduction margins among them. This
analysis clearly shows that seemingly favourable C,, distributions and near-field forces on the fuselage (see Fig. 20 b)
and Table 1) distributions can be quite misleading and should not drive design decisions. Instead, the energy-based
approach provides a more reliable way examining and inferring how propulsor-airframe interactions may be favourable

or detrimental.

4. PSCin of a BLI Powered Fuselage
The PSCin definition of Eq. (26) is adopted to compare the aerodynamic performance of the various airframe-propulsor
assemblies at cruise conditions. The results are summarized in Fig. 22 and compared against the PER values, where

it is hypothesised that the PER definition Eq. (28) effectively represents a hypothetical maximum for PSC i, .

1171t is noted that both PER and PSC account for baroclinic losses, unlike Baskaran et al.’s [18] PSC definition, and therefore gives a more
accurate and better account of the losses associated with pressure gradients and compressibility effects.
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Fig. 22 PSCin of the BLI propulsor-fuselage assembly at cruise conditions and for various propulsor positions.

From Eq. (26) it can be seen that PSC.y;, is purely a function of the total mechanical losses imparted to the flow.
The implication is that seemingly favourable force re-distributions on the airframe, due to the BLI integration, can
lead to erroneous design conclusions. An example is the two most upstream positioned propulsors (x/c¢ = 0.72,0.79)
in this study, which yield the highest power consumption and lowest PSC < 0 values despite the apparent fuselage
force reduction benefit of —2.3% and —6.8% (see Table 1), respectively. With reference to Fig. 21 c¢) and d), these
two propulsor positions are associated with the highest airframe dissipation and total baroclinic loss penalty which
outweigh the wake dissipation reduction such that: A®? < 0. On the contrary, the trailing edge wake attenuator
propulsor attains a PSC ~ 8% value, despite the force penalty of 12.3%, approaching the hypothetical PER limit with
their relative discrepancy being attributed to the propulsor’s baroclinic loss penalty as per Fig. 21 c). The remaining
propulsor positions achieve power savings of «~ 2 — 4% with the mid cone positioned (x/c = 0.86) propulsor slightly
outperforming the corresponding trailing edge (with uniform forces), primarily due to the lower baroclinic losses of the

former within the propulsive domain.

VI. Conclusions
This paper introduces a different approach to work-energy relationships of flight by focusing on the ARF, where the
aircraft is perceived to be moving through an initially quiescent atmosphere, instead of the (more typical) other way
around. The novelty that enabled this was the derivation and implementation of generalised integral forms of governing
laws applicable to moving control volumes. This process revealed that nearly all of the current, state-of-the-art, far-field
decomposition methods, actually end up with mathematically equivalent ARF forms through their substitutions aimed at
limiting the formulations to Trefttz plane integrations only. Whereas the work presented in this paper’s aims to change
how aerodynamicists visualise the mathematical decomposition terms, by explicitly contextualising their origins directly
in terms of the ARF. In particular, one of the paper’s contributions was in identifying and highlighting the significance
of Galilean covariance and reference frame perspectives in emerging energy-based control-volume methods that are

gaining popularity due to their potential in dealing more effectively with highly-integrated airframe-propulsion systems.

40



As a demonstration, this paper has focused on applying the above to the concept of boundary layer ingestion (BLI). A
clear hypothesis was formulated around propulsively harvesting boundary layer energy, which was systematically tested

via canonical test cases covering comprehensive ranges of Reynolds and Mach Numbers.

An unpowered flat plat was first modelled in RANS CFD for both laminar and turbulent flows for a wide range of
Reynolds and Mach numbers, to interrogate the work done on the flow by the flat plate and the subsequent transformations
describing the decay of available energy. It was shown that the available kinetic energy manifestation of the work
done on the flow by the flat plate, and quantified by the Potential for Energy Recovery (PER) metric, decreases with
increasing Reynolds number because of the more thinner, more pronounced, and locally dissipative BL profile. In the
case of laminar flow, PER > 21% and was highest at the trailing edge. For turbulent flows, substantial local dissipation
within the BL reduced the available kinetic energy and the subsequent potential benefits down to 8 — 12%, which also

decreased with Reynolds number.

