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Delft University of Technology, 2629 HS Delft, The Netherlands
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Boundary-layer ingestion (BLI) has been proposed as one of the novel airframe-engine integration technologies to
reduce aircraft fuel consumption. The current numerical analysis involves the evaluation of the effect of fuselage design
on the power consumption of a boundary-layer ingesting propulsor modeled as an actuator volume without nacelle. An
axisymmetric fuselage model is used as a canonical case to study BLI in transonic flight conditions. The flowfield is
investigated through the power balance and the exergy analysis methods. Results show that the fuselage geometry and
flight conditions only have a minor effect on the BLI power saving benefit when compared to the effect on the drag power
of the fuselage. This indicates that, for the range of fuselage geometries and flight conditions studied, the isolated fuselage
drag can be used for a qualitative performance assessment of different fuselage designs even for BLI configurations.
Also, the power saving results obtained based on the power balance and the exergy analysis methods show similar
qualitative trends for the fuselage geometries and flight conditions considered. Furthermore, the BLI propulsor has a
negligible effect on the upstream anergy generation rate. Turbulence and temperature gradients within the flow are the
important reasons for the deterioration of the BLI propulsor performance as expected.

Nomenclature

anergy generation rate

At = anergy generation rate due to thermal
mixing

anergy generation rate due to viscous dis-
sipation

local first streamtube circumference (as in
MTFLOW)

overall coefficient of body-surface anergy
generation rate

coefficient of drag

shear-layer local coefficient of dissipation
shear-layer local skin-friction coefficient
coefficient of power

= overall coefficient of body-surface vis-
cous dissipation

chord (flat plate)

drag

shear-layer local dissipation

diameter

= mechanical-energy deposition rate

= streamwise kinetic-energy deposition
rate

pressure work energy deposition rate

= thermal-energy deposition rate

= transverse Kinetic-energy deposition rate
mass-specific internal energy

body wall shear force

" net force in x direction (axial direction)
mass-specific total enthalpy

fuselage forebody and afterbody shape
description parameters
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Subscripts

baseline
BLI

case

medium thermal conductivity

length

Mach number

natural transition-related exponent in e
method

unit normal vector

propulsor power

mechanical-energy supply rate of propul-
sor

pressure—volume work rate

fluid static pressure

Reynolds number

propulsor with radius 25, 50, 75, or 100%
fuselage radius

area

mass-specific entropy

temperature

velocity fluctuations in x and y directions
(turbulence)

velocity components in x, y, z directions
flow velocity value and vector

spatial coordinates or lengths

net force count

boundary-layer thickness
boundary-layer displacement thickness
boundary-layer density-flux thickness
exergy flow

exergy supply rate of propulsor

thermal exergy flow

exergy flow due to viscous dissipation
boundary-layer momentum thickness
boundary-layer kinetic-energy thickness
volume

fluid dynamic viscosity

eddy viscosity

fluid mass density

wall shear stress

shear-stress tensor

viscous dissipation

N

baseline fuselage value

boundary-layer ingesting configuration
value

case value
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e = Dboundary-layer edge quantity

freestream = freestream ingesting configuration value

fuselage = fuselage value

iso = isolated body value

n = values tangential and normal to body sur-
face (like x,,, y,, u,,)

ppos = value over fuselage surface upstream of
propulsor inlet face

propulsor = propulsor value

ref = reference value

r25, r50, r75, r100 value for propulsor with radius 25, 50, 75,
or 100% fuselage radius, respectively

value over the fuselage surface (used for
@O, and Aj)

N

TE = value at the body trailing edge
w = value over the body wake
o0 = freestream value

I. Introduction

HE aviation industry is set out to cut down aircraft fuel con-

sumption, noise, and emissions. A few of the ambitious goals set
include the NASA N+3 program, which aims for 70% fuel burn,
75% landing and takeoff NO, emissions, and 71 dB noise reductions
by 2035 [1]. Also, the targets set by the Advisory Council for
Aeronautical Research in Europe (ACARE) in the Flightpath 2050
report aim for a 75% CO, emissions per passenger kilometer, 90%
NO,, and 65% noise reductions by 2050 [2]. Thus, novel aircraft
technologies are being investigated to achieve these goals.

Boundary-layer ingestion (BLI) and wake ingestion (WI) are
concepts that, respectively, involve the use of low-momentum
viscous flow in the boundary layer or the wake flow from an
airframe surface instead of the freestream flow for propulsion.
Several research aircraft configurations have been defined, which
use BLI/WI along with freestream ingestion (like STARC-ABL by
NASA and the propulsive fuselage concept by Bauhaus Luftfahrt).
Previous work has shown the potential of these concepts for
reducing the power consumption of aircraft vehicles [3-7].
Boundary-layer ingestion and WI have already been studied and
applied in the field of marine propulsion (e.g., in Refs. [8,9]). The
benefit of operating a propeller in the wake of a body rather than in
the freestream was already theorized by Betz [10]. A milestone
theoretical analysis of W1 is the work of Smith [3], in which the
wake profile and the propulsor parameters are related to the
achievable power benefit. In this work, an important performance
metric called the power saving coefficient (PSC) is introduced as
an attempt to compare wake ingesting and freestream propulsors.
Moreover, classical analysis methods based on force and momen-
tum equilibrium suffer from some limitations (e.g., in Ref. [11]).
Namely, the propulsor and airframe forces (e.g., thrust and drag)
cannot be univocally split and defined. The power balance method
(PBM) provides a mechanical-energy analysis framework to iden-
tify the power sources and sinks in the flow [12]. Through the
PBM, the following two mechanisms for the BLI or WI benefit
were identified: first, the power carried by the ingested boundary
layer or wake flow represents an input source for the propulsor
efficiency [13]; second, the jet losses and wake dissipation are
decreased with respect to a freestream ingesting configuration
[7,14]. A similar analysis method based on the first and second
laws of thermodynamics (an exergy-based method) can effectively
be used to investigate both the mechanical and thermal effects
involved in BLI configurations [15], which especially become
important for transonic flight conditions.

Many detrimental airframe—propulsor interaction phenomena
can lead to reduced power benefits. In particular, previous studies
have highlighted the increase in airframe drag due to the integrated
propulsor [7], reduced propulsor efficiency due to inflow distor-
tion [16-18], and the effect of shock waves on the airframe sur-
face [19].

Experimental analyses serve as a proof of concept for the possible
power benefit of BLI configurations. An example is the D8 aircraft,

where promising power saving results (8.6% for cruise condition)
were obtained [5]. It should be noted that the power savings, as
reported in [35], are more relevant when considering the whole air-
craft. Moreover, the BLI and WI power benefit was experimentally
investigated using different bodies of revolution [6,20] also. A power
saving of close to 25% is found for subsonic equilibrium conditions
in these investigations.

The computational fluid dynamics (CFD) analyses in the liter-
ature cover the important effects involved in BLI/WI systems. They
also discuss some methods to perform optimization and sensitivity
analysis on computationally intensive frameworks, like Reynolds-
averaged Navier—Stokes (RANS) CFD [21]. Elmiligui et al. [22]
present an analysis of three different fuselage—propulsor configu-
rations and the associated power savings. Bluementhal et al. [23],
on the other hand, present a strategy to optimize the fuselage
geometry by changing the pressure fields and adapting the physical
geometry accordingly. The modeling of the configurations in the
literature ranges from axisymmetric fuselage models with steady
flow [22] to 3-D steady flow models [16], including wings. Kenway
and Kiris [16] address the flow distortion aspect of BLI by optimiz-
ing the fuselage geometry in a 3-D RANS simulation framework.
Gray et al. [21], on the other hand, address the aeropropulsive
coupling using a sensitivity analysis of an actuator-disk pressure
ratio (PR) modeled to represent a fan at the end of a fuselage.
Because the fuselage of the aircraft is identified to be the most
important aerodynamic body for BLI in a tube-wing aircraft con-
figuration (due to the highest length in the flow direction), its design
needs to be extensively studied. Although previous studies have
addressed this to some extent, a more detailed analysis focusing on
the use of contemporary theoretical methods combined with a CFD
framework to analyze the fuselage would be useful, which is the
objective of the present study (based on the thesis by Baskaran
[24]). Thus, in the present study, an axisymmetric fuselage model is
used along with an actuator volume propulsor model to study the
effects of the fuselage design, the propulsor size and position, and
the flight speed on BLI/WI. This involves the use of an Euler—
integrated boundary layer theory (IBLT) solver and a RANS solver
for the exploration. The benefits and limitations of each of the
solvers are also identified.

