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ABSTRACT

Turbo-electric propulsive fuselage aircraft featuring Boundary-Layer Ingestion (BLI) are con-
sidered promising candidates to achieve the emissions reduction targets set for aviation. This
paper presents an analytical method capable of estimating the BLI benefit at aircraft level,
enabling a quick exploration of the propulsive fuselage design space. The design space explo-
ration showed that the assumptions regarding the underwing turbofans and BLI fan mass
estimation can have an important impact on the final fuel burn estimation. The same applies
to the total efficiency assumed for the electric transmission, the range of the aircraft mission,
and the propulsive efficiency of the engines used as benchmark. The regional jet and short- to
medium-range aircraft classes seem to be the most promising as the ingested drag and power
saving are among the largest, with long-range aircraft being just behind. The future introduc-
tion of advanced technologies, which target the reduction of vortex and wave dissipation at
aircraft level, could increase the potential benefit of propulsive fuselage BLI. On the other
hand, the potential benefit would be decreased if more efficient and lighter ultra high bypass
ratio engines were used as benchmark.
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NOMENCLATURE

ApLiF BLI propulsor inlet section (m?)
BPR turbofan bypass ratio

Cpp profile drag coefficient

Chpi lift-induced drag coefficient
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wave drag coefficient

total drag coefficient

BLI propulsor inlet tip diameter (m)

BLI propulsor inlet hub diameter (m)

fuel burn (kg)

ingested viscous dissipation relative to total dissipation
BLI propulsor inlet height (m)

5*
boundary-layer shape factor, = %

. . _ 6*
boundary-layer kinetic energy shape factor, = %

propulsive system mass (kg)
mass flow ratio, Agﬁ’ Ay being the area before the pre-compression zone

mass flow (kg/s)
power available at engine core exit (W)

conventional propulsor output mechanical energy (W)
Px—P,
Pk £
BLI propulsor power/thrust relative to total power/thrust, g = ®%; 1/ P’

power saving coefficient,

thrust specific fuel consumption (kg/s/N)
propulsive system wetted surface (m?)
short-to-medium range

electric transmission specific power (kW/kg)
free-stream velocity (m/s)

boundary-layer edge velocity (m/s)

jet velocity (primary and secondary flows average for a turbofan) (m/s)
air velocity in the boundary-layer (m/s)
mass exchange rate (%FB/1,000kg)

wetted surface exchange rate (%FB/10 m?)
TSFC exchange rate (%FB/%TSFC)

Greek symbol

o

OUBLIF
p

ﬂfuselage
s, 6*
AKE
Ne

Nfan
NLPT
Npr

N

0, 0%

total propulsion system inlet mass flow ratio = %

BLI propulsor mass flow ratio = %

ingested viscous dissipation relative to total viscous dissipation
fuselage viscous dissipation relative to total viscous dissipation
boundary-layer thickness and displacement thickness (m)
kinetic energy defect (W)

electric transmission efficiency

fan isentropic efficiency

low-pressure turbine isentropic efficiency

propulsive efficiency

transmission efficiency

boundary-layer momentum and kinetic energy thicknesses (m)

https://doi.org/10.1017/aer.2020.26 Published online by Cambridge University Press


https://doi.org/10.1017/aer.2020.26

GIANNAKAKIS ET AL TURBO-ELECTRIC PROPULSIVE FUSELAGE AIRCRAFT BLI BENEFITS 1525

A the sum of vortex and wave dissipation relative to viscous dissipation
0 density (kg/m?)

v viscous dissipation upstream of the propulsor relative to non-BLI case
D total aircraft dissipation (W)

D jet dissipation (W)

®, profile mechanical energy dissipation (W)

D ortex vortex dissipation (W)

Duve shock wave dissipation (W)

Superscript

O quantity of the BLI configuration

Subscript

ext. external (non-ingested) quantity

int. internal (ingested) quantity

TF non-BLI turbofan quantity

BLIF BLI fan quantity

1.0 INTRODUCTION

Boundary-Layer Ingestion (BLI) is considered a potential technological enabler for achiev-
ing the carbon dioxide emissions reduction goals set for aviation by the Advisory Council
for Aviation Research and Innovation in Europe (ACARE)(). A propulsive fuselage tube-
and-wing concept using a fan encircling the rear of the fuselage, ingesting all or a part of
the fuselage boundary-layer, is considered to be one of the most promising candidates®. By
ingesting the fuselage boundary-layer, an improvement in propulsive efficiency and a reduc-
tion in fuselage wake dissipation can be achieved. The BLI fan can either be powered by
a dedicated gas turbine®®, or by using electricity generated by the underwing turbofans in
a partial turbo-electric configuration, e.g. such as the STARC-ABL aircraft®. Specifically
for the turbo-electric configuration, different studies claim fuel burn changes that range from
—3.4%™ to 40.5%), while another work by the authors estimated +1.7 & 1%(®. This work
tries to shed light on the parameters that drive the estimated fuel burn change in order to
explain the variance found in the literature results.

Due to the strong aero-propulsive integration, conventional thrust-drag book-keeping meth-
ods cannot be applied to quantify the benefits. Consequently, an energy-based analytical
method was developed in order to assess the BLI potential benefit during conceptual design.
The method relies on the power balance approach developed by Drela” and subsequently
applied on a hybrid-wing-body by Sato®, and on the D8 aircraft by Hall et al® and Uranga
et al!'?. In this paper, the method has been extended in order to assess the BLI benefit of
propulsive fuselage tube-and-wing aircraft, similar to the work of Hall et al®. The analytical
method also covers the integration of the fuselage fan propulsion system at aircraft level in
order to explore the design space in terms of fuel burn.
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Figure 1. lllustration of the baseline aircraft power terms for the fuselage and propulsor.
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Figure 2. Propulsive fuselage aircraft power terms.

