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Abstract. Innovative aircraft studies often involve disruptive engine integration concepts, such
as distributed propulsion, boundary-layer ingestion or unducted fan strongly interacting with the
airframe. For such designs, airframe-engine aerodynamic interaction must be taken into account
starting from the early design phase, with the need for computational-effective and reliable
approaches to support a large number of design iterations and preliminary optimizations. Body-
Force Modeling (BFM) methods have successfully allowed a faithful reproduction of the engine
performance trends for analysis and design studies, while significantly reducing the simulation
time and memory costs. However, an adjoint formulation is mandatory to efficiently use such
models in gradient-based optimization involving a large number of airframe and engine shape
parameters at once. Thus, a discrete Adjoint formulation based on explicit Body-Force Modeling
(ABFM) is proposed to tackle highly coupled aero-propulsive optimization for preliminary
design. The methodology is illustrated here using a simplified body-force model to optimize a 2D
Distributed Propulsion (DP) configuration, involving both lumped engine parameters and airfoil
shape design variables at the same time. The contribution of the ABFM to the adjoint solution
and to the shape gradients is analysed, showing an important influence on both. Preliminary
optimisation results are then presented.
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1 INTRODUCTION

Environmental challenges urge the aeronautic sector to decrease the air traffic carbon footprint
by 50% in 2050 relative to 2005 levels [1, 2, 3]. Over the past decades, the conventional aircraft
configurations have been optimized while minimizing the aerodynamic interactions between the
airframe and the engines, integrating them under the wings or on the fuselage side. However,
such design paradigms seem to have reached an asymptotic efficiency [4]. For instance, a further
increase of the By-Pass Ratio (BPR) would raise structural and operational issues, as at max
climb and cross-wind conditions the interaction between the fan aerodynamic and the airframe
can no longer be neglected [5, 6]. Thus, new aircraft configurations exploiting aero-propulsive
synergies are investigated [7, 8, 9]. The forthcoming introduction of ultra high by-pass ratio
engines as well as the increasing attention towards new engine integration architectures, such
as distributed propulsion or boundary-layer ingestion for instance, require a coupled modeling
of the aerodynamics and propulsion sub-systems. Indeed, for such innovative configurations, a
coupled design approach is essential to correctly predict their performance and thus maximize
the aero-propulsive gains.

In the past years, several studies on high-fidelity multidisciplinary optimization have focused
on aero-structure design, showing relevant potential improvements for the next generation of
aircrafts with increased flexibility [10, 11]. However, only few optimization studies have been
dedicated to aero-propulsive architectures by means of a coupled approach. Several studies have
been conducted on the distorted engine inlet conditions and the minimization of their influence
on the engine performance to obtain an optimized fan design. Most of them used the adjoint
methodology to compute the sensitivities of the distortion metrics regarding the engine inlet
shape [12, 13, 14]. In addition, propulsive models were used to ensure a reasonable optimization
computational cost.

Indeed, simulating the engine aerodynamics under distorted inlet conditions using CFD
would require a computational domain as large as one distortion pattern at least. Besides,
considering a stationary azimuthal inlet distortion in the aircraft reference frame, the blade
undergoes a periodic forcing during its rotation, and therefore an unsteady simulation is required
to reproduce the distortion transfer across the engine [5, 15, 6]. As an example, when considering
engines buried in the airframe, complex and costly simulations - like URANS - are required
to study the aero-propulsive synergies and assess the overall performances. However, such
simulations are cost prohibitive for preliminary optimization studies, and would require advance
adjoint capabilities - such as unsteady adjoint - to be integrated in a gradient-based optimization
framework. Thus, lower fidelity propulsive models are necessary to study such innovative engine
integration architectures. In a recent study, Kenway used the actuator zone model [12], that
applies a given engine thrust in the fan-swept volume with no direct dependency on the local
flow state. Ordaz and Gray [13, 14] both used outflow and inlet boundary conditions at the inlet
and outlet fan-swept volume surfaces. These boundary conditions allowed them to simulate the
enthalpy and entropy rises, using a 1D thermodynamic model. The fan pressure ratio and the
mean static pressure at the fan face were considered to compute the total fan thrust. Thus, the
engine lumped parameters - here the total thrust - depend only on the averaged flow state at the
engine inlet boundary. Such models can be considered as weakly coupled to the flow equations,
since no local information from the internal flow stream affects the engine performances. As
a consequence, no distortion effects can be taken into account by such models, while this is
key to the global aero-propulsive efficiency trade-off [16]. In their recent work, Gray et al. [8]
modified their engine model to simulate the internal flow stream of a BLI configuration, using a
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body-force methodology and considering the body-force applied on the engine flow as a design
variable of the optimization. Therefore, the CFD aeropropulsive simulation is enriched and the
forces applied on the engine internal surfaces can be accounted for. However, the fan thrust is
still computed by a 1D thermodynamic model, relying on integral flow variables at the fan face,
featuring a constant fan polytropic efficiency. Therefore, inlet distortions effects on the engine
performances cannot be directly taken into account. The authors decided to add a constraint on
the distortion metrics to control the distortion amplitude. However, the aero-propulsive trade-off
misses information on the fan efficiency off-set due to inlet distortions.

