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Abstract
The aim of this research is the identification of a unified bookkeeping and evaluation scheme for the integrated performance 
analysis of a boundary layer ingesting (BLI) concept in the conceptual design phase. A thorough review and classification 
of existing performance bookkeeping schemes suits as a basis for the derivation of a bookkeeping scheme suitable for the 
initial sizing as well as detailed design analysis during the conceptual phase of a BLI concept. Figures of merit for the 
concept performance assessment are evaluated with regard to the requirements of aircraft multidisciplinary conceptual 
design. Based on the survey, the most practical integral momentum conservation approach is deduced and its application to 
integrated conceptual sizing and a subsequent design analysis is evaluated. The proposed scheme is universally applicable 
to coupled airframe–propulsion aircraft concepts, compatible with standard aircraft and propulsion system sizing tools and, 
under certain assumptions, deployable for low- and high-fidelity evaluation methods. Finally, several figures of merit are 
selected to cover a range of design aspects in the BLI evaluation.

Keywords Boundary layer ingestion · Performance assessment · Bookkeeping · Propulsive fuselage concept

List of symbols
β (–)  Ratio of uningested to ingested drag
δ  (m2)  Wake area
δ*  (m2)  Wake displacement area
�̇� (W)  Mechanical energy outflow rate
ηov (–)  Overall efficiency
ηP (–)  Propulsive efficiency
ηth (–)  Thermal efficiency
θ  (m2)  Wake momentum area
ρ (kg/m3)  Fluid density
τw (Pa)  Skin shear stress on a surface
Φ (W)  Dissipation
A  (m2)  Propulsor disk area
cX (–)  Coefficient
D (N)  Drag
F (N)  Force
H (–)  Shape factor
H* (–)  Energy factor
İ (N)  Momentum flow
K (–)  Pseudoenergy factor

P (W)  Power
PK (W)  Net propulsor mechanical energy inflow rate
PP (W)  Propulsive power
PS (W)  Net propulsor shaft power
PV (W)  Net pressure volume power
Q (Pa)  Dynamic pressure
R (–)  Wake recovery
Swet  (m2)  Wetted area
T (N)  Thrust
V (m/s)  Velocity
V  (m3)  Volume

Subscripts
0  Far upstream, in freestream
A  Available
J  In far downstream jet
P  At propulsor disk
P  Profile, pressure
R  Required
Rev  Reversible
w  In the wake
x  In freestream direction

Superscripts
‘  Wake not ingested by propulsor
“  Isolated fuselage
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Acronyms
BLI  Boundary layer ingestion
CFD  Computational fluid dynamics
CV  Control volume
ERC  Exergy recovery coefficient
ESAR  Energy specific air range
LCC  Life cycle costs
NPF  Net propulsive force
PSC  Power saving coefficient
TB  Thrust benefit

1 Introduction

Targeting the exploitation of thus far unused vehicular effi-
ciency benefits, aircraft concepts with a more closely cou-
pled propulsion–airframe integration have gained much 
attention in the recent past. In particular, the utilization of 
the wake-filling or boundary layer ingestion (BLI) principle 
is a strong lever for overall vehicular efficiency gains. The 
impact mechanisms of BLI on an aircraft’s aerodynamic 
performance include a reduction of excess kinetic energy 
in the aircraft wake and a reduced nacelle (and pylon) wet-
ted area, while inlet distortion has a negative impact on the 
fan efficiency. At aircraft level, additional effects on aircraft 
component weights as well as design cascade effects con-
tribute to the fuel burn effects of BLI propulsion integration. 
Especially concepts featuring a full annular propulsor enjoy 
popularity. As the fuselage accounts for a big portion of the 
aircraft’s drag, the wake-filling potential of a fuselage pro-
pulsor is promising. Furthermore, the integration of a single 
fuselage propulsor on a conventional tube and wing aircraft 
is potentially feasible in the near future.

Exemplary aircraft configurations include the bound-
ary layer ingesting aft fuselage fan concept “Fuse Fan” by 
NASA [1], the Bauhaus Luftfahrt “Propulsive Fuselage” [2], 
the propulsive fuselage concepts investigated in the projects 
“DisPURSAL” [3] and “CENTRELINE” [4], the EADS/
AGI “VoltAir” [5], the Boeing “SUGAR Freeze” [6], NASA 
“STARC-ABL” [7, 8], and the embedded BLI configurations 
“SAX-40” [9], “Claire Liner” [10], “D8” [11] and the “N3-
X” (BWB) [12].

The assessment of the fuel burn reduction potential of 
such unconventional aircraft configurations and the evalu-
ation of their characteristics compared to conventional 
integration paradigm requires compliance with common 
control volumes, standards and definitions. However, BLI 
concepts feature a more closely integrated propulsion system 
and, thus, exhibit a high level of coupling between airframe 
aerodynamics and propulsion system characteristics. In 
case of aft–fuselage propulsion system integration, a strong 
mutual coupling between the fuselage flow field and surface 

pressure distribution and the internal aerodynamic perfor-
mance of the BLI propulsor exists.

A distinct definition of drag and thrust terms based on 
well-established practices in aircraft and engine drag/thrust 
bookkeeping, such as the widely accepted definitions pro-
posed by the MIDAP Study Group in 1979 [13] is thus chal-
lenging: due to the strong aerodynamic coupling of airframe 
and propulsion system aerodynamics in a BLI propulsion 
arrangement, classic simplifications allowing for a direct 
relation between the aerodynamic forces acting on the indi-
vidual component of the airframe and propulsion system 
and their corresponding individual drag shares do not apply.

Many studies investigate the potential of BLI based on 
different bookkeeping schemes that are derived for specific 
configurations and particular objectives. Approaches are 
developed and adapted, for example, to determine the poten-
tial of BLI as a propulsion system [14–16] or as an integrated 
aircraft concept in comparison to conventional aircraft [17, 
18]. Most of the existing schemes are applicable only to a 
small range of configurations and under specific assumptions 
and simplifications. However, to allow for a fair comparison 
of different BLI concepts, a unified bookkeeping approach 
is necessary. Furthermore, especially during the stages of a 
multidisciplinary conceptual aircraft design, different tools 
and methods are applied at an increasing level of flow reso-
lution. Therefore, a consistent sizing and performance analy-
sis and a comparison with conventional concepts require 
the application of a unified bookkeeping scheme, which is 
applicable to the very first initial integrated sizing studies 
as well as a more detailed design analysis allowing for the 
identification of improvement potentials (cf. [13]).

In the following, existing bookkeeping schemes and fig-
ures of merit for the performance evaluation of BLI concepts 
are reviewed and evaluated. In accordance with derived 
requirements, a unified bookkeeping scheme is developed 
and discussed with the use case of the multidisciplinary 
conceptual design analysis of the CENTRELINE propulsive 
fuselage concept [4] (cf. Fig. 1; Sect. 4.1.2).

Fig. 1  Artist view of the CENTRELINE configuration
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2  Review and categorization 
of performance bookkeeping schemes

The first approach to categorize bookkeeping schemes 
applied to BLI configurations was pursued by Hendricks 
in 2018 [19]. Hendricks reviewed modeling approaches 
and performance metrics for the assessment of different 
BLI concepts at NASA. Due to the existence of several 
different approaches even within one institution, he estab-
lished the need for a unified modeling approach. Hendricks 
categorized the approaches by the type of model used for 
the representation of the propulsion system and vehicle 
aerodynamics and the degree of coupling (interaction) of 
the two disciplines [19]. As an alternative to Hendrick’s 
categorization, a categorization of bookkeeping schemes 
by conserved quantity and control volume approach will 
be deduced in the following.

In case of the classic separation of airframe and propul-
sion system, a variety of bookkeeping schemes employ 
momentum conservation on a body-centered control vol-
ume. From Newton’s second law of motion, which states 
that the impulse of a force F affects a change of momen-
tum dI to a specified mass (here: a fixed control volume) 
during a time interval dt , the momentum conservation 
equation can be derived in its integral form:

The first term on the left-hand side of the equation iden-
tifies the instantaneous change of momentum inside the 
control volume (zero for steady flow); the second term is 
the momentum efflux across the control volume bounda-
ries. The right-hand side of the equation equals the sum of 
pressure and viscous force integrated over the surfaces of 
the control volume and the body forces acting on the fluid 
inside the control volume. To determine forces on a closed 
body, e.g., an aircraft, control surfaces can run over the 
body’s surface (near field surface) or be situated in the far 
field of the body (far field surface). In either case, forces 
are calculated from an integration of flow characteristics 
over control volume boundaries.