The approach is applied to a short-to-medium range (SMR) tube-and-wing aircraft to eval-
uate the fuel burn reduction potential of a partial turbo-electric propulsion system featuring
fuselage BLI. Furthermore, a design space exploration identifies the conditions that need to be
met in order to achieve meaningful fuel burn reductions. Finally, an aircraft sensitivity analy-
sis is conducted to determine the potential of ingesting the complete fuselage boundary-layer
for different aircraft applications, from the perspective of aircraft size and mission type.

2.0 METHOD DEVELOPMENT

2.1 Power saving estimation method

The power saving coefficient (PSC), first introduced by Smith('), is defined as the reduction
of the mechanical power Pk required by the propulsion system due to the ingestion of the
boundary-layer. The mechanical power Py is defined as the increase in kinetic energy through
the propulsor, as shown by Equation (1) for a conventional propulsor.

1' 2 2
Py =i (VM—VO). (1)

The analytical method is developed by applying the power balance method”, on the con-
ventional aircraft configuration illustrated in Fig. 1, and on the generic propulsive fuselage
configuration represented in Fig. 2.
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It is noted that primed variables refer to the propulsive fuselage configuration. The imple-
mentation of the power balance method presented below has been inspired by Sato’s work on
a hybrid-wing-body aircraft® and Hall et al’s work on the D8 aircraft®).

The power balance equation!”) establishes the equilibrium between the power produced by
the engine P and the different dissipation terms, corresponding to profile, vortex, jet, and
wave drag losses, as shown in Equation (2).

Pg — d>j€f =0= q)p + Pyortexr + Prave- ... (2)

The energy dissipation @), caused by shear stress losses on the body surface, i.e. in the
boundary-layer, and in the wake of the propulsive fuselage configuration, can be split into the
internal (ingested) and external part as shown by Fig. 2 and Equation (3). Although, there
is no ingestion in the baseline configuration of Fig. 1 the same break-down can be applied
on ®,; in that case the ingested part @, ;,, , is the one that would be ingested if there was a
propulsive fuselage.

CDP = cbp,i’lt. + cbp,exf.' . (3)

At this point, one can introduce the following ratios:

O int.
B=—=, )
<DP
o .
W =2 ...(5)
(bp,int.

The B ratio represents the amount of the ingested viscous dissipation relative to the total
viscous dissipation of the baseline. The y ratio corresponds to the dissipation occurring
upstream of the propulsive fuselage propulsor, relative to the total dissipation that would occur
inside the ingested stream-tube if there was no BLI. For a propulsor located at the trailing edge
of the fuselage, the numerator is equal to the ingested part of the dissipation occurring on the
fuselage surface <I>p,‘yurf(8), which is assumed unchanged between the conventional and the
propulsive fuselage configurations'. The denominator would be the dissipation that would
occur on the surface and in the wake of the stream-tube if this was not ingested. By intro-
ducing the above assumptions and definitions into Equation (3), and by considering that the
dissipation that is not ingested remains unchanged (<I>1/7 D, ext.), one derives the following
equation:

ext.

®, =, [1—p(1-)]. ..(6)

The above equation can be translated into total dissipation terms by introducing the param-
eters A and £, which represent respectively the ratio of wave and vortex dissipation to the total
profile dissipation (Equation (7)), and the ratio of ingested dissipation to the total aircraft

I'This assumption is required for the derivation of a simple analytical equation, as in reality the
propulsor can modify the nearby upstream flow. The quantification of these interaction dissipation terms
is outside the scope of this paper as it would require a higher-fidelity CFD calculation.
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dissipation (Equation (9)). More specifically, Equation (7) is introduced in the first part of
Equation (8), in order to express the total dissipation as a function of the profile dissipation
and A. Introducing Equation (6) into the left part of Equation (8) and assuming that the wave
and vortex dissipation remain unchanged between the BLI and conventional configurations,
Equation (10) is obtained.

q>U0rt€X + q)wave

j = vortex T Pwave (7
CDP
q>:¢p+q)vortex+q)wave=q)p (1+2), . (8)
_cbp,im‘._ ﬂ
/= ®  1+1 -+ ©)
O =d[1—f(1-y)]. ...(10)

The power-saving coefficient is defined as follows:

Py
PsC=1- K, .11
K

where Py is the propulsive power of the BLI configuration. As implied by the above equation,
a positive PSC corresponds to a reduction in the required propulsive power.

Using the power balance method the propulsive efficiency is defined as the net propul-
sive power (taking the total power and subtracting the jet dissipation which is related to the
propulsor), divided by the total propulsive power®”), Equation (12).

PK - q)jet
Npr = ———. (12
= (12)
By introducing the propulsive efficiency definition, PSC is derived in Equation (13).
P, — @/
PSC =1 — K et lor .. (13)
PK - cI)jet 771'”
Combining Equation (13) with Equations (2) and (10) gives:
Npr
PSC=1—[1—f (1 —y)] 2, .. (14)

pr

where 77,,, is the propulsive efficiency of the BLI configuration.

