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An adaptive design methodology is presented involving an inverse design to obtain the
most possible favorable pressure field in an engine intake duct. A cost functional measuring
the deviation between an actual and a desired pressure distribution is to be minimized. A
gradient-based optimization algorithm is deployed, where the gradient is calculated by means
of the adjoint method. The intake duct has a non-conventional shape that is dictated by an
innovative transition mechanism from VTOL to cruise condition (and vice versa) where the
position of the engine is kept fixed during tilting of the rotor. The initial design of the duct was
rather more dictated by system constraints. Aerodynamically, it features a large distortion on
the engine Aerodynamic Interface Plane (AIP) with strong flow unsteadiness. Geometrically,
there is a stringent constraint where certain features of the topology of the geometry need to
be preserved. An adaptive optimization approach is followed, involving an integrated process
from simulation of the complete tilt-rotor configuration for the pre- and post-optimization
analyses, to an isolated duct configuration suitable for the design optimization process. The
complete configuration includes the rotating blades with rigid pitch-flap motions, nacelle,
spinner and wing. The consistency between the complete and isolated domain is ensured by
applying proper boundary conditions on the interface between the two domains. The paper
will describe the design methodology, process and results in more detail. NLR’s CFD code
ENFLOW is used throughout the analysis and inverse design process.

I. Nomenclature

AIP = Aerodynamic Interface Plane

DCy, = distortion coefficient in a sector of 60 degrees
fa = inertial frame

fo = rotating frame

P, = total pressure

q = dynamic pressure

(1) = inner (outer) radius of the AIP

T = radial coordinate

t = time

(X4, YarZq) = coordinate system in the inertial frame
(xp,¥p,2Zp) = coordinate system in the rotating frame
Yy = rotation angle of the blade

Yy = angle of the flap motion

Yy = angle of the pitch motion

o = phase of the flap motion

Py = phase of the pitch motion

0 = circumferential coordinate

W = reduced frequency



II. Introduction

Within the European Clean Sky 2 program for Fast Rotorcraft platform, a Next Generation Civil Tilt-Rotor (NGCTR)
demonstrator is being developed. The main benefit of the NGCTR configuration (compared to helicopter and
turboprop) is that it offers reduced travel time on short and medium distances , efficiently with respect to rotorcraft
architecture. In terms of the FlightPath 2050 goals set by Advisory Council for Aeronautical Research in Europe
(ACARE) [1], this architecture contributes to the achievement of the goal that 90% of travellers within Europe are
able to complete their journey, door-to-door within 4 hours, where passengers are able to transfer seamlessly between
transport modes to reach the final destination smoothly, predictably and on-time.

In order to reduce system complexity and weight, a novel architecture has been proposed, where the position of
the engine is kept fixed as the rotor is being tilted from VTOL to airplane mode, and vice versa. This engine integration
architecture poses a challenge to ensure a good flow quality that is to be delivered into the engine intake duct under
all flying conditions. This entails a good design of the aerodynamic shape of the intake duct, where the focus lies on
high efficiency for airplane mode and safe and proper operation in other flight modes.

The design activity involves wind tunnel testing and Computational Fluid Dynamics (CFD) simulations. A full
scale model of the intake duct installed within a nacelle configuration has been tested in the wind tunnel, both for the
baseline (initial) intake duct geometry and the optimized one, for which CFD has been deployed for the optimization
process of the intake duct geometry. The wind tunnel testing for the baseline intake duct has been reported [8]. A
second wind tunnel campaign has been conducted and confirmed the improvement achieved by the CFD optimization
process.

The aerodynamic design of engine intake duct is a common problem in any gas turbine propulsion system. The
design optimization methods can be categorized into gradient-based algorithm (with the adjoint method) and
evolutionary or heuristic algorithm. Many past works for optimizing of an S-duct have been reported, e.g. using the
adjoint method [9] and genetic algorithms [10]. S-duct is geometry with a simply connected cross section. A more
complex intake duct was addressed in the work by Garavello et al. [11] involving a duct which transforms from a
simply to multiply connected cross section.