II. Theory of Analysis Methods

This section summarizes the two methods used to analyze BLI
The control volume (CV) used for the analysis is shown in Fig. 1.

A. Power Balance Method

The PBM is a mechanical-energy analysis framework, which can
be used to analyze any closely integrated configuration in different
flow conditions [12]. The general formulation can be given for level
flight as

Py+Px=E+®—FV, 1)

where the left-hand terms represent the power sources, whereas the
right-hand terms represent the power sinks. In particular, E is the
power outflow through the volume boundaries, @ is the mechanical
power lost (increasing the fluid internal energy) in the CV due to
viscous dissipation, and F,V , is the power due to the net force.

These terms can be expressed as integrals of flowfield variables, as
explained by Drela [12]. The Py term represents the net mechanical-
energy outflow from the propulsor, and it is expressed as

Py = [[gs—[(p—pm)+%p(V2—V%o)]V-ﬁdS 2)

It should be noted that this equation is not used to obtain Py in the
RANS studies of the current paper. Instead, power is calculated on the
basis of the source terms (momentum and energy) added to the
propulsor volume.
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Fig. 1 Control volume defined for power balance and exergy analysis.

Next, Py is the power spent through the expansion or compression
against the atmospheric pressure, which is nonnegligible in com-
pressible flows:

Pv:// (0~ )V - V9 3)
CV

Furthermore, E can be split into several contributions as follows
[assuming test plane (TP) is normal to the freestream velocity]:

. . . . 1
E=E,+E,+E,= // Ep(u— Ve )?uds
TP

+//TP%p(u2+w2)uds+//Tp(p_pm)(u_vm)ds @

E includes the mechanical-energy fluxes through TP associated with
the axial and transverse velocity components, along with the pressure
work rate. In an isolated body analysis, E is calculated in the TP
located at the trailing edge (TE) and would give an indication of the
power that can be saved by an ideal wake propulsor, which has no jet
loss and does not change the upstream flowfield. However, it should
be noted that this is valid only if the thermal and compressibility
effects are negligible (at low speeds). Otherwise, the value of £ will
usually become negative close to the body TE and would no longer be
directly useful to quantify the power saving.

@ represents the dissipation of mechanical power into heat due to
viscous shear stresses:

@:// (tT-V)-vds &)
Ccv

Finally, the term F',V , represents the power due to the net force. For
an isolated body, this would equal the drag power DV . It should be
noted that, in the present paper, the equation for F', in [12] is not used.
Instead, it is obtained by integrating the pressure and shear stresses
over the body and based on the momentum source values added to the
propulsor volume.

B. Exergy Analysis Method

The analysis of closely integrated aircraft configurations
requires clarity when handling the thermal effects, especially in
the transonic flight regime. This is achieved by the exergy analysis
method (EAM) [15]. This method could be looked at as an exten-
sion of the PBM to include the details of thermal effects in the flow.
The main advantage is that the theoretical power that can be saved
from a given boundary layer or wake flow can be predicted. Unlike
mechanical power, the usability of thermal power is restricted by
the second law of thermodynamics. This leads to the definition of
exergy, which consists of the mechanical energy and the thermal
energy that is theoretically available for performing work. The

general formulation of the exergy analysis for an adiabatic
airframe is

é,=E+éy+A—FV, (6)

The left-hand term &, represents the exergy supplied by the pro-
pulsor, and it is given by

ép:—/Lsﬁ(ho—ho.eo)(v'ﬁ)ds“‘//I;SToo/)(S—Soo)(V‘ﬁ)dS (7)

On the right-hand side of Eq. (6), E is the mechanical-exergy
deposition rate, which is the same as the mechanical-energy dep-
osition rate E in Eq. (4).

In addition, the thermal-exergy deposition rate &, is defined as
(assuming TP is normal to the freestream velocity)

& =Em+//TppmudS—//Tmep(s—sw)uds ®)

where Ej, is the thermal-energy deposition rate

Ey= f/ ple — ex)udS )
TP

Finally, A is the anergy generation rate given by (assuming TP is
normal to the freestream velocity)

A=A+ Agn = // Toup(s — se)udS
TP

~[[[zé-vass [|| Tsenre o

The anergy represents the share of energy contained in the system,
which cannot be converted to useful work. The decomposition of the
anergy generation rate has been obtained as the sum of the anergy rate
due to viscous dissipation Aq, and thermal mixing Athm- The heat due
to viscous dissipation can also act as a power source, and it is possible
to define an exergy due to viscous dissipation as

éd):///;v(l—%)(?vde& (11)

Also, the anergy generation rate splitting is made possible by the
application of eddy-viscosity model in mean entropy production of
Moore and Moore [25] as mentioned in [15].
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The EAM can be related to the PBM using the following equation:

A-®=Apy — g (12)

C. Performance Metrics

The analysis methods discussed earlier allow the definition of
different performance metrics. The PSC as defined by Smith [3] is
given by

PSCactual — Pfreestrcam - PBLI (13)

P freestream

where Ppesieam @nd Pppy are the propulsive power required for a
given net axial force with a freestream ingesting and BLI propulsors,
respectively. In the present study, the freestream propulsor is chosen
to have the same dimensions as the respective BLI propulsor.

It should be noted that BLI/WI configurations have been observed
to perform even better than ideal non-BLI propulsors [10]. Thus,
instead of defining a specific nonideal freestream propulsor for
quantifying BLI propulsor performance, an ideal freestream propul-
sor can be used (wWhose power consumption would be DV ). Thus, a
strict definition of PSC can be given as

DV, — Pgi1

PS Cstricl = DV
o0

(14)

which is more convenient for comparing different BLI or WI con-
figurations, as the reference propulsor power requirement is readily
defined by the isolated body aerodynamics (DV ).

Moreover, an aerodynamic body could be analyzed without pro-
pulsor operation, and the power that can be saved using its boundary
layer or wake could be obtained. This power is the maximum power
benefit achievable through an ideal BLI propulsor, which completely
fills the wake or boundary layer and at the same time does not affect
the upstream flow [12]. Then, a BLI/WI PSC can be defined directly
for an isolated body analysis as follows:

PSCiyea = DVe —@)  _ E—Py 15)
o DV Jr1e DV J1e

This definition is not satisfactory, as the thermal effects are not well
addressed in the PBM at transonic speeds. For compressible flow
regimes, another definition based on exergy method can be used as
follows:

DV_—A &
PSCipey = (-2 = 16
deat ( DV, )TE (Dvm)TE (10)

III. Flat-Plate Analysis

Analyzing the flow over a flat plate from the perspective of power
balance is helpful in understanding certain important aspects of BLI/
WI. The flow over an isolated body can be analyzed to get an
indication of the power that can be saved using an ideal BLI propul-
sor. This was shown in the work by Drela [12]. Furthermore, the
theoretical value (based on Blasius solution) of this recoverable
power ((E/DV )tg) for incompressible laminar flow over an iso-
lated flat plate was shown to be ~21% [12]. This could also be
verified using CFD, as is presented in this section. Apart from this,
the effect of closely integrating a propulsor with the flat plate (to
attempt wake filling) is shown for an incompressible laminar-flow
case using CFD. Finally, important power balance terms are also
calculated for an incompressible turbulent flow case using k — @ —
SST and Spalart—Allmaras turbulence models. The postprocessing is
done by calculating the power balance integrals using the interpo-
lated flowfield result.

