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ABSTRACT
Even with different energy storage systems and power technologies of future aircraft, the thrust performance will be

implemented with propulsors. In this context, the off-design nacelle behaviour – in particular for pure crosswind tests –
becomes increasingly important especially for ultra-short nacelle designs due to their supposed drag and weight benefits
[Peters and Rose (2015)].

In the upcoming years, several experimental tests at the Propulsion Test Facility (PTF) in Braunschweig are planned,
to investigate the intake performance for different scale sizes and aspirated/powered test setups. As a starting point, two
axisymmetric nacelles differing in intake length were designed and optimized at a representative full-scale fan diameter
using an intuitive class/shape transformation based parametrization. The length was varied between L/D = 0.49 (classical
design) and L/D = 0.36 (short design) with a minimum cruise drag design objective. The work flow of the optimization
algorithm and nacelle parameter trends analysis are presented. Both intakes are scaled down to the testing rig’s diameter
for the off-design analysis and a numerical setup and mesh density study are conducted. Through a detailed analysis of
crosswind and scaling effects on the intake aerodynamics, the full-scale designs are modified to deliver a similar distortion
behaviour for both designs by adapting the contraction ratio of the intakes.

As a preparation for the upcoming tests, the numerical results of the local lip aerodynamics were analyzed for both
intake designs showing, inter alia, that a decrease of the intake length increases the aerodynamic loading at the throat for
the windward section.

INTRODUCTION
Aircraft and engine manufacturers are furthering the development of overall engine performance in order to reach

specific objectives of the Advisory Council for Aeronautics Research in Europe [Kallas and Geoghegan-Quinn (2011)]. As
the propulsive efficiency is a function of the bypass ratio (BPR) and the fan pressure ratio (FPR), high BPR and low FPR
results in large engine diameters [Peters (2014)]. A promising concept of such a high BPR engine is the Geared Turbofan
(GTF) with a BPR of up to 18. With this technology, fuel consumption and noise emissions can be reduced drastically
[Riegler and Bichlmaier (2007)]. As an increase of the fan size system is directly coupled to the engine nacelle diameter,
the cruise drag becomes critical parameter. Therefore, length of the corresponding intake is supposed to be shortened due
to drag and weight aspects of the nacelle. Hence, interaction of the intake and fan for aerospace propulsion application is
gaining attention to ensure safe operability of the propulsion system over the entire flight envelope.
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A rising conflict is that the overall fan system becomes more susceptible to perturbations in the incoming flow, which
could lead to a total engine failure. For this reason, interaction between the fan and intake flow under off-design conditions,
like angle of attack or pure crosswind flow, is of major interest. For experimental investigations, a major issue is the
high density of power needed to drive the cold engine cycle in a typical wind tunnel configuration. The innovative design
concept of the PTF reverses test strategy to take this into account. As presented in [Krone and J.Friedrichs (2014) and Krone
et al. (2019)], driving the flow around a test vehicle through the combination of headwind and crosswind ducts, leads to an
equivalent aerodynamic result such as that obtained by installing the test vehicle with a fixed geometric angle. As was done
for the LARA-intake in Raynal (1994). Technically, the test facility is divided into two parts. First, the combination of an
atmospheric wind tunnel (Eiffel-configuration) and a closed-loop crosswind tunnel which sets the flow conditions within
the test facility. The crosswind flow deflects the main flow, which then allows for a step-less angle of attack between 0◦ and
90◦, with 90◦ meaning pure crosswind. Second, an externally driven test vehicle with the opportunity of testing different
configurations, e.g. powered intakes, where the fan is located directly at the fan-face, or aspirated intakes, where a suction
fan is installed so far downstream, that there is no interaction between the intake and fan.

This paper includes the design process of the nacelle geometries, which was mainly divided into two parts: First, a
long and short intake are designed for cruise operation with the aim of a minimum overall drag. An optimization algorithm
and an automated CFD analysis framework were used to develop the intakes for the full-scale size (compare table 1).