A design methodology for optimization of the engine intake duct having such a multiply connected cross-section
is described here. In the pre- and post-design analyses, high-fidelity unsteady time-accurate CFD simulations are
deployed to characterize the aecrodynamic problems at hand. The adaptive design process involves an inverse design
methodology, i.e. a well-known method similar to those described in [6,7] except that here the problem is significantly
more complex in terms of constraints, geometry, and definition of the target pressure distribution.

III. NGCTR configuration

Figure 1 depicts a complete configuration of NGCTR that defines the flow domain for the CFD simulation in the
airplane mode.

Figure 1 Complete configuration

It involves a global rotating motion of the rotor blades with pitch and flap motions in the local frame of each blade,
which can be explained in the airplane mode as follows. The motion of the blade is defined in a multi-body context
with two frames of reference:



e The inertial frame (fixed with the aircraft): £, = (X Yar Za)
e  The rotating frame (rotating with the blade): f;, = (xp, ¥, 2Zp)

Initially at t = 0, f,, is coincident with f,. The rotating motions are distinguished into:
e Global motion: blade rotating around the x,-axis (in airplane mode).
e  Pitch motion: blade rotating around an axis radial to the global motion of the blade.

e Flap motion: blade rotating around an axis tangential to the global motion at the blade root.

The state of the global motion is defined by the rotation angle ¥, (t), which is the angle between z;,-axis and z,-axis,

Yp(0) = wt @)
where w is the reduced frequency of the blade rotation. The pitch motion in the rotating frame is written as:
Wp(8) = Py sin(wt + ¢,) 2
and afterwards, the flap motion as:
Ye(t) = 1/A)f sin(cut + (pf) 3)

where ¥ and ¢ are the magnitude and phase, respectively.

Due to an innovative transition mechanism from VTOL to cruise condition, and vice versa, a unique topological
feature of the intake duct shape has resulted and must be preserved. The duct geometry is an integral part of a complete
tilt-rotor configuration consisting of the rotor blades, spinner, nacelle and wing part. The baseline intake duct geometry
is illustrated in Figure 2, which also shows that the cross-section geometry of the duct transforms from a simply
connected topology at the inlet to multiply connected topology (i.e. an annulus) at the Aerodynamic Interface Plane
(AIP). It should also be noted, as it can be observed in Figure 1, the intake duct is located in the vicinity downstream
of the rotor blade.

z

et -

T N

_,\\\‘I \\\
|

i — P

o — s

| | ‘
. ’ o\ /)
. /! \ \\_// /

-

— - AN S

~
simply connected inlet multiply connected AIP

Figure 2 Baseline intake geometry.

IV. CFD method, load cases and grid topology

All the CFD simulations were performed using ENFLOW, which is a high-fidelity CFD code developed in-house at
NLR [2]. ENFLOW has been used extensively in various European Projects (e.g. Ref. 3,4) concerning rotating
configurations. It solves the time-dependent Reynolds-Averaged Navier-Stokes (RANS) equations in multi-block



structured grids. The two-equation Menter SST turbulence model was used in the simulations performed here. The
solution scheme is second-order both spatially and temporally. The unsteady solution procedure employs an implicit
dual-time stepping scheme, with a pseudo-time Runge-Kutta integration in combination with a multi-grid scheme is
used to achieve a converged solution at each time step. For stability of the integration, artificial dissipation fluxes are
added to the physical fluxes.

The flow around the complex geometry shown in Figure 1 must be simulated using the high-fidelity time-accurate
CFD method for a large number of load cases. In total there are 15 load cases that need to be evaluated. Each of these
load cases has a unique specification of thrust and mass flow, and a unique pitch (lﬁp) and flap (1/3/:) motion of the
blade. Each simulation has to be trimmed towards the specified thrust of the rotor and mass flow through the AIP.
This involves two trim parameters: (i) the blade collective for the thrust, and (ii) the exit static pressure on the exit
plane downtream of the AIP.

