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Problem area 
The aerodynamic design of an 
engine intake duct shape is 
described. The design is aimed at 
obtaining desirable air 
characteristics into the compressor 
of a single-engine general aviation 
turboprop aircraft. The desirable 
characteristics are based on certain 
requirements that need to be 
satisfied for an acceptable quality of 
the delivered air at a given target 
mass flow. This has to be achieved 
subject to structural constraints 
requiring that the shape 
modification must respect the 
internal contents of the engine 

nacelle, such as the firewall, the 
battery, and the truss lattice of the 
engine mounting system. 
 
Description of work 
An inverse design methodology is 
applied, where an optimization 
algorithm drives an actual pressure 
distribution over the intake duct 
surface towards a desirable target 
pressure distribution, where the 
target pressure distribution is 
expected to bring an improvement 
to the delivered air quality with 
acceptable flow characteristics. An 
aerodynamic functional quantifying 
the deviation between the actual and 
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target pressure distributions is 
defined, which is to be minimized 
over the surface of the intake duct. 
A minimization procedure is 
performed by means of the NLR’s 
adjoint method ENSENS. The flow 
simulations are performed using 
NLR’s CFD code ENFLOW. 
 
Results and conclusions 
A redesign of the engine intake duct 
using a CFD-based design 
optimization method has been 
performed. The effectiveness of the 
inverse-by-optimization procedure 
is demonstrated. To overcome the 
problem of flow separation in the 
baseline intake duct, the 
specification of a target pressure 

distribution, not necessarily 
physically realizable, is sufficient to 
drive the geometry towards one 
with a desirable pressure gradient.  
The redesigned engine intake duct 
demonstrates a principle that a 
deceleration region should exist, 
followed by an acceleration region 
towards the compressor inlet plane 
inhibiting flow separation. 
 
Applicability 
The methodology can be applied to 
a (re)-design of any duct, in 
particular when there is a difficulty 
due to a U- or L-shape of the duct 
suffering from losses due to flow 
separation at the corner. 
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Summary 

The aerodynamic design of an engine intake duct shape is described. The design is aimed at 
obtaining desirable air characteristics into the compressor of a single-engine general aviation 
turboprop aircraft. The desirable characteristics are based on certain requirements that need to 
be satisfied for an acceptable quality of the delivered air at a given target mass flow, subject to 
structural constraints requiring that the shape modification must respect the internal contents of 
the engine nacelle, such as the firewall, the battery, and the truss lattice of the engine mounting 
system.  
 
An inverse design methodology is applied, where an optimization algorithm drives an actual 
pressure distribution over the intake duct surface towards a desirable target pressure 
distribution, where the target pressure distribution is expected to bring improvement to the 
delivered air quality with acceptable flow characteristics. An aerodynamic functional 
quantifying the deviation between the actual and target pressure distributions is defined, which 
is to be minimized over the surface of the intake duct. A minimization procedure is performed 
by means of the NLR’s adjoint method ENSENS.  
 
The flow simulations are performed using NLR’s CFD code ENFLOW. The optimization 
results show the necessity for a shape modification along the intake duct, implying a flow 
deceleration in an expanding cross section followed by acceleration in a contracting cross 
section towards the compressor inlet plane. 
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Abbreviations and symbols 

AIP  Aerodynamic interface plane 
CFD  Computational Fluid Dynamics 
DC  Distortion coefficient 
EARSM Explicit Algebraic Reynolds Stress turbulence Model 
NLR  Nationaal Lucht- en Ruimtevaartlaboratorium 
RANS  Reynolds-Averaged Navier-Stokes 
𝐶𝐶𝐿𝐿   Lift coefficient 
𝐶𝐶𝐷𝐷   Drag coefficient 
𝐶𝐶𝑀𝑀  Pitching moment coefficient 
𝐶𝐶𝑝𝑝  Pressure coefficient 
𝐶𝐶𝑝𝑝∗  Target pressure coefficient 