Examples of momentum conservation application for drag 
calculation include the determination of drag components from 
wake properties or from the evaluation of body forces (e.g., 
[20, 21]). As the application of computational fluid dynamics 
(CFD) increased in popularity, further drag prediction meth-
ods were derived from momentum conservation. Paparone and 
Tognaccini, for example, proposed the application of entropy 
volume integration to calculate wave and viscous drag contri-
butions of two-dimensional flow CFD results [22].

(1)

d

dt ∭ 𝜌v⃗dV +∯ 𝜌
(

v⃗ ⋅ n̂
)

v⃗dA

= ∯ −pn̂dA +∯ 𝜏dA +∭ 𝜌g⃗dV .

The traditional drag/thrust bookkeeping scheme, which is 
widely used for propulsion system performance assessment, 
today, was introduced by the MIDAP Study Group in 1979 
[13]. Making use of a momentum conservation approach, 
it is based on a decoupled flow assessment of propulsion 
system and airframe through predefined control volumes. 
The airflow, which enters the propulsion system, is evaluated 
independently from the external flow associated with the 
airframe. BLI configurations, however, feature a strong cou-
pling between propulsion system and airframe, which leads 
to a more complex definition of thrust, drag and force terms.

Thus, the need for a holistic bookkeeping scheme, which 
is easily and universally applicable to the evaluation of 
unconventional aircraft configurations has grown signifi-
cantly. The introduction of the power balance method by 
Drela in 2009, a tailor-made method for the evaluation of 
highly coupled airframe–propulsion configurations, has 
added a new point of view on bookkeeping. Instead of the 
traditional force-based calculation of drag and thrust, the 
benefit of BLI is measured by an integrated propulsion 
power [17]. Drela’s method is widely applied in BLI concept 
studies featuring a trailing edge propulsor in the MIT and 
NASA D8 projects, at the Delft University of Technology 
and sparsely in similar projects [23–41].

In 2014, Arntz introduced an advancement of the power 
balance method [42]. The exergy balance method is similar 
to the power balance method, but instead of kinetic energy, 
it is based on the conservation of kinetic exergy within a 
defined control volume. It has mostly been applied to BLI 
concepts at the French Aerospace Lab Onera and at Safran 
Aircraft Engines [43–46].

The following classification of aircraft bookkeeping 
schemes and figures of merit is the result of a comprehen-
sive literature review. In general, all methods are based on 
the integration of conserved quantities in a control volume. 
Methods that are based on the integral momentum conserva-
tion are differentiated from methods based on the integral 
kinetic energy or total energy conservation. The methods 
might either be applied to a control volume in which parts 
of the control volume boundary run over the model surface 
(body perspective) or a control volume in which the aircraft 
is located inside a closed volume surrounding the model. 
In this case, all control volume boundary surfaces are situ-
ated in the aircraft’s far field (fluid flow perspective) [21]. 
Most approaches apply a body perspective, excluding some 
integral momentum conservation methodologies [47–51]. 
It is found that methods based on integral momentum con-
servation are utilized for either the evaluation of uninstalled 
propulsion systems without a coupling of aerodynamic and 
propulsion system effects related to BLI, or, the assess-
ment of propulsion system and airframe as a joint system. 
In contrast, power balance as well as exergy balance meth-
ods based on the volume integration of the kinetic energy 



532 A. L. Habermann et al.

1 3

equation (dot product of momentum equation and velocity 
vector) or exergy equation always consider bi-directional 
aero-propulsive effects (cf. Fig. 2).

2.1  Integral momentum methods

For the application of the integral momentum approach, 
two main strategies are identified—the assessment of the 
uninstalled propulsion system and the holistic view, which 
takes into account the bi-directional impact of BLI on aer-
odynamics and propulsion system performance. Some of 
the latter approaches examine the performance from a fluid 
flow perspective, but most follow an approach from a body 

perspective. Fluid flow-centered control volume methods 
mostly use streamtubes surrounding the whole airframe or 
the propulsion system, with an inlet upstream of the fuse-
lage nose/engine inlet and an outlet far downstream of the 
fuselage trailing edge/engine exit. The scheme was success-
fully applied for a detailed drag calculation of conventional 
aircraft from downstream wake properties, proving to be 
suitable for the physical breakdown of drag into pressure, 
viscous, lift-induced and wave drag based on experimental 
and numerical data and the performance assessment of con-
ventional airframe–propulsion systems [20, 21, 52].

Smith performed the first holistic investigation of a 
wake ingestion concept in 1993 and identified the benefit of 

Fig. 2  Classification of book-
keeping schemes
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unducted wake ingestion concepts [47]. In the years follow-
ing Smith, the BLI propulsion system performance was often 
described by a reduction of the ram drag, i.e., a momentum 
flux reduction in the engine inlet streamtube. Rodriguez 
evaluated unducted and ducted propulsor performance, 
based on ram drag reduction, reduced pressure recovery 
and total aircraft drag with inner and outer control volumes 
[48]. Following similar principles, Daggett et al. investigated 
in the benefit of a BLI propulsion system for a BWB con-
figuration in terms of a reduction of (momentum) ram drag 
and inlet pressure recovery. The theories are based on the 
assumption that the total drag of the aircraft is identical for 
the non-BLI and BLI configurations, however, for a BLI 
aircraft, the propulsor ram drag is reduced due to the reduced 
momentum inflow. Thus, the net thrust for the BLI and non-
BLI configurations is identical, but the gross thrust of the 
BLI configuration is reduced [53, 54]. Elmiligui et al. used a 
control volume with far field boundaries for the calculation 
of the wake drag coefficient for wind tunnel test and Euler 
and Navier–Stokes CFD simulation of an airship, a BLI 
airship, and a propelled and an unpropelled Goldschmied 
propulsor [55]. The BLI benefit was identified as the power 
savings of a configuration with net axial force equaling zero 
compared to reference power required while neglecting the 
inlet ram drag [49]. Wiart et al. applied a post-processing 
method based on a far field drag evaluation (corrected by 
near field drag results) to CFD for a performance analysis of 
the BLI NOVA configuration [50]. The same configuration 
was later analyzed by the use of the power saving coefficient 
[49]. Within the “DisPURSAL” project, the net axial force 
acting on the fuselage was evaluated considering coupled 
aero-propulsive effects [56, 57]. Lundbladh et al. focused on 
the potential penalty of an efficient engine design on aircraft 
performance due to the nacelle design. Drag and thrust were 
derived from surface force evaluations [58].

Detailed assessments of BLI concepts first studied the 
performance of uninstalled propulsion systems. The evalu-
ation of the uninstalled propulsion system is inherently 
uncoupled, as it does not take the interaction between air-
frame and propulsion system into account. Smith’s theo-
retical method was extended and applied by Plas et al. for 
the “Silent Aircraft” Concept in 2006 [49, 50]. Hardin 
et al. applied the flow properties of the airframe at engine 
inlet and exit and took into account the impact of the air-
frame flow field on the engine performance ignoring the 
impact of the engine and nacelle on the airframe [16]. A 
different approach was followed in the investigation of the 
NASA N3-X BWB. The so-called internal volume method 
decouples airframe and propulsion system and assesses 
the propulsion system without accounting for ingested 
drag. The control volume inlet properties are equal to 
the boundary layer mass-averaged values. Therefore, the 
method requires the properties of the propulsion system 

inlet boundary layer to be known [51, 59, 60]. Goldberg 
et al. assessed the same concept by means of a net pro-
pulsive force (NPF) (cf. Sect. 3.2) [61, 62]. Lee et al. per-
formed the quasi-2D design and optimization of NASA 
STARC-ABL’s full annular tail cone propulsor through a 
momentum analysis of the uninstalled propulsor. It was 
based on the assumption that the decoupling of airframe, 
inlet and nacelle from the propulsor design resulted in only 
a minor error [63, 64].

Following a more coupled approach, Gray et al. applied 
drag and thrust accounting in a multidisciplinary, fully cou-
pled analysis of the same configuration. They evaluated the 
performance of the installed system. Drag and thrust were 
calculated as net forces integrated over aircraft and propul-
sion system surfaces, respectively. The overall net force in 
axial direction was determined as the sum of the integrated 
pressure and viscous forces over all body surfaces and the 
pressure and momentum flux contributions on the fan face 
and fan exit [65–68]. In a similar manner, Ordaz et al. car-
ried out an adjoint-based numerical design and optimization 
of BLI concepts (NASA STARC-ABL and MTA450—busi-
ness jet with aft fan) with the objective of minimized flow 
distortion at the propulsor [69, 70].