A flight mode is assigned for each of the 15 load cases (LC), which is either an airplane mode (AP), transition
mode (T), or VTOL mode, summarized in Table 1. From one flight mode to another, the spinner and rotor blades have
to be rotated around the y-axis, with the nacelle kept fixed. The rotation angle ranges from 0 (in airplane mode), 30,
50, 75 to 90 (in VTOL mode).

Table 1 Summary of the load cases considered.

c | 1 | 21341516 7138 9 [10 ] 11 [ 12]13]14] 15
Mode Airplane Transition VTOL

In order to allow an efficient CFD simulation procedure, the flow domain is decomposed into a number of domains:
stationary and rotating domains. Between two adjacent domains a discontinuous (sliding) interface is defined on which
the flow variables are communicated between the two domains by interpolation. The rotating domain is further
decomposed into three local domains, each containing a rotor blade as depicted in Figure 3a. Such a tube-like topology
is designed to efficiently accommodate a large variation of the collective and pitch angle without impacting the grid
quality. The surface of the tube surrounding the blade is an interface that connects the blade domain to the global

rotating domain shown in yellow in Figure 3b.

~

(a) blade domain (b) global rotating domain

Figure 3 Composition of the rotating domain.

Furthermore, in order to have a versatile way of generating the grid as the flight mode changes between the airplane,
transition and VTOL mode, an innovative grid topology has been constructed as shown in Figure 4. With this topology,
grid generation can be done efficiently in an automated manner for any tilt angle of the rotor in a range between the
airplane mode and the VTOL mode.
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(a) airplane mode (b) VTOL model
Figure 4 Versatile grid topology.

V. Optimization problem

The objective of the optimization problem is to minimize the distortion coefficient defined as the maximum D Cgq
on the AIP. The AIP is an annulus with an inner and outer radius of (r;,1;,), respectively, as depicted in Figure 5.

Figure S AIP and 60° sector.

The number 60 stands for a sector of 60 degrees at a circumferential location of 8. The value of DCy,(6) at this
location is determined by:

P AT Pt,60,min

DCeo(0) = — 4)

qda

where:

1 (7o 2T
Pip= 1 f f P.(r,0) r dr de, the area-averaged total pressure on the AIP,
T 0

i

1 (7o 21
qQa = 1 f f q(r,0) rdrdo, the area-averaged dynamic pressure on the AIP,
T 0

i

1 [T (9% the minimum area-averaged total pressure on a
Ptgomin = MiNge(o2n] A_eojr- j_E Pe(r,6) r dr do, 60-degree sector of the whole AIP,
i 6



with the total A and sector A4, areas defined by:

To (2T
A= f f rdrdf,
i 0

To 9+%
A60 = f J‘ - r dT' d9.
i H—E

In the above expressions, P; is the time-averaged total pressure that is obtained from the unsteady flow solution over
a period of time.

The constraints in the optimization problem consist of aerodynamic and geometry constraints. The aerodynamic
constraints are specified in terms of radial and circumferential indices of total pressure and total temperature distortion,
which are analytically not simple expressions [5]. The geometry constraints are formulated as box constraints defining
the areas that must not be penetrated by the surface of the intake duct, as depicted in yellow in Figure 6, with the
location of the AIP is fixed.

Figure 6 Geometrical box constraints.

VI. CFD simulation

The NGCTR configuration generates acrodynamically complex flow phenomena. It consists of various aerodynamic
surfaces that induce different flow mechanisms. In a cruise condition, an interaction between (i) the slipstream induced
by the rotor, (ii) the upwash induced by the wing, and (iii) the suction field inside the inlet duct generated by the
compressor, determines the flow entering the inlet duct. Similarly, in a VTOL condition, the compressor sucts a flow
originating from a downwash field below the rotor. As the nacelle is located between the rotor and the inlet duct, the
downwash field is obstructed by the nacelle that in turn may act like a bluff body upstream of the intake duct (see
Figure 4b).

The CFD simulations were performed by means of grid sequencing, involving three grid levels: coarse, medium
and fine. The boundary layer is assumed to be fully turbulent for all load cases, which is resolved with y* =~ 1 on the
fine grid. Table 2 presents the number of surface grid cells on the most important components of the configuration.
The total number of grid cells of the complete configuration is 64.5 million.