In the second step, the designs are scaled to a fanface diameterDFF = 349.7mm in accordance with the aspirated intake
test setup at the PTF (Reynolds number of 4.4 ·106). In upcoming PTF experiments, the off-design aerodynamics are to be
investigated when the intake length is shortened. Aspirated nacelle experiments would investigate the effects of reducing
the intake length, keeping the Reynolds number constant. Due to the off-design analysis and Reynolds number effects
of scaling, both designs are analyzed in a different CFD setup in regards to their crosswind sensitivity and geometrically
modified to use them for the experiments. With help of these CFD calculations, the aerodynamic Low-Speed behaviour of
the test-scaled intakes are analyzed.

Fanface Diameter [mm] Reynolds Number [-]

Design-Scale 2768.0 34.8 ·106

Test-Scale 349.7 4.4 ·106

Table 1 Investigated intake scales and associated Reynolds number.

INTAKE DESIGN
Both intakes were designed for full-scale intake size with a Reynolds number of around 34.8 ·106. An axisymmetric

design has been chosen to understand first of all the interaction between the flow at the lip and the diffusor region without any
3D-effects. An intuitive class shape transformation (iCST) approach (Zhu and Qin (2013)) was used for the parametrization
of the nacelle intake and fan cowl curves. Two fourth order CST curves are used to describe the intake and fan cowl aero-
lines. Four independent variables are used to describe each curve. The intake design parameters are: intake length (L/D),
throat radius (RT hroat ), contraction ratio (CR), aspect ratio (AR) and radius of curvature at the leading edge (RLE ). The intake
was kept orthogonal to the fan face i.e., the slope at the end of the intake was zero. The external fan cowl design parameters
are: cowl length (fixed by length of the intake and bypass duct), ratio maximum cowl radius to the radius at the highlight
(RMax/RHi), axial position of RMax ( fMax), radius of curvature at the leading edge (can be controlled independent of the
intake RLE ) and boat tail angle of the nacelle (β ). The bypass nozzle geometry was not varied for a given optimization run;
hence the nacelle trailing edge radius and aft length (bypass duct length) were fixed. The parameters AR, CR, RMax/RHi
and fMax are dimensionless ratios, however in figure 1 the physical dimensions of the nacelle controlled by these variables
have been labeled.

The parametric model was integrated with an in-house optimization algorithm (Tosin and Friedrichs (2014)), based
on an adaptive response surface methodology. Each iteration of the optimizer performs a design of experiments (DoE)
analysis, the latin hypercube sampling method (LHS) is used for generation of the sample distribution for the DoE study.
An automated CFD analysis framework, based on Catia (CAD), Centaur (hybrid meshing) and the DLR flow solver TAU,
calculates the objective function for each point of the sample space. The response surface is formed from the DoE results,
using the approximate Krigingmethod (Matlab toolbox ooDACE (Couckuyt et al. (2014))). The global minimum is searched
for within the response surface. The process is repeated until the required convergence criterion is met. The work flow of
the optimizer is shown in figure 2. For the nacelle optimization study presented in this paper, the nacelle drag at cruise is
used as the objective function to be minimized. Two optimization loops were performed for long intakes L/D=0.40–0.55
and short intakes L/D=0.30–0.36.

Steady state CFD simulations were performed using the DLR flow solver TAU. The isolated nacelle was simulated at
cruise conditions. The engine boundary conditions corresponding to a UHBR turbofan engine were provided by industrial
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Figure 1 Nacelle parametrization.

Figure 2 Work flow of optimization algorithm.

partner (MTU Aero engines). Mass flow rate boundary condition was used at the fanface and total pressure and temperature
boundary conditions were used at the entry of the bypass and core nozzles. The cruise Mach number was Ma∞=0.83 and the
reference pressure and temperature corresponded to that at 37,000ft. The domain extended about 30 times the fan diameter
from the nacelle in axial and radial directions and 1◦ circumferentially; axisymmetric boundary conditions were used at the
side boundaries. As mentioned, the nacelle to be designed was axisymmetric, which allowed the use of a 1° sector. The
Spalart Allmaras model was used for modelling turbulence. The nacelle walls were fully turbulent. The mesh consisted of
approximately 400,000 elements based on mesh convergence with grid convergence index (GCI), described by Celik et al.
(2008), of 0.002%.