An actuator disk (AD), capable of varying levels of wake attenuation, was implemented with the RANS CFD models
to investigate whether the energy quantified by PER could indeed be recuperated. A uniformly and distributively
loaded AD were both shown to extract available kinetic energy and suppress wake dissipation whilst achieving dynamic
equilibrium. The laminar flow suffered from additional BL dissipation losses due to the propulsors suction effect, as
well as compressibility losses at higher free-stream Mach numbers, both of which were exacerbated by the distributively
loaded AD attempting to attenuate the wake. As a result, low Reynolds number laminar flows consumed more power in
comparison to an ideal free-stream ingesting propulsor. The turbulent flow BL’s dissipation was found to be insensitive to

the suction effect, and the wake attenuating AD achieved power savings that approached the PER maximum hypothesis.

Finally, the developed framework was tested against a more representative axisymmetric A320 fuselage approximation
and confirmed the accuracy and validity of the flat plate analysis. The powered fuselage studies featured a BLI propulsor
of fixed surface area that was allowed to vary along the aft body in order to examine further potential aero-propulsive
synergies and to shed light on misconceptions associated with force and C,, distribution. The results indicated additional
baroclinic losses which were subsequently incorporated into a modified PER expression. The powered fuselage studies
demonstrated that maximum power saving, approaching PER, could be achieved via a wake attenuating actuator disk at
the fuselage trailing edge. Conversely, it was found that locating the propulsor at different position along the tailcone,

generated losses that detracted from or, in some cases, mitigated any benefits.
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Fig. A1 CFD domain and control volume definitions of the flat plate studies, showing BFM AD representation
for powered cases.

A. CFD Setup

A. Flat Plate

The 2D rectangular CFD domain of the unpowered flat plate layout is summarized in Fig. Al. The CFD domain is
meshed as a structured grid featuring a wall-normal growth ratio of 1.05 to ensure high numerical resolution of the
boundary layer and the wake region. For laminar flow, the near-wall grid density has been fine-tuned via comparison
against the Blasius solution while the grids of turbulent computations have been further treated to ensure the conformity
of the mesh with the y* < 1 requirement of the two-equation eddy viscosity x — w SST turbulence model. The numerical
solutions are obtained using the commercial CFD package ANSYS FLUENT coupled with a second-order Green-Gauss
Cell-based gradient scheme. The fluid is modelled as an ideal gas with constant thermal conductivity and a piecewise

polynomial variation of the specific heat capacity.

A grid dependence study was conducted alongside a domain size study for the unpowered flat plate, following the
procedure described by Celik et al. [72]. For this, the size of the domain was varied to investigate the effect of the
boundary conditions on the solution and three different mesh refinement levels were assessed for the selected domain
size. Additionally, the turbulence model settings were verified against NASA’s flat plate CFD data [73]. Details of the

grid dependence study and turbulence model verification can be found in Ref. [74] and are omitted here for brevity.

For powered cases, the propulsor is located at the trailing edge of the flat plate and is modelled as a single column cell
zone with specified momentum and energy source terms, as described in Appendix C, to replicate an actuator line with

uniform or momenumt-filling body force distributions.
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Fig. A2 CFD domain and control volume of the A320 fuselage studies showing the AD BFM representation for
powered cases.

B. Axisymmetric Fuselage

The 2D CFD axisymmetric domain for the unpowered and powered fuselage numerical studies is shown in Fig. A2 and
follows a similar domain parametrisation, mesh refinement strategy and turbulent modelling setup. The upstream and
vertical extent of the pressure far field surfaces are dgarfiela = 30 X ¢ , and the downstream location of the pressure outlet

boundary are dgyfielq = 80 X c.

The numerical setup, including the domain size and mesh refinement strategies for both unpowered and BLI powered
fuselages, were adapted from the authors’ previous grid dependence studies reported in Refs. [51] and [75] and are

omitted for brevity.

For the powered cases, additional radial momentum and energy source terms are included when the propulsor is moved
along the curved surfaces of the fuselage aft body to ensure that the source terms are acting in a direction parallel to the
ingested flow, as shown in Fig. A3. The direction of the volume specific vector f is specified to be equal to the local

curvature’s inclination angle « and its radial f, component is determined by the net force requirement:

fy = fetana (Al)
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Fig. A3 Radial Body forces applied to three propulsor positions to accelerate the flow parallel to the wall.