The above equation clearly shows that part of the power saving comes from the propulsive
efficiency improvement and part from the aircraft dissipation reduction; i.e. even without an
increase in propulsive efficiency, the BLI can produce a power saving due to the reduction of
the aircraft mechanical energy dissipation. The power saving increases for increasing BLI, as
this increases B8 and f. For a given 8, the power saving increases when the wave and induced
drag represent a smaller share of total drag, leading to a lower A and higher f. Steiner et
al" also reached to a similar conclusion in their study. In a case without wave and induced
drag (f = B), where all the boundary-layer is ingested by a propulsor located on the trailing
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edge, and assuming no change in propulsive efficiency, the power saving coefficient is equal
to (1 — ¥); i.e. a higher wake dissipation relative to the surface dissipation, leads to a lower
¥, and a higher power saving. As shown by Hall'3 in a similar analysis, the 1 parameter is
half the kinetic energy shape factor, v = HT*, which for a typical attached turbulent flow gives
a value of around ¥ = 0.875). For such a case, the above assumptions would result in a PSC
of 12.5%.

Until now, no assumption was made with respect to the system architecture. In order to
calculate the propulsive efficiency change, the rest of the paper will focus on the propulsive
fuselage configuration shown in Fig. 2 as compared to the baseline of Fig. 1.

Writing the power balance equation (Equation (2)) for the tube-and-wing baseline gives:

Pg — @jey =mVo (Vi — Vo) = ®. ... (15)
The propulsive efficiency is defined as follows:

S TR (S
v Py Vie + Vo Via/Vo+1

... (16)

By introducing the power split ratio? g = ®p; ./ ®’, the power balance of the turbofans
represented in Fig. 2 is written as:

Pl 1F
/ 1 . /. 1 ./ ! 2 . !
P e — Pt = Em/TF (V/ethF -V ) 5 (Vjet,TF - VO) =i Vo (V_;et,TF - Vo)
=(1l-@@®=1-q@@[1-f1—-y)]. . (17)

Combining Equations (17) and (15) gives the following expression for the turbofan jet
velocity of the propulsive fuselage BLI configuration:

v —~ -/ - :
jete _ (=) [1 =/ (1 w>]<Vm_1>+1, ...(18)

Vo a (1 —apLir) Vo

where « is the ratio of total propulsor mass flow for the BLI configuration relative to the total
propulsor mass flow of the conventional non-BLI baseline:
v

./ ./
o= m-_ 2y + Mgy g

m 2R (19)

and apy iF is the ratio of BLI propulsor fan mass flow to total propulsor mass flow for the BLI
configuration:

./
MpLIF
OBLIF = —, - ... (20)

2@y, - being the part of the total aircraft dissipation for which the BLI fan is sized.
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Similarly, the power balance of the BLI fan of the configuration presented in Fig. 2 is

written as:
P}(,BLIF
/ / 1 ./ 12 2 1 ./ / 2
P K,BLIF — ®jet7BLIF = EmBLIF (Vjet,BLIF - Vo) + By P, _EmBLIF (V_/er,BLIF - VO)
=@ [1—f(1—P)]. ...

The term B/ ®,, corresponds to the mechanical power loss between the free-stream V) and
the inlet of the BLI fan. The above equation is subsequently combined with Equation (15) to
obtain the following expression for the propulsive fuselage BLI fan jet velocity:

Vj/et,BLleqlil_f(l_w%):l <@_1>+1. ...(22)

Vo QOBLIF

The propulsive efficiency of the propulsive fuselage configuration is given by the following
equation:

/ ’ )/ ’
y = P K,TF — quet,TF + Py pLir — ‘Djet,BLIF
pr — :

- ; ... (23)
Py 1r + Py pLir

Using the definitions of Px and ®j., in the same way as for Equations (17) and (21),
the following equation is obtained for the propulsive efficiency of the propulsive fuselage
configuration:

A

77;” - VieeLirt Yo VietrtVo ’ 29
S4Bt = A=Aty
A=1—f1—9y), ... (25)
—1
B=1—f<1—1pq—>. ... (26)
q

Equations (24) and (16) can now be combined with Equation (14) to calculate the power
saving coefficient:

v’ V!
<—fef;j)LIF + 1> qB + (—f;’;)“ + 1) (I—q)A+2fy

PSC=1- -
F+1
0

.27

The above equation is applicable to a BLI configuration, where the BLI fan provides a
part (¢ < 1), or all of the propulsive power (¢ = 1). In this case, Equation (27) reduces to the
following simpler expression:
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Figure 3. Sensitivity of PSC to different input parameters.

V/-’@;;ZLIF + 1) (1—f)+2fy

;;’ +1

PSC=1—< ..(28)

The sensitivity of PSC against the parameters ¢, ¥, o, and ’e’ is evaluated for a variation
of f in Fig. 3. The relation between PSC and f indicates that the larger the f value, the higher
the potential BLI benefits. With increasing g, more thrust is produced by the more efficient
BLI propulsor and as a result PSC increases. By decreasing v, less dissipation occurs ahead
of the propulsor leading to an increase in PSC. According to Equations (18) and (22), a larger
value of « results in a decrease in the jet velocities of the propulsion system, which results in
a higher propulsive efficiency and a BLI gain. Finally, for a given ¢, a variation of % reflects
a change in the propulsive efficiency of the baseline propulsors Deteriorating the propulsive
efficiency of the baseline configuration by increasing -2 results in a higher PSC and BLI
benefit.