Figure 3 shows the trend in cruise drag with RLE . There is an increase in drag with increase in RLE , for a 50% increase
in RLE (0.05-0.075) the minimum attainable drag increases by approximately 30%. Higher RLE leads to stronger flow
acceleration at the leading edge of the nacelle, resulting in a higher peak Mach number and a stronger shock, increasing
drag. Hence, the optimizer converges to the lower bound of the parameter space of RLE . Figure 3 also shows the variation
of intake pressure recovery (IPR) with throat radius RT hroat (non-dimensional). The IPR is defined as the ratio of the mean
total pressure at the fanface to the total pressure of the freestream

IPR =
P̄t,FF

Pt,∞
. (1)

The minimum required throat area was estimated based on the engine mass flow at the maximum climb operating point. The
lower bounds of the parameter space for RT hroat were close to this minimum requirement. For the short intake optimization,
the lower bound of RT hroat was increased by around 3% to reduce the effect of spinner blockage, as the throat plane for the
short intake is closer to the nose of the spinner. The IPR increaseswith throat radius; this is caused by the reduction of average
intake Mach number at the throat, which lowers the viscous losses within the intake. Also evident from the distribution is
the higher IPR for shorter intakes, which can be attributed to lower boundary layer losses within short intakes. In addition,
figure 3 shows the increase in pre-entry drag with nacelle highlight radius, RHi. Both long and short intakes show a nearly
coincident linear trend; the increase in pre-entry drag is due to the higher curvature of the engine stream tube for intakes with
a larger highlight (Due to the increased curvature of the stream tube, there is a larger horizontal component of the pressure
forces acting on the stream tube in the drag direction). Highlight radius is a function of throat radius and contraction ratio.
Hence, from a cruise drag point of view, lower RT hroat and CR would be favourable, which is also the trend towards which
the optimizer converges (close to the lower bound). However, as would be addressed in subsequent sections, CR in the
vicinity of 1.2 does not allow for a robust behaviour at crosswind conditions. The bottom right plot in figure 3 shows the
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Figure 3 Parameter trends for the long and short intake design.

effect of aspect ratio (AR) on IPR, for a select sample of long intake design candidates with similar design parameters. IPR
decreases by 0.12% as AR increases from 1.85 to 3.25. With increase in AR, the throat plane moves closer to the nose of
the spinner, shortening the diffusor section (section with increasing flow channel area) of the intake. The flow would then
undergo lesser deceleration within the intake, resulting in higher flow velocities within the intake and at the fanface. Higher
flow velocities within the intake give rise to additional viscous losses, particularly at the spinner, resulting in a lower intake
pressure recovery. Hence, within the bounds of AR investigated, lower AR gave more favourable intake performance at
cruise. As the throat of the short intake is closer to the spinner, a lower AR (1.86) was required to match the diffusion of
the long intake (AR 2.2).

Design Parameter Performance Metrics

L/D CR RT hroat/RFan RMax/RHi AR MFCR Cruise Drag IPR (Cruise) MaFF

Long 0.49 1.24 0.9318 1.15 2.22 0.75 23.0 0.9985 0.642

Short 0.36 1.20 0.9679 1.14 1.86 0.72 23.6 0.9987 0.644

Table 2 Design and performance parameters of optimized candidate.

The external design variables RMax/RHi, fMax, β and cowl length were chosen by the optimizer to get the optimal
pressure distribution to give sufficient forebody suction and minimize the wave drag by reducing the intensity of the shock.
The reader is referred to Benjamin et al. (2020) for a more comprehensive discussion on the external parameter trends.