On the other hand, in recent research studies, the body-force modeling methodology has
proven its ability to properly reproduce the local blade work added to the flow and its associated
efficiency [15], even under distorted conditions [5, 17, 18, 16]. It reproduces with a good
accuracy the turbofan performance trends and capture the main aero-propulsive coupling effects,
including the distortion transfer across the engine [18, 17, 5] at a computational cost two order
of magnitude lower than the URANS [16].

Explicit body-force models rely analytically and directly on the local flow field 11/, the mesh
coordinates X and the blade shape parameters 3 to compute the source terms. On the contrary,
data-based body-force models rely on high-fidelity simulation data - using interpolations [17] or
neural networks for instance [19] - to compute the source terms, and therefore the functional
dependancy of .S to IV and /3 is not straightforward. Given their direct dependence on engine
parameters, explicit models are naturally adapted to optimization problems. They are also found
more robust than the data-based ones [6]. For instance, the Hall model [20], improved by Thollet
[15], introduces a direct dependence on ’engineer’ blade shape parameters, like the local blade
chord or camber, making it suitable for optimization studies handling airframe and engine blade
parameters at once. Such models have already been used to conduct parametric studies on both
fan and nacelle geometries for short inlet high by-pass ratio engine designs [5, 6]. Then, they
were also used to undertake the first rotor/stator blade shape optimizations under inlet distortions
[20, 16]. All these studies have proven the BFM capacity to undertake complex trade-offs on
highly coupled external-internal flow conditions. However, to the best of the authors’ knowledge,
no adjoint formulation of these models has been proposed so far in the literature. The lack of
an efficient method to compute the gradients of the Quantities of Interest (Qol) with respect
to the design parameters restricts the design space dimension that can be explored during the
optimization at an affordable computational cost, when using these models. It also implies
robustness issues in the optimization loop when using finite differences [16]. To efficiently
integrate the BFM in a gradient-based optimization framework, an adjoint body-force is hence
needed.

In this context, the goal of this paper is to present the adjoint body-force equations and the
implementation methodology retained, and then to show the preliminary results obtained for
a simplified body-force model used as a prototype. This new tool will enable us to capture
the main coupling effects between the propulsion system and the external aerodynamics, by
providing access to their sensitivities for different Qols, like the fan power consumption. This
implementation methodology features genericity and modularity and benefits from algorithmic
differentiation softwares, making it suitable for any explicit body-force model.

The ABFM implementation strategy is first presented and the code structure validated using

an analytic test case in section 2. Then, the ABFM methodology is applied to a simplified
BFM model featuring lumped engine parameters in section 3. Using this simplified model and
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its adjoint formulation, a first demonstration of the use of ABFM sensitivities in a gradient-
based optimization framework is undertaken on a two-dimensional test case representative of a
distributed propulsion design, in section 4. Finally the on-going developments and analysis will
be discussed.

2 METHODOLOGY AND IMPLEMENTATION
2.1 Body-Force Modeling (BFM)

All BFM methods rely on reproducing the blade effect on the engine flow by adding source
terms to the right hand side of the steady RANS equations. To do so, one must consider a single
blade-to-blade row channel and circumferentially average the blade aerodynamic force applied
to the fluid. The resulting equations can be used to build up a model relying on the local flow
and the model parameters. As consequences, the source terms are purely local. According to the
literature, a steady body-force computation provides a good approximation of the time-averaged
engine flow and performances, for both rotor and stator blade rows [20, 15], even under inlet
distortions [5, 6]. However, the fidelity of the currently available BFM models decreases when
studying off-design operating points, if the model is not re-adapted for these conditions [15].
These source terms are expected to reproduce the enthalpy and entropy rise across any blade
wheel, based on the local flow state 1//. The general formulation is summarized as follows:

R(X,W)—=8S=R(X,W,5) =0, )

where we denote by .S the body-force source terms, R the residuals of the discretized RANS
equations and R their augmented form, i.e. including body-force contribution. As the forces ap-
plied to the flow are modeled for the whole engine row, its blades are not meshed. Therefore, the
body-force mesh is far simpler and smaller in size than its blade-fitted counterpart, thus reducing
the memory and CPU wallclock-time needed to undertake the simulation [16]. Furthermore, this
methodology can simulate accurately an inlet distortion transfer across the engine stages [6].

Explicit body-force models intend to analytically evaluate the blade force applied to the fluid,
based on the local flow variables 11 and the engine parameters . These latter can include
both engine global variables, like rotational speeds or its total thrust, as well as blade shape
parameters. Consequently, the functional dependencies of the source terms can be expressed as
S = S(X,W, ). Considering the absence of a blade metal blockage modeling, neglecting any
contribution to the one-equation turbulence model considered here, denoting_f)f the local flow
velocity vector in the absolute reference frame, p the local flow density and f the local BFM
force applied to the fluid, the general expression of S reads :

S, 0
S pf

S = pU = - . 2
SoE of v 2)
S5 0

2.2 Adjoint Body-Force Modeling (ABFM) equations

Enhancing the aero-propulsive system performance through a simultaneous optimization
of the airframe shape variables o and the engine parameters (3 requires to deal with a large
number of design variables and a small number of functions of interest. Therefore, the adjoint
methodology is of great interest to precisely and efficiently compute the associated gradients [21].
A discrete adjoint framework [22] is considered here since it enable to compute the sensitivities
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of a Qol J (X, W), evaluated at the steady state solution R(.X', /') = 0, with an accuracy that
can reach the machine precision [23].

If the propulsive system is modelled using an explicit BFM model, the adjoint equations must
be re-written to take into account the body-force contribution to the adjoint system and to the Qol
gradients. As a Qol may directly depend on the body-force source term - 7 = J (X, W, [3) - its
gradient with respect to the engine design parameters /3, at residual convergence fx’(X LW, S8) =0,
reads:

s ox dp — ow dp  0p
dR ORdAX  ORdW 0SdX 0SdW 9S

T e S 4
dj oXdi "owds oxdi ow di o3 @)

- s

~
additional contributions due to the BFM source terms

Let us introduce the adjoint body-force equations, obtained using the methodology detailed in
[21]:

OR  9S\" : 0T
(W‘m) A= e ®

~—~
BFM contribution

where the term within brackets correspond to the Jacobian operator associated with the
augmented residuals. Then, by multiplying eq. 4 by A7, adding it to eq. 3 and substituting from
eq. 5, we obtain the following gradient expression:

A7 _ (0T  ;70R\dX (0F  +pOR
i <8X+A ax) a7 <as A azs) ' ©

N————
BFM direct contribution to sensitivities
The gradients of [J with respect to the aerodynamic shape parameters «v simply reduces to the
usual expression:

el YO AT ) 2
do + do’ ™

a7  [0F OR '\ dX
o\ ox 0X

BFM indirect contribution

as S does not depend on . We can observe that, even considering the Qol sensitivities
to «, the BEM still adds a contribution to the adjoint system. Therefore, the BFM indirectly
contributes to the Qol sensitivities through the adjoint vector. This shows that the airframe and
the engine aerodynamics are coupled even when evaluating the Qol gradients. Moreover, an
additional contribution appears in the Qol gradient regarding the engine parameters (3, as shown
in eq. 6, corresponding to the direct sensitivities of the BFM model to /.
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2.3 BFM and ABFM implementation aspects

As previously shown in eq. 2, body-force source terms are all built upon a generic structure.
Besides, by analyzing Thollet’s [15] investigation and enhancement of existing explicit BFM
models, we observe that most of them define the blade force f as a function of the local
flow variables projected in the local blade skeleton coordinate system. Therefore, most of the
operations required to compute S from |1/ are common between those various models. In
addition, the enhancements proposed by Thollet - such as the quadratic losses estimation or
the Prandtl-Ackeret compressibility correction - can be applied to any of the studied models.
Similarly, the blade metal blockage modelisation proposed by Kottapalli [24] is independent
from the chosen model. Finally, body-force models are expected to evolve to better capture the
engine aerodynamics. Therefore, a generic and modular implementation of the BFM seems
preferable to reduce the implementation and validation effort necessary for any new model.
Each basic operation required to compute S from 1 would define a module, implemented
and validated only once. Chaining these modules from their required inputs and outputs will
lead to the desired explicit BFM model. Besides, considering the proven capacities of source
transformation algorithmic differentiation engines like Tapenade [25], the adjoint formulation of
each module can be obtain and validated easily from the primal implementation. With such code
architecture, any new BFM model to implement will benefit from the existing ones in the code,
and so will its adjoint formulation.

As schematized in figure 1, a modernized module [26] of the elsA software [27] (ONERA-
SAFRAN property) has a code structure based on basic operators sharing the same attributes
and methods thanks to the C'*+ Object-Oriented Programming capabilities. Operations affecting
the data vectors are implemented in Fortran scripts for computation effectiveness, wrapped by
the C™* operator, managing the HPC layer and the code execution. An automate automatically
chains the operator from their inputs and outputs. The user can provide external operators to the
CFD software to enable new computational capabilities. Therefore, such code structure allows for
a proper modification of the CFD software to take into account BFM source terms, and provides
the genericity and modularity structure researched in the previous paragraph. In addition, like
some other elsA modules, this modernized part has adjoint capabilities. In the elsA software, the
discrete adjoint implementation has been chosen [22], since it can provide the sensitivities of
the functions of interest up to zero-machine precision [23]. Tapenade is used to produce both
the tangent and adjoint codes from source transformation of the primal implementation, once
validated. Thus, it has been decided to create an inhouse library called BACARDI, external to
elsA and interfaced with its modernized module, implementing all body-force modules using the
elsA operator structure, as depicted in figure 2.

The user interacts with the BACARDI library thanks to a python script, and build all the
BFM operators corresponding to the chosen model. Then BACARDI automatically adds these
operators to the elsA modernized module, which will then chain all CFD and BFM operators
all togethers. Thus, the solver can solve the CFD problem integrating the BFM forcing. In the
same way, when interfaced with BACARDI, the modernized CFD software can solve the ABFM
adjoint equations given in eq. 5. However, the additional direct contribution of the ABFM to the
Qol sensitivities with respect to the engine design variables cannot natively been computed by
elsA. This capability must then be added to the CFD software.
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elsA Operator

M 1 elsA (modernized)
C++, OOP Fortran code
= - q CGNS tree L
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operator.cpp BFM operators

- inputs
BFM BFM Cython Interface o

- outputs —

- compute() ‘

- computeAdjhero() operatorAdjAero.for ‘ r .4 ‘

I

Figure 1: the modernized elsA module frame- Figure 2: the BACARDI external library in-
work terfaced with the modernized elsA module,
providing both BFM and ABFM capabilities

2.4 Code structure implementation and validation

In order to perform a first validation of the adjoint body-force implementation, we consider
an academic test case for which the primal solution and the Qol gradients are analytically known.
Such a model consists of the steady 1D-Euler supersonic flow of an ideal gas along a mono-
dimensional channel of unitary length, starting from xy = 0 to 1 = 1 m. The BFM forcing is
applied all along this channel. The flow is fully supersonic so all boundary parameters can be
applied on the inlet. The solution is governed by the following equations :

(d(pu)
dx =0
2
M:p‘f’ ®)
xXr
\ T

where p is the flow density, u the flow velocity, P the static pressure and h; the total enthalpy.
We decide to enforce a linear velocity solution, governed by a body-force parameter (3, :

u

u(x) = uo [1+ fip (x — xo)] with fip = xulo_ o

€))

Using the manufactured solution method, under isentropic flow asumption, the body-force
forcing reads :

f="5w [qu —c (%)7] : (10)

where ¢, represents the speed of sound for the inlet flow conditions and + is the heat capacity
ratio of the air. The validation of the BFM implementation against the analytic results is shown
in figure 3a.

The chosen objective function is defined as the total energy supplied by the volume force to
the flow, integrated over the all body-force domain volume Vgr),, denoted Fpoyw and given by
the general expression:

Frow (X, W,8) = — ///VBFM S,p(f)dV . (11)
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analytic values are plotted in dashed lines. ents computed for several relative step size of 51 p.

Figure 3: BFM (left) and ABFM (right) validation for the analytic test case

In this monodimensional case, Fpoy, simplifies as follow:

1

Frow (u, B1p ; ug, o) = —/ pufdzx . (12)

zo

Since pu is constant along the channel, the analytic expression of Fpoy can be obtained by
substituing f for its expression given in eq. 10:

1

Frow (u, B1p s ug,co) = —pu fdx (13)

x0

2 .2 2 y—1
S I R e T I S VY
2 ")/—1 Uy

As Fpow and u are analytically known, so is Fpoy derivative with respect to 3 p:

o (O]
dBip Bip Ug Ug Uo

In our CFD computations performed with elsA we consider M, = 1.1, T;, = 302.4 K and

P;, = 120108.30 Pa as supersonic inlet conditions. Convective flux are discretized using the

Roe scheme, without limiter. The mesh is composed of one hundred cuboids along the x axis,

and is treated as unstructured. In figure 3b, one can see the very good agreement between the

ABFM-computed gradient and the gradient estimated by centered finite differences (FD) for

various relative steps. Both gradients show a small residual offset from the analytic expectation,
by —0.8 %.

These results ensure the BFM and ABFM implementation are valid, and thus the code

architecture is correct. Therefore, the framework is ready for the implementation of BFM models
of interest, of growing complexity and fidelity.
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3 ABFM RESULTS ON A 2D TEST CASE
3.1 A Distributed Propulsion test case geometry featuring a simplified BFM model

A simplified body-force model has been implemented into the BACARDI library and then
used on a 2D test case geometry modeling a distributed propulsion wing section, with a rear-
mounted engine on the suction side. This BFM model, later called *T-spread’ in this paper, relies
only on lumped engine parameters, which is useful at the conceptual design stage, for which
no detailed engine design exists yet. This model provides a first proof of concept of adjoint
body-force for coupled aero-propulsive optimizations. For such model, the analytic formulation
of the force f of eq. 2 is based directly on :

e the local flow velocity in the absolute frame of reference v,
* the total thrust provided by the engine 7',

* the total sub-domain volume where the body-force model is active V),
Thus, f reads :
v’ T

f=—"
Pl

The considered geometry, shown in figures 4 and 5a, consists of a NACA 23012 airfoil for the
main wing section and a Clark-Y airfoil for the engine nacelle. As depicted in figure 4, the
mesh is unstructured, and composed of prism layers around the airfoils to properly discretize the
boundary layers, and of tetrahedra elsewhere. The mesh is composed of approximately 77 - 10
cells, and the computational domain size is 300 times the NACA chord length cxaca. The first
cell of the prism layers features a 2.4 - 10~ %cyaca height. Viscous wall boundary conditions are
imposed at the airfoils skin, and non-reflective boundary conditions are imposed on the limit
of the computational domain. One can see in figure 5b the total pressure-ratio rise across the
propulsion system obtained by the BFM forcing, and in figure Sc a representation of the region
where this forcing is active. As one can see in the latest, the BFM forcing is decreased near the
NACA wall to avoid boundary-layer non-physical separation. These results have been obtained
by a RANS simulation, taking into account the contribution of the body-force source terms in
the flux balance. The negative Spalart-Allmaras turbulence model was used for this test case.
The convective fluxes are discretized using the Roe scheme. The discrete viscous fluxes are
computed based on cell-centered gradients corrected at the interface in the direction of the two
adjacent centers. The considered flow conditions features a Reynolds number Re = 1.165 - 107
and a Mach number M = 0.2.

The position of the Clark-Y nacelle can be modified by shifting it along the z axis trough
the parameter 7,, or rotating it around an axis parallel to the y-axis intersecting the profile at its
trailing edge through the parameter ¢/,. The size of the Clark-Y profile can be modified using
the o coefficient. Again, the Clark-Y profile position along the x-axis is anchored at the trailing
edge, the scaling coefficient thus affects the position of the leading edge. On the NACA profile,
only the suction side can be altered. This curve is parametrized by the CST method [28], using
16 coefficients to represent the curve. The 5 coefficients affecting mainly the rear of the suction
side can be used as design variables. They are denoted |1, from the trailing edge to I[,. and
enable to modify the engine inlet diffuser. Since such parametrization would modify the volume
of the body-force zone, it is convenient to use the scalar thrust density provided by the engine
t =T /Vpry as the BEM design variable. This parametrization is depicted in figure 6.

. 16
VBrm (16)
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Figure 4: Bi-dimensional wing section mesh geometry

Mach

0.35
g
0

5 _ ___.-.Lh

(a) Mach flow field around the wing section, at selected flight conditions

(b) Total pressure contours, divided by the up-  (c) BFM volume energy source term in the forc-
stream total pressure ing zone

Figure 5: Mach and pressure stagnation contours around the wing section geometry, featuring a
BFM forcing between the airfoil and the engine nacelle

3.2 Mesh sensitivities computation methodology and gradients validation

The adjoint system is solved in the modernized elsA module using an iterative Krylov
algorithm with a 107 tolerance on the residual of the linear equation. However, this module
cannot yet assemble the partial derivatives of 7 and R with respect to the mesh coordinates X .
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Figure 6: Parametrization chosen for the test case geometry

Therefore, a methodology has been implemented to assemble the sensitivities of 7 with respect
to the shape variables, using the solution vector A of the ABFM adjoint equations given in (5).
This methodology, illustrated in figure 7, consists of producing for each shape variable o two
deformed meshes X + AX and X — AX, interpolating the primal flow solution W ;. on
those and measure the Qol and residuals variations, respectively denoted A7 and AR. The
mesh sensitivities can then be assembled and added to the BFM sensitivities to obtain the full
gradient. On the other hand, modifications were added to the modernized elsA module in order
to assemble the partial derivatives of 7 with respect to the BFM variables /3.

Wprimal L . ~
ABFM adjoint resolution — A ——
X A AR
1 —+A—
+ Mesh Def " — X+AX —{ Ajand AR evaluation [—J" R ——
_ esh Detormation L x — Ax —| (1 CFD iteration requirred) — J-, R

Figure 7: Methodology to compute the sensitivities of the Qol 7 with respect to the shape
parameters

Adjoint gradient validation against finite difference estimation is shown here for the [1,,
to I1,. shape parameters, and for the scalar thrust density ¢ BFM parameter. For the first five
parameters, only the mesh sensitivities contributes to the gradient, while for the thrust density,
only the direct ABFM sensitivities contributes to it. We consider two different Qols, the pressure
drag coefficient F¢,, and the power transmitted by the engine to the flow Fpow presented in
(12). We compare the obtained gradients with FD computations. FD runs show a similar residual
convergence than the primal computation Rp ~ 1077, and a FD step study on the I],, parameter
has shown that gradient convergence is obtained as of a relative step dpp = 107%. Gradient
comparison against the FD estimations is shown in figure 8. Gradients have been reduced to
dimensionless numbers using the Qol primal evaluation and the associated reference parameter
x value as well:

VadimF (k) = VF(K) - (k) Fprimat) - 17)

We can see a very good agreement between the adjoint and the FD results, except for the
I1,. parameter, for which the relative error reaches about 26.5% of V]-"CDP (11,.) and 16% of
V Fpow (11,.). Further studies, with better FD convergence and maybe finer FD relative steps -
in the validation methodology as well as in the mesh sensitivities evaluation - are required to
understand the origin of this notable error for this parameter. The relative errors for the other
parameters are all inferior to 1.2% for ]—"ch and to 3.5% for Fpoy . For the BEM parameter ¢,
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Figure 8: Gradient comparison between the adjoint and the FD results. FD are computed using a
drp = 1073 relative step
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the respective errors are 9 - 1072% and 6 - 1073%, validating the ABFM implementation for this
model.

3.3 Comparison of sensitivities with and without ABFM

In order to highlight the ABFM contribution to the adjoint fields and to the shape gradients,
we compute the derivatives of F¢,, on the same primal solution, but removing the ABFM
contribution to the adjoint equations. The purpose is to assess the error induced on the adjoint
fields - and by consequences on the gradients - if one must compute the sensitivities of a given
Qol using the adjoint methodology, on a coupled configuration modeled using BFM, but lacking
the ABFM contribution. The classical CFD adjoint system is thus solved, its solution is denoted
A. We then compare the resulting non-dimensional gradients for the shape parameters [1, to I],.
in figure 9. We can see that, particularly for the shape variables parametrizing the NACA suction
side in the engine vicinity, a gradient difference superior to 10% and up to 15% is obtained.
Such gradient modification will most certainly alter the optimized geometry reached by the
optimizer, when compared to an optimization conducted without the engine sensitivities taken
into account. However, considering the significant error on V.F¢,, (I1,.) in the previous section,
it is not possible to distinguish the ABFM contribution from the numerical error. Therefore,
the important difference of about —25% observed for this parameter must be considered with
precautions. In future studies, the body-force contribution to the adjoint fields will be studied in
details to estimate the amplitude and the scope of the ABFM contribution.

30
0+ = Adjoint gradients with ABFM .
s+ Adjoint gradients without ABFM 00
B Relative gradients difference (%) ) =
. <
— A =
e -10 =
2 2
PR I <
- 5
5 1-10 ¢
—2x 1007 =
e~
L] -4 ¢
—3x 107 s -0
—4x10°% 1
—5% 10° } } f } f —30
11, 11, I1,, II,, I1,,

Figure 9: Gradient comparison and relative differences between adjoint computations with and
without ABFM
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4 A FIRST AERO-PROPULSIVE OPTIMIZATION USING THE ABFM

In this section we undertake a first optimization using the adjoint formulation of a body-force
model. This first optimization, conducted on the airfoil section presented in the previous section,
is undertaken by minimizing the fan power consumption Fpoyy, considering a limited number of
shape and BFM parameters - the parameters 7,, ¢, and o controlling the nacelle position and size,
and the body-force scalar thrust density ¢ - for which the favorable direction is known. Indeed, it
is expected for the engine section to increase, and the thrust density to decrease. This behavior
is comparable to the reduction of both the fan pressure ratio and the fan consumption observed
when the By-Pass Ratio of a turbofan is increased. We consider the longitudinal and vertical
equilibrium functions, respectively denoted Fr, and F,, to ensure the aircraft operation point
remains unchanged during the optimization process. Fp, and Fp, are built upon the drag and lift
coefficients ]:CDp and FCLP, and the body force momentum source term integrals Fzp),, and
Fpra., which are respectively given by:

For, = /// S~ erdv, (18)
xT p’U
VBrMm

and -FBFMZ = /// Slﬂ? ejd\/ . (19)
Verm

Considering a flow incidence angle v, F5, and Fp, respectively reads :

Fr, = Fop, +[cos(¥)Fpru, +sin(¢)Fprar] (—1), (20)
and Fp, Fey, + [=sin() Fprum, + cos(¥) Fprar] (—1) (21)

since the resultant applied by the body-force on the aircraft is the opposite of the resultant
computed through the momentum source terms integration. As the aircraft wing section must
compensate the drag of aircraft systems not modeled here - e.g. the fuselage carrying passengers
- the minimal longitudinal force amplitude required is different from 0. Because a net thrust is
necessary, featuring a negative value in the chosen coordinates system, a maximum inequality
constraint is imposed on the optimizer to ensure the optimized wing section provides at least the
same amount of net thrust than the baseline configuration:

J—:Fz S szbaseline < 0 . (22)

Since the vertical equilibrium must remain unchanged, two inquality constraints are imposed
on the optimizer to ensure the F_ variation of the optimized configuration with respect to the
baseline remains below 1% of its baseline value:

0-99szbaseline < FFZ S 1-1szbaseline . (23)

The baseline wing section configuration features a net thrust Fr, pacetine = —2.05-10% N and a lift
coefficient ]—"ch paseline = 0.6. The Qols and their gradients are reduced to dimensionless numbers
to help the optimizer, by the same process than previously presented in eq. 17, using the design
variables and Qols baseline values. The design variables are also reduced to dimensionless
numbers. 7, is divided by the baseline engine width 7, pascline = 0.05¢naca, and 0, by the baseline
Clark-Y angle 0, pyseiine =~ 15.5 deg. Finally, the scalar thrust density is divided by the baseline
value tpyetine = 9.3 - 10> N.m~3 as well. Non-dimensional Qols and variables are denoted with a
suffix .
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We use the optimization framework pyOpt [29] and its SLSQP optimizer implementation. The
gradient values are provided to the optimizer using the new elsA-BACARDI ABFM capacities
previously validated. Once fully reduced in non-dimensional form, the optimization can be
summarized as follow:

minimize Frowa
subjectto 7,, € [—0.15; 0.3]
0. € [0.8; 1.2]
Oa € [—0.13; 0.13]
ta € [-00; o]
Fra < —1.0
Fro < 1.01
—Fro < —0.99
regarding Tras Tas Oyas ta

The design variables and Qol evolution throughout the optimization process are drawn in
figure 10. We can see that 8 Qols evaluations are enough to reach the optimal design, due to the
simplicity of the problem and the small size of the design space. The Qol gradient evaluations
are not shown here, but 6 of them were required to reach the optimized configuration.

As expected, 7, reaches the maximum value allowed and both the nacelle size o and the
scalar thrust density ¢ are reduced, respectively by 10.9% and 21.1%. A very small decrease of
the Clark-Y angle is also observed, by about —1.1°. This optimized configuration features a
power fan consumption reduction of AFpow, = —6.1% compared to the baseline. We can also
observe that the constraints are respected, reaching the minimal | F, | amplitude and the minimal
Fr, allowed. This is expected since minimizing the net wing section thrust and lift coefficient
helps minimizing the engine power consumption.

In figure 11, we present for the optimized configuration the same flow field analysis than
the one conducted on the baseline geometry (see figure 5). In addition, in figure 11b, a sketch
of the Clark-Y re-sizing and position change is proposed to illustrate the amplitude of each
transformation. The baseline geometry is drawn in black, the optimized one in red. For instance,
the Clark-Y size change can be illustrated by the change of its chord length. Comparing
figures 11a and 5a, we observe a smaller flow acceleration across the engine for the optimized
configuration. Similarly and as expected, the optimized design show a smaller total pressure
rise across the engine than the baseline (see figures 11c and 5b). Therefore, less kinetic energy
is wasted in the engine jet flow per unit of volume for the optimized design. However, the
enlargement of the engine has increased the mass-flow rate and the width of the jet wash.
Therefore, an exergy analysis [30] would be required to precisely assess the aeropropulsive
benefits.
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Figure 10: Optimization convergence history for both the design variables (top) and the Qols
(bottom).
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(a) Mach flow field around the optimized geometry, at selected flight conditions.
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(b) Sketch of the Clark-Y position and size change (c) Total pressure contours around the optimized

for the optimized configuration (in red) with re-configuration, divided by the upstream total pres-
spect to the baseline (in black). sure.

Figure 11: Flow field analysis of the optimized wing section (top and bottom right) and sketch
of the shape variation between the baseline and the optimized configurations (bottom left).
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CONCLUSIONS AND FUTURE WORK

The current work has introduced the Adjoint Body-Force equations and proposed an efficient
methodology to implement it. In section 2, the ABFM implementation has been successfully
undertaken in the elsA framework, for a simplified explicit BFM model. In section 3, a body-
force model of interest for the conceptual design stages has been implemented, as well as its
adjoint formulation. The gradients involving direct or indirect ABFM sensitivities have been
validated against finite-differences. Then, we have highlighted the strong influence of the ABFM
sensitivities on the airframe shape gradients, with a relative differences of about 10%, even far
from the BFM forcing zone. Such result shows that neglecting the propulsive sensibilities during
an aero-propulsive optimization would strongly affect the optimal solution, since the optimizer
lacks important information on the aero-propulsive coupling phenomena and trade-off balance.
Finally, in section 4, we have presented and validated the ABFM optimization framework set
up, using an optimization test-case for which the leading-order behavior can be deduced based
on simple physical considerations. The results obtained for this test-case are consistent with
the expectations. Thus, the ABFM optimization framework can now be used to conduct more
complex optimization, featuring a greater number of design variables.

These results strengthen the idea that the adjoint body-force is a promising tool to undertake
aero-propulsive optimization at a reasonable computational cost, on configurations featuring
a strong coupling between the engine and the airframe aerodynamics. However, as the other
studies available in the literature [12, 14, 13, 8], blade shape parameters are not considered in
the engine model used for this study. Therefore the effects of the fan geometry on the distortion
dampening and transfer across the engine [6] cannot be assessed using the *T-spread’ model. In
order to consider the engine aerodynamic response to distortions and its dependencies on the
blade shape parameters, a three dimensional propulsive model, with higher modeling fidelity and
directly coupled to the local flow variables, is needed. The BFM model proposed by Hall [20] in
2015, latter modified by Thollet [15] and Godard [6], is adapted to such studies.

In our future work, we will conduct more complex optimization on the bi-dimensional wing
section geometry, with a larger set of design variables. Then, we will evaluate the Hall model
capabilities to optimize axisymmetric and three-dimensional airframe configurations, while
taking into account the sensitivities due to the engine system thanks to the ABFM. Later, we will
try to undertake a simultaneous optimization of both the engine and the airframe designs, by the
use of the Hall ABFM implementation.
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