In Equations (27) and (28), the jet velocities V), g and Vj, 1 can either be chosen
directly, or indirectly by defining o and apgpf in Equatlons (18) and (22), as the propulsor
mass flows and jet velocities are interrelated. The BLI fan mass flow is also related to the
amount of boundary-layer ingested. The relation between the aforementioned mass flows, jet
velocities and the BLI parameter 8 (and hence f) is the last missing element. The determina-
tion of this relation requires the physical sizing of the BLI propulsor®, which is the subject of
the following section.

3The BLI propulsor includes the fan and nacelle. However, the term BLI fan is sometimes used to
signify the BLI propulsor.
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2.2 Propulsor sizing for a propulsive fuselage architecture

Assuming an axi-symmetric aircraft fuselage geometry, for given BLI fan diameter Dy p,
hub diameter D}, 5, r> and known inlet boundary-layer profile, the sizing starts with the cal-
culation of the bo{mdary—layer related parameters, i.e. the average BLI fan inlet velocity and
the amount of ingested mechanical energy defect corresponding to the fuselage, Equations
(29)—(31). The amount of viscous aircraft mechanical energy defect ingested is then calcu-
lated by Equation (32), for a given ratio of fuselage profile drag to total profile drag. For a
given ratio A, between vortex/wave and viscous dissipation, Equation (9) gives the ratio of
ingested mechanical power defect over the total aircraft power dissipation.

(DiauF - D;zub,BLlF) > ...(29)

N =

/ —_
h BLIF —

i ,
Jo o pu’ (O'SDhub,BLlF +y) dy

Vinter,BLIF = e } > ...(30)
JoP pu (05D}, gy e +v) dy
h/
Bruselage = AKE (hjy i) _ Jo™ (V2 —u?) pu (0.5D;, 1 +) dy 31
) AKE (9) foLS (Ve2 —u?) pu (O'SDZub,BLIF +y) dy
ﬁ = ﬁ/ﬁselageM- e (32)

Cpp

For a given BLI nacelle mass flow ratio (MFR), Equations (33) and (34) give the BLI
fan mass flow. Subsequently, for given velocity ratio Iﬁ—;’ and inlet mass flow of the con-

ventional baseline, known propulsive power split ¢, and considering the same velocity

ratio (Vj%(’)“ = %’) for the under-wing turbofans of the propulsive fuselage configuration,
Equations (18)—(20), define the parameters «, oy, the total mass flow 72’ and the under-
wing turbofan mass flow 7i}z. The BLI fan jet velocity is then calculated using Equation
(22) and the power saving coefficient using Equation (27). The sizing ends by calculating the
under-wing turbofan diameter, using Equations (35) and (36).

T D/ 2
2 'hub,BLIF
A;3L1F = ZDELLF |:1 - (m) ] > ...(33)
g ir = MFR - p - Vi/nlet,BLIF - Ay s (34
’h/
App=——"T ...(35
T 2.MFR-p -V (3
4.4
Dl = T ...(36)

D), 2
T 1 _ hub, TF
7
DTF
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bypass nozzle
core nozzle
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core outlet

Figure 4. Simplified turbo-electric architecture including two generators, an inverter and a motor.

2.3 Fuel burn evaluation for a turbo-electric propulsive fuselage
architecture

In order to estimate the BLI impact at aircraft level, the change in fuel burn needs to be
calculated. Such a computation includes the change in installed propulsion system weight
and drag. The whole process is presented for the partial turbo-electric propulsive fuselage
architecture shown in Fig. 4, where two under-wing turbofans generate the electricity that
powers the electric BLI fan.

The first step consists in translating the propulsion system kinetic energy into the energy
generated by the two turbofan cores. This transformation includes: (1) the transmission losses
from the BLI propulsor kinetic energy output Py g i, back to the under-wing turbofan core
exit P, ,.; (2) the transmission losses between the under-wing turbofan nozzles kinetic energy
output Py 1p, and their core exit as represented in Equation (37) using the conventional defini-
tion of the transmission efficiency. It is reminded that the conventional turbofan transmission
efficiency gives the ratio between the kinetic energy delivered to the exit of the core and
bypass nozzles (P 1y in Fig. 4), relative to the maximum power that can be extracted from
the core outlet by an ideal turbine that expands the gas to atmospheric pressure (P, in

Fig. 4).
Pk 18
ny = KTE ...(37)
4 PC()"@
P, P
P = KT K.BLIF : ) ... (38)
N 2 - Ne - NLPTTF * Ny BLIF

For deriving Equation (38), the turbofan fan isentropic efficiency, 7, 1r, and low-pressure
turbine isentropic efficiency, nrprTr, Were assumed constant and equal to the baseline values
for the sake of simplification. The BLI fan isentropic efficiency, 77, ;1. can easily be related
to its pressure ratio using a relation similar to the one given by Felder et al'¥. The BLI fan
pressure ratio is calculated iteratively by matching the desired nozzle jet velocity Ve, BLIF
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calculated by Equation (18). The baseline transmission efficiency can be approximated using
Equation (39)(1.

1 +BPR
N = . ...(39
1+ BPR/ (Ufan,TF : 77LPT,TF)
The BPR of the underwing turbofans is defined as:
BPR = Z1F — Meore ... (40)

mcore

Assuming that the turbofan core characteristics do not change, we can consider that the
core specific power (P e /Hicore) 18 constant and equal to the one of the baseline configuration
turbofans. Hence, the core mass flow can be calculated from the core power P, and the
constant specific power as follows:

P/
o/ core
= core ... (41
core (Pcure/mc()re)

Introducing Equation (41) into Equation (40), gives:

BPR = mirF ' (Pcore/rhcore)/P:aore -1 C (42)

A simple iterative scheme is required for the resolution of Equations 38, 39 and 42. A first
guess of the BPR allows the calculation of the underwing turbofan transmission efficiency
with Equation (39), which is subsequently used to calculate the core power with Equation
(38). A new BPR is then calculated with Equation (42) and the process continues until the
BPR values converge.