The Mach contours of the respective flow fields of the long and short optimum candidates are shown in figure 4.
Selected design parameters and key aerodynamic performance metrics are listed in table 2. From figure 4 it can be observed
that short design has a higher external peak Mach number. This is on account of its shorter cowl length and lower mass flow
capture ratio (MFCR). The MFCR is defined as the ratio of the cross sectional area of the engine streamtube far upstream
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L/D=0.49 L/D=0.36

Figure 4 Flow topology of the long and short optimum candidates.

to the highlight plane area
MFCR =

A∞

AHi
. (2)

The higher peak Mach number results in increased shock strength and additional viscous losses resulting in 0.6 drag counts
increment in cruise drag compared to the long candidate. For the short intake, as the lower bound of throat radius was
increased to reduce the effect of spinner blockage, the resultant throat radius was 4% higher. This resulted in a lower
internal peak Mach number for the short intake. This combined with the lower viscous losses for the short intake leads to
an improvement in the intake pressure recovery by 0.02%. To compensate for the increased throat radius, the optimizer
lowered the CR for the short candidate by 3% to reduce the cruise drag, resulting in a thinner lip for the short intake. The
long intake has a slightly better diffusion on account of the longer diffusor section of the intake, although the difference in
MaFF is only 0.002. Overall, both candidates were comparable in terms of the key aerodynamic performance metrics.

DESIGN MODIFICATIONS FOR OFF-DESIGN OPERATION
Subsequent sections of this paper would deal with the performance of the intakes at crosswind conditions. Since the

optimization study was performed at the cruise operating point, it was required to modify the intake designs to ensure ad-
equate crosswind performance without entirely compromising the cruise behavior. Cruise and off-design generally have
opposing parameter trends, with cruise optimization resulting in slimmer lip design parameters, as discussed in the previous
section, and crosswind conditions favoring a more rounded and thicker lip. The parameters that influence the lip shape are
RLE , CR and AR. The combination of design parameters giving the optimum trade-off between cruise and off-design would
be best answered by a multi-objective optimization approach with both cruise and off-design operating points under con-
sideration. However, as this was not feasible with the design tools at hand, a more simplistic approach using the sensitivity
of said parameters was followed. The long optimum candidate was used as the reference desgin, the lip parameters were
varied step by step as CR: 1.24, 1.265, 1.29; AR: 2.22, 1.75, 3.75; RLE : 0.05, 0.075, 0.10 . The designs were evaluated
at cruise and under 25knots crosswind with a fanface Mach number of 0.55. A more stringent crosswind study would be
presented in the following section, the objective here is to obtain a qualitative understanding of the nacelle parameter trends
for crosswind conditions. Figure 5 shows the results of the sensitivity study, the cruise performance is evaluated using the
cruise drag and crosswind performance is evaluated using DC60, the horizontal axis has been normalized with the upper
and lower bounds of the respective design parameter. The DC60 is defined by the total pressure difference between the
maximum distorted 60◦ element and the mean total pressure of the fanface, normalized by the dynamic pressure:

DC60,max = max
(

P̄t,FF − P̄t,60◦

q̄t,FF

)
. (3)

Firstly, for CR, the crosswind performance improves significantly as the CR increases from 1.24 to 1.29 indicated by
the drop in DC60 from 0.6 to 0.37. This is accompanied by an increase in cruise drag from 23dcts to 25.5dcts. RLE seems
to have the largest impact on crosswind performance, with reduction in DC60 to 0.17 as RLE increases to 0.075. However,
this is accompanied by a rather steep increase in cruise drag to about 30dcts ( due to increased shock strength). A reduction
in AR from the reference value of 2.2 to 1.75 led to a significant reduction in DC60 to 0.34, with a marginal increase
in cruise drag to 23.7dcts. However, this was accompanied by a jump in the local peak Mach number at throat to 1.1 at
cruise condition, which would lead to shocks at the throat and possibly shock induced separation at off-design conditions.
For higher AR there is an increase in the circumferential extent of the separation pattern (not shown), however this is not
effectively captured by the DC60 value. The increase in circumferential extent of the separation would be possibly due to a
thinner lip resulting from the increased AR. Of the three variables CR, RLE and AR, CR was most promising as it allowed
for improved crosswind performance while minimizing the penalties at cruise. Hence, CR was selected as the parameter to
vary in the crosswind analysis presented in the following section.

5



Figure 5 Cruise and crosswind sensitivity.