A. Laminar Flow over an Isolated Flat Plate

This subsection aims to computationally obtain the values of
power balance terms for a simple case of incompressible laminar
flow over a flat plate. The result is necessary for understanding the
effect of BLI propulsor in the next subsection. A Reynolds number of
1 x 10° is chosen for the analysis. The boundary conditions and the
CV used are given in Fig. 2.

The equation for power balance for this case with Px = 0 (no
propulsor) and Py = 0 (flow incompressibility) is

E+® =DV, a7
E,+E,+E,+®=DV, (18)

The CV considered here is effectively 2-D. Assuming the plate
leading edge to be the origin of the coordinate system with x parallel

to the plate and y normal to the plate, the PBM integrals are listed as
follows:

. Yp |
E, :2/ Ep(u_voo)zu'dy (19)
0
. Yp |
E, = 2/ —pviu-dy (20)
0o 2
. YTP
£, =2 [T pu- Vi) dy @1

Yo [ X1p 2
b = 2/ / ,u(a—u) ~dx - dy 22)
0 —Xip dy

The factor of 2 in the preceding integrals is due to the fact that the
CV (as considered in Fig. 2) covers only the upper half and needs to
be mirrored with respect to the flat plate to obtain the lower half
as well.

The results of the power balance calculations are shown in Fig. 3.
The calculated E term at the plate TE is found to be 22.95% of the
drag power, which is the maximum power that a propulsor can save
using BLI (if it does not affect the upstream flow). This is comparable
to the value obtained from the Blasius-solution-based theoretical
value of 21.39% (as mentioned in [12]).

B. Wake Filling for Laminar Flow over a Flat Plate

Using the isolated body analysis, it is possible to predict the
possible power saving of a BLI configuration. However, the presence
of a BLI propulsor also modifies the flow close to the body, leading to
an increase in the value of integrated friction and pressure forces
(seemingly causing an increase in drag) [7]. However, it was found
that this does not necessarily mean an increase in body associated
power dissipation [26]. Hall et al. [26], in fact, provide an explanation
based on the boundary-layer shape factor as to when the pressure
gradient created by a propulsor may actually cause an increased body

Velocity
inlet Voo
Pressure
Voo outlet Yop
Velocity (Poo)
inlet ¢
Leading T Test
gfg{;gg  Symmetry Flat plate Symmetry plane
(LP) P i (7¥)

Computational boundary
-------------- Control volume

Fig. 2 Boundary conditions and CV definition for analyzing incom-
pressible laminar flow over an isolated flat plate.
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§ ——E
e ®
05 ~DV,
—e B+ ® — DV,
-1t ‘ ‘ ‘ |
0 1 2 3 4

Distance from plate LE (%)

Fig.3 Power balance results for laminar flow over an isolated flat plate;
F, = D; Re = 1x 10° (LE = leading edge).

power dissipation. It would be interesting at this point to analyze the
effect of a simplified propulsor model on the BLI power benefit and to
compare PSCy; with the PSC,;g.,. For this, the same flow conditions
(laminar and incompressible with Re = 1 x 10°) as used in the
isolated flat-plate (Sec. lII.A) case are used. The propulsor is modeled
by adding momentum sources in a rectangular region (0.1¢ in length
and 0.05¢ in height) of mesh behind the plate, as shown in Fig. 4. The
propulsor height (3.2 X §, assuming § = 3 X §*, which was obtained
using Blasius solution for the isolated plate case) is selected to be
greater than the boundary-layer thickness.

Next, as mentioned in Fig. 4, different momentum sources are
added to the horizontal layers of the propulsor mesh to attempt a
complete wake filling. The fluid dynamic viscosity u inside the
propulsor region is fixed to be zero to avoid viscous losses inside
the propulsor. The momentum source values can be calculated using
Bernoulli’s theorem with a mechanical-energy addition term. For a
propulsor as in Fig. 4, if each horizontal layer of cells has a cross-
sectional area of Sy, and is responsible for a force (in x direction)
delivery of Fy,y.r, and if the pressure and x-velocity values in the first
cell in each horizontal layer are piayer; and ugayer1, respectively, then
for achieving a freestream total pressure at the end of the propulsor,
the following equation must be valid for any horizontal layer
(neglecting the vertical velocity component):

1 Fy. 1
Pt 3Pt ¥ 5 = Po FRVE 2D

Momentum source values in Fluent are applied per unit cell
volume, and the x-momentum source per unit volume (my,yer)
required in each cell layer can be calculated as

Flayer _ Myayer

S =5 Volume, (24)
layer layer cellsinlayer

1
mlayer X AX = P — playerl + Ep(Vgo - u12ayer1) (25)

P — Playerl + %p(Vgo - Mlzayerl)
Myayer = AX

(26)

where AX is the distance through which the fluid is to be accelerated
(or the total pressure change is to occur). The same value of AX will
be used for all horizontal cell layers for simplicity. AX is calculated
directly by equating plate drag with the propulsor thrust (and updated
continuously during simulation iterations based on the updated value
of plate drag). It should be noted that the net force F, is obtained as
the difference between the force due to integrated shear stresses over
the plate and the force due to momentum sources added to the
propulsor volume. Furthermore, the momentum sources added deter-
mine the respective energy source values (dot product of force due to
the momentum source and local velocity), which determine Py when
summed over the propulsor volume. Because the flow is incompress-
ible, energy sources need not be separately added.

The power balance results are given in Fig. 5. A Y1p of 3¢ is used
for the power balance calculations. It can be observed from the power
balance result plots that the total drag power before the propulsor is
higher than the total power required to propel the configuration. Of
course, this is due to the use up of the wake power by the propulsor.
The following observations are made:

1) The wake filler model performs well in terms of wake filling,
leaving a very low propulsor jet power loss of 0.7% of the propulsor
power Py, which is comparable to the numerical error.

2) A PSC (PFCyg.r) of 19.06% is obtained.

3) The drag increase compared to the isolated laminar-flow
flat-plate configuration is 3.26%.

Velocity
inlet Voo . _
Pressure
Ve outlet L yvop
Velocity o (Poo)
inlet { I ‘ .
plane
Leading \Symmetry j  Flat plate Symmetry ;  (TP)
! Y
blaze Xpp Xrp Fluid viscosity
(LP) (n)=0

Computational boundary
e Control voume

Different
momentum
source values
in each
horizontal layer

Fig. 4 Boundary conditions and CV definition for analyzing incomp

Propulsor model

Y
0.1c
ressible laminar flow over a flat plate with a BLI propulsor model.
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1.5

Plate Propulsor

Power term

Wake/Jet

e R e el

—o— E (Wake filling)

-~ E (Uninstalled)

- x—.® (Uninstalled)

—— F,V,, (Wake filling)

----DVy (Uninstalled)

-—--F 4+ ® (Wake filling)
E + & — FxV,, (Wake filling)
Py (Wake filling)

0 0.5 1 1.5

Distance from plate LE (f)
c

Fig. 5 Power balance results for laminar flow over a plate with propulsor; F, = 0; Re = 1 x 10°.

4) The surface dissipation increase compared to the isolated flat
plate is 2.44%. This can be noted in Fig. 5.