The application of bookkeeping schemes based on inte-
gral momentum conservation, in particular Smith’s advances 
on the wake-filling effect, is important to understand the fun-
damental principles of boundary layer ingestion. The direct 
integration of stresses on a body’s surface might be the most 
straightforward approach from an engineer’s perspective. 
For a conventional engine installation, the total force on the 
aircraft can be easily broken down into pressure and friction 
drag [46]. This method is often applied when the flow field 
is resolved by CFD. The calculation of forces on the aircraft 
allows consistence with the traditional multidisciplinary air-
craft design, which is based on a drag and thrust force defi-
nition. However, momentum conservation approaches are 
often limited to a propulsion system perspective due to the 
underlying assumptions and simplifications. The influence of 
the propulsion system on the incident flow characteristics is 
often neglected, thus, the bi-directional influence of airframe 
aerodynamics and propulsion system performance is uncou-
pled. A consistent bookkeeping approach based on integral 
momentum conservation which captures all coupled effects 
of BLI might be able to close the gap between traditional 
conceptual aircraft design paradigm and the benefit evalu-
ation of unconventional propulsion–airframe integration.

2.2  Integral energy methods

In contrast to the integral momentum methods, the power 
balance and exergy balance methods are based on an integral 
energy conservation approach from a fluid flow perspective.
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2.2.1  Power balance method

In 2009, Drela approached the challenge of evaluating air-
craft with BLI from a different perspective. He proposed 
a method, which analyzes the kinetic energy conservation 
equation inside a defined control volume and incorporates 
the coupling effect of propulsion system and aerodynamics. 
The approach relies on the principle that inside the wake sys-
tem of the propelled aircraft, wake energy is conserved. The 
wake energy is the sum of the kinetic wake energy, which 
is deposited in the Trefftz plane and the energy, which is 
dissipated inside the wake region. Following this approach, 
the sum of the global kinetic energy satisfies the energy con-
servation for a finite control volume [30]. The integration 
of the mechanical (kinetic) energy equation over the control 
volume boundaries yields the power balance equation:

The terms on the left side of the equation represent the 
total mechanical power supply, production and inflow in the 
defined control volume (net propulsor shaft power PS , net 
pressure volume PV and net propulsor mechanical energy 
flow rate into the control volume PK ). The terms on the right 
equal the total mechanical power consumption and outflow 
due to physical processes, which are taking place inside the 
control volume (viscous dissipation rate � i.e., rate at which 
kinetic energy is converted into heat inside of the control 
volume and the mechanical energy flow rate out of the vol-
ume �̇� ). A detailed explanation of the terms can be found 
in [17]. The volume integration of the time-averaged mass 
continuity equation over the control volume (CV) yields the 
integral mass equation. The analog integration of the time-
averaged momentum equation yields the integral momentum 
equation. Both equations are used in Drela’s method only 
to simplify the results of the power balance equation [17].

In recent years, the power balance method has been 
employed multiple times to evaluate the benefit of differ-
ent BLI configurations. Sato derived an integral mechanical 
energy defect equation from the power balance method and 
applied the power balance method to a BLI concept with a 
propulsor installed behind the trailing edge of the fuselage 
[36]. Pandya et al. applied the power balance method by 
integration over a control volume around a propulsor. The 
boundaries of the control volume are the inflow and outflow 
planes of the propulsor. They explained the benefit of a BLI 
configuration by making use of the power balance approach 
in the following way: from the law of energy conservation, it 
is derived that the power supplied by the propulsor (i.e., the 
mechanical flow power) equals the total viscous dissipation 
in the fluid flow, which in turn equals the entropy generation 
in the control volume. In case of BLI, a part of entropy gen-
eration associated with wake mixing is eliminated, because 

(2)PS + PV + PK = �̇� +𝛷.

a part of the wake is ingested by the propulsor. Therefore, 
the propulsor shaft power can be reduced, compared to a 
conventional podded engine, while the rest of the configura-
tion stays the same [34]. Lv et al. [32] used the power bal-
ance method to experimentally analyze power conversion 
processes and quantify the different powers of a boundary 
layer ingesting propulsor placed in the wake behind a body. 
The control volume incorporates the wake-ingesting pro-
peller, thus, capturing the influence of the propeller on the 
body through the change in the inlet conditions of the control 
volume. As a result, they identified two physical mecha-
nisms, which are mainly responsible for the shaft power 
reduction: the power within the body wake, which is used 
as a power input for the propeller and the reduction of the 
power within the downstream wake of the propeller. In addi-
tion, the approach was applied to the evaluation of several 
BLI configurations with fuselage trailing edge propulsors 
at MIT, Georgia Tech, NASA and TU Delft [23–26, 29, 35, 
37–41, 43].

The power balance method is a useful method for analyz-
ing the potential benefit of a BLI configuration compared to 
a non-BLI reference aircraft as a whole. An application of 
the original method as described by Drela requires a detailed 
knowledge of the flow field characteristics, which can be 
extracted from CFD simulations or wind tunnel experiments. 
The optimization of components as part of a conceptual air-
craft design, however, proves to be difficult: The derivation 
of force, drag or thrust terms on which conventional design 
tools are based, requires the application of a number of sim-
plifications and approximations (cf. Sects. 3.3, 4.3.5–4.3.7). 
To the knowledge of the authors, until the publication of this 
review, the method has only been applied to the conceptual 
design of BLI configurations under the assumption that the 
propulsor was placed at the trailing edge of the fuselage.

2.2.2  Exergy balance method

Arntz built on an ongoing trend to use exergy-based analy-
ses for aircraft performance assessment. The exergy balance 
method, which he proposed in 2014, provided a consistent 
system-level framework for complex aircraft systems [18]. 
The motivation for the development of the method was to 
provide a post-processing tool for high-fidelity CFD–RANS 
simulations, which are conducted in the preliminary aircraft 
design phase of sub- and transonic, commercial aircraft. It 
is based on a combination of momentum balance and first 
and second law of thermodynamics. It describes the exergy1 
supply by the propulsion system and its partial destruction 
within the control volume, which is associated with the 

1 The part of the energy, which is (theoretically) fully convertible 
into mechanical work, the “useful” part of the energy.
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mechanical equilibrium of the aircraft. The control volume 
is thermodynamically open, therefore, the exchange of mass, 
work and heat with surrounding flow across boundaries is 
possible [43]. Analog to the power balance method, there 
is no distinction between thrust and drag, but the aircraft’s 
performance is assessed from an exergy performance point 
of view. However, in addition to the mechanical energy, the 
thermal energy is taken into account, allowing for a more 
global approach to the aero–thermo-propulsive performance 
assessment, which includes the growing importance of air-
craft thermal management. The application of the exergy 
balance method aims at the identification of a configuration 
with minimum waste and destruction of energy, which there-
fore requires the least propulsive energy to compensate for 
the energy losses [42–44, 71].

The method was applied in the framework of Arntz’s dis-
sertation at ONERA and recently at Safran Aircraft Engines. 
Applications include several unpowered airframe CFD solu-
tions [45], an academic case of a propulsor situated down-
stream of a fuselage trailing edge, ingesting 100% of the 
aircraft wake [44], a simplified (2D) BWB with BLI [46] and 
the heat exchanger integration on an aircraft [18]. Further-
more, the accuracy and robustness of the exergy method was 
validated against two momentum-based methods and wind 
tunnel data provided by the AIAA drag prediction workshop 
of the unpowered NASA Common Research Model [46]. 
More applications include the thermodynamic CFD inves-
tigation of a turbofan exhaust mixer [71], an extension of 
the method for a numerical blade performance assessment 
[72] and its application to the BLI “Nautilius” concept [73].

Similar to the power balance method, the exergy balance 
method requires a detailed resolution of the studied flow 
field. Hence, the original method by Arntz is only applica-
ble to CFD results or highly resolved wind tunnel results 
with the aid of customized flow field evaluation tools and 
therefore not suitable for the conceptual design phase (cf. 
Sect. 4.3.8).

3  Review of figures of merit for boundary 
layer and wake ingestion benefit 
evaluation

All bookkeeping schemes applied to BLI concepts are 
accompanied by figures of merit. These figures are employed 
to quantify the performance benefit of the assessed configu-
rations. The figures of merit that are reviewed are selected 
according to the authors’ best judgement and are not exhaus-
tive. For an easy understanding of their definitions, tradi-
tional power and propulsion efficiency terms as well as drag, 
thrust and force definitions are presented in the following.

The system efficiency terms commonly used in propul-
sion performance calculation include the core or energy 

conversion efficiency �ec , transmission efficiency �tr and the 
propulsive efficiency �p with the product of those three con-
stituting the overall efficiency �ov (cf. e.g., [74]).