The consequence of increasing CR would be an increase in the highlight radius RHi. Figure 6 shows the trends of the
external parameters RMax/RHi and fMax, obtained from the optimization study. The distribution is colored with respect to
RHi/R f an to show the dependence of the trends on RHi. Firstly, for both trends an increase in RHi is accompanied by an
upward shift in the distribution (higher drag), shown by the relative position of the green and red samples (medium and high
RHi) compared to the blue samples (low RHi) in the plots. The minimum RMax/RHi of the green samples shifts slightly to the
left (1.145) compared to the global minimum (1.15). Whereas for fMax the minimum shifts slightly to the right (from 0.33 to
0.35). This shift in minimum is accompanied by an increase in cruise drag by 3.3dcts. RHi/R f an increases from 1.04 to 1.06
as CR increases from 1.24 to 1.29, this places the modified design close to the mid point between the blue and green sample
distributions. The shift in minimum and consequent drag rise would be smaller within the sample space for RHi/R f an =
1.06. Hence, it would be reasonable to expect the modified design to have similar external aerodynamic behavior as the
blue sample distribution, although the exact minimum would be marginally altered. This would justify the design approach
followed, that is adapting the design to crosswind by solely increasing the CR and keeping rest of the design parameters
same as the optimum delivered by the optimizer. The modified design parameters and their cruise performance metrics are
listed in table 3, and the final intake curves are shown in figure 7. The cruise drag increases by 2.5dcts for the long and
3dcts for the short candidate from the optimum design. The increase in drag is due to an increase in the pre-entry drag and
increased shock intensity, as can be observed from the isentropic Mach plots in figure 7 . The discussion regarding choice
of CR for both candidates will be presented in following sections.

Figure 6 External cruise parameter trends.

OFF-DESIGN OPERATION POINT AND NUMERICAL SETUP
As mentioned in the introduction, the research focus of planned experimental tests at the PTF is the Low-Speed off-

design behaviour of short intakes. In regards to the technical limits of the PTF, the geometries from the intake design process
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Design Parameter Performance Metrics

L/D CR RT hroat/RFan RMax/RHi AR MFCR Cruise Drag IPR (Cruise) MaFF

Long 0.49 1.29 0.9318 1.15 2.22 0.721 25.5 0.9975 0.647

Short 0.36 1.23 0.9679 1.14 1.86 0.701 26.6 0.9983 0.645

Table 3 Design and performance parameters of final design candidates.

Figure 7 Final candidates shape and isentropic Mach comparison.

needed to be scaled by a factor of 8 to a Reynolds number of around 4.4 ·106, which is equal to DFF = 349.7mm. For the
off-design analysis, several operation points were defined, which differ in their crosswind speed. As presented in table 4, the
free streamMach number Ma∞ was set to 0. The crosswind velocity vCW was varied between 0 to 38 kn, which corresponds
to the maximum crosswind Mach number of MaCW = 0.057 and the maximum achievable crosswind speed at the PTF. In
all of the tested cases, the intakes were fully separated before the maximum crosswind speed, hence, calculations close to
this speed were not useful. The Mach number at the fanface was set to MaFF = 0.55.

Intake Design-Point Off-Design Analysis

Ma∞ [-] 0.83 0

vCW [kn] (MaCW [-]) 0 (0) 0-38 (0-0.057)

MaFF [-] 0.64 0.55

Table 4 Differences between full-scale design point (DFF = 2768.0mm) and off-design test-scale points
DFF = 349.7mm.

As previous investigations (observed by Pinkerton (1938) and Harjes et al. (2020)) have shown, that a smaller Reynolds
number shifts the onset of separation in the intake to lower crosswind velocities, full annulus steady state compressible
RANS simulations were performed. Based on the results of Harjes et al. (2020) for intake flow, SST turbulence modelling
in combination with γ −ReΘ transition modelling was used, modelled by Ansys CFX 18.2 instead of TAU. As convergence
criteria, the momentum and mass residuals should be of the order of 10-5. Ambient conditions at sea level are used for the
experiments, so reference pressure and temperature were set correspondingly. The simulation domain, which represents
the PTF test section with the installed intake test vehicle, is shown in figure 8. The crosswind velocity vCW is set via the
crosswind inlet and outlet boundaries, both defined as a velocity boundary condition. The free streamMach number Ma∞ is
set by the headwind boundary condition, defined by the total pressure and temperature at the inlet and velocity at the outlet.
During experimental rig operation, experience has shown that the intake mass flow and the ejector effect of the test vehicle
itself lead to a free stream velocity of around v∞ = 3m/s. This speed was kept constant for all calculations at the headwind
outlet. The fanface Mach number MaFF is set by a static pressure boundary condition at the exhaust outlet. The exhaust
itself, which is calculated without friction, is extended downstream by approximately 10 times the diameter of inner intake,
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to ensure numerical robustness at stalled intake conditions.