C. Turbulent Flow over an Isolated Flat Plate

Because most of the flow over a real aircraft tends to be turbulent, it
becomes important to perform a simple comparison of commonly
used turbulence models. A laminar model would also be compared
alongside to mark the difference between laminar and turbulent
cases. A Reynolds number of Re = 107 will be used for this study.
Two turbulence models are compared, namely, k—w—shear stress
transport (SST) (Menter) and Spalart—Allmaras turbulence models.
These were observed frequently in the literature [22,23,27]. The main
aim is to compare the drag and the effective wake power. The differ-
ence in the power balance terms for the turbulence case when
compared to the laminar case is for the viscous dissipation and the
shear stress terms. The inclusion of Reynolds stress becomes impor-
tant in the calculation. The wall shear force and viscous dissipation
formulas are modified as follows (for Newtonian fluids):

Foan = // (m(g—”)—pu’v/)-ds @7
wall 'y
o= [ [ [(u(G) - (5) e ew
B cv Hi ay ’ ady

Because the considered turbulence models are eddy-viscosity mod-
els, the Reynolds stress term can be further simplified using Boussi-
nesq’s assumption (for incompressible flow):

— du oOv
—pu'v’ =y, (5 + a) 29)

where the gradient ou /0y is the dominant term, and the wall shear
force and viscous dissipation can be expressed as

0
Fyan = / (a1 + ) (a—”) -ds (30)
wall y

ou\?
d>—//cvwl+u,)(a—y) 49 31)

where y; is the laminar dynamic viscosity, 4, is the eddy viscosity, and
the x and y coordinates are taken tangential and normal to the body

under consideration at any point. Next, the CV used is similar to the
one shown in Fig. 2. The power balance results are given in Fig. 6.

Itis clear from the power balance results that the power dissipation
over the plate is higher in percentage (taken with respect to drag
power DV ) for turbulent flow than for laminar flow. This results in a
lower wake power availability (E /DV )1g) for BLI applications.
The important values of power balance terms are given in Table 1.
(Drag coefficient is calculated using plate chord and unit width to
obtain the reference area S;.) Itis clearly observed from the results in
Table 1 that the turbulent flow over the flat plate results in a higher
drag as expected. Also, the results from both the investigated turbu-
lence models are close to each other.

IV. Numerical Analysis and Optimization Setup for
Axisymmetric Bodies

The possible power benefit from BLI is studied by analyzing the
flow around different axisymmetric fuselage models. Two different
CFD solvers are used, and the PBM and exergy methods are applied
to the resulting flowfield (when applicable). The power required for
cruise (no acceleration) for different fuselage geometries and flight
conditions are compared and at the same time the power benefit of
using a BLI or WI configuration is evaluated for the different cases.

The possible flight configuration for BLI is indeed a question that
needs to be analyzed carefully. Different choices of novel aircraft
concepts, like the D8 double bubble aircraft by the Massachusetts
Institute of Technology, STARC-ABL by NASA, or the propulsive
fuselage concept by Bauhaus Luftfahrt, are possible. Of these
designs, the propulsive fuselage concept (or more generically
fuselage-BLI) promises a high-power benefit [4]. Therefore, the
current study will focus on such configurations, where BLI is applied
on an axisymmetric body representative of an aircraft fuselage. The
details of the geometry and flight conditions are chosen to be repre-
sentative of a long-range commercial airliner. The underwing pro-
pulsors in the propulsive fuselage concept are not considered in this
study, and the entire thrust is assumed to be produced by the BLI
propulsor.

A. Methods
1. Baseline Fuselage Geometry and Flight Conditions

The baseline fuselage geometry, reported in Fig. 7, consists of an
axisymmetric body representative of the fuselage of a long-range
commercial aviation aircraft. The length of the body is 69 m with a
maximum diameter of 6.205 m (with the diameter value unchanged
for the whole study), resulting in a slenderness ratio of 11.12. The
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Fig. 6 Power balance plots of different models of flow over a flat plate; the legend in the first plot applies to all plots; F, = D; Re = 10’.

Tablel Comparison of power balance results of different flow
models for flow over a flat plate (F, = D; Re = 1 x 107)

£ g (&)
(DV"")TE PV ) g, %

Case Cp

Turbulent (one-seventh law)  0.0064 12.50 87.50
Turbulent (k — @ — SST) 0.005787 10.33 89.46
Turbulent (Spalart—-Allmaras) 0.005989 10.07 90.59
Laminar 0.0008313 21.79 77.45

geometry is obtained from the ESDU I and II parametric shapes [28].
A particular shape can be obtained by fixing the control parameter K
(details in Appendix A). In particular, the nose section is based on the
ESDU I family (K, = 0.9) with a slenderness of 1.67, whereas the
aft section is obtained from the ESDU II family (K,; = 0.5) with a
slenderness of 2.5. The propulsor length (in the axial direction) is
fixed at 1 m (unchanged for the whole study), and a baseline radial
dimension is chosen to equal the fuselage cross-sectional area. The
coefficients, like drag, etc., are defined based on the maximum
fuselage frontal area S,; as the reference.

The nominal flight conditions at which the simulations were
carried out were chosen to be representative of the cruise conditions
of along-range commercial flight. The freestream Mach number was
fixed to 0.80 (varied only during the flight speed design space study).
An ambient pressure of p,, = 23831.8 Pa and a temperature of
T, = 228.7 K were fixed (close to flight level FL350 with ISA+10
temperature offset).

2. Euler-IBLT Solver

The design space exploration and the fuselage afterbody shape
optimization are both done using MTFLOW [29]. This software is a
combined Euler and integral boundary-layer theory solver focused on
axisymmetric geometries. In addition, propulsor units can be simu-
lated through actuator volume models. An example of a computa-
tional domain for a generic fuselage-BLI configuration in MTFLOW

ESDU I forebody

Cylindrical midbody

is shown in Fig. 8. MTFLOW assumes the real flow to be divided into
an inviscid part, governed by the Euler equations, and a viscous part,
governed by integral boundary-layer momentum and kinetic-energy
equations. The transition to the turbulent boundary layer is modeled
through the ¢V method. The value of N, was fixed to 9 for all the
simulations. This resulted in a transition location at around 3% of the
fuselage length for the baseline fuselage geometry. Furthermore, as
an example for baseline fuselage simulation, three meshes with the
number of streamlines X number of streamwise grid points values of
45 x 145, 45x 200, and 45 x 300 are used and respective drag
coefficient values of 0.075378,0.075259, and 0.075096 are obtained.
The drag-coefficient values are very close as can be observed. The
final meshes used have around the same number of grid points as that
of the mesh with the grid of 45 x 300 for all the fuselage simulations.
The computational domain extends approximately half the fuselage
length (from the fuselage leading edge) in the upstream, twice the
fuselage length (from the fuselage leading edge) in the downstream,
and equal to the fuselage length in the normal directions.

The solver assumes no flowfield up to the displacement thickness
&*. This affects the propulsor modeling, which can only operate on
the inviscid flowfield. Therefore, the propulsor volume cannot
entirely lie in the displacement thickness area. Moreover, the pro-
pulsor radius must be equal to or greater than the actual boundary-
layer thickness &. If this is not verified, the mass flow rate through the
propulsor will be underpredicted when compared to the real physical
flow, leading to errors. Furthermore, for propulsor modeling, the
swirl change forcing is kept very low (so that the swirl velocity
remains negligible) and the rotational speed value is made high for
the actuator volume points. This allows to achieve the required axial
momentum and the corresponding propulsor power. The inviscid
flow equations in MTFLOW documentation [29] can be referred to
for the details.

The boundary-layer equations are integrated across the boundary
layer obtaining the von Kdrman boundary-layer momentum integral
and boundary-layer kinetic-energy integral (as obtained by Drela
[30]) equations. These can be written for axisymmetric flows as [29]

ESDU II afterbody

, T~

40 50 60 70

z (m)

Fig.7 Baseline fuselage geometry.
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Fig. 8 Example flow domain and mesh in MTFLOW for Euler-IBLT simulations.

d(p,uz6b) 5, Cr du,
_— = —_ = * 2
dx, pettch > Peltc0*b dx, (32)
d((1/2)pu36*b d
WADpee0d) _ |, ey~ pusb e 33
dx, dx,

where p,u26 and (1/2)p,u0* are the momentum defect and the
kinetic-energy defect, respectively. A form of these equations along
with a shear lag equation as mentioned in [29] is used in MTFLOW.
The dissipation coefficient in the integral kinetic-energy equation
allows for directly obtaining the viscous dissipation in the flow.