The propulsive efficiency relates the useful power output 
Pthrust to the propulsive power PP.

The thrust power needed for an aircraft to maintain steady 
level flight under given atmospheric conditions is defined as 
power required:

For conventional aircraft featuring under-wing engines, 
the drag and thrust definition seems to be clearly defined. 
However, for BLI conforming with existing conceptual 
design tools is more difficult. In compliance with the pub-
lication by the MIDAP Study Group in 1979 [13], drag is 
defined as the difference of integrated surface forces in a 
real (viscous) flow and the potential flow buoyancy for the 
same body. For a whole body, the potential flow buoyancy 
equals zero. Thus, the drag of a body equals its sum of inte-
grated skin friction and pressure forces over the whole body 
surface. However, if only a part of a body is considered, the 
potential flow buoyancy cannot be neglected. Drag terms 
can only be calculated if the characteristics of the same body 
parts in potential flow are known.

3.1  Power saving coefficient and propulsive 
efficiency

In 1993, Smith introduced a non-dimensional power sav-
ing coefficient (PSC) as a figure of merit for the propulsion 
benefit of unducted, axisymmetric fans with BLI (compared 
to a reference non-BLI configuration) [47]. The figure of 
merit is based on a body-centered evaluation of the momen-
tum conservation equation (cf. Fig. 3). It is defined as the 
ratio of the propulsive power difference for non-BLI and BLI 
configuration to the propulsive power required to propel the 
body when the wake is not ingested (non-BLI):

For propellers with wake ingestion it is derived that 
the PSC is a function of the fluid density � , upstream and 
downstream freestream velocities v0 and vj , the upstream and 

(3)�ov = �ec�p�tr =
Pthrust

Psupply

.

(4)PP =
ṁ0

2

(

v2
9
− v2

0

)

,

(5)Pthrust = Tv0.

(6)PR = TRv0 = Dv0.

(7)PSC =
P

�

P
− PP

v0D∕�
�

P

.



536 A. L. Habermann et al.

1 3

downstream wake velocities vw and vjw , the wake momentum 
area � and the propulsor disk diameter �P ∶

To differentiate between airframe drag and propulsion 
thrust effects of BLI, Smith calculates drag from wake prop-
erties by an analysis of a CV boundary in the far field of the 
airframe:

The thrust for a propulsor with wake ingestion is also a 
function of fluid, propulsor and wake properties.

Smith derived an additional figure of merit. Under the 
assumption of incompressibility, the definition of the pro-
pulsive efficiency with wake ingestion as a function of disk 
loading vj

v0
 , the pseudoenergy factor K , and the wake recovery 

R is the same for cases with and without wake ingestion2:

Substituting drag, thrust, recovery and pseudoenergy fac-
tor and assuming that v�

j
= v0 yields:

To investigate the benefits of the embedded, axisymmet-
ric BLI concept study “Silent Aircraft” SAX40, Smith’s PSC 
was applied as a figure of merit and the propulsive efficiency 
formula was extended to compressible flow cases under the 
assumption that the changes in nacelle drag can be neglected 
[75]. Plas et al. made use of the propulsive efficiency defi-
nition of Smith (Eq. 10) in conjunction with the integral 
momentum equation and the propulsive kinetic energy 

(8)PSC = f
(

�,A, �P, v0, vw, vj, vjw, �
)

.

(9)D = �v2
0
�.

(10)�P,in =
2

vj

V0

+ 1 −
D

T
(2 − R)

[

Vj

V0

− 1 + R(1 − K)
] .

(11)�P = f
(

�,A, �P, v0, vw, vj, vjw, �
)

.

equation to derive a general definition of the propulsive 
efficiency, which is valid for compressible flow conditions:

The propulsive efficiency is a function of boundary layer 
integral properties and the ratio of ingested drag to total 
aircraft drag. The energy factor H∗ is derived from a first 
estimation of the boundary layer profile. � is the ratio of 
uningested drag to ingested drag [75]. In an abstract defini-
tion, the propulsive efficiency is the ratio of useful power 
to available mechanical power. However, as the propulsive 
efficiency can be greater than unity,3 this figure of merit does 
not measure the amount of energy, which is lost. Therefore, 
Plas rather applies the PSC as a figure of merit to compare 
BLI and non-BLI propulsion systems [76].

3.2  Thrust benefit and net propulsive force

The integration over the body surfaces offers the possibility 
for the calculation of axial net forces and, thus, allows for a 
component-based description and assessment of the aircraft 
(e.g., [57]).

Kim and Felder used the “internal volume” method, in 
which the boundary layer properties are mapped to the inlet 
of a control volume inside the propulsion system. They eval-
uated the propulsion system benefit using the non-dimen-
sional thrust-specific fuel consumption benefit as well as the 
thrust benefit, which is the percentage in increased net thrust 
of a BLI propulsion system compared to a propulsion system 
in free stream without total pressure loss ahead of the inlet 
[15]. The thrust benefit is defined as:

Goldberg et al. [61] applied the net propulsive force 
(NPF) as a figure of merit to evaluate the performance of a 
BLI propulsion system at the concept design phase. Instead 
of using the net thrust as a definition for the thrust produced 
by the propulsion system, the integration aspects of the sys-
tem are included in the figure of merit. As introduced by 
the MIDAP Study Group in 1979 [13], the NPF based on 
force accounting can be defined as the difference of intrin-
sic net thrust (gross thrust FG9 minus the force that acts on 
the propulsor inlet FG1 ) and the nacelle force the sum of 

(12)�P =
(1 + �)

H∗

2
+ �

[

1 −
Vj−V0

2V0

] .

(13)TB =

[

T − T(Pt,1∕Pt,∞=1)

T(Pt,1∕Pt,∞=1)

]

× 100%.

Fig. 3  CV adapted from Smith [47] to calculate PSC and �P,in (pro-
pulsor nacelle is not accounted for)

2 The propulsive efficiency defined by Smith is denoted as incom-
pressible (in) to distinguish it from the following definition by Plas 
et al.

3 Assume that β approaches 0 for full boundary layer ingestion and 
H* approaches 1 for a specific boundary layer profile shape, then 
ηp → 2.
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gross thrust, the force that acts on the propulsor inlet and 
the nacelle force �Nacelle:

In Goldberg et  al.’s approach, only a portion of the 
airframe propulsion drag (the airframe, which lies up to 
approximately twice the inlet height ahead of the propulsor 
highlight (i), cf. Fig. 4), is accounted for, to simplify the 
calculation while taking into account the effect of the BLI 
system on the airframe drag [61]. This leads to the following 
definition of the NPF:

�wSwet is the skin friction drag from the wetted surface area 
of the airframe [63]. In addition to the NPF, Goldberg et al. 
made use of ingested drag as well as propulsive efficiency 
(performance and efficiency of propulsion system) and PSC 
(benefit of propulsion system as a whole) to evaluate the BLI 
benefit from different perspectives [61]. In further research, 
the method was applied to the N3-X BWB concept [61, 62, 
73].

3.3  Mechanical flow power, power‑based 
propulsive efficiency and power saving 
coefficient

The power balance method uses the mechanical flow power 
(the power, which is required to balance all dissipation 
sources in the flow field) as the figure of merit to describe 
the benefit of a particular aircraft configuration. When 
applied to BLI, the benefit of a configuration can thus be 
described as a reduction of dissipation in the flow [17]:

Hall et al. [26, 27] applied the power balance method to 
a ducted BLI configuration in which the whole propulsion 
system is simplified by a single propulsor installed at the 
trailing edge of the fuselage. Their approach is based on a 
formulation of the power balance method applied to a con-
trol volume in the manner of Fig. 5:

(14)PF = FG9 − FG1 −�Nacelle.

(15)F = FG9 − FGi − DNacelle − �wSwet.

(16)PK = �̇� +𝛷 − PS − PV.

as well as the following assumptions:

• Volumetric flow power negligible for low-speed flows 
(assumption valid for compressible flow, cf. [38])

• Constant mass flow
• Steady (turbulent) flow
• Trefftz plane far downstream of the propulsor to ensure 

that the flow is mixed to freestream conditions
• Surface dissipation almost unaffected by the propulsor, 

because the propulsor is positioned at the trailing edge 
of the fuselage

• Surface dissipation of nacelle surface is neglected, i.e., 
nacelle drag is neglected

• Propulsor has no effect on spanwise lift distribution and 
mixing of trailing vorticity far downstream

• Thin shear layer approximation of constant static pres-
sure across the shear layer

• Freestream static pressure just downstream of the propul-
sor

Subsequently, the following equations for the power bal-
ance and mechanical flow power in terms of non-BLI profile 
and total drag are derived by Hall et al.:

In this case, fBLI is a function of kinetic energy defect at the 
propulsor inlet and the kinetic energy defect at the trailing edge 
of the fuselage and fwake is a function of bare fuselage wake 
and surface dissipation. D′′ and D′′

p
 account for total and profile 

drag of the reference, non-BLI configuration. For cruise condi-
tions (steady-state, level flight), the net streamwise force sim-
plifies to Fx = 0 , thus, the decrease of the mechanical flow 

(17)PK −�jet = �surface +�wake +�vortex − Fxv0,

(18)ṁ
(

vjet − v0
)

=
(

D�� − fBLID
��
p

)

− Fx,

(19)
⋅

PK =
1

2
ṁ
(

v2
jet
− v2

0

)

+ fBLI
(

1 − fwake
)

D��
p
v0.