𝑝𝑝𝑡𝑡  Total pressure 
∆𝑝𝑝𝑡𝑡  Local deviation of the total pressure 
𝑄𝑄  Conservative flow variables 
𝜆𝜆  Adjoint variables 
𝜃𝜃  Geometric parameters
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1 Introduction 

One route to deal with aerodynamic design problems is through applying optimisation 
methodology. In this context, an optimisation problem is defined in terms of aerodynamic 
objectives to be minimized and constraints to be satisfied. The design variables are the 
parameters defining the aerodynamic shape. An effective method to solve an optimisation 
problem is to apply a gradient-based optimisation algorithm.  A difficult task in adopting this 
algorithm is to calculate the gradient efficiently. A well-known brute-force method for 
computing the gradient is based on finite differencing.  This technique is easy to implement but 
incurs high computational costs, which become prohibitive for a large number of design 
variables. 
 
An efficient way of computing the gradient for aerodynamic optimisation is to apply the adjoint 
method, where the effort is independent of the number of design variables. A pioneering work 
in the application of the adjoint method in fluid dynamics is presented by Pironneau [1] in 1972. 
However, not before the end of the eighties the potential of the adjoint method for solving 
industrial design problems was revealed by Jameson [2]. Since then, the adjoint method has 
captured major industrial, e.g. [3-6], and research interests, e.g. [7-10].  
 
Two routes can be identified in the aerodynamic design methodology: 

• Direct optimization methods, where the objective and constraints directly define 
aerodynamic forces and moment coefficients, e.g. 𝐶𝐶𝐿𝐿, 𝐶𝐶𝐷𝐷, and 𝐶𝐶𝑀𝑀. For example, an 
optimization aimed at drag reduction would be formulated as a minimization 
problem of  𝐶𝐶𝐷𝐷 for a fixed 𝐶𝐶𝐿𝐿. 

• Inverse by optimization methods, where the objective is a functional representing 
the deviation between an actual pressure distribution and a preferred (target) 
pressure distribution. Minimization of such a functional, e.g. formulated in a least 
square sense of ‖𝑝𝑝 − 𝑝𝑝𝑡𝑡‖2, will lead to a geometry that produces as closely as 
possible the target pressure distribution.  

The second route is taken in this paper. First, a baseline shape of the engine intake duct is 
analysed by means of a CFD simulation. The resulting flow solution is examined against certain 
requirements regarding uniformity of the flow. The baseline shape was found to be 
unsatisfactory because there is a flow separation at the inlet plane towards the compressor. A 
target pressure distribution along the intake duct is then prescribed with the aim to drive the 
actual pressure distribution towards a more favourable one through an inverse by optimization 
procedure, which will result in an improved flow characteristics delivered into the compressor.  
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The aircraft configuration, procedure and results will be explained in the subsequent sections, 
covering a description of the CFD and adjoint method used and a comparison between the 
baseline and optimized intake duct geometry. 
 
 
2 Aircraft configuration and CFD setup 

The aircraft configuration consists of a fuselage, nacelle, spinner, an actuator disk representing 
the propeller and an engine intake duct. The wing and the tail planes are excluded from the 
modeling because these components are considered not relevant for the flow inside the intake 
duct. Figure 1a presents an illustration of the geometry. It should be observed that the detailed 
compressor geometry is not included. Instead, it is replaced by a tube of a constant diameter 
having a function as a buffer zone towards the outflow. This buffer zone is indicated as dummy 
block in Figure 1b, while the inlet plane towards the compressor is designated as the 
Aerodynamic Interface Plane (AIP). 
 