Equation (38) highlights the main loss mechanism of this turbo-electric configuration,
which counterbalances the BLI benefits; the higher the power sent to the BLI propulsor, the
higher the losses due to the inefficiencies of the electric transmission chain. These additional
losses tend to counteract the beneficial BLI effect of reducing the Py g, ;- term. It is high-
lighted to the reader that for constant core characteristics a change to the core exit power is
directly translated to an equal change of fuel power. For a higher accuracy, the podded fan
transmission efficiency can also be multiplied by a coefficient in order to add a degradation
due to scaling effects, as a function of the core mass flow #izye.

Having determined the impact on fuel power (ATSFC &~ AP,,,.), the fuel burn evaluation
can be completed by estimating the change in propulsion system drag and weight. Starting
with the weight component, one needs to calculate the change in the under-wing turbofans
weight and the added mass of the BLI propulsor. As the purpose of this paper is not to pro-
pose a new method of weight estimation, the reader is free to use whichever method they
prefer. A few interesting methods, which would be compatible with the preliminary design
approach developed in this work, are proposed by Guha et al'® and Greitzer et al'”), and can
be calibrated to better represent the designer’s target. For this work, the mass of the under-
wing turbofans and of the BLI fan have been calculated as linear functions (M = a - Dy, + b)
of their respective fan diameters, based on the detailed mechanical integration studies by
Giannakakis et al®. With respect to the underwing turbofans, the correlation approximately
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Table 1
Validation case inputs

Parameter Value
Altitude 35,0001t
Flight Mach 0.76
AISA 0K
Total thrust 39,000N
B 0.39
A 0.41
q 0.33
Baseline Turbofan BPR 18.0
Under-wing fan hub/tip ratio 0.3
Yiewte 1.29
Vo :
DBLTF 1.80m
DBLIF jub 0.60m
Ne 0.965
SP, 3.14kW/kg

gives the variation in the weight of the low-pressure components and nacelle, as the core
components weight stays fairly constant.

Subsequently, the total weight of the electric transmission chain is calculated by dividing
the BLI fan power (estimated as Py g /1y, pir) With the specific power of the transmission
SP, given in kW/kg.

Finally, the impact of the propulsion system drag change can be estimated by calculating
the change in the propulsion system wetted area, based on the previously calculated propulsor
diameters and assuming fixed length-to-diameter ratios.

The change in fuel burn at aircraft level is derived based on exchange rates given for the
baseline aircraft configuration. The final fuel burn calculation is a linear combination of the
fuel flow, weight and drag changes multiplied by appropriate exchange rates. It must be under-
lined that a different weight exchange rate has been used for the underwing and the rear
installations.

AFB = ATSFC - XRrspc + AM - XRy + ASy - XRs. ... (43)

3.0 METHOD VALIDATION AND LIMITATIONS

The method described in the previous sections has been compared against the detailed pre-
liminary design study published by the authors®, in order to ascertain that it can produce
reliable results for the design space exploration. The benchmark study included a full mul-
tipoint design and performance evaluation of the propulsion system, a CFD calculation of
the flow ingested by the BLI fan and a mechanical design, integration and weight estimation
of the propulsive system®. As such, it represents the most accurate estimation possible at
a conceptual design stage and it can serve as a reliable benchmark for the validation of the
analytical method presented herein.

The comparison takes place on the cruise point given in Table 1 together with the rest of
the assumptions. According to the results of Giannakakis et al®, the BLI fan produces 33%
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Table 2
Validation against the detailed study of Giannakakis et al®

Predicted Reference (6)

A TSFC —3.5% —4.0%
A Underwing turbofan diameter —19% —16%
A Propulsion system mass +30% +31%
A Fuel burn +2.5% +2.8%

of total thrust at cruise (30% at top-of-climb) and this is the value taken for the ¢ parameter in
Table 1. The turbofan BPR and average jet velocity V,, 1y correspond to an Ultra High Bypass
Ratio (UHBR) architecture. For simplification, the fan and low-pressure turbine efficiencies
have been considered constant and equal to 0.94. A 2 pt efficiency penalty has been considered
for the BLI fan which operates under distortion. A Coles velocity profile!'®) has been assumed
at the inlet of the BLI fan, with shape factor H equal to 1.4. The height of the boundary-layer
is calculated iteratively in order to match the fuselage mechanical energy surface dissipation,
i.e. AKE (thIF) = xFy * Vy* /(A + 1)). The exchange rates used for the calculation
correspond to a typical short- to medium-range aircraft and are the same as the ones used by
Giannakakis et al®.

The results of the verification are shown in Table 2, where one can readily see that the TSFC
reduction predicted by the analytical method is sufficiently close to the higher fidelity estima-
tion of Giannakakis et al®. Furthermore, the reduction in the underwing engines fan diameter
is also predicted fairly accurately, leading to a good estimation of the propulsive system mass
change. Finally, the change in fuel burn is also estimated with a satisfactory accuracy relative
to the detailed study. Hence, overall the analytical method captures the correct trends, has
satisfactory accuracy and can be used for the exploration exercises that follow.

The most important limitation of the analytical method is that it only evaluates the design
on the cruise operating point and it is not capable of capturing multipoint design effects. For
instance, an important multipoint design effect highlighted by the authors® concerned the
operability of the underwing turbofans booster compressor, which operates close to surge at
take-off, for a high BLI thrust contribution. That phenomenon can limit the thrust share of the
BLI fan to about 30% of the total thrust.