Fig. 4  CV adapted from Goldberg et al. [62] to calculate the NPF

Fig. 5  CV for the application of the power balance method adapted 
from Drela [17]
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power PK serves as a key figure of merit for the aircraft energy 
consumption and as a surrogate for the fuel consumption to 
evaluate the BLI benefit [26].

Additionally, under the assumption of a uniform jet veloc-
ity, Hall et al. derived a new definition for the propulsive effi-
ciency for BLI and non-BLI configurations in steady, level 
flight, based on power terms:

They showed that the reduction of mechanical flow power 
with BLI depends highly on the amount of ingested bound-
ary layer and the mass flow through the propulsor. Two main 
fuel consumption benefits for BLI were identified: the reduced 
wake dissipation (reduced airframe required propulsive power) 
and the reduced jet dissipation, which results in an increased 
propulsive efficiency. Thus, the aerodynamic performance is 
not suitable as a figure of merit on its own.

As traditional aircraft performance and sizing methods, 
which are used in the early conceptual phase, ground on drag 
and thrust values as input variables, the application of the 
power balance method is not straightforward. Thus, Marien 
et al. adapted the method proposed by Hall et al. [26] to trans-
late the power balance equation into drag and thrust terms 
(Eq. 18) [33]. When applied to a BLI concept in cruise with 
the propulsor installed at the trailing edge of the fuselage, all 
necessary terms for the BLI benefit evaluation can be deter-
mined from the total drag and the profile drag of the isolated 
fuselage, an estimation or calculation from a detailed aero-
dynamics analysis from, e.g., CFD results and results from 
a propulsion system design tool [33]. This approach allows 
to adapt the power balance method to traditional conceptual 
aircraft sizing tools.

The method described by Hall et al. was applied to the D8 
double-bubble concept by Yutko et al. [41]. Additionally, the 
lift-to-drag ratio as a figure of merit of external aerodynamic 
performance was defined based on lift, freestream velocity 
as well as surface, wake, wave and vortex dissipation terms:

Blumenthal [23] and Blumenthal et al. [24] used the power 
balance method for an investigation of propulsive and aerody-
namic benefits of an unducted BLI system installed at the trail-
ing edge of the fuselage of the common research model with 
CFD. They used the definition of the net propulsor mechanical 
energy flow rate into the control volume PK to define a net 
propulsor power coefficient

(20)�P =
PK −�jet

PK

.

(21)
L

D
=

Lv0

�surface +�wake +�wave +�vortex

.

(22)cPk
=

PK

q0v0Sref
.

The coefficient was employed to express the aero-
dynamic benefit in terms of a “power balance saving 
coefficient”:

A comparison of BLI configuration to non-BLI con-
figuration was achieved by constraining the net axial force 
coefficient to zero. The net force coefficient is the differ-
ence of thrust coefficient and drag coefficient, whereas the 
drag coefficient is defined as the sum of all force compo-
nents in streamwise direction on all solid surfaces and the 
thrust coefficient is the sum of the forces on inlet and exit 
plane of the propulsor [23]:

3.4  Exergy recovery coefficient

To evaluate the aero-thermal propulsion performance of 
aircraft, Arntz introduced the exergy recovery coefficient 
applied to the control volume pictured in Fig. 6 [18]. The 
exergy recovery coefficient represents the efficiency of the 
exergy recovery by the application of BLI:

The figure of merit is based on the following 
assumptions:

• Compressible and viscous fluid
• Mean steady flow
• Flow with energy supply from propulsion system and via 

heat transfer at the surface of the aircraft

(23)PSCPBM =
cPk,nonBLI

− cPk,BLI

cPk,nonBLI

.

(24)cnet = cT − cD.

(25)ERC =
�̇�REF
prop

− �̇�BLI
prop

�̇�rev
=

exergy saving

recoverable exergy
.

Fig. 6  CV for the application of the exergy balance method adapted 
from Arntz [18]
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4  Evaluation of figures of merit 
in the conceptual design context

In the following, requirements for the application of fig-
ures of merit during the conceptual design are established. 
Based on them, the figures of merit presented in Sect. 3 are 
assessed.

4.1  Requirements during aircraft conceptual design

Certain requirements for the selection of sensible figures of 
merit derive from the multidisciplinary evaluation of aircraft 
configurations during the conceptual design phase. They are 
presented in the following.

4.1.1  General requirements

Product life cycle costs (LCC) are strongly associated with 
the impact of design decisions. At early stages of the prod-
uct development, such as the conceptual design phase, sig-
nificant shares of the overall program costs are determined. 
Roskam indicates typical LCC shares at different design 
stages [77, 78]. Approximately two-thirds (65%) of the air-
craft LCC are defined during the feasibility phase, increasing 
to 85% during the concept phase. Further optimization of 
conventional systems design and even much more critically, 
the analysis and optimization of unconventional systems 
design triggered by novel technologies increases the com-
plexity of design decision making dramatically. As a result, 
key requirements for modeling and simulation activities in 
the aircraft conceptual design phase can be identified. Espe-
cially for unconventional configurations, it is necessary to 
rapidly gain knowledge on the system behavior in the early 
stages of the system design. Therefore, rapid design space 
explorations are conducted, which rely on fast-responding 
design and analysis methods and a highly efficient human 
machine interfacing. An efficient handling of system com-
plexity is required, in particular when novel or highly inte-
grated systems design is involved, such as BLI or wake-
filling propulsion integration. This requirement asks for an 
efficient, task-oriented problem decomposition capability 
(cf. e.g., 79]) and the integration of detailed component or 
subsystem design aspects into full parametric multidisci-
plinary studies for a multidisciplinary design analysis and 
optimization. As analysis tools and methods change with 
the progress of the design, flexibility in the incorporation 
(i.e., problem-oriented interchangeability) of low- and high-
fidelity analysis including semi-empirical and physics-based 
methods is required. Throughout the conceptual design 
phase, the methods applied must be capable of increasing 
robustness and improving confidence whenever technical 

decisions take place. Furthermore, in projects involving 
multiple partners and stakeholders, it is of importance to 
ensure a multi-partner inter-disciplinary data exchange and 
knowledge management.

4.1.2  The CENTRELINE configuration

The physical nature of the BLI concept developed within 
the CENTRELINE project leads to additional requirements. 
The concept under study is a full annular propulsor. The fan 
plane is located upstream of the fuselage trailing edge with 
a non-negligible aft body present. Following a fuel burn 
optimum, the BLI propulsion device is not sized to ingest 
the entire boundary layer momentum deficit. The reference 
aircraft is based on a commercial wing-and-tube configura-
tion similar to an advanced conventional reference aircraft 
for EIS 2035 (R2035) featuring 340 PAX at 6500 nm design 
range and transonic flight conditions at M0.82 (i.e., com-
pressible fluid) [4].

4.2  Detailed assessment of the figures of merit

To evaluate the applicability of the figures of merit presented 
in Sect. 3 to the conceptual design, they were assessed in a 
detailed rating. Two main criteria were evaluated: the degree 
of universality of the figure of merit, and the applicabil-
ity to the conceptual design phase. The former describes 
the applicability of the figure of merit to a diverse range of 
configurations and flight conditions, the latter is a combina-
tion of requirements derived from Sect. 4.1. The two main 
categories are comprised of eight or ten sub-criteria, respec-
tively. The sub-criteria are presented in Table 1.