HW-Inlet
Total Pressure

Exhaust-Outlet

Static Pressure

CW-Inlet

Velocity

CW-Outlet

Velocity

Interface
GGI

Intake
Friction

Exhaust
No Friction

HW-Outlet

Velocity

Figure 8 CFD domain and nacelle mesh topology for the off-design analysis.

To account for full annulus simulations together with a highmesh density within the lip region, the domain, as presented
in figure 8, consisted of 2 separate domains: The PTF domainwasmodelled via a coarsemesh, whereas for the intake domain
a fine mesh was used. The domain parts were linked via a General Grid Interface (GGI). For all meshes, a volume change
below 5, a maximum dihedral angle below 149° and a 3x3x3 determinant above 0.3, were set as a quality benchmark. For
the intake domain, the meshes were sized to a Y+ value below 1.

For the nacelle domain mesh study, three meshes of increasing refinement were created: 9.8, 22.1 and 36.7x106 el-
ements. The local and global element sizes were increased by a grid refinement factor r (defined by Celik et al. (2008))
of approximately 1.31 and 1.18 respectively. For the mesh study, a pure headwind case has been chosen at MaFF=0.55.
Earlier investigations have shown, that separation within the CW ducts leads to minor velocity fluctuations within the test
section, which interferes slightly with results of the mesh study.

Intake Domain 9.8 Mio. 22.1 Mio. 36.7 Mio.

r [-] - 1.312 1.182

ṁ [kg/s] 16.195 16.137 16.136

IPR [-] 0.98909 0.98900 0.98894

GCI (ṁ) 0.0102% 0.0010%

GCI (IPR) 0.0242% 0.0308%

Figure 9 Results of the intake domain mesh study.

As figure 9 presents, no significant changes can be observed for a mesh density above 22.1 x106 elements for the
intake mass flow rate and the IPR. The GCI is in the range of 0.001% for the mass flow rate and 0.031% for the IPR for
further refinement between 22.1 and 36.7 x106 elements. According to Celik et al. (2008), the GCI needs to be below 2%,
which is sufficiently met here. Additionally, the isentropic Mach number distribution for the Θ = 90° position shows a local
boundary layer separation bubble for 22.1x106 elements, which seems to become stable with further mesh refinements. Θ
is defined as the circumferential angle from top dead centre position (clockwise direction - front looking aft). The isentropic
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Mach number is defined as a function of the ratio between the free stream total pressure to the local lip static pressure

Mais =

√√√√√ 2
γ −1

·

( Pt,∞

Ps,loc

) γ−1
γ
−1

. (4)

Primarily due to the isentropic Mach number distribution, the 22.1 x106 elements mesh for the intake domain has been
chosen for further studies. In the same way, the mesh density of the PTF domain was analyzed, leading to an optimum of
around 3.3x106 elements.

AERODYNAMIC MODEL BEHAVIOUR
For the aspirated experimental tests of the DFF = 349.7mm scale intakes, the original design parameters presented in

table 2 did not have adequate crosswind performance. As mentioned earlier, CR was chosen for the design modification
due to its lowest impact on cruise performance. The CR was increased such that the scaled intake could operate without
separation up to 25kn, leading to the final design parameters in table 3. The curves of DC60, presented in figure 10, were
used for the evaluation of the crosswind performance. The modified CR values lead to an almost identical separation
behaviour for both intake lengths.

Figure 10 DC60,max curves for the L/D=0.49 and the L/D=0.36 intake with and without modified CR values.