 

 
(a) 

 
 
 

 
 

(b) 

Figure 1   Aircraft configuration and inlet plane definition towards the compressor 

The flow simulations are conducted using ENFLOW, a Computational Fluid Dynamics code 
developed in-house at NLR. The Reynolds-Averaged Navier-Stokes (RANS) equations are 
applied as the governing equations. Turbulence is incorporated by means of the EARSM k-ω 
turbulence model [11-13], fully resolving the turbulent boundary layer on the solid wall. The 
flow domain is represented by a multi-block domain containing structured grids. An impression 
of the surface grid on the aircraft configuration in the neighborhood of the nacelle is presented 
in Figure 2a. The grid contains a detailed representation of the geometry around the spinner and 
the inflow towards the engine intake duct. The volume grid contains a total of about 46.3 
million grid cells, from which about 2.5 million grid cells contained inside the intake duct 
shown Figure 2b. 
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(a) 

 
(b) 

Figure 2   Illustration of the surface grid on the aircraft and intake duct surface 

The design point concerns a subsonic Mach number typical for a general aviation aircraft with 
the Reynolds number equal to 4 million based on the wing mean aerodynamic chord. The 
propeller is modelled by means of an actuator disk, where the thrust and power are represented 
by a uniform distribution of the thrust and tangential force coefficients on the actuator disk. The 
boundary layer on the whole solid surface are assumed to be turbulent. A back pressure is 
specified as the boundary condition on the outflow plane from the buffer zone. This back 
pressure is adjusted during the simulation to give the design mass flow of 1.5 kg/s. A CFD 
simulation for the design point takes 3 hours on 96 computing cores with convergence 
accelerations techniques such as multigrid and residual averaging. Figure 3 shows the resulting 
pressure distribution over all the solid surfaces.  

 
Figure 3   Surface pressure distribution over the aircraft configuration 
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3 Evaluation of the baseline intake duct 

The design requirements for the intake duct are specified as follows: 
1. The intake duct must be physically manufacturable, taking into account the material 

thickness and the airframe dimensional and shaping limitations. 
2. The intake duct must be designed to ensure a steady air mass flow rate of 1.5 kg/s. 
3. The intake duct must ensure a steady air delivery at the AIP into the compressor with 

sufficient quality expressed in terms of  
(i) distortion coefficient (DC) which has to be lower than 0.06,  
(ii) local deviation of the total pressure (∆𝑝𝑝𝑡𝑡) which has to be between -0.4 and 0.20, 
(iii) total pressure loss along the duct which has to be lower than 0.3. 

4. The intake duct must be designed with gradual curves and smooth internal shaping as 
much as possible. 

5. The intake duct must be able to accommodate internal contents of the nacelle, the 
engine with necessary equipment, the firewall, the battery and the engine mounting 
system. 

 
Figure 4a shows the total pressure distribution on the AIP. In terms of the above criteria at the 
AIP, the baseline intake duct violates some of the criteria : (i) upper limit of the distortion 
coefficient (DC = 0.17), and (ii) lower limit of the total local pressure deviation, (∆𝑝𝑝𝑡𝑡 =
 −1.04). Additionally, a drop in the total pressure at the bottom of AIP is observed, indicating a 
flow separation, which is confirmed by the limiting streamlines shown in Figure 4b. 
 

 
(a) 

 
 

 
 
 

(b) 

Figure 4   Total pressure contours at the AIP (left) and limiting streamlines on the duct surface 
(right) 
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4 Design method 

A parametric arc length 𝑡𝑡 is defined along the streamwise direction of the duct, where 𝑡𝑡 = 0 and 
𝑡𝑡 = 1 correspond to the inflow plane into the duct and the AIP, respectively. Circumferentially, 
another parametric arc length 𝑠𝑠, 0 ≤ 𝑠𝑠 ≤ 1 is defined as shown in Figure 5. 
 

 
Figure 5   Definition of the parametric arc length 𝒔𝒔, 𝒕𝒕 

In order to examine the pressure gradient upstream of the AIP, an inviscid flow simulation 
based on the Euler equations is performed for the isolated intake duct. The boundary conditions 
at the inflow and outflow of the isolated intake duct are obtained from the previous viscous 
(RANS) simulation around the complete aircraft configuration. This determines the distribution 
of the total pressure, total temperature and velocity vector at the inflow, and the back pressure at 
the outflow. Figure 6a shows the inviscid pressure distribution along 0 ≤ 𝑡𝑡 ≤ 1 at  𝑠𝑠 =
0, 0.25, 0.5, 0.75.  
 