Each figure of merit was rated for all criteria on a given 
scale ([0 or1] for degree of universality criteria; [0–3] for 
application criteria) based on the authors’ judgment. The 
individual criteria were given intuitive weighting with 
regard to their individually expected relevance to the 
assessment. To gauge the robustness of the assessment 
of these intuitive criteria weightings, synthetic weighting 
scenarios were defined following the method described by 
Mistree et al. [80]: criteria weightings were systematically 
varied with a robustness factor of 5, i.e., the weighting of 
one sub-criterion is set to 5, while all others are kept at 
1. The standard deviation of the robustness analysis was 
determined, reflecting the dependency of the results on the 
chosen weighting criteria. The detailed quantitative rat-
ing results can be found in “Rating of figures of merit” in 
“Appendix”, and the consolidated results of the assessment 
are pictured in Fig. 7. The figures of merit based on energy 
and exergy conservation show the highest degree of uni-
versality, but a low applicability to the concept phase. The 
figures of merit, which evaluate the uninstalled propulsion 
system only, show an inherent low degree of universality 
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at a high degree of applicability to the conceptual design 
phase. The figures of merit proposed by Smith can only 
be applied to some specific BLI configurations, leading to 
a medium degree of universality. The general propulsive 
efficiency, however, is applicable to almost all configu-
rations if detailed information about the boundary layer 
properties is available.

4.3  Discussion of the figures of merit with respect 
to aircraft conceptual design

In conjunction with the rating of the figures of merit pre-
sented in Sect. 4.2, some aspects of their applicability and 
limitations with respect to the specific requirements of 
the aircraft conceptual design phase are highlighted in the 
following.

4.3.1  Power saving coefficient and propulsive efficiency 
by Smith

The PSC is suitable as a first indicator for fuel savings 
when comparing a BLI concept against a non-BLI con-
cept. The calculation of the PSC with the simple power 
definition can be performed by use of standard propul-
sion system sizing tools. However, when strictly applied as 
described by Smith, it is only valid for unducted, axisym-
metric BLI concepts and incompressible flow. The effect 
of the propulsor performance on the non-uniformity of the 
inlet flow is captured only implicitly. When applying the 
figure of merit to the conceptual design, it is necessary 
to make some estimations on the applied boundary layer 
properties or employ initial CFD results. Drag and thrust 
terms are calculated individually, assuring compatibility 
with typical aircraft conceptual design methods.

Table 1  Assessment criteria

Degree of universality

 Covered flow properties Compressibility
Non-uniform inflow
Wave drag effects

 Configurational properties Applicability to ducted propulsors
Flexibility in axial propulsor location

 Included installed propulsion system effects Drag and thrust interaction
Wake and jet interaction
Impact of propulsor upstream interaction effects with aircraft surfaces

Applicability to conceptual design phase

 Reduce resource demand Pre-processing time and effort
Response time
No CFD/numerical resolution required

 Improve compatibility …with standard propulsion system performance calculation
…with typical aircraft conceptual design tooling
…with physical testing, e.g., wind tunnel/fan rig testing
…with methods of different fidelity (e.g., semi-empirical/fully resolved 

CFD)
 Improve design analysis capability …with typical drag and thrust decomposition

Component-based resolution capability
Indication of local design optimization

Fig. 7  Rating of figures of merit
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4.3.2  General propulsive efficiency by Plas et al.

In contrast to Smith’s definition, ducted propulsors and com-
pressible flow can be described with the general propulsive 
efficiency definition by Plas et al. However, the propulsive 
efficiency can only capture the effect of BLI on the propul-
sion system, the impact on the airframe aerodynamic, such 
as changes in nacelle and fuselage drag, are not considered. 
The downstream flow is assumed to have uniform velocity 
(ideal BLI). Again, boundary layer properties at the fan face 
have to be resolved in detail (e.g., by CFD) to calculate the 
defined “uningested drag”.

4.3.3  Thrust benefit by Kim and Felder

The internal volume method captures the influence of the 
boundary layer on the propulsion system performance. Yet, 
it does not consider the reverse effect of the installed pro-
pulsion system on the boundary layer at the fan face. The 
required net thrust can be derived by the application of a 
standard propulsion system sizing tool. Similar to other 
momentum conservation-based methods, wave drag effects 
and the impact of the propulsor upstream interaction effects 
with the aircraft surface cannot be captured.

4.3.4  Net propulsive force by Goldberg et al.

The influence of the boundary layer on the performance of 
the propulsion system is not directly taken into account, 
as the propulsor intake and fan efficiency losses due to the 
flow distortion cannot be represented in a direct manner. 
First estimations of the non-dimensional propulsion system 
characteristics are the result of a standard propulsion system 
sizing tool. Skin friction and nacelle drag can be determined 
by use of a semi-empirical method. Similar to the thrust 
benefit, the application of the net propulsive force requires 
little pre-processing time and effort and has a fast response 
time. Overall, it shows high agreement to the conceptual 
design requirements.

4.3.5  Propulsor mechanical flow power by Drela

The power balance method in general allows to distinguish 
the quantities, which influence the power requirements the 
most. Relevant physical mechanisms can be identified and 
the dissipation terms capture interference and build-up drag 
better than force based methods [17]. For its application, it 
is not necessary to define thrust and drag terms, which is 
especially useful for complex and coupled configurations 
such as BLI. However, in a multidisciplinary concept design 
with standard sizing tools, it is useful to account for drag and 
thrust. Additionally, even though the problem of drag and 
thrust bookkeeping is addressed, the power balance method 

requires the modeling of the propulsion–aerodynamic cou-
pling to a certain degree to ensure the capturing of multi-
disciplinary interactions [63]. Furthermore, it is difficult to 
evaluate the propulsion system and airframe design indepen-
dently, as is the case during a part of the conventional con-
ceptual design phase. During the conceptual design, design 
values may change frequently. As detailed knowledge of the 
configuration is needed to apply the power balance method, 
the multidisciplinary analysis of a number of configurations 
is time consuming [61, 62]. Until now, the method has only 
been applied to cases in which the propulsor was placed 
at the trailing edge of the fuselage. An application of the 
method to the CENTRELINE concept (propulsor fan face 
at ~ 93% of the fuselage length) under assumptions stated 
in literature [17, 25, 26, 35, 38] yields some difficulties 
when intending to apply the power balance method during 
the multidisciplinary conceptual phase. To account for the 
interaction of the jet with the surface aerodynamics, several 
assumptions have to be made. Unlike Hall et al.’s derivation, 
when nacelle and aft body drag (fuselage behind propulsor 
exit) are taken into account, it is in this case not possible 
to express the power balance formulation in terms of drag 
and thrust. Furthermore, a detailed resolution of the kinetic 
energy defect from boundary layer and wake properties 
would have to be undertaken.

4.3.6  Power balance power saving coefficient 
by Blumenthal et al.

The aim of Blumenthal et al. is to show that the application 
of BLI shows a benefit for the configuration performance. 
Thus, they do not intend to optimize the configuration. The 
power balance method is here applied to evaluate the benefit 
of the overall configuration, instead of the different compo-
nents. Therefore, the power saving coefficient based on the 
power balance approach is neither very suitable for concep-
tual sizing (a detailed resolution of the flow field is required) 
nor design analysis (little information about the component 
potential can be gained).

4.3.7  Power definition of the propulsive efficiency by Hall 
et al.

In contrast to the definition of propulsive efficiency by 
Smith, or Plas et al., this definition does not require the 
calculation of drag and thrust terms. Furthermore, the pro-
pulsive efficiency cannot exceed unity, because the jet dis-
sipation is always positive. The figure of merit is success-
fully applied to CFD results. The propulsor mechanical 
flow power is the result of an integration of properties over 
the propulsor inlet and outlet planes, while the net stream 
wise force is the sum of integrated pressure and viscous 
forces on the fuselage surface and the axial momentum 
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flux across propulsor inlet and outlet planes. The non-BLI 
dissipation is gained from additional CFD results for an 
isolated fuselage. When applied to wind tunnel experi-
ments, forces are not measured, only the propulsor power 
is of interest. Either pressure field, velocity magnitudes 
and flow directions are numerically integrated at propulsor 
inlet and outlet to determine the mechanical flow power 
directly or the electrical power supplied to the motor as 
well as motor and fan efficiencies are measured to calcu-
late the mechanical flow power indirectly.

4.3.8  Exergy recovery coefficient by Arntz

The exergy method was developed to evaluate the aircraft 
performance in the preliminary design phase. Thus, to 
apply the exergy evaluation to a configuration, it is neces-
sary to resolve the flow field in detail. Local properties 
such as local entropy or enthalpy are needed to calculate 
exergy terms. Until now, the method has been used only 
through an application of a post-processing tool to RANS 
CFD simulation results and it has not been traced back to 
drag and thrust terms. Arntz states that “Additional devel-
opments are likely to be required before the approach can 
be readily adopted by aircraft designers, however, chances 
are good that it would fit traditional aircraft performance 
indicators” [42].