4.0 RESULTS

4.1 Fuel burn optimisation and design space exploration for an SMR
aircraft

The first step to a better understanding of what minimises the fuel burn of the turbo-electric
architecture is the optimisation of the design parameters of the architecture for a given set of
assumptions. More specifically, for the assumptions already given in Table 1 for an SMR class
aircraft, Fig. 5 presents the optimisation of the BLI thrust share and diameter. It can readily be
seen there is an optimum combination of BLI fan thrust and diameter that results in a mini-
mum fuel burn increase of 1.9%. The optimum corresponds to 25% of thrust generated by the
BLI propulsor and a BLI propulsor fan of 1.8m. As shown in Fig. 5, the existence of the above
optimum BLI fan thrust and diameter can be explained by the variation of three principal
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Figure 5. Fuel burn variation with Dgrir and g.

factors: (1) the power saving coefficient, which is related to the BLI and propulsive efficiency
benefits, (2) the core power variation which takes into account the transmission losses, (3) the
change of propulsion system weight. These individual effects are detailed below.

Starting from the top left of Fig. 5, one can observe that for a given BLI fan diameter, the
higher the thrust percentage ¢ generated by the BLI propulsor, the higher the power saving.
As discussed earlier with Fig. 3, this trend is expected as more thrust is being generated by a
more efficient propulsor. Nonetheless, there is a certain BLI fan thrust threshold after which
the PSC starts decreasing. In fact, increasing the BLI fan thrust for a given diameter, increases
its jet velocity and after a point degrades its propulsive efficiency. For a given BLI fan thrust,
increasing the diameter leads to more boundary-layer being ingested (increasing f in Fig. 3),
up to the point where full ingestion occurs. After this threshold the power saving increases
due to the decrease of jet velocities associated with the higher propulsor diameters (increasing
« in Fig. 3), but only marginally.

The top right part of Fig. 5 also adds the effect of transmission losses between the propul-
sive kinetic energy requirement and the power at the exit of the turbofan cores. As a matter of
fact, the variation of core power saving is very close to the PSC variation seen in top left of
Fig. 5, with only one important difference. For a given diameter, the BLI fan thrust optimum
is now lower due to the losses incurred in the transmission of power between the turbofans
and the BLI fan.

Finally, the bottom left of Fig. 5 shows the propulsion system weight change, including
the turbo-machinery and the electric components. According to the figure, for a constant
BLI fan diameter, a higher BLI fan thrust leads to an increase in total weight due to the
increasing weight of the electric components and the addition of the BLI propulsor weight,
which outweigh the decrease in the size and mass of the underwing turbofans for the set of
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Figure 6. Exploration of the influence of different assumptions on the fuel burn change.

assumptions used for this optimisation. At a fixed BLI fan thrust, the weight increases with
the increase in diameter of the BLI propulsor.

The estimated fuel burn change of +1.9% is in good agreement with the +1.7% estimated
by the higher fidelity study carried out by the authors®, but is nonetheless not on the same
page with the fuel burn change of —3.4% claimed by Bowman et al®. Figure 6 tries to explain
the variance in the results by exploring the impact that different assumptions have on fuel
burn. Each line on the parallel coordinates graph represents an optimum design. Only the
designs that give a fuel burn reduction higher than 3.5% are shown in order to isolate the
common factors that lead to this result. A high concentration of lines for a given axis shows
that the parameter of this axis is critical for achieving a fuel burn reduction; i.e. fuel burn is
highly sensitive to this parameter.

The three factors that stand out the most are the underwing turbofan mass-to-diameter ratio,
the same ratio for the BLI fan, and the efficiency of the electric transmission. If one uses
underwing turbofans having a high mass-to-diameter ratio as a baseline, they have a better
chance achieving a higher fuel burn reduction, as they benefit the most from the downsizing
of the turbofans when g > 0. More precisely, what matters the most is the weight of the bypass
flow components and nacelle, as these will be the ones that are going to be downsized. At the
same time, aggressive assumptions need to be made regarding the installed BLI fan mass-to-
diameter ratio. Future lightweight materials will have a positive impact on the BLI fan mass,
but a negative one on the weight saving connected to the downsizing of the underwing tur-
bofans. Figure 6 also shows that the BLI fan needs to be powered by an electric transmission
with an efficiency higher than 96%, which is a condition that is quite difficult to satisfy with
current electric machine technology. The authors have demonstrated that reducing the effi-
ciency to about 91% would increase the fuel burn by about 0.4%(®. Second in importance
are the exchange rates that convert the change of TSFC and weight to a change of fuel burn.
More particularly, a higher TSFC exchange rate and a lower weight rate, corresponding to
longer range aircraft missions, would lead to a lower fuel burn. Next in importance is the ratio
of fuselage drag to total aircraft drag, which needs to be higher than about 25% to produce a
fuel burn reduction higher than 3.5%. Finally, a lightweight electric transmission with a high
power density in terms of kW/kg is the last requirement identified by the exploration.

One can use the above conclusions in order to explain the different results found in the
literature, i.e. —3.4% in fuel burn for Bowman et al® and 4+0.5% by Hall et al®. Bowman
et al® use a fairly heavy turbofan baseline and a light BLI fan for their STARC-ABL study.
According to the study of Welstead and Felder®, which gives the preliminary results of the
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STARC-ABL aircraft, the underwing turbofan has a mass-to-diameter ratio of 2,135kg/m. At
the same time the mass-to-diameter ratio of the BLI fan is on the light side with 456kg/m.
On the other hand, the work by Hall et al® on the same aircraft architecture has underwing
turbofans with a mass-to-diameter ratio of 1,601kg/m and a BLI fan at 828kg/m. These dif-
ferences in mass assumptions can explain at least part of the disparity found in the fuel burn
estimations of the two studies.

The above analysis demonstrates that the method presented in this paper is a powerful
design space exploration tool when estimating the BLI potential at a conceptual design stage.
The following section will shed more light on the parameters that influence the ratio of the
ingested fuselage drag over the total aircraft and also show the importance of the propulsive
efficiency of the conventional aircraft taken as baseline.

4.2 BLI potential for different aircraft applications

The objective of this section is to perform an evaluation of different aircraft types in terms
of the ingested drag ratio f, which according to Figs 3 and 6 is directly related to the BLI
power saving and to the minimisation of fuel burn. Given that f is a function of A and B, these
parameters need to be calculated for different aircraft applications. According to Equations
(7) and (4), A and B are related to the dissipation terms corresponding to the profile, vortex and
wave drag losses. To enable their rapid computation based upon existing aircraft models, these
parameters need to be expressed as a function of the aircraft drag contributions. Recalling
Equation (32) and assuming for each aircraft analysed that Bgeiage = 1.0, i.¢ Dy is selected
so that the complete boundary-layer of the fuselage is ingested, B is given by Cpy useiage/ Cpp-

The ratio of the sum of the vortex and wave dissipation over the aircraft viscous mechanical
power defect gives the following expression for A:

_ Cpi+Cpy
Cpp

s ... (44)

with Cp; being the lift induced drag coefficient, Cp,, the wave drag coefficient and Cp, the
profile drag coefficient.
Replacing the above expression and 8 = Cpy fuseiage/ Cpp in Equation (9), one can calculate
[ as equal to Cpy, fiseiage/ Cp, With Cp defined as:

Cp = Cpp + Cpi + Cpy. ... (45

The parameters 8 and f have been computed for in-house and published reference air-
craft covering large business jet, commuter, regional, short-to-medium and long-range aircraft
applications as shown in Table 3.

Figure 7 illustrates the analysed aircraft, along with lines representing constant values of
A. Aircraft applications featuring the highest value of /' correspond to the largest potential
BLI gains. Starting by ignoring the projected future aircraft indicated with the year entry-
into-service (2035) and sorting the aircraft by BLI potential, one can observe that regional,
commuter and short-to-medium aircraft come on top of the list. The large business jet segment
ranks the lowest in terms of potential BLI gains.

When comparing A for the different aircraft presented in Table 3, one must pay attention
to the Mach number and C;, condition selected for the drag computation, which influence the
wave and the vortex dissipation respectively. For instance, the aerodynamic performance of
the LR was published for a Mach number of 0.80, while the values presented for the SMR
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Table 3
B and f data for conventional reference aircraft?

Category Aircraft Altitude Mach CL B f

Long-range LR 35kft 0.80 0.55 0.37 0.22
Long-range LR (2035) 35kft 0.80 0.55 0.41 0.27
Short-to-medium SMR 35kft 0.76 0.55 0.39 0.25
Regional jet RJ 36kft 0.75 0.50 0.30 0.22
Regional TP RTP 23kft 0.50 0.50 0.29 0.25
Commuter TP CTP 25kft 0.43 0.55 0.34 0.25
Commuter TP CTP (2035) 25kft 0.43 0.55 0.38 0.29
Large business jet BJ1 41kft 0.80 0.50 0.31 0.18
Large business jet BJ2 36kft 0.80 0.50 0.29 0.15

% All aircraft data are based on in-house models apart from LR aircraft that are based on Isikveren
et al® and CTP aircraft which are based on Fefermann et al'?.

20 CTP (2035)
) LR (202’:5}
25 RTP (=] _A i SMR
X 204
Y
15 4
10 4
25 30 35 40 45
B (%)

Figure 7. Aircraft analysis in terms of ingested to total drag ratio f.

were computed at a Mach number of 0.76. The larger wave dissipation due to the higher
operating Mach number of the LR aircraft results in lower A and consequently in a lower f
value. The comparison of the operating C; shows that the CTP was computed at C; = 0.55
and the RTP at C;, =0.50. As the vortex dissipation correlates with the square of C;, the
relative contribution of the vortex dissipation is higher in the case of the CTP, leading to a
higher A value relative to the RTP.

The large f value for turboprop commuter (CTP) and regional aircraft (RTP) is explained
first by the fact that dissipation due to compressibility effects is around zero for an operating
Mach number lower than 0.5. Consequently, the term A does not include any wave dissipa-
tion contribution. In addition, high wing aspect ratios are achieved with the thick, straight
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trapezoidal wing design of turboprop aircraft. Consequently, vortex dissipation is lower as it
is inversely correlated to the wing aspect ratio, leading finally to a lower value of . However,
it should be underlined that the f* value of both turboprop aircraft is based on an unpow-
ered high-speed polar (propeller feathered/stopped glide drag polar). Hence, the impact of
thrust on the aircraft drag (propeller wake and wing interaction) is not considered. Taking into
account the increase in drag due to presence of the propellers would tend to slightly increase
A, which would subsequently decrease £, i.e. the BLI potential benefit. The regional jets share
similar B8 values with regional turboprops, however their A includes a wave drag dissipation
contribution due to the higher operating Mach number. Moreover, the slender, swept wing
design of regional jets results in lower achievable aspect ratio and consequently higher vortex
dissipation. Similar reasoning is applied when comparing the positioning of large business
jet towards larger values of A. Operating in the high-end of the transonic speed region with
Mach numbers between 0.85 and 0.9, the contribution of the wave drag dissipation increases.
The contribution of vortex and wave dissipation results in larger values of A, which relatively
reduces the contribution of the fuselage viscous dissipation over the total aircraft dissipation
and the potential BLI benefits.