3. RANS Solver

Steady-state RANS simulations were carried out to validate the
main conclusions from Euler—IBLT solver results and to point out the
possible shortcomings. The simulations were carried out through the
commercial software package ANSYS, with Fluent as the flow
solver. A sketch of the computational domain and boundary con-
ditions used is shown in Fig. 9. The domain is divided into a laminar

and a turbulent region to control the transition location on the
fuselage contour. The transition location is matched to the one
obtained in MTFLOW. The mesh spacing in proximity of the no-slip
walls (fuselage body curve) was verified to produce y* < 1 through-
out. The k — w—SST turbulence model is used [31]. The model option
to account viscous heating and compressibility effects is switched on.
Moreover, the Kato—Launder production model is enabled, with
production limiter of 10°. The molecular viscosity is calculated using
the three-coefficient Sutherland law. The freestream turbulence
intensity is fixed at 0.1% with a viscosity ratio of 2, based on Ref. [32].
Spatial discretization is done with a Green—Gauss cell-based method.
A coupled pseudotransient solver algorithm is used, which allowed a
fast and robust convergence, which was achieved with scaled resid-
uals at least below 106, Furthermore, as an example, for the baseline
fuselage simulation (fully turbulent domain), three meshes with
cell counts of 191,874,422,154, and 608,584 are used, and respective
drag coefficient values of 0.07288, 0.07282, and 0.07278 are
obtained. The drag-coefficient values are very close as can be
observed. The final mesh count used is around the same value as
the mesh with 422,154 cells for all the fuselage simulations. The

Far field

Dividing line
for flow
transition.

[ Laminar
Propulsor boundary

[ Turbulent

/ Wall

Fuselage and propulsor
(axisymmetric setup)

Transition
point

Fig. 9 Sketch of the flow domain and boundary conditions defined for the RANS simulations.
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computational domain extends approximately 10 times the fuselage
length (from the fuselage leading edge) in the upstream, downstream,
and normal directions.

Furthermore, the BLI propulsor is modeled through the definition
of an actuator volume, in which momentum and energy sources are
added to the flow. The momentum sources are defined to produce a
uniform pressure jump. The energy sources are calculated on the
basis of the local velocity field and momentum addition. Mathemati-
cally, if F g is the local thrust force due to the momentum source,
then the power source is calculated as Fgj.uey, Where ug; is the
local fluid velocity (similar to that done in the work by Stokkermans
et al. [33]). The power source in the cells in the propulsor volume is
then summed to obtain the power. A schematic of the propulsor
model is shown in Fig. 10. During the simulations, the propulsor
thrust is constrained to be equal to the fuselage drag to obtain a zero
net axial force. Postprocessing is done by calculating the required
power balance and exergy integrals using the interpolated flowfield
results. In the present paper, for isolated fuselage RANS studies, the
drag D values are obtained by integrating the pressure and shear
stresses over the fuselage body. For BLI configuration RANS studies,
the integrated pressure and shear stresses over the fuselage body were
subtracted from the force value corresponding to the momentum
sources added to the propulsor volume.

B. Design Space Exploration

This study aimed to find the effect of fuselage geometry and flight
conditions on the BLI power saving. The Euler—IBLT solver is used
for the qualitative comparison of different configurations, as this
requires less computational time. Some selected configurations are
analyzed using the RANS solver to compare with the Euler—IBLT
solver results. To isolate the effects of each parameter, a single
sensitivity approach is used. This is achieved by sweeping a single
parameter while all other parameters are kept fixed at the baseline
values. The parameters, their baseline values, and their ranges are
given in Table 2.

C. Fuselage Afterbody Optimization

Following the design space exploration, an optimization of the
fuselage afterbody contour was performed. The optimization was
done with the Euler—IBLT solver and used a gradient-based method
with sequential quadratic programming. This was carried out sepa-
rately for an isolated fuselage body and for a BLI configuration. For
each case, a different objective function was defined.

For the isolated body, the objective was the minimization of the
fuselage surface dissipation. For the BLI configuration, the net axial
force was maximized for a fixed propulsor power. Figure 11 shows a
sample geometry with the main constraints. The fuselage afterbody is
divided into three parts, which include a leading section, a cylindrical
midbody, and an exit section. The goal was to produce geometries
typical of PFC-like designs (e.g., the NASA STARC-ABL [21] or the
CENTRELINE PFC [34]). The leading section and exit section were

Ffuselage =+ Fpropulaor =0

| g

Fuselage with propulsor

(axisymmetric setup)/ --------------- :

Propulsor
(actuator volume)

\

gggi% P, ——O—P ucen

E I——

Power _
= Flo Uce
added cell-Ucell

Momentum and

energy sources

added in propulsor

cells.
Fig. 10 Sketch of the propulsor model defined in ANSYS Fluent for the
RANS simulations.

parameterized using the ESDU II parametric curve family [28]. The
normalized versions of the whole afterbody length, leading section
length, cylindrical section length, leading section shape control
parameter, exit section shape control parameter, and the position of
propulsor inlet plane (for BLI) were included in the design vector.
Geometrical constraints were imposed to mimic the design con-
straints that exist for a fuselage-BLI concept. In particular, the
geometry was constrained so that the floor area of the leading section
and the volume of the cylinder and exit section together would be
constant. In fact, for a commercial aircraft, the floor area translates
into seats and payload. Moreover, the housing of the propulsor
subsystems (motor, fuel/power supply, cooling, etc.) in the aft cone
section requires a certain volume. Also, the actuator volume, which
models the fuselage propulsor, is constrained to lie only around the
cylindrical section of the afterbody.

V. Results and Discussions
A. Analysis of Baseline Fuselage

This section investigates the performance of the baseline fuselage
geometry in the flow conditions defined in Sec. IV.A.1. The flow
around the fuselage was simulated using the RANS and Euler—IBLT
solvers. The PBM and EAM results obtained from the flow simu-
lations are presented in Fig. 12. The values of @, &, and &, are not
calculated from the flowfield variables as integrals in case of RANS
simulation. They are instead directly obtained from Eq. (1) or (6) as
required using the values calculated for the other terms. Similarly, the
E — Py termis obtained using Eq. (1) in the Euler—IBLT calculations,
in which the dissipation (®) is readily available from the simulation
result.

It can be observed from the RANS results that the anergy gener-
ation rate value is higher than the viscous dissipation. This is because
the PBM does not account for the thermal anergy rate Ay,,. This
results in an overprediction of the power benefit for BLI applications
for transonic flows when PBM is used. It can also be observed how
the E term does not explicitly represent mechanical power unless the
thermal exergy term &, becomes zero. On the contrary, the exergy is
clearly the power available for saving. Next, the Euler-IBLT PBM
results are off by a few percent when compared to RANS. This is
expected to be due to the difference in modeling fluid flow in the
solvers. It should be noted that the difference between kinetic-energy
defect area (1/2)p,ub6* and viscous dissipation @ in the Euler—
IBLT calculations is not negligible (at least in the immediate wake of
the fuselage) for the transonic flight under consideration.

Finally, the comparison of some important results from the RANS
and Euler—IBLT solvers along with the drag prediction model from
ESDU [35] is shown in Table 3. It can be observed that the results
from the RANS simulation show excellent agreement with the results
from the ESDU method, which indicates the quality of the RANS
simulation results.