 
(a) 

 
(b) 

Figure 6   Baseline inviscid pressure distribution and target pressure distribution 
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The pattern of the total pressure and the flow separation shown in Figure 4 can be attributed to 
the adverse inviscid pressure gradient occurring in the regions of 𝑡𝑡 ≥ 0.96. One way to 
eliminate the flow separation is to modify the geometry through an inverse method, such that it 
will achieve a specified target pressure distribution having a desirable gradient. However, 
specifying a three dimensional target pressure distribution is a formidable task, more so if it 
were to be physically realizable. A more practical approach taken in the present study is to 
specify a target pressure distribution which does not necessarily have to be physically realizable, 
but with the intention only to drive the current pressure distribution towards a more desirable 
one. This is to be achieved by minimizing a functional 𝐼𝐼 defined over the surface 𝑆𝑆 of the form 
 

 𝐼𝐼 = ��𝐶𝐶𝑝𝑝 − 𝐶𝐶𝑝𝑝∗�
2𝑑𝑑𝑑𝑑 (1) 

 
where 𝐶𝐶𝑝𝑝∗ is the target pressure distribution. This target pressure distribution is shown in Figure 

6b at four values of 𝑠𝑠, where for the location in between them a cubic spline interpolation is 
applied. The minimization is carried out using the adjoint method based on the inviscid Euler 
equations as follows. Assuming adiabatic flow and no external body force, the conservation law 
for steady inviscid flows can be written in the divergence form as 
 
 ∇.𝐹𝐹(𝑄𝑄) = 0 (2) 
 
in a flow domain Ω bounded by the surface 𝑆𝑆 having a shape defined by a vector of geometric 
parameters 𝜃𝜃. In this case, 𝜃𝜃 determines the shape of the intake duct. 𝐹𝐹(𝑄𝑄) is the flux vector 
which is a function of the flow variables 𝑄𝑄 defining air density, velocity and pressure. The 
solution of the flow equation (2), subject to a solid-wall boundary condition, provides the values 
of the flow variables 𝑄𝑄. For the Euler equations, the slip solid-wall boundary condition is 
applied which can be expressed as: 
 
 𝐵𝐵(𝑄𝑄,𝜃𝜃) = 0 (3) 
 
A Lagrangian 𝐿𝐿 is introduced by augmenting the functional (1) with the flow equation (2) and 
the solid-wall boundary condition (3) by means of Lagrange multipliers 𝜆𝜆 and 𝛾𝛾: 
 

 𝐿𝐿 = ��𝐶𝐶𝑝𝑝 − 𝐶𝐶𝑝𝑝∗�
2𝑑𝑑𝑑𝑑 + �𝜆𝜆∇.𝐹𝐹(𝑄𝑄) 𝑑𝑑Ω + �𝛾𝛾𝛾𝛾(𝑄𝑄,𝜃𝜃) 𝑑𝑑𝑑𝑑  (4) 

 
where 𝜆𝜆 is referred to as the adjoint variables, the elements of which correspond to the elements 
of the flow variables 𝑄𝑄. The variation of the Lagrangian is due to the independent variations of 
the adjoint variables, flow variables, Lagrange multipliers and geometric parameters: 
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 𝛿𝛿𝛿𝛿 =  𝛿𝛿𝐿𝐿𝜆𝜆 +  𝛿𝛿𝐿𝐿𝛾𝛾 +  𝛿𝛿𝐿𝐿𝑄𝑄 +  𝛿𝛿𝐿𝐿𝜃𝜃 (5) 
 
where the notation 𝛿𝛿𝐿𝐿𝜆𝜆 refers to the variation of 𝐿𝐿 due to the variation of 𝜆𝜆. It can easily be 
verified that the terms  𝛿𝛿𝐿𝐿𝜆𝜆 and 𝛿𝛿𝐿𝐿𝛾𝛾 vanish as the flow equation (2) and the boundary condition 

(3) are satisfied, such that 
 
 𝛿𝛿𝛿𝛿 =  𝛿𝛿𝐿𝐿𝑄𝑄 +  𝛿𝛿𝐿𝐿𝜃𝜃 (6) 
 