When comparing the g values, short-to-medium and long-range aircraft show values of
around 40%, while business jet and regional aircraft demonstrate values of around 30%. This
trend indicates that the contribution of the viscous dissipation of the fuselage over the total
aircraft dissipation increases when going towards larger transport aircraft. The geometrical
dimensions of the fuselage and the resulting fuselage wetted area are directly correlated to the
viscous dissipation. A rising passengers number should also increase 8, as the fuselage dimen-
sions are determined primarily by the cabin layout designed to accommodate the number of
passengers.

When considering the projected future aircraft in the analysis, the increase in f compared
to the state-of-the-art aircraft indicates that the integration of future advanced technologies
strengthens the case for propulsion featuring fuselage BLI. Advanced technologies that target
the reduction in vortex and wave dissipation tend to make the case for propulsive fuselage
more attractive, as they increase the relative contribution of the fuselage viscous dissipation
over the total aircraft power defect. By comparing the LR and the projected LR (2035)?%, a
10% and a 23% increase in 8 and f are found respectively, while A is reduced from 0.7 to 0.5.
The significant change in 8 is related to the increase in fuselage length by 5% and in diameter
by 13%, in order to reflect the higher demand for aircraft cabin comfort and the change in
passenger anthropometry®!. In this case, the increase in Cpy, fiseiage due to the geometrical
dimensions change was partially counteracted by the introduction of riblets on the fuselage
surface to reduce viscous dissipation. The reduction in A is explained by the introduction of
an advanced very flexible wing, with an aspect ratio increased by 35%, leading to a reduction
in vortex dissipation. Moreover, shock contour bumps were implemented on the wing upper
surface to reduce wave dissipation. These reductions in dissipation explain the change in A.
The same reasoning applies for the CTP and the projected CTP (2035)(%.

However, the above analysis only considered the maximum ingested fuselage dissipation
as the metric representing the BLI potential. As shown by Fig. 3, aircraft with high baseline
% are good candidates for installing a BLI propulsion due to their low initial propulsive
ef(hciency. This hypothesis is confirmed by Fig. 8§ that shows the estimated values of PSC for
the aforementioned aircraft using the following simplifying assumptions:

e 30% of total thrust is generated by the BLI propulsor, i.e. ¢ = 0.30.

o . LoV V.
e The podded turbofans maintain the same jet velocity, i.e. %TF = %TF
0 0
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Figure 8. Aircraft analysis in terms of PSC.

e No increase of total mass flow between the BLI and conventional configurations, i.e. ¢ = 1.
e Typical jet velocity ratios:
— RTP, CTP, CTP (2035): f“ T =11

— SMR with UHBR engines: V’e’ T —1.3.
— SMR, LR, LR (2035): f”TF = 1 5.
— RJ,BJ1, BJ2: f@’TF 1.7.

According to the results shown in Fig. 8, the application of propulsive fuselage on baseline
aircraft equipped with moderate efficiency turbofans, such as the regional jet RJ, is favored
against applications currently using turboprop engines, even though the latter have signifi-
cantly higher ingested drag values /. As a matter of fact, turboprops provide the worst BLI
potential saving, despite their first in class ingested drag ratios. The best in class RJ aircraft,
is followed by the 2035 LR and the current technology SMR aircraft, while the current tech-
nology LR is just behind. It should be noted that a 2035 SMR aircraft would probably rank
higher than the equivalent 2035 LR. Although the business jet aircraft also demonstrate high
PSC, the location of the podded turbofans near the tail imposes severe space restrictions to
the installation of the propulsive fuselage fan. Finally, having a UHBR engine as a baseline,
already results in low jet velocity and high propulsive efficiency and leads to reduced potential
power saving through BLI, as shown by the SMR UHBR point of Fig. 8.

5.0 CONCLUSIONS

An analytical method based on the evaluation of mechanical energy dissipation was developed
in order to estimate the potential of advanced propulsion systems featuring BLI. In particular,
the method aimed at assessing the BLI benefits of a turbo-electric propulsive fuselage concept.
The method treats the system integration impact of a propulsive fuselage fan at aircraft level
and determines the potential fuel burn reduction. The design space exploration showed that
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the assumptions regarding the underwing turbofans and BLI fan mass estimation can have an
important impact on the final fuel burn estimation. The same applies to the total efficiency
assumed for the electric transmission, the range of the aircraft mission, and the propulsive
efficiency of the engines used as benchmark.

It was shown that the regional jet and short- to medium-range aircraft classes are the most
promising as the ingested drag and power saving are among the largest, with long-range air-
craft being just behind. Turboprop aircraft would be less appropriate candidates, despite their
high-ingested drag potential, due to their existing highly efficient propellers. The future intro-
duction of advanced technologies, which target the reduction of vortex and wave dissipation
at aircraft level, could increase the potential benefit of propulsive fuselage BLI. On the other
hand, the potential benefit would be decreased if more efficient and lighter ultra-high bypass
ratio engines were used as benchmark.
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