Table 2 Surface grid resolution.

Component | n; n; direction

Rotor 224 | 72 | i - airfoil contour, j — radial

Wing 208 | 112 | i — airfoil contour, j — spanwise

Intake duct | 288 | 288 | i — streamwise, j — circumference




A standard setting which defines the temporal resolution and time-span of the unsteady simulation is presented in

Table 3. The last one-third rotation of the 3-blade configuration is used for the time-averaging, assuming that the
frequency of flow unsteadiness on the AIP due to an upstream flow separation is sufficiently separated from the blade
passing frequency, and can be sufficiently captured by 360 samples per blade passing.

Table 3 Temporal resolution and time-span

. number of number of number of blade
Grid level . . . .
time steps / rotation rotations passings
Coarse 120 4 12
Medium 180 3 9
Fine 360 2 6

The periodic and grid convergence are assessed based on the mass flow through the AIP and thrust of the rotor.
Figure 7 shows a typical convergence during the simulation from the coarse, medium and fine grid, following the
scheme shown in

Table 3, for a given value of the collective and the exit static pressure as the trim parameters. It should be noted
that the coarse grid may not already be in the asymptotic region of convergence, e.g. because certain flow structures
may not be sufficiently resolved in this level. The trimming procedure can be performed on the coarse and medium
level, where the resulting collective and exit static pressure are applied with an offset on the fine grid level. Three
simulations are usually sufficient to achieve the specified thrust and mass flow. Finally, the flow solution is time-
averaged over the last blade passing to allow the calculation of DCg, on the AIP.
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Figure 7 Periodical convergence of the mass flow and thrust.

Figure 8 presents the simulation results for the baseline intake duct in terms of a normalized D Cg g, for all the load
cases considered. On the left of the figure, the total pressure contours of LC-5, a load case associated with the efficient
cruise condition, is shown as an illustration. The region of high distortion on the top sector of the AIP occurs in all
load cases, and appears to be associated with the change from a simply to a multiply connected duct topology.
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Figure 8 Computational results of the baseline intake duct.

VII. Design scheme

The description in the preceding sections gives a clear idea of a large-scale time-accurate computation that is required
to determine the objective function value, DCgg 4y, for one load case and one given geometry of the intake duct. To
include such a simulation in a design optimization process will be prohibitively costly. Apart from the large flow
domain and various motions that are involved, the problem at hand is even more challenging due to the nature of the
unsteady separated flow at the location of interest, i.e. on the AIP.

One may be tempted to simplify the problem by considering only the intake duct, ignoring the other components
of the configuration, and subsequently deploy the most advanced optimization algorithm, such as either gradient-based
(adjoint methods) or non-gradient-based such as an evolutionary algorithm with surrogate modeling. One may also
consider the most advanced geometry parameterization for the intake duct, such as a Free Form Deformation (FFD)
shape parameterization. However, the complexity due to the unsteady flow, the influence of the rotor, and the
geometry of the intake duct (that is multiply connected and constrained) may preclude such an approach to be effective.

Therefore, as a first step, the duct topology is modified such that the connectivity from the inlet to the AIP is
preserved. The new duct geometry is illustrated in Figure 9. This is used as an initial geometry in an inverse design
optimization scheme depicted in Figure 10 that is applied to an isolated duct configuration.

2

-

Figure 9 Simply connected intake duct topology.

In order to include the upstream unsteadiness and thrust due to the rotating blades, an interface is defined between
the internal flow of the isolated duct and the external flow of the complete configuration as illustrated in Figure 11.
On this interface, the unsteady flow quantities obtained from the simulation around the complete configuration are
time-averaged and imposed point-wise as a one-dimensional non-reflecting boundary condition for the isolated flow
domain. This isolated flow domain is used in the optimization process to obtain an optimum shape of the duct.
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Figure 10 Inverse design optimization scheme.

interface
Figure 11 Flow domain of the isolated duct configuration.

A geometrically constrained inverse design procedure is then followed in order to obtain the most favorable
aerodynamic characteristics on the AIP. With the boundary condition defined on the interface, a steady inviscid flow
model based on the Euler equation is deployed to simulate the internal flow, where the exit pressure is trimmed towards
the specified mass flow. Based on the resulting inviscid flow solution, surface streamlines are constructed along which
the pressure is extracted. The pressure distribution along the streamline provides a first-order representation of the
boundary layer loading.

Upon examination, the pressure distribution is modified towards a desirable one to reduce the boundary layer
loading, and therefore inhibit flow separation. After applying this procedure to all streamlines, a target (desirable)
pressure distribution on the surface of the duct is specified in a parametric space (s, t) where s is a parametric length
in the circumferential direction, while ¢t in the axial direction, of the intake duct. Figure 12 shows a target pressure
distribution in comparison with the current actual one, where adverse pressure gradients have been eliminated. It
should be noted that the target pressure distribution does not have to be necessarily realizable. It serves only the
purpose of steering an actual pressure distribution towards a more desirable one to inhibit flow separation.
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(a) current (actual) pressure distribution

| ..

p: 0.250 0.320 0.390 0.460 0.530 0.800 0.670 0.740 0.810 0.850 0.950

(b) target pressure distribution

Figure 12 Current and target pressure distribution.

A cost functional is defined giving a measure of the deviation between the actual and target pressure distribution.
The deviation is minimized in a least-square sense by updating the geometry subject to the box constraints. The
minimization problem is solved by means of a gradient-based optimization algorithm, where the gradient is calculated
efficiently by means of the adjoint method. Figure 13 shows the history of the inverse design optimization process,
where both the value of the cost functional and its gradient norm have been reduced. This iterative procedure results

in a new duct shape that is to be integrated into the complete configuration.
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Figure 13 History of the inverse design optimization process.

The unsteady simulation procedure of the complete configuration is repeated to determine the impact of the design
optimization process. For reasons of efficiency, simulations for the intermediate geometries were performed on the
medium grid level. Figure 14 demonstrates a significant improvement for LC-5 that has resulted from the whole
process, starting from (a) the baseline, to (b) the geometry with the new duct topology, and finally (c) the geometry
produced by the inverse design process. On the medium grid level, the reduction in DCgg pq, from (a) to (b) due to
the change in the topology is 73%, while from (b) to (c) due to the inverse design is 37%.
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(a) baseline duct (b) simply connected duct (c) result of inverse design

Figure 14 Aerodynamic improvement on the medium grid.

Finally, a full-fledged assessment was performed on the fine grid level for the complete configuration to quantify the
impact of the design optimization. The reduction in DCgq g, for LC-5 is 80% which is in line with a significant
improvement in the total pressure contours on the AIP. The new flow topology was found to be stable that is nearly
steady. The optimum geometry has also brought a significant reduction of DCyg 14, in all load cases considered.
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Figure 15 Impact of the design optimization.

VIII. Wind tunnel testing

Wind tunnel testing has been conducted in the DNW-LLF wind tunnel for both the baseline [8] and optimized intake
duct geometry. The rotor blades are excluded to allow a full-scale intake duct geometry to be accommodated in the
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test section. An impression of the 6 by 6 meter test section is shown in Figure 16. Not all load cases have been
evaluated. The similarity between the numerical CFD and experimental wind tunnel conditions are ensured by the
same Reynolds number based on the AIP bulk flow condition and the Inverse Capture Ratio (ICR). Figure 17 presents
a comparison of the impact of the design optimization as predicted by CFD and as measured in the wind tunnel.

Figure 16 DNW-LLF test section with a full-scale intake geometry.
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Figure 17 Comparison of reduction of DC¢g nq, between CFD and wind tunnel.

IX. Conclusions

A design problem of the engine intake duct of a tilt-rotor configuration has been addressed. The quantitative
assessment of the intake duct entails a large-scale high-fidelity unsteady time-accurate CFD simulation. A design
optimization methodology has been presented, comprising the whole process of flow analysis, evaluation of the
objective, and stages of the design process. The methodology has been demonstrated to be effective to produce a
significant improvement of the intake duct that is confirmed by wind tunnel testing.
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