Setting 𝛿𝛿𝐿𝐿𝑄𝑄 to zero leads to a set of conditions which are referred to as the adjoint equations and 
boundary conditions. Satisfying these conditions implies 𝛿𝛿𝛿𝛿 = 𝛿𝛿𝐿𝐿𝜃𝜃, or equivalently 𝛿𝛿𝛿𝛿 =
𝐿𝐿𝜃𝜃 𝛿𝛿𝛿𝛿, where 𝐿𝐿𝜃𝜃 is equivalent with the gradient of the functional 𝐼𝐼 with respect to the geometric 
parameters 𝜃𝜃. This gradient is used by an optimization algorithm to minimize the functional 𝐼𝐼. 
Figure 7a shows the optimization history where the functional has reduced by two orders of 
magnitude. Figure 7b shows the final pressure distribution, which should be compared with that 
in Figure 6, demonstrating that the adverse pressure gradient has been eliminated, or mitigated 
enormously at 𝑠𝑠 = 0. 

 

 

 

(a) 
 

(b) 

Figure 7   Optimization history and optimized inviscid pressure distribution 
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5 Evaluation of the redesigned intake duct 

The intake duct optimized by means of the inverse method described above is placed back to the 
complete aircraft configuration depicted in Figure 1. Subsequently, another viscous flow 
simulation using the RANS equations is performed. Figure 8a presents a comparison of the total 
pressure loss on the symmetry plane of the duct. Although the difference seems to be small, the 
flow separation at the AIP has been eliminated. Figure 8b presents the pattern of the term that 
determines the distortion coefficient. It is clear that the flow separation occuring in the baseline 
intake duct is the culprit. The redesign has improved the distortion coefficient on the AIP from 
DC = 0.17 to DC = 0.034, now well below the upper limit of 0.06. 
 

 

 

 

 

(a) Streamline pattern (b) distortion coefficient 

Figure 8   Comparison between the baseline (upper) and optimized (lower) intake duct 
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The impact of the design can also be clearly seen in Figure 9a in terms of the local deviation of 
the total pressure. The minimum value has been improved from -1.03 to -0.93. It is indeed still 
far away from the lower limit of -0.4. However, one should also observe where this limit is 
violated. Figure 9b presents the contours of the local deviation with values above -0.4 blanked, 
in order to show the region where the criterion is violated. It shows that in the baseline intake 
duct this region will impinge on the compressor blade. On the other hand, in the optimized 
intake duct, this region is located well inside the boundary layer, most probably within the tip 
clearance of the compressor blade. 
 
 

  

  
(a) total pressure deviation (b) total pressure deviation ≤  −0.4 

Figure 9   Comparison between the baseline (upper) and optimized (lower) intake duct 

 
Figure 10 gives an impression of the impact of the design to the geometry of the intake duct. 
The necessity for a change to a larger cross section of the duct towards the diameter of the AIP 
is a logical consequence. It shows the necessity for a shape modification along the intake duct, 
implying a flow deceleration in an expanding cross section followed by acceleration in a 
contracting cross section towards the compressor inlet plane, resulting in a favourable pressure 
gradient inhibiting flow separation.The pattern of the surface limiting streamlines shown in in 
the figure on the right confirms that there is no flow separation along the optimized intake duct.  
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Figure 10   Comparison between the baseline (upper) and optimized (lower) intake duct 

 

6 Conclusions 

A redesign of the engine intake duct using a CFD-based design optimization method has been 
performed. The method employs the adjoint method which is applied  to an inverse procedure 
minimizing the deviation between the actual pressure distribution and a desirable target pressure 
distribution. The effectiveness of the inverse procedure has been demonstrated. To overcome 
the problem of flow separation in the baseline intake duct, the specification of a physically 
unrealizable target pressure distribution is sufficient to drive the geometry towards one with a 
desirable pressure gradient.  The redesigned engine intake duct features a deceleration region 
followed by an acceleration region inhibiting flow separation towards the compressor inlet 
plane. 
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