To understand how a reduced intake length effects its overall aerodynamic performance, at the earlier discussed off-
design point, the crosswind effects on the lip aerodynamics are analyzed as a first step. Therefore, the Θ = 90◦ lip static
pressure distribution of the L/D=0.49 intake DFF = 349.7mm is analyzed at different crosswind speeds.

As figure 11 shows a higher crosswind speed leads to a higher maximum Mais peak on the lip close to the highlight
plane (1). As the stagnation point on the outer lip moves away from the highlight plane with increasing crosswind velocity,
the distance between both regions increases, which results in a higher peak. As a consequence of the higher lip velocity at
the highlight plane, the axial deceleration distance increases (2). A second consequence is an increase of the static pressure
gradient, which destabilizes the flow. Due to local transition effects, a local separation bubble is formed which changes the
local curvature. This leads to an upstream movement of the maximum velocity peak at the throat (3). The combined effect
of the increasing suction peak and the upstream movement of the throat peak velocity leads to a downstream movement of
the local Mais minimum (4).

In the second step, the influence of reduced intake length was analyzed without any crosswind influence. Again, at
this position in the paper, the DFF = 349.7mm scale has been used (Note: The earlier presented pressure distribution of the
final candidates in figure 7 was evaluated for the full scale version at cruise condition. Whereas in this section, the scaled
version with only v∞ = 3m/s free stream velocity was used). As illustrated in the right diagram of figure 11, a downstream
movement of the local Mais minimum can be observed (1) and an upstream movement of the acceleration peak is noted (2).
Despite the fact that RT hroat/RFan is higher for the shorter intake (which leads to a lower average velocity at the throat), the
local Mais at the throat is higher compared to the long intake. As already mentioned, RT hroat was increased by around 3%
during the design process of the short intake, due to the overall blockage effect of the spinner. In addition, the CR of the
L/D=0.36 intake is lower compared to that of the L/D=0.49 intake. Both design parameter differences lead to a modified
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Figure 11 Crosswind (left) and length effects (right) on lip aerodynamics by the example of the L/D=0.49 intake.

local lip curvature (as shown for the nondimensional intake contour in the right figure 11) for the short design, which leads
to an increased local Mais level at the throat.

Figure 12 Aerodynamic model behaviour of the L/D=0.49 and the L/D=0.36 intake.

The overall aerodynamic model behaviour arise from the combination of crosswind and intake length effects. By
comparing the Mais distribution of both intakes, presented in figure 12, the maximum lip peak Mach number seems to be
solely a function of the crosswind speed itself, for the attached flow cases with vCW < 30kn. Besides the vCW = 15kn case,
which leads to a slightly higher peak Mach number for the L/D=0.49 intake, the maximum suction peaks are primarily on
the same level. For the short length nacelle L/D=0.36, the interaction of the crosswind and length effects can be observed.
As already mentioned, both effects lead to a increasing velocity at the throat, an upstream movement of the throat peak and
a downstream expansion of the whole lip peak. Due to their superposition, the maximum peak acceleration of the throat
increases disproportionately. At a crosswind speed level of around vCW = 25kn, a ”pre-stall” behaviour at the throat region
of the L/D=0.36 intake can be observed, leading to an increase of the DC60max.
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Figure 13 Mach number distribution of the L/D=0.36 intake.

This effect can be supported by the analysis of the Mach number distribution around the lip of the L/D=0.36 intake
(compare figure 13). Without crosswind, the static pressure gradient after the suction peak does not lead to a laminar
turbulent transition, whereby the laminar boundary layer reaches up to the throat. As the crosswind velocity increases,
transition occurs for vCW < 15kn right behind the suction peak. Up to vCW = 20kn, the isentropic Mach number at the throat
increases up to a level above 1. Although local separation bubbles occur, the turbulent boundary layer is sufficiently robust
against these adverse pressure gradients up to vCW = 25kn, where the previously mentioned ”pre-stall” of the throat onsets.
At vCW = 30kn, the maximum load of the lip peak Mach number is reached, leading to a significant drop of the suction peak
and overall intake performance.

Figure 14 Mach number distribution of the L/D=0.49 intake.

Having a detailed look on the L/D=0.49 intake (figure 14), it can be noted that transition already occurs for the vCW =
0kn slightly after the maximum suction peak. