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ABSTRACT

The paper presents development of a low-fidelity tool ca-
pable of calculating pressure and velocity field of an aero-
propulsive element (aerofoil and an integrated ducted
propulsor). To that end, conventional panel method is
extended by including the emanating propulsive jet as a
part of the solid aero-propulsive geometry. The mathe-
matical formulations and the algorithm used by the tool to
characterise the propulsor and determine the jet shape are
presented. Then, a series of results and parametric stud-
ies performed with the tool considering different input
parameters are shown in order to demonstrate the poten-
tial of the tool to tackle a broad design space. Rudimen-
tary validation is carried out by comparing the calculated
lift coefficient at different angles of attack is compared
with reference RANS CFD results; agreement between
the two is observed, especially at low angles of attack.

1. INTRODUCTION

Civil aviation is currently estimated to contribute around
5% of the total anthropogenic impact [1] to the radia-
tive forcing. Rethinking whole airplane architectures and
configurations thereof is in focus as a pathway to ren-
dering the global industry compatible with environmental
sustainability goals. This paper focuses on the innovative
aeroplane concept subspace based on airframe-propulsive
system synergies, in particular on concepts that employ
propulsion distribution [2]. Such forms rely on reduc-
ing the airplane mission energy requirements (and thus
the emissions) by redistributing thrust across the airframe
in order to seek higher vehicle-level efficiency. The
sheer number of possible solutions still poses an impor-
tant challenge in conceptual design decision-making pro-
cess. One prominent subset of the aero-propulsive con-
cept space explored previously at ISAE-SUPAERO is

Boundary Layer Ingestion (BLI). [3] A review of BLI
modelling methods assembled by Hendricks [4] provides
a useful insight that there are comparatively few methods
to model BLI which fully couple external aerodynamics
and propulsion. Moreover, analysis often relies on full
CFD, which is computationally expensive in the context
of conceptual design decision making.

The objective of the presented work is therefore to de-
velop a low-order tool for identifying performance ten-
dencies of aero-propulsive concepts within this vast de-
sign space by providing insight into correlations between
propulsive power and aerodynamic performance for var-
ious geometries and at various operating conditions. The
results can be used to robustly initialise preliminary de-
sign calculations that require more computationally ex-
pensive high-fidelity tools such as previously used by the
authors, as presented in [3].

Further literature survey revealed previous works
which ventured to use panel method modelling to pro-
vide simple models of specific aero-propulsive configu-
rations. Albers [5] carried out an analysis of two dimen-
sional wing-fan system which consists of aerofoil with
flaps, fans, distributed suction at the inlet and a jet sheet
leaving from the flap trailing edge, for providing an in-
compressible potential flow solution using panel meth-
ods. Spence [6] carried out analysis for an inviscid, in-
compressible flow for jet flapped aerofoils at low angles
of attack by bounding the exhaust jet by vortex sheets to
prevent its mixing with the main stream, with an experi-
mental validation of the obtained results. This approach
was a precise fit for the identified need for a tool to pro-
vide desired transparency of the possible aero-propulsive
architectural space without resorting to computationally
expensive modelling. An attempt was thus made to create
a tool which would generalise the approach presented in
the outlined references. For the time being, and through-
out this paper, the work is constrained to two-dimensional
analysis. To emphasise the contrast between the size
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of aero-propulsive design space and the computational
time/power limits, the interested reader is referred to one
such design space exploration by Wick et al. [7], carried
out by employing 2D CFD modelling.

The paper is structured as follows: Section 2 lays out
the basic principles behind the panel-method modelling
at hand; Section 3 breaks down the assumptions and mod-
elling approach; Section 4 provides the preliminary re-
sults obtained by the developed tool, and Section 5 pro-
vides provisional conclusions and comments on further
work.

2. AERO-PROPULSIVE SYSTEM

This work defines an aero-propulsive system as an inte-
gral element composed of an airframe part and a propul-
sor and which can be expressed in multiple distinct con-
figurations (e.g. blown wing or BLI on the suction or
pressure surface, see [7]). Following the approach pre-
sented by Albers [5] (cf. Section 3 for more details), the
physical aero-propulsive geometry is complemented with
a fictitious geometrical element representing the jet ema-
nating from the system, which contributes to the overall
aero-propulsive performance of the system. The equiva-
lent body surface over which the potential flow is calcu-
lated is illustrated schematically in Fig. 1.

Figure 1: Elementary two-dimensional aero-propulsive
system schematic overview.

The jet stream as it exits from the propulsor is at a
higher total pressure than the surrounding fluid. For a
portion of the exhaust jet the total pressure will be con-
stant before undergoing a reduction in total pressure due
increasingly important jet entrainment and mixing losses
[5] and [8]. This portion of the exhaust jet and the aero-
foil body are considered to be a part of the lifting surface
in the developed model. Depending on the various flight
conditions and propulsor power settings, the shape of this
free jet is evaluated (details presented in subsection 3.4).
The potential flow resolution for a defined configuration
thus means calculating the velocity field on and external
to the body for the combination of the following vari-
ables:

1. Free-stream velocity (V∞),
2. Fan mass flow rate per unit span (ṁ),
3. Propulsive system thrust per unit span (T ),
4. Flap angle (θ ),

5. Wing angle of attack (α).

The jet emanating from the propulsive element at a ve-
locity Vjet and an angle θ jet is included in the model as
this allows to capture a pressure rise in the flow field. The
propulsor (with the emanating jet) and the aerodynamic
element are considered as a unified solid body, i.e. there
is no flow entering or leaving through the surfaces and
there is no mixing of the jet stream with the free stream.

As explained previously, this work attempts to employ
panel method modelling. As in the traditional approaches
for external flow field calculation, the body of interest is
discretised into as a series of panel sheets where elemen-
tary flows and boundary conditions are imposed in such
way that the body itself acts as a streamline. In the work
presented in this paper, the modelled body is not a simple
closed-contour aerofoil, but a complex shape which in-
gests a part of the external flow. The next section presents
the underlying details.

3. DEVELOPMENT OF THE TOOL

The following sections provide the relevant elaboration
of the different modules involved in the panel code de-
veloped for purpose of two-dimensional aero-propulsive
design space exploration.

3.1 Mathematical Formulations for Higher
Order Panel Methods

Three different types of elementary flow distributions
have been considered in the current work:

1. Discrete source panel distribution,

2. Quadratic source panel distribution,

3. Linear vortex panel distribution.

Fig. 2 presents the nomenclature used for the represen-
tation of panel sheets. For a sheet of elementary flows,
the ith panel between two nodal points given by (xi,yi)
and (xi+1,yi+1) is characterised by the set of geometri-
cal properties (δi,φi,βi,si) evaluated at the panel con-
trol point (Xi,Yi). If s is the distance measured measured
along the sheet in an edge view, the function λ = λ (s) or
γ = γ(s) represents the source or vortex strength per unit
length of the panel with an order O(λ (s)) or O(γ(s)) =
0,1,2, depicting a discrete, linear and quadratic strength
variation of the elementary flows, respectively.

3.1.1 Discrete source panel distribution

An ith discrete source panel has a constant source strength
distribution per unit length (λ (s) = λi). The normal and
tangential velocities (Vn,i,Vt,i) induced at control point of
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Figure 2: Panel geometric properties.

ith panel due N similar panels are written as

Vn,i =V∞ cosβi +
N

∑
j=1

λ j

2π
ani, j (1)

Vt,i =V∞ sinβi +
N

∑
j=1

λ j

2π
ati, j (2)

ani, j = ani, j(xi,yi,X j,Yj,φi,φ j,s j)

ati, j = ati, j(xi,yi,X j,Yj,φi,φ j,s j)

where the functions ani, j and ati, j are referred from [9].

3.1.2 Quadratic source panel distribution

For any ith quadratic source panel, the source strength
per unit length varies as a quadratic function of distance
s measured along the panel

λ (s) = aqs2 +bqs+ cq

The normal and tangential velocities (Vn,i,Vt,i) induced at
control point of ith panel due N similar panels are written
as

Vn,i =V∞ cosβi+
n

∑
j=1

(
λ j+1

2π
Ani, j +

λ j+ 1
2

2π
Bni, j +

λ j

2π
Cni, j

)

Vt,i =V∞ sinβi +
n

∑
j=1

(
λ j+1

2π
Ati, j +

λ j+ 1
2

2π
Bti, j +

λ j

2π
Cti, j

)

Ani, j, Bni, j, Cni, j = fn(xi,yi,X j,Yj,s j,φi,φ j)

Ati, j, Bti, j, Cti, j = ft(xi,yi,X j,Yj,s j,φi,φ j)

where λi, λi+1 are the source strength per unit length at
panel control points and λi+ 1

2
is the source strength per

unit length at panel control point and the functions fn and
ft are derived using similar methodologies used for dis-
crete source panel methods described in [9].