B. Design Space Exploration
1. Fuselage Afterbody Shape

The effect of the afterbody shape is studied by fixing all parameters
except the afterbody shape control parameter K. The analyzed
shapes are shown in Fig. 13. The results of the Euler-IBLT simu-
lations for the isolated fuselage configuration are presented in Fig. 14.
From the plot, it can be observed that the surface dissipation is lower
for higher values of K¢ (details in Fig. 13). Similarly, the drag of the
body also decreases with increasing K ;. However, it can be noted
that the change in ideal PSC with K is negligible.

An important complexity involved in the design of the fuselage for
BLI application is the fact that the propulsor modifies the flowfield in
its proximity, thereby changing certain important aerodynamic quan-
tities. As observed in the flat-plate study, the presence of the propul-
sor tends to increase the friction drag and the plate surface viscous
dissipation ®;. The shape of the body with which the propulsor is
closely integrated and the flow conditions were found to affect this
phenomenon as presented in the work by Hall et al. [26]. Hall et al.
[26] explained a relationship between the boundary-layer shape
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Table 2 Design space exploration parameters and values

Parameters Isolated fuselage

BLI configuration (F, = 0)

Euler—IBLT values

Afterbody shape parameter (K )
Afterbody slenderness (—L““"‘“"‘Y )

drusetage

Liuselag
Fuselage slenderness (w)

dfuselage
Flight Mach number 0.2,0.3,0.4,0.5,0.6,0.7,

5,6,7,8,9,10,11, 11.12, 12

0,0.2,05,1,2,4,6,8,10,20,50 0,0.2,0.5,1,2,4,6,8, 10, 20, 50 (with r100 propulsor)
2,25,3,35,4,45,5,55,6

2,2.5,3,3.5,4,4.5,5,5.5, 6 (with r100 propulsor)

5,6,7,8,9,10, 11, 11.12, 12 (with r100 propulsor)
0.8, 0.2,0.3,0.4,0.5,0.6,0.7,0.8, 0.85, 0.9, 0.95 (with r100

- 0.85,0.9,0.95 propulsor)

Propulsor radius (%) I 0.85,1,1.25,1.5,1.75,2
Propulsor position from fuselage leading —_— -1, -0.75, -0.5, —0.25, 0, 0.25, 0.5, 0.75, 1, 2, 3, 4 (with

Tproputsor =L fuselage equivalent r100 propulsor)
edge ( ’ pLuIIerhndy )

RANS values

Afterbody shape parameter (K ) 0,50 0, 50 (with 150 and r100 propulsors)
Afterbody slenderness (l;:‘ufr:(:ly) 25,6 2.5, 6 (with r50 and r100 propulsors)
Fuselage slenderness (LLi:usciagc) 5,11.12 5, 11.12 (with 150 and r100 propulsors)
Flight Mach number 0.2,0.8,0.9 0.2, 0.8, 0.9 (with r50 and r100 propulsors)
Propulsor radius (ll?gplu) —_— 0.25,0.5,0.75, 1
Propulsor position from fuselage leading —_ —0.75, 0 (with equivalent r25, r50, and r100 propulsors)

Xpropulsor ~Luselage
edge ( : PLuﬁclbod) : )

Cylinder

Leading
section

Floor area
fixed

Isolated body

Fixed propulsor
power and
inlet area

Floor area

fixed Volume%\_

BLI configuration

Fig. 11 Constraints on the fuselage configurations for the optimization study.
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Fig. 12 Power balance and exergy analysis for the baseline fuselage geometry in baseline flight conditions; F, = D; M = 0.8.

factor and the dissipation coefficient Cg. For turbulent flows, it was
found that the static pressure changes created by a propulsor
increased the boundary-layer edge velocity and decreased the
local dissipation coefficient. Because of this, the static pressure
change caused by the propulsor has negligible effect on the viscous

dissipation upstream of it. (A maximum of 0.08% difference was
observed for K,; = 0.) This effect can especially be seen if the local
boundary-layer shape factor is greater than 1.4 or so [26].

The results of the analysis of the BLI powered fuselage are shown
in Fig. 15 for different fuselage afterbody geometries. It can be
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Table3 Comparison of results from RANS, Euler-IBLT, and ESDU
methods for the isolated baseline fuselage in the nominal flow conditions
(Fy=Dand M = 0.8)

Difference
Quantity ESDU 78019 RANS Euler-IBLT (from RANS)
Cp 0.071715 0.071934 0.075096 0.31% (ESDU 78019)
—4.40% (Euler—IBLT)

E-P —_ 13.36 10.30 3.06
(DVwV)TE’ %

@, _
Vo % 86.64 89.70 3.06

i —_—— 9.84 —_ —_
(DVoo)TE’ %

A, —_ 90.16 _ —_
v P

observed that PSCg;, does not vary significantly for different
afterbody shapes, similar to PSC,y., for the isolated body case
(Fig. 14). Moreover, the variation of the propulsive power is similar
to the variation of the surface dissipation of the isolated fuselage.
This hints at the fact that the isolated body viscous dissipation
analysis can be effectively used to compare BLI configurations, at
least for the qualitative comparison of different geometries in the
present study.

The PBM and EAM were applied on the flow obtained through
RANS simulations for selected fuselage shapes (isolated body analy-
sis). For powered configurations, the power is known based on the

K,y
0
—0.2
Fuselage afterbody shapes —05
- —1
—2
—4
6
8
—10
—20
— 50

'R
o
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Fig. 13 Fuselage afterbody shapes for different values of K ,; (based on
ESDU II curve definition [28]).
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applied energy sources, and the fuselage surface anergy is obtained
based on the integral in the anergy method until TE. The results are
presented in Tables 4 and 5. It can be noted from Table 4 that the
maximum savable power as a percentage of drag power (the PBM-
based and EAM-based PSC;y.,) does not change much between the
two fuselage geometries. Furthermore, it can be observed from
Table 5 that the fuselage surface anergy generation rate is not changed
by the propulsor. Also, the drag coefficient Cp (obtained as the
integrated pressure and viscous forces over fuselage body) is quite
misleading for power consumption considerations, as the presence of
the propulsor increases its value without affecting the surface
anergy rate.

2. Propulsor Radius

The analysis of propulsor-related parameters can be quite impor-
tant to further understand BLI. The results for power saving are
presented in Fig. 16. In Fig. 16, the smallest propulsor-to-fuselage-
radius ratio used is 0.85. For values tried below 0.85 (like 0.75, 0.65,
and 0.55), the PSCg;., values obtained are higher than the isolated
body PSC;4., value, and thus, these propulsor radii values are not
used. It should be noted that the Euler—IBLT solver has limitations
with regard to the size of the BLI propulsor that can be modeled when
compared to the local boundary-layer thickness as mentioned in
Sec. IV.A.2.

In addition, the RANS results for the baseline fuselage geometry
(at 0.8 Mach) with different propulsor radii are given in Fig. 17. The
PSC,wal values are calculated, simulating propulsors of the same
respective radii for both BLI and freestream cases. Moreover, the drag
values are calculated through the integral pressure and viscous forces
only over the fuselage body. It can be observed that PSCy;, is highest
(among the propulsor radii plotted) for a propulsor radius of
0.5 X Rpygerage- Moreover, the effect of the propulsors on the fuselage
surface anergy generation rate was found to be negligible, as shown in
Fig. 17. Because the momentum source is uniform in the propulsor
volume and the entire propulsor thrust must equal the airframe drag,
larger propulsors result in a lower pressure jump and vice versa. As a
consequence, a lower amount of the boundary layer would be filled
with increasing propulsor size to overcome the isolated fuselage
surface anergy rate if the propulsor is larger than the boundary-layer
thickness. On the other hand, propulsors smaller than the boundary
layer ingest a fraction of the boundary layer, but achieve more filling
due to the higher pressure jump required to obtain the required thrust.
However, a small propulsor diameter results in more losses in the
propulsor jet as jet velocity becomes faster than the freestream. This

S Ideal PSC (%
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— 13
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>8 o &)oooo o
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Fig. 14 Design space exploration results (Euler-IBLT) for different afterbody shapes (isolated body); F, = D; M = 0.8.
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Design space exploration results (Euler-IBLT) for different afterbody shapes (BLI configuration); F, = 0; M = 0.8.