B. Laminar and Turbulent Dissipation Expressions
For the two equation k — w SST turbulent model used herein, the inclusion of the Reynolds stresses via the Boussinesq’s

approximation yields the following expression for the shear stress tensor [51].
= = 1 = 2 =
T=2(u+ ) [S—g(V-V)I] —gpkl (A2)

where 7 the identity matrix of equivalent tensor order. Inserting now Eq. (A2) into the dissipation integrand (V - T) - V,

the following dissipation form is obtained:

W =

= = 2
D =Dy + Oryrp = 2(/4 + /Jt) [S (85— (V : V)Z] - gpk(v ' V) (A3)

where u the laminar viscosity, u, the eddy viscosity, k the turbulent kinetic energy per unit mass and S the rate-of-

strain-tensors expressed as [76]:

1

S==[VV+(VV)T] (A4)

N

where the superscript 7' denotes the transpose. The laminar and turbulent dissipation constituents are obtained from

Eq. (A3) by isolating the laminar and eddy viscosity contributions, respectively:

(I)lam = 2/J |:§ : § — %(V . V)2:| (AS)

Dy = 2411 [5 :S— (V- V)Z] - §pk<v V) (A6)

W] =
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Fig. C4 Control volumes for different propulsion system representations: a) Real blade geometry b) Equivalent
source term model.

C. Propulsor Representation and Modelling

A. Forces and Shaft Power
An actual propulsor, Fig. C4 a), can be represented numerically using a body force model, Fig. C4 b). Noting that
Fig. C4 is depicted in the RRF, Eq. (3) formulation may be applied to the control volumes of Fig. C4 a) and b) to obtain

the forces:

// (pgﬁ—%ﬁ)dsp=—///pfdvz—%///pvw—// (pVV’-ﬁ+pgﬁ—?-ﬁ)dso (A7)
V(@)

CS(@) V() CS(0)

Real: Fs, BFM: F ¢

where the unsteady term on the right of the equality may be assumed ignored in quasi-unsteady (or periodically unsteady)

flow. Similarly, the total energy balance of Eq. (5) can be applied to obtain the power of the two representations:

_//(ng’CS—%-V’CS)-dSp:///p(q'+f-V')dV= (A8)

d—dt///p(w )dvljea/:/ S .

V) CS(r)

-dSo

V/2 V/2 _
5 (e+ 5 )pV'+pV'—?-V'+q

where the near-field power for the real propulsor is obtained because of the relative motion of the control volume
surfaces draping its geometry, thereby further emphasising the requirement of the moving control volume formulation.

If adiabatic and quasi-steady (periodically unsteady) is assumed, then the far right equality of Eq. (A8) is simply the
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Fig. CS5 BFM AD line representation modelled numerically as a single column of cells with volumetric momentum
and energy sources.

change in total enthalpy across the control.

B. Actuator Disk Approximation
The BFM is used to create an actuator disk propulsor in the numerical simulations, as depicted in Fig. C5, which has
been verified against data from van Kuik’s [77] models for quasi-incompressible 2D axisymmetric flow at Mo, = 0.2

and for a thrust coefficient of C = 16/9, defined as:

T
Cr=——— (A9)

LpwApV2,
where 7 the thrust of the BFM propulsor as per Eq. (A7), Ap the actuator disk surface area and |App | the static pressure
jump across the disk. Numerical solutions have been obtained for 2D axisymmetric inviscid and viscous turbulent™
flows to test the consistency of the model . Figure C6 shows the comparison of the inviscid and viscous flow AD BFM
predictions of the normalised axial (V}), radial (V}), total (|V’]) velocity components along with the streamwise pressure

axial pressure distribution against numerical data by van Kuik [77]. The flow field changes are nearly independent of

the flow type (inviscid, viscous) and show excellent agreement of < 2% for all scenarios.

C. Actuator Disk for Wake Attenuation
Introducing the thickness of the BEM propulsor, o, the magnitude of the propulsive force, F¢ and the distributed body

forces, f 4 may be related to the stream-wise momentum deficit, as described in Eq. (A10).

5 o vV (V' -V
Fr= [ swsav = [“osueas = [F o as (A10)
0 0

f dist

Equation (A10) uniquely relates the body force distribution across the propulsor to the local momentum deficit of the

boundary layer as illustrated in Fig. C7, allowing for an approximation that numerically replicates the ideal wake

**The k — w SST model has been used for turbulent computations.
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attenuation scenario.
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