3.1.3 Linear vortex panel distribution

For any ith linear vortex panel, the vortex strength per unit
length varies as a linear function of distance s measured
along the panel

γ(s) = als+bl

The normal and tangential velocities (Vn,i,Vt,i) induced at
control point of ith panel due N similar panels are written
as

Vn,i =V∞ cosβi +
N

∑
j=1

(
γ j

2π
Dni, j +

γ j+1

2π
Eni, j) (3)

Vt,i =V∞ sinβi +
N

∑
j=1

(
γ j

2π
Dti, j +

γ j+1

2π
Eti, j) (4)

Dni, j, Eni, j = gn(xi,yi,X j,Yj,s j,φi,φ j)

Dti, j, Eti, j = gt(xi,yi,X j,Yj,s j,φi,φ j)

where γi, γi+1 are the vortex strength per unit length at
panel control points and the function gn and gt are derived
using the similar methodologies used for discrete vortex
panel methods described in [9].

3.2 Panel Method Implementation for the
Aero-Propulsive Element

The current configuration is summarised schematically in
Fig. 3. The base aerofoil, nacelle aerofoil, upper jet,
lower jet, velocity inlet and velocity outlet surfaces of the
composite body are discretised into nbase, nnacelle, nupper,
nlower, ninlet and noutlet panels respectively. The resulting
total number of panels then amounts to

ntotal = nbase +nnacelle +nupper +nlower

+ninlet +noutlet (5)

Base aerofoil, nacelle aerofoil, upper and lower jet sur-
faces are described using linear vortex panels, which re-
quires (nlower +nbase +nnacelle +nupper +2) variables to
describe the panel’s vortex strength. Velocity inlet and
velocity outlet surfaces are described using quadratic
source panels, which requires (2(ninlet +noutlet)+2)
variables to describe the panel’s vortex strength.

The total number of variables required for the inviscid
flow field calculation are:

VARcount = nlower +nbase +nnacelle+

nupper +2(noutlet +ninlet)+4 (6)

From the mathematical formulations for the elemen-
tary flows derived in Section 3.1, the normal/tangential
velocity induced at the control point of the ith panel by
all the remaining panels is given as
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Figure 3: Elementary aero-propulsive configuration description and parametrisation.

Vn,i =V∞ cosβi +
nlower+nbase

∑
j=1

(
γ j

2π
Dni, j +

γ j+1

2π
Eni, j)

+
noutlet

∑
j=1

(
λ j+1

2π
Ani, j +

λ j+ 1
2

2π
Bni, j +

λ j

2π
Cni, j

)

+
nnacelle+nupper

∑
j=1

(
γ j

2π
Dni, j +

γ j+1

2π
Eni, j)

+
ninlet

∑
j=1

(
λ j+1

2π
Ani, j +

λ j+ 1
2

2π
Bni, j +

λ j

2π
Cni, j

)
(7)

Vt,i =V∞ cosβi +
nlower+nbase

∑
j=1

(
γ j

2π
Dti, j +

γ j+1

2π
Eti, j)

+
noutlet

∑
j=1

(
λ j+1

2π
Ati, j +

λ j+ 1
2

2π
Bti, j +

λ j

2π
Cti, j

)

+
nnacelle+nupper

∑
j=1

(
γ j

2π
Dti, j +

γ j+1

2π
Eti, j)

+
ninlet

∑
j=1

(
λ j+1

2π
Ati, j +

λ j+ 1
2

2π
Bti, j +

λ j

2π
Cti, j

)
(8)

This calls for the development of a system of equations
of the same size as that of the VARcount . The following
boundary conditions are utilised:

1. Zero normal velocity at the control points of the pan-
els located on base and nacelle aerofoil surface, up-
per and lower jet surface:

Vn,i = 0 (9)

where i corresponds to the panels located on the sur-
faces mentioned earlier and this boundary condition
results in a total of (nlower +nbase +nnacelle +nupper)
number of equations.

2. Velocity inlet boundary conditions on the inlet sur-
face:

Vx,i =−Vn,i sinφi +Vt,i cosφi =Vinlet,i (10)

Vy,i =−Vn,i cosφi +Vt,i sinφi = 0 (11)

where i corresponds to the panels located
on the velocity inlet surface. The velocity(
Vinlet,i =Vprop,inlet

)
is calculated from the propul-

sor operating conditions with an assumption of a
uniform inlet velocity distribution across the inlet
surface. This boundary condition results in a total
of 2(ninlet) number of equations.

3. Velocity outlet boundary conditions on the outlet
surface:

Vx,i =−Vn,i sinφi +Vt,i cosφi

=Vjet,i cos(θ1 +α) (12)

Vy,i =−Vn,i cosφi +Vt,i sinφi

=Vjet,i sin(θ1 +α) (13)

where i corresponds to the panels located
on the velocity outlet surface. The velocity(
Vjet,i =Vprop,outlet

)
is calculated from the propul-

sor operating conditions and with an assumption
of negligible drop in outlet velocity for the portion
of the jet acting as a lifting surface. This boundary
condition results in a total of 2(noutlet) number of
equations.

4. Kutta boundary condition on the jet upper and lower
surfaces in such a way that the flow leaves the jet
surface smoothly resulting in the velocities on the
top and bottom surface to be finite and equal in mag-
nitude and direction:

|Vt,n1|= |Vt,n2| (14)
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where n1 and n2 corresponds to the panels located in
the immediate vicinity for the velocity outlet surface
as shown in Fig. 3.

5. Equivalent Kutta boundary condition for the veloc-
ity inlet surface for ensuring the symmetrical flow
distribution over the velocity inlet surface:

|Vt,n3|= |Vt,n4| (15)

The tangential velocities on the panels in the imme-
diate upstream of the velocity inlet surface are finite
and equal in magnitude and direction.

6. Tangential velocity boundary condition for ensuring
a smooth transition between (base aerofoil, lower
jet.) and (nacelle aerofoil and upper jet surface):

Vt,n5 =Vt,n6 (16)

Vt,n6 =Vt,n8 (17)

where n5, n6, n7 and n8 correspond to panels in the
immediate vicinity of the surface intersection points
(P1, P2) as shown in the Fig. 3.

The boundary conditions 9 to 17 results in the formation
of a system of equations of size,

EQNcount = nlower +nbase +nnacelle+

nupper +2(noutlet +ninlet)+4 =VARcount (18)

This system can be linearised in terms of the unknown
variables of the system and can be solved using conven-
tional matrix inversion algorithms.

3.3 Propulsor Characterisation
To correlate the jet speed to the power added to the flow
by the fan, a simple propulsor assembly is modelled. It
is composed of an inlet, a fan in a duct and a nozzle,
with no information included on power source compo-
nent (e.g. electric motor in a distributed propulsion con-
figuration). A 0D thermodynamic model of the fan is de-
veloped using the well-established conventional jet en-
gine modelling approach as described in e.g. [10], using
the standard station numbering (Fig.4).

The propulsor performance is characterized using the
following inputs:

1. Fan power setting, (P)
2. Fan isentropic efficiency, (ηis)
3. Nozzle static pressure condition. (Ps9)

Once flight operating conditions, fan performance in-
puts and heat (adiabatic) and pressure loss assumptions
are specified, fluid state in terms of pressures and tem-
peratures at different stations can be calculated by corre-
lating the fan power to the enthalpy and total temperature

Figure 4: Schematic overview of the propulsor assembly
model with the employed station numbering.

and using it to find the fan pressure ratio via the fan ef-
ficiency. With the resulting temperatures and pressures,
and using the adapted nozzle hypothesis, the resulting
speeds and propulsor thrust can be deduced. To com-
plete the information, the mass flow rate passing through
the adiabatic fan and the perfectly expanded nozzle needs
to be iterated upon. The iterations start with an initial
guess on the mass flow rate (ṁ1) at the fan inlet station.
With this initial mass flow rate estimate and fan perfor-
mance inputs, the thermodynamic properties at different
stations are evaluated using the standard 0D thermody-
namic approach as described above. Once the conditions
at the nozzle exit (station 9) are calculated, it allows to
deduce the local mass flow using the continuity equation.
This result is compared with the initial mass flow rate
guess; since no additional mass is added to the system the
mass flow rate must be constant thoughout the propulsor.
Depending upon the difference between the initial guess
(ṁguess,1) and the calculated (ṁ9), the initial guess is cor-
rected and the process is iterated until a convergence be-
tween the two mass flow rates is obtained.

After a mass flow rate convergence is obtained (ṁ1 =
ṁconv,1), the velocity at the station 1 can be finally deter-
mined using the same system of equations, in summary:

ṁconv,1 =
Pt1√
Tt1

area1

(
γ

rg

)0.5

M1

(
1+

γ −1
2

M2
1

)− γ+1
2(γ−1)

Ts1 =
Tt1(

1+ γ−1
2 M2

1

) Ps1 = Pt1

(
Ts1

Tt1

) γ

γ−1
ρ1 =

Ps1

rgTs1

V1 =
ṁconv,1

ρ1area1
(19)

Finally, the velocities evaluated at the station 1 and sta-
tion 9 can be used as boundary conditions in the panel
method (Eqs. 10, 12 and 13) for calculation of vorticity
and source strength distributions over different panels of
the aero-propulsive element.

NB: as there is no boundary layer modelling in this
first approach it justifies modelling of the propulsor as if
it were in isolation, i.e. without any inlet flow distortions
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and the related mass flow deficit. This will be improved
upon in the future development.

3.4 Algorithm for Jet Shape Determination
Aerodynamic advantages of the aero-propulsive element
under consideration are significant due to the presence of
the jet element. A high lift is not only achieved due to the
vertical component of the jet momentum but also due to
the additional pressure lift created by the aerofoil which
arises from the asymmetry created in the main stream due
to the presence of jet. In the current study, as mentioned
earlier the portion of the jet exhaust with a constant total
pressure acts as a lifting surface and the shape taken by
the exhaust jet in the free field is critical in deciding the
asymetricity introduced by the flow field and increasing
the lift of the configuration.

The shape of the jet is defined using the nomenclature
defined in the Fig. 3 in a free stream with a flow at ve-
locity V∞ with an angle of attack α , using the following
variables:

1. Jet depth of penetration (Ldop),
2. Total length of the jet (LT ),
3. Jet exhaust angle (θ ),
4. Jet asymptote angle at the trailing edge (θ1),
5. Jet thickness (t jet ),
6. Control Point 1: Point of the jet emanation (x1,y1),
7. Control Point 2: Point of jet diffusion (x2,y2).

The shape of the jet is determined using the following
criteria:

1. The jet shape is assumed to be cubic function-
shaped;

2. The depth of penetration of the jet (Ldop) is evalu-
ated such that the vertical component of the thrust
developed at the fan nozzle outlet balance the inte-
grated vertical pressure force on the free jet;

3. The length of the jet (LT ) is extended until the in-
tegrated vertical component of the force on the last
5% of the jet is negligible for a chosen jet asymptote
angle (θ1);

4. A low degree of spatial variation between the con-
trol point 2 position obtained from the (Ldop,LT )
pair obtained via the previous two criteria and the
control point 2 position obtained from the pressure
fields developed over the jet surfaces.

Starting with an initial guess on (Ldop,LT ) pair, defined
jet exhaust angle (θ ) and jet asymptote angle (θ1), the
shape of the jet is defined as:

f jet (x) = ax3 +bx2 + cx+d (20)

and the four coefficients a, b, c, d in the jet shape func-
tion ( f jet ) are determined using the following boundary
conditions:

1. Control point 1 position ( f jet(x1) = y1),
2. Control point 2 position ( f jet(x2) = y2),

3. Slope of the jet at control point 1 ( f
′
jet(x1)= tan(θ)),

4. Slope of the jet at control point 2 ( f
′
jet(x2)= tan(θ1).

Independent of the cubic shape assumption of the jet,
the location of the control point of the jet can also be cal-
culated from the pressure fields developed over its sur-
faces, in such a way that the centrifugal forces devel-
oped due to the radius of curvature of the jet are bal-
anced by the developed pressure fields over the jet. As
described by Herold [11], after the division of the exhaust
jet into several small polar elements, the author derived
the change in polar element jet angles (φ −φ ∗) for a sin-
gle polar element in terms of pressure differential across
the element (Ps1 −Ps2) using radial force balance equa-
tions and irrotational flow assumptions for the jet exhaust
flow as

φ = φ
∗+2arcsin(

2ρ jett jetV 2
jet

a(Ps1 −Ps2)
) (21)

At any given operating condition, after the jet is dis-
cretised into several smaller polar elements, using the Eq.
21, the variation in jet angle (φ ) can be evaluated for each
discrete polar element of the jet. These evaluated jet an-
gles can be utilised reconstruct the shape of the jet and
re-evaluate the position of the control point 2 (point of jet
diffusion). Under the fourth criterion of the jet shape de-
termination algorithm, the spatial variation between the
control point 2 evaluated using the developed pressure
fields and the control point 2 evaluated using the second
and third criterion should be minimal.

4. BASE CASE RESULTS

4.1 Base Case Description
The verification of the developed panel code method has
been performed against at the similar operating and ge-
ometric configurations of the aero-propulsive assembly
considered by Benichou et.al [3] for evaluating the im-
pact of BLI propulsion on airplane aerodynamic perfor-
mance. The properties of the aero-propulsive config-
uration base case are considered as follows: free-field
conditions (P∞,M∞,T∞,α): (101325 Pa, 0.11, 288.15K,
0◦), configuration geometric properties: base aerofoil:
ms0313, nacelle aerofoil: NACA0012, cbase: 2.0m,
cnacelle: 0.84m, nacelle LE (x,y): (0.927m, 0.466m), na-
celle relative twist angle (τ): −4.2◦, jet exhaust angle (θ ):
5◦, jet asymptote angle (θ1): 5◦, fan power: 123.318 kW,
fan isentropic efficiency (ηis): 0.84.

4.1.1 Aero-propulsive element RANS model

A 3D CFD Reynolds-Averaged Navier-Stokes (RANS)
simulation was provided for validation purposes. The
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CFD case consists in the model of an aero-propulsive sys-
tem assessing a BLI configuration. To that end, the model
employs a Body-Force Modelling approach to simulate
the propulsor operation. The 3D model of the aero-
propulsive system is meshed using an unstructured mesh
approach for both volume and surface summing up more
than 17.3 millions cells through the whole domain. The
RANS CFD case was set to simulate the aero-propulsive
system at take off conditions, i.e. at Mach number of 0.11
and propulsor at full power configuration. The lift coeffi-
cient at various angles of attack was extracted after sim-
ulation convergence to be directly compared against the
panel method tool in order to verify the accuracy of the
code. Other physical quantities such as inlet/outlet mass
flow, static pressures, velocities and temperatures were
also extracted from this RANS CFD case as it would help
to further evaluate the code.

4.2 Propulsor Modelling Studies

As explained in the subsection 3.3, the fan performance
has been characterised in terms of input power (P , poly-
tropic efficiency (ηpoly) and nozzle exit plane static pres-
sure (Ps9). While the first two parameters are user input,
the nozzle exit plane static pressure has to be evaluated
from the average static pressure measured from the base
and nacelle aerofoil trailing edge, which are highly sensi-
tive to the behaviour of boundary layers on the base and
nacelle aerofoils. As the developed inviscid panel method
cannot capture the development of boundary layers on
the surfaces and potential flow separations at higher an-
gles of attacks, the average static pressure at nozzle exit
plane measured from the RANS simulation of the base
case and is taken to be constant across different power
settings considered in this study. From the data given in
Tab. 1, we can draw a conclusion that nozzle exit static
pressure is independent of angle of attack for a constant
power setting.

Table 1: Ps9 variation with AOA from the reference
RANS simulations.

0deg 2deg 4deg 6deg 10deg
ṁ1(kg/s) 14.71 14.71 14.71 14.71 14.68
V9(m/s) 177.8 176.2 176.16 176.43 175.68
Ps9(Pa) 94251 94229 94164 94227 94373

4.3 Panel Size Dependence Study

A panel size dependence study was performed to deter-
mine of the mean panel length which ensures the inde-
pendence of the calculated lift coefficient from the num-
ber of panels used to describe the body. 1D panelling of
the aero-propulsive element is performed with the help
of an open source software GMSH [12]. Panel size is

controlled with the help of a factor called h, which is in-
versely proportional to the number of panels required to
describe the surfaces. As seen in Fig. 5, for h= 0.6, a sat-
isfactory convergence in lift coefficient is obtained, with
a total of 1012 panels required to describe the body. Any
further decrease in the factor h leads to a significant in-
crease in the number of panels, which increases the com-
putational intensity without a tangible lift coefficient vari-
ation. The observed erratic behaviour is attributed to use
of constant step size throughout the convergence study.
For the purposes of this preliminary tool verification the
result was deemed satisfactory, and a more in-depth anal-
ysis will be carried out in the future development of the
tool.

Figure 5: Panel size dependence study, Cl convergence.

5. PARAMETRIC STUDIES

A range of parametric studies was carried out to assess
the robustness of the developed tool across the design
space. A representative sample of possible variation con-
sists of study of angle of attack and jet exhaust angle in-
fluence, airframe parameter influence and the propulsive
power influence, each presented in their respective sub-
sections below.

5.1 Lift Coefficient Sensitivity to Angle of
Attack (α) and Jet Exhaust Angle (θ )

Example parametric studies are performed, as function
of angle of attack α and jet exhaust angle θ . The re-
sults (Fig. 6) indicate a linear variation in lift coefficient
(Cl) with α , with slope of 0.254 deg−1. Moreover, with
increasing α , the depth of penetration of the jet also in-
creases linearly with a slope of 0.076 deg−1. A linear
relationship between α and Cl is expected because the
sources responsible for the introduction on non-linearity
in the relationship, mainly the flow separation due to de-
velopment of a boundary layer on the aerofoil surfaces,
are not modelled in this inviscid panel code method.
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Fig. 7 presents the calculated linear relationship be-
tween the jet exhaust angle variation and Cl at a constant
α with a slope of 0.143 deg−1. It can be inferred from
the analysis that Cl of this configuration is more sensi-
tive to changes in α rather than the θ . An increase in Cl
is expected with increasing θ because at higher exhaust
angles, the vertical component of the jet reaction force
increases, combined with an increase in curvature of the
equivalent aero-propulsive element.

Figure 6: Lift coefficient and jet depth of penetration vari-
ation with angle of attack.

Figure 7: Lift coefficient variation with the jet exhaust
angle.

5.2 Airframe Parametric Studies
For understanding the effect of the base and nacelle aero-
foil geometry variations on the total lift generated by the
aero-propulsive element, 2 geometric parametric studies
are presented (Fig. 8).

5.2.1 Nacelle twist angle variation

Variation in the relative twist of the nacelle aerofoil with
respect to base has an inflection point at the relative twist

of −4.2◦ (base case) (Fig. 8(a)). A negative nacelle aero-
foil twist corresponds to a situation where the nacelle
aerofoil is at higher angle of attack compared to the base
aerofoil. A clear increase in Cl is observed for small rela-
tive angle of attacks, as the lift generated by nacelle aero-
foil increases. But a higher relative twist results in the
stagnation point to move downstream on the suction side
of the nacelle aerofoil resulting in a decrease in nacelle
lift and hence the overall configuration lift.

Figure 8: Lift coefficient variation for different propulsor
parameters.

5.2.2 Propulsor inlet ramp length variation

The inlet ramp of the current aero-propulsive configura-
tion is defined as a concave surface (Fig. 3). As the flow
follows the shape of the body, a low pressure region is
created at the start of the ramp when the flow turns. But
downstream, as the flow has to follow a concave surface,
a region of adverse pressure gradient is created on the
concave surface of the ramp. So as seen from the Fig-
ure 8(c), smaller ramp lengths have a similar total lift as
the lift gain due to low pressure region is balanced by the
adverse pressure gradient formed. However, if the length
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Figure 9: Velocity field at α = 0◦ at 75%, 100% and 150% power respectively.

of the ramp increases, the drop in lift will be significant
due to a significantly longer portion of ramp surface be-
ing exposed to adverse pressure gradient. For this reason,
the results presented in Fig. 8(c) indicate a precipitous
drop in lift for longer ramp lengths.

5.3 Propulsor Power Parametric Study

The variation in lift coefficient with propulsor power is
shown in the Fig. 8(d). Power factor corresponds to the
ratio between the study case fan power and base case fan
power (i.e. 123.3 kW). With an increasing fan power, the
nozzle exhaust velocity (V9) increases, which increases
the magnitude of reaction in the force balance criterion
of jet shape algorithm. This will ultimately result an in-
crease in Cl as observed in Fig. 8(d). Variation in static
pressure and velocity fields with increasing fan power can
also be observed (Figs. 10 and 9 respectively).

5.4 Pseudo-Validation with RANS CFD
Simulations

Since no experimental setup is available at the moment,
the authors resorted to a pseudo-validation of the tool re-
sults by comparing it to a limited set of data available
from previous 3D RANS BFM CFD simulations [3]. Fig.
11 presents the respective lift coefficient results obtained

from RANS CFD simulations and the panel method tool.
At low angles of attack, the tool shows a relatively close
agreement with the RANS CFD results. However, as the
angle of attack increases, the gap between both numer-
ical methods also increases. This was expected as the
panel code solves only for the inviscid Euler equations
whereas the RANS CFD simulation includes a viscous
model to model the non-linearity effects introduced by
the boundary layer development over the airfoil surfaces
by modelling the entire spectrum of turbulent eddies us-
ing an k−ω SST turbulence model. It is reassuring that
the results are of the same order of magnitude between
the two, and futher efforts will concentrate on compar-
ing the results across the broader design space in order
to ascertain the potential for calibration of the developed
tool.

6. CONCLUSIONS

The presented work is a first step in developing a low-
order tool dedicated to capturing performance trends of a
two-dimensional aero-propulsive system across large de-
sign space. Panel method was chosen to this purpose in
order to leverage the robustness and efficiency tradition-
ally associated to it, indispensable in conceptual design.
The aero-propulsive system is defined by considering the
airframe, the propulsor and the emanating jet as a single
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Figure 10: Static pressure field at α = 0◦ at 75%, 100%
and 150% power respectively.

Figure 11: comparison of the lift coefficient obtained
with the developed panel method and reference RANS
CFD simulations.

aerodynamic solid body in the panel code; the operating
setting of the propulsor (i.e. its power) is correlated to the
size and shape of jet, which influences the overall pres-
sure field around the complex body. This is enabled by
implementing a thermodynamic 0D model into the tool

to characterise the propulsor performance along with an
algorithm to determine the jet shape.

Results of the performed studies indicate that the code
is able to determine the two dimensional potential flow
solution for the defined aero-propulsive configuration and
the shape of exhaust jet; for the moment, all calculations
were carried out for a single flight condition representa-
tive of takeoff for a small commuter aeroplane. Paramet-
ric studies have been performed to verify the performance
of the developed panel method tool at various off-design
operating conditions. Finally, a comparison was made be-
tween the lift coefficients calculated with the developed
panel method and a RANS CFD solver. A satisfactory
match of the results was observed at lower angles of at-
tack, but not at higher angles of attack, likely due to the
inherent limitation of the employed inviscid model.

6.1 Ongoing and Further Work
Currently, a development of viscous-inviscid coupling
is ongoing. The pressure and the velocity distributions
around the aero-propulsive configuration obtained from
this potential flow solution can be used to characterize
the boundary layer growth and flow separations on dif-
ferent surfaces of the aerofoils. With the help of such a
coupling, a more robust 0D thermodynamic model can be
designed which directly uses the static pressure fields at
the nacelle trailing edge as fan exit nozzle static pressure.
From boundary layer parameters like displacement and
the momentum thickness, estimates of skin friction fac-
tors can be obtained which could be used for determining
an optimal location and orientation of propulsive systems
for various operating conditions, which can be integrated
in overall aircraft design processes. This could render
aircraft-level trade-offs transparent, which is indispens-
able if coherent conclusions are to be drawn on energy
performance of the innovative architectures that rely on
aero-propulsive synergies.

REFERENCES

[1] D. Lee, D. Fahey, A. Skowron, M. Allen,
U. Burkhardt, Q. Chen, S. Doherty, S. Freeman,
P. Forster, J. Fuglestvedt, A. Gettelman, R. De León,
L. Lim, M. Lund, R. Millar, B. Owen, J. Penner,
G. Pitari, M. Prather, R. Sausen, and L. Wilcox,
“The contribution of global aviation to anthro-
pogenic climate forcing for 2000 to 2018,” Atmo-
spheric Environment, vol. 244, Jan. 2021.

[2] H. D. Kim, “Distributed propulsion vehicles,” in
27TH International Congress of the Aeronautical
Sciences, NASA Glenn Research Center, 2010.

[3] E. Benichou, V. Maillet, A. Joksimović, C. Crabé,
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