Table4 Design space exploration results (RANS) for
two afterbody shapes (isolated body) (F, = D; M = 0.8)

Quantity Ky =05 K. =50 Difference
Cp 0.071934 0.070223 —2.38%
Cos 0.062320 0.061040 -2.05%
Cis 0.064854 0.063139 —2.64%
<E—Pv> % 13.36 13.08 —0.28
DV » 70
*JTE
& g 86.64 86.92 0.28
DV’
( . ) 9.84 10.09 0.25
s | %
*JTE
A, 90.16 89.91 -0.25
v P

Table 5 Design space exploration results (RANS) for two
afterbody shapes (BLI configuration) (F, = 0; M = 0.8)

Quantity K, =0.5 K, =50 Difference
=1
Cp 0.079498 0.073697 -7.30%
Cp 0.070069 0.068464 -2.29%
Cis 0.064808 0.063228 —2.44%
PSCyqici, % 2.59 2.51 —-0.08
(As)TE;(A,\)N,’ % —0.0703 0.142 NA
Cp 0.08371 0.074758 —10.69%
Cp 0.066871 0.06524 —2.44%
Cis 0.064932 0.063348 -2.44%
PSCyyici, % 7.04 7.10 0.06
(AS)CL\,;C—(AA).W, % 0.12 0.33 NA

(A9iso

can especially be observed in Fig. 17 for the r25 propulsor. Some of
the PRs, as shown in Fig. 17, may require more than one stage of
compression.

3. Propulsor Location

Different design studies performed highlight the fact that the sur-
face dissipation and surface anergy rate are unaffected by the addition
of the propulsor aft of the fuselage in the considered flight regimes.

However, an important concern in all the aforementioned studies is
the fact that the propulsor installation location should be practically
feasible. Even if one attaches a rotor without a nacelle at the aft part of
the fuselage afterbody, some of the fuselage surface dissipation
would still take place after the propulsor. Also, the available power
(or exergy rate) in the flow upstream of the propulsor is different,
depending on the location. The effect of the propulsor location was
investigated by moving the location of the actuator volume along
the length of the fuselage afterbody. The results of the Euler—IBLT
simulations are reported in Fig. 18. It seems that the propulsors
located on the fuselage body (before fuselage TE) do not achieve a
good filling. The surface viscous dissipation was found to increase of
up to 1.6% when the propulsor is located at the beginning of the
fuselage afterbody. This is due to the effect of the propulsor jet, which
interacts with the downstream fuselage boundary layer. Because the
propulsor model in the Euler-IBLT solver operates in the inviscid
flow, the value of the fuselage surface dissipation could be viewed as
the fuselage surface viscous dissipation along with the effect of the
propulsor jet on it (but excluding the explicit dissipation in the
propulsor plume).

Finally, the results of the RANS simulations are shown in Fig. 19.
The equivalent propulsor radius (mentioned in Fig. 19) represents the
radius of a circle whose area equals the cross-sectional area of the
propulsor intake. It should be noted that the anergy generation rate
upstream of the fuselage TE also includes the anergy generated
within the jet of the propulsor upstream of the fuselage TE (including
dissipation within plume and any interaction effects with fuselage
boundary layer).

4. Observations and Comparison of Euler-IBLT and RANS Results

The changes in various performance metrics as compared to
the baseline case for different parameters are shown in Fig. 20.
The results obtained display that for a qualitative comparison of
the fuselage design (or flight conditions), both the RANS and the
Euler—IBLT solvers are in good agreement. It can also be noted that
the surface dissipation and the surface anergy rate results obtained
from the RANS simulation are close. Moreover, the propulsive power
values obtained in the BLI configurations follow the same trend as the
surface dissipation and anergy rate in the isolated cases. This suggests
that the isolated body performance metrics can be used for qualitative
comparison of different BLI configurations (as also suggested by
Hall et al. [26]).

The PSCs obtained through the Euler—IBLT and RANS simula-
tions for selected cases are reported in Fig. 21. It can be observed
that, except for the case at M = 0.2, the ((E — Py)/DV )5 values
do not match for the two solvers. Furthermore, the PSCy;.; values
estimated through the Euler—IBLT simulations are higher than the
value obtained through the RANS simulations. These discrepancies
are probably due to differences in thermal effects modeling in the
boundary layer in the Euler—IBLT solver when compared to the
RANS solver. In fact, if the fluid thermal conductivity and viscous
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Fig. 16 Design space exploration results (Euler-IBLT) for baseline fuselage geometry with propulsors of different radii; F, = 0; M = 0.8.
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Fig. 17 Design space exploration results (RANS) for different propulsor radii; the propulsor PRs are also mentioned in the plot for PSCic¢; F = 0;
M =038.
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Fig. 18 Design space exploration results (Euler-IBLT) for baseline fuselage geometry with propulsor at different locations; F, = 0; M = 0.8.
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Fig. 19 Design space exploration results (RANS) for propulsor sizes located at a distance of Lyysejage — 0.75L y¢¢ernoay from the fuselage leading edge;
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Fig. 20 Comparison of changes from the baseline configuration in power and momentum parameters (Euler-IBLT and RANS simulations).

heating are not modeled in the boundary layer, the difference
between dissipation and anergy rate would be zero [details in
Eq. (12)]. Because at higher Mach numbers the thermal effects
become important and because the Euler—IBLT method uses a
mechanical-energy formulation for the boundary layer, the obtained
values of viscous dissipation are expected to be different than the
RANS values. The overprediction of the isolated fuselage surface
dissipation value [leading to a lower ((E — Py)/DV)7£] at higher
Mach numbers and the overprediction of PSCy;, for different cases
in the Euler-IBLT solver must be more carefully analyzed on the
basis of validity of the assumptions (like the thin boundary-layer
assumption) and modeling details in the solver. However, unlike
surface dissipation (or surface anergy generation rate) and the

propulsive power, the effect of fuselage design (or flight condition)
on BLI power saving (indicated by PSC values in Fig. 21) is not very
interesting, as the changes (with respect to the baseline value)
involved are small compared to the changes in power-related terms
(like surface dissipation, surface anergy, and propulsive power). For
example, even if the flight Mach is changed from 0.2 to 0.8, the
change in PSC values is much smaller when compared to the change
in the fuselage surface dissipation.

Next, the r50 propulsor effectively uses the BLI benefit as
observed from the PSCy;. value, which is closer to the maximum
isolated body exergy flow. The Mach 0.9 and the fuselage slender-
ness of 5 cases have a high amount of exergy flow in thermal form
(also shown in Fig. 21), and thus, the propulsor performance
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Fig.21 Summary of PSC results (RANS and Euler-IBLT); the E- Py and ¢ terms represent the PSC;q.,; values based on PBM and EAM, respectively.

deteriorates (resulting in higher difference between PSC;4., and
PSCyic( values). On the whole, the respective PSC (ideal, strict, and
actual) values change only by a small amount for the different cases
of fuselage design or flight conditions. The case with a fuselage
slenderness of 5 has a little bit higher exergy flow at the fuselage
TE, as the laminar flow contributes to a significant portion of the
boundary-layer anergy generation rate (which is lesser than that of
the turbulent flow) as the fuselage is short. The Mach 0.9 case also
has a little bit higher exergy flow rate at fuselage TE. It is never-
theless clear that the changes to the fuselage design or flight speed
have a higher effect on the theoretical requirement for propulsion
(based on fuselage surface anergy rate) than on BLI power benefit

Isolated fuselage surface dissipation minimization

[indicated by PSC;4., (isolated), PSCyyiei (BLI), and PSC,ual
(BLI) values]. Finally, the fuselage surface anergy rate was not
changed significantly (<1% changes) by adding the propulsor in
the aft for all the cases.