5  Recommendation for the aircraft 
conceptual design of BLI concepts

A bookkeeping scheme deemed to be best suited for the 
multidisciplinary analysis of a propulsive fuselage aircraft 
concept is developed and the selected figures of merit are 
presented.

5.1  Recommended bookkeeping scheme

A practical bookkeeping scheme does not only have to con-
form with the requirements stated in Sect. 4.1, but also has 
to align with following general requirements stated by the 
MIDAP Study Group in 1979 [13]:

1. “It must be free from ambiguity”
2. “It must, so far as possible, provide for the separate 

study of engine and airframe performance […], both in 
preliminary paper projects and in any subsequent model 
and/or flight testing”

3. “It must include clear definition of the interfaces where 
engine and airframe responsibilities meet, and facilitate 
a proper understanding of any zones where responsibili-
ties overlap”

4. “It must assist in planning model and flight testing in 
such a way as to provide the information required for 
design and performance evaluation at minimum total 
cost.” (component-wise testing: airframe model, intake, 
nozzle, engine test bed)

5. “It must recognize practical limitations in experimental 
and theoretical techniques”

A thorough review of existing bookkeeping methods with 
respect to the early conceptual phase, in which hundreds or 
thousands of alternative aircraft designs need to be evalu-
ated in a short period of time to find the best and balanced 
solution, leads to the following conclusion. A universally 
applicable bookkeeping method is required, which allows 
for a rapid response, multidisciplinary initial sizing as well 
as local design analysis.

Based on an integral momentum approach and taking 
into account the approach described by Seitz and Golo-
gan [57, 81], a bookkeeping scheme is developed, which 
meets the requirements stated in Sect. 4.1 as well as the 
requirements for a practical bookkeeping scheme defined 

Fig. 8  Control volume scheme for a generic BLI configuration
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by the MIDAP Study Group. As the forces on wing and 
empennage are expected to have secondary effects on the 
potential BLI benefit, the focus is on a 2D axisymmetric 
fuselage–ropulsor configuration. The control volume defi-
nition is pictured in Fig. 8.

Momentum is conserved across a control volume, which 
includes boundaries along the body’s surface, as it allows for 
the computation of defined forces on the aircraft in coher-
ence with a number of multidisciplinary aircraft sizing tools. 
The proposed bookkeeping scheme is based on a force book-
keeping in accordance with the definition by the MIDAP 
Study Group (cf. Sect. 3). Net thrust is defined as the sum of 
fan disk force and integrated surface forces occurring within 
the propulsion system between station 0 and 8.

The overall control volume CV 0 is subdivided into five 
interfacing control volumes. They are chosen in such a 
way that all parameters of interest can be calculated with a 
momentum conservation approach. The inlet flow properties 
of Cv 1 and 3 equal freestream conditions (index 0). The 
outlet of CV 5 is located at the trailing edge of the fuse-
lage. The interface of Cv 1 and 3 is the propulsion system 
streamtube contour. The streamtube contour is assumed to 
approximately follow the fuselage contour from the propul-
sor inlet upstream until the leading edge of the fuselage. 
CV 4 aligns with the surfaces of the propulsor duct. The 
disk force FDisk is the propulsor force calculated from rotor 
inlet to stator outlet (thermodynamic stages 2 and 13), i.e., 
already including the polytropic stage efficiency �pol,fan . Aer-
odynamic forces acting outside of the propulsion streamtube 
are part of the airframe force bookkeeping. Therefore, the 
nacelle force term includes all aerodynamic forces acting on 
the nacelle outside the propulsion system streamtube.

Applying momentum conservation to the proposed 
bookkeeping scheme yields the following equation for the 
total momentum efflux from the overall control volume 
CV 0 (cf. in “Momentum conservation application” in 
“Appendix”, Eq. (37):

Fp,in,CV1 + Fp,in,CV3 − Fp,out,CV5 is the sum of axial 
pressure forces acting on the overall control volume. 
İin,CV1 + İin,CV3 is the inlet momentum flow. FDisk is the disk 
force between station 2 and 13. Each surface force term 
represents the sum of pressure and skin friction force of 
a certain component in streamwise direction. FDuct is the 
sum of force components acting on the tip and hub con-
tour within the duct, Fnacelle is the external nacelle force, 
FFuselage is the force acting on the fuselage upstream of 
the propulsor inlet and Faftbody is the force on the fuselage 
contour downstream of the propulsor outlet.

(26)

İout,CV5 = Fp,in,CV1 + Fp,in,CV3 − Fp,out,CV5 + İin,CV1

+ İin,CV3 + FDisk + FFuselage + Faftbody

+ Fnacelle + FDuct.

Figure 9 pictures the application of the momentum con-
servation approach to the exemplary CV 4, which incorpo-
rates the propulsion system duct. The inlet properties are the 
result of an evaluation of the propulsion system streamtube 
(CV 3) in conformation with the traditional propulsion sys-
tem bookkeeping approach. All forces acting on the CV are 
fully resolved, ensuring compatibility with existing sizing 
tools.

The presented approach can be applied universally to the 
different phases of the conceptual design. During the ini-
tial sizing, approximations and assumptions are implied, to 
assure a rapid response, multidisciplinary analysis of many 
configurations. In this stage, the evaluation of the configura-
tion is based on low-fidelity tools and semi-empirical meth-
ods. When applied to the design analysis, which aims at 
the identification of optimization potential of the different 
components, the low-fidelity methods are replaced partially 
or fully by high-fidelity CFD or experimental testing results 
to allow for a component-based force analysis. The degree 
of coupling of the scheme simply depends on the applied 
analysis methods/tools.

For the initial sizing in the CENTRELINE project, the 
following, conservative assumptions are applied. The suc-
tion effect of the propulsor on the flow profile shape in front 
of the inlet is small for different power settings (cf. [26]). 
Therefore, a representative boundary layer profile (from lit-
erature or a singular CFD analysis) near the propulsor inlet 
is used, which does not change in shape along the fuselage 
contour. From initial CFD simulations conducted within the 
CENTRELINE project, it is known that due to the aerody-
namic interaction of fuselage and fuselage fan nacelle the 
total force (sum of viscous pressure and skin friction force) 
of the fuselage in front of the propulsor inlet can be smaller 
for a powered fuselage propulsor compared to the bare/iso-
lated fuselage (no propulsor present). Thus, the assumption 
that the force of the front fuselage is equal for both cases is 
conservative. For practical reasons, it is assumed that only a 
certain amount of the boundary layer is ingested by the pro-
pulsor, never the whole boundary layer or more. The static 
pressure is assumed to be constant in radial direction of the 

Fig. 9  Momentum conservation applied to an exemplary control vol-
ume (CV 4)
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boundary layer. The static pressure within the boundary 
layer is assumed to equal the fuselage surface static pressure. 
Under the assumption of a slender body, the boundary layer 
profile is evaluated normal to the x-axis instead of normal to 
the body surface. In all cases, the body contours (fuselage, 
duct, nacelle, aft body) are assumed to be streamlined, with-
out any separation occurring. The static pressure over the aft 
body surface equals the static pressure at the propulsor exit. 
This assumption was tested by an evaluation of CFD results 
within the CENTRELINE project. It was found that the dif-
ference in pressure force of the aft body under the constant 
static pressure assumption compared to the CFD pressure 
distribution is only ~ 3%. Furthermore, the jet is assumed to 
expand between propulsor outlet and fuselage trailing edge. 
For simplification, the interaction of the fuselage boundary 
layer with the external nacelle aerodynamics is neglected. 
This is deemed as a conservative assumption, since under 
boundary layer flow conditions, the dynamic pressure of the 
external nacelle force is reduced. Semi-empirical methods 
are employed to calculate the viscous and pressure drag on 
the bare PFC body including its fuselage and nacelle sur-
faces corrected by potential pressure forces where applica-
ble. A standard propulsion system performance tool (here: 
BHL in-house code APSS [74, 81]) is used to calculate pro-
pulsor and flow properties within the duct such as disk force, 
jet velocity and static pressure.