Furthermore, the flowfields (Mach and static pressure coefficient)
for the baseline fuselage case with and without the propulsor for
Euler-IBLT and RANS simulations are given in Fig. B1 in Appendix
B. The similarity between the methods for inviscid flowfield can be
observed. The complete boundary-layer flowfield is not available
from the Euler—IBLT solver, and only certain integral quantities and
boundary-layer edge quantities are obtained, which are useful for
calculating certain PBM terms. Apart from this, the flowfields from
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Fig. 22 Optimization results using Euler-IBLT solver (zoomed view); the change in metric value is mentioned in the legend for each run.
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the RANS simulations for the cases of fuselage with different
propulsor sizes located at the fuselage TE and at a distance of
Liysetage = 0.75 Lyfiervody are given in Figs. B2 and B3, respectively.
The difference in the filling of boundary layer can be observed for the
different cases.

Lastly, it should be noted that the present study uses an axisym-
metric model for the simulations. The circumferential flow distor-
tions are an important aspect to consider for BLI applications
[16]. Especially, it is easy to understand that this would affect the
turbomachinery performance, and thus, future studies should include
nonaxisymmetric flows (not possible in the present Euler—IBLT
solver) and a higher-fidelity model of the propulsor. In any case,
the PSC trends are not expected to change much for slightly non-
axisymmetric cases for the propulsor model used in the present study.
This is because the PSC values did not change for a wide range of
designs involving much-higher pressure gradient changes than
would be caused by slight nonaxisymmetric flow.

C. Fuselage Afterbody Optimization

A gradient-based optimization is performed using the Euler—
IBLT solver. The isolated and powered fuselage configurations are
optimized separately. For the isolated fuselage, the minimization of
the isolated fuselage surface viscous dissipation is performed.
Three different initial geometries are implemented. For the pow-
ered configuration, the maximization of the net axial force for a
fixed propulsor power is performed. Three different initial values
of the net force are used as initial conditions. These include a net
force equal to zero, a net force equal to the baseline isolated
fuselage body drag, and a net force equal to twice the baseline
isolated fuselage drag. This is done to make sure that the effect of
the propulsor jet on the viscous dissipation in downstream fuselage
boundary layer is accounted for in the optimization study. The
radial propulsor dimension is fixed such that the inlet cross-
sectional area equals that of a circle with 1.25 times the baseline
fuselage radius.

The optimized fuselage afterbody shape is almost the same in all
trails (with and without a BLI propulsor). Figure 22 shows a zoomed
view of the afterbody geometries in the optimization study. The
dissipation and net force count change is also mentioned for each
optimized geometry. It can be observed that the value of fuselage
surface dissipation does not change much for the three geometries in
the isolated fuselage dissipation minimization study. On the other
hand, the result for the BLI configuration net force maximization
case, there is a minor difference in the net force count increase (a
quantity 21 defined similar to drag count) between the optimized
geometries. It can be observed that the second optimized geometry
(optimized-BLI-2) has the highest net force increase in spite of
having to maintain a higher initial net force (and hence higher PR)
compared to the first (optimized-BLI-1). It should be noted that the
decrease in fuselage surface area downstream of the propulsor could
lead to a lesser increase in viscous dissipation downstream of the
propulsor (due to the exhaust interacting with the boundary layer).
However, the optimized-BLI-3 clearly has a lower force count
increase, possibly due to the high initial PR. This again indicates
the possibility that extra viscous losses could occur due to the
exhaust interacting with the boundary layer (as observed in the
propulsor position design space exploration study). Finally, it is
observed that the differences in fuselage drag values (for the given
Mach) between all the optimized fuselage geometries (in both the
optimizations) are less than 1%.

VI. Conclusions

The current work involved the aeropropulsive performance analy-
sis of fuselage BLI. A design space study was carried out to analyze
the performance of different fuselage designs (and flight conditions).
An Euler-IBLT solver was used for the design space study, and the
results for the selected cases were validated using RANS simulations.
The Euler-IBLT solver was found to give similar qualitative results
as the RANS solver for the design space study. Moreover, the
Euler—IBLT solver also splits the computational domain into a

viscous and an inviscid part, allowing for the explicit understanding
of viscous effects unlike the RANS solver. This is especially useful
when the propulsor is positioned upstream of the fuselage TE, as
it allows for the direct calculation of the viscous dissipation along
with the interaction effect of the propulsor jet (on the boundary layer).
The RANS solver, on the other hand, does not allow for such an
explicit separation of the dissipation in the fuselage boundary layer
(along with propulsor jet interaction) and the propulsor jet alone.
However, the RANS solver allows for the utilization of both the PBM
and the EAM, unlike the Euler—IBLT solver where only the PBM is
applicable.

Next, the results of the design space exploration show the fol-
lowing:

1) The effect of the fuselage design (and the flight speed) on the
BLI power benefit is much lower when compared to the effect on the
isolated fuselage drag power. Thus, the fuselage performance for BLI
configurations is comparable on a qualitative basis using the isolated
body drag value itself.

2) The surface dissipation is an important parameter for comparing
the performance of different fuselages. However, the surface anergy
rate is more appropriate (especially in compressible conditions) to
quantify the possible theoretical BLI benefit (using an isolated body
analysis) as it accounts for the thermal effects. This suggests that the
RANS studies using EAM are more important than the Euler—IBLT
studies, where only PBM is applicable.

3) In case of the fuselage body extending downstream of the BLI
propulsor, the results suggest that the interaction of the propulsor jet
with the boundary layer could increase the local surface dissipation.
However, the fuselage surface dissipation (as mentioned in previous
studies in the literature) and the anergy generation rate upstream of
the propulsor are unaffected.

4) Qualitatively, the variation in the fuselage surface dissipation
(expected based on studies in the literature) and the surface anergy
generation rate for the range of fuselage designs and flight con-
ditions analyzed is similar to that of the propulsor power consump-
tion in BLI configurations. Also, the power saving results from
PBM and EAM in the isolated fuselage RANS studies show similar
qualitative trends for the different fuselage geometries and flight
speeds considered.

The findings of this study should be further assessed in future
studies to take into account the actual propulsor design (by using
higher-fidelity models) and the effects of nonaxisymmetric inflow
conditions.

Appendix A: Fuselage Afterbody Shape
The fuselage forebody and afterbody shapes have been defined
based on the ESDU I and ESDU II curve families, respectively, as
defined in the ESDU 77028 document [28]. The ESDU I curve family
is defined by the equations:

L = Y (15 - 100, + 302) (A1)
R~ 8
X X 2
o L S | (A2)
1+ Kn

Next, the ESDU II curve family is defined by the equations:

% =a,(3 -3, + a3) (A3)
X | x 2
o = i+ 5] Tf;([i] ] (A4)

In the preceding equations, R refers to the maximum radius of the
body under consideration, and L refers to the length of the body.
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Appendix B: Flowfields
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Fig. B1 Flowfields near fuselage afterbody (Euler-IBLT and RANS) for baseline fuselage; F, = D (for isolated); F, = 0 (for installed); M = 0.8.
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Fig. B2

Flowfields near fuselage afterbody (RANS) for different propulsor radii and a fixed propulsor position at fuselage TE; F, = 0; M = 0.8.
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Propulsor (r100 equivalent)
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Fig. B3  Flowfields near fuselage afterbody (RANS) for different propulsor radii and a fixed propulsor position of Lgyciage — 0.75Lagierboay from the

fuselage leading edge; F, = 0; M = 0.8.
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