When applying semi-empirical methods during the ini-
tial sizing, the coupling of airframe forces and propulsion 
system performance is captured only partially. The influ-
ence of the presence of the boundary layer, which builds 
up along the fuselage contour, on the propulsion perfor-
mance is captured through the application of a control vol-
ume around the propulsion system streamtube. Similar to 
traditional propulsion system bookkeeping schemes, wake 
mixing downstream the fuselage trailing edge is neglected. 
Under realistic design assumptions, the wake dissipation is 
reduced through the application of BLI. Hall et al. derived 
that the wake dissipation for BLI configurations is a linear 
function of the wake dissipation of the reference non-BLI 
configuration and the ratio of the kinetic energy defect 
at the propulsor inlet to the total airframe surface dissi-
pation (boundary layer fraction) [35]. The error, which 
is made due to neglecting the wake dissipation reduction 
thus, scales linearly with the amount of ingested bound-
ary layer. The more the boundary layer is ingested, the 
higher the error [26]. Neglecting wake dissipation is there-
fore a conservative assumption. The effect of the nacelle 
design on the overall performance is indirectly included 
through the change of nacelle external surface area. For 
a reference design point, the boundary layer profile at the 
propulsor inlet is evaluated through the application of 
CFD. However, the change in shape for different designs 
cannot be represented. The effect of the duct design on 

the performance can be evaluated when its properties are 
captured by a fully resolved CFD analysis.

For reasons of consistency, it is suggested to use the 
presented method in all parts of the conceptual design 
phase. However, at an advanced design stage, when CFD 
results as well as experimental results are generated to 
conduct few, but thorough design iterations, it is also 
possible to apply the power balance method. In this way, 
a more detailed knowledge about the BLI performance 
benefit can be gained and the wake dissipation reduction 
effect of the configuration can be investigated. A tailored 
approach for the power balance method applied to the 
CENTRELINE BLI configuration was derived and will 
be evaluated against the presented method in future work.

5.2  Applied figures of merit

As concluded in Sect. 4.2, there is no universal figure of 
merit, which is able to describe any configuration and any 
flow properties, while being easily applicable to the require-
ments of the conceptual design phase. Therefore, it is sug-
gested to apply different figures of merit, when investigating 
the various facets of the BLI performance benefit.

Rearranging Eq. (26) yields the following expression 
for the bare net axial force, which is the resulting force 
of all forces acting on the bare aircraft surface, i.e., the 
total effective net force acting on the fuselage propulsor 
configuration without wing, empennage, etc.:

From the presented definition arises the need to design 
propulsor and fuselage jointly. The bare BLI efficiency 
factor relates the product of bare net axial force and 
flight velocity (i.e., the net useful propulsive power) to 
the expended propulsor shaft power PS , which allows an 
initial inter-comparison of alternative conceptual designs:

A comparative evaluation of the BLI system-level ben-
efit (comparison of BLI to reference non-BLI configura-
tion) from a propulsion system standpoint is convenient 
for the application of the power saving coefficient in its 
fundamental formulation:

(27)

Fbare,axial,net = İout,CV5 − İin,CV1 − İin,CV3 + Fp,out,CV5

− Fp,in,CV1 − Fp,in,CV3

=FDisk + FFuselage + Faftbody + Fnacelle + FDuct.

(28)f𝜂,BLI, bare =
Fbare,axial,net ⋅ v0

PS

∀PS > 0.

(29)PSC =
PREF − PPFC

PREF

.
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The figure of merit is applicable to a variety of configura-
tions and for all degrees of flow resolution.

Another important indicator for the wake-filling potential 
of BLI aircraft configurations is the so-called ingested drag 
ratio. It relates the sum of forces due to non-ideal freestream 
total pressure recovery incorporated in the propulsion sys-
tem streamtube (CV 3) to the aircraft total net thrust require-
ment in the non-wake-filling reference case, FN,REF.

Lastly, the results from the simplified, 2D axisymmetric 
analysis of the BLI propulsion system are incorporated in the 
integrated, multidisciplinary aircraft sizing. The compari-
son of different BLI configurations with each other and the 
evaluation of the BLI benefit compared to a reference, non-
BLI configuration, on aircraft level can be achieved through 
the application of the energy specific air range, introduced 
by Seitz et al. [74]. The ESAR measures the change of air-
craft range, R , per change of energy, E , in the system. It 
is an aircraft-level figure of merit, which considers sizing 
effects, such as the effect of the propulsor design on aircraft 
component masses:

�ov is defined as the instantaneous overall efficiency of the 
propulsion system as defined in Eq.  (3), mA/C × g is the 
instantaneous aircraft weight force and L∕D is the lift-to-
drag ratio.

For practical purposes, the bare BLI efficiency factor 
f�,BLI, bare can be applied during the initial sizing to com-
pare different BLI designs with each other. The BLI ben-
efit of each configuration on propulsion system level can 
be described by the power saving coefficient, while the so-
called ingested drag ratio quantifies the wake-filling poten-
tial of the configuration. To evaluate the BLI benefit on an 
integrated aircraft level, the energy-specific air range ESAR 
can be employed.

6  Conclusion

In this paper, bookkeeping schemes and figures of merit, 
which are used to evaluate the benefit of BLI and wake-
filling aircraft concepts, have been reviewed and assessed 
with a focus on the conceptual sizing and design analysis. 
Based on the findings, a unified bookkeeping scheme fol-
lowing a body-centered integral momentum conservation 
approach was derived. Its application to integrated concep-
tual sizing and a subsequent design analysis was evaluated 
and limitations were considered. The application of several 

(30)𝛽 =
İin,CV3 − İout,CV3 + Fp,in,CV3 − Fp,out,CV3

FN,REF

.

(31)ESAR =
dR

dE
=

�ov × L∕D

mA/C × g
,

figures of merit, which cover a range of design aspects, was 
suggested. The proposed scheme is universally applicable to 
coupled airframe–propulsion aircraft concepts, compatible 
with standard aircraft and propulsion system sizing tools 
and, under certain assumptions, deployable for low- and 
high-fidelity evaluation methods, such as semi-empirical 
methods as well as CFD or physical testing results.
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Appendix

Rating of figures of merit

See Table 2.

Momentum conservation application

Applied to a closed system, Newton’s second law of motion 
states that the net force acting on a body equals the time rate 
of change of momentum of the system:

For a body-centered control volume CV with control 
surface CS , volume elements dV  and surface area elements 
dA , the Reynold’s transport theorem for a vector field f⃗  is 
defined as:

When applied to the right-hand side of Eq. (32), the linear 
momentum equation is derived:

(32)

∑

F⃗sys =m
dv⃗

dt
=

[

d(m��⃗v)

dt

]

sys

=
d

dt ∫
sys

𝜌v⃗dV =
[

dI

dt

]

sys
.

(33)
d

dt ∫
CV

f⃗dV = ∫
CV

𝜕f⃗

𝜕t
dV + ∫

CS

f⃗
(

v⃗ ⋅ dA
)

.

(34)
d

dt ∫
sys

𝜌v⃗dV =
𝜕

𝜕t ∫
CV

𝜌v⃗dV + ∫
CS

𝜌v⃗v⃗dA.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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For steady flow, the first term on the right-hand side of 
Eq. (34) (i.e., the change of momentum inside the control 
volume over time) becomes 0. The second term equals the 
momentum integrated over the control surfaces. A combi-
nation of Eqs. (32) and (34) for steady flow yields:

The right-hand side of Eq. (35) equals the momentum 
flow İ.

The streamwise component of Eq. (35) is applied to all 
control volumes as defined in Fig. 8. Fp,in,CVi and Fp,out,CVi 
are the axial pressure forces at the inlet and outlet of the 
control volumes, İin,CVi and İout,CVi are the axial momen-
tum flow terms, respectively. Fp,i and Fv,i are the inte-
gral pressure and viscous forces on the aircraft surfaces 
in streamwise direction, summed up in the total surface 
forces Fi (cf. Fig. 10). FST and FBL are the pressure forces 
on the control surface following the propulsion system 
streamtube contour, interfacing control volume 1 and 3. 
In the front part of the fuselage, the streamtube contour 
lays within the potential flow field ( FST ), until it crosses 
the boundary layer ( FBL ) under the assumption that the aft 
propulsor ingests only a part of the boundary layer.

In the following, the application of the momentum con-
servation to CV 0 is shown in detail. The application to 
CV 1 to CV 5 is conducted in a similar manner.

CV 0:

İout,CV0 = İout,CV5 and İin,CV0 = İin,CV1 + İin,CV3 , thus

(35)
∑

F⃗sys = ∫
CS

𝜌v⃗v⃗dA.

(36)

∑

F
x,CV0 =Fp,in,CV0 − Fp,out,CV0 + Ffuselage + Fduct

+ Faftbody + Fnacelle + Fdisk

= ∫
CS0,out

𝜌v
x
v
x
dACV0 − ∫

CS0,in

𝜌v
x
v
x
dACV0

=İout,CV0 − İin,CV0,

CV 1:

CV 2:

CV 3:

CV 4:

CV 5:

All terms in Eq. (37) can be determined by re-arrange-
ment of Eq. (38) through (42) and by taking into account that

İin,CV2 = −İout,CV1 , Fp,in,CV2 = −Fp,out,CV1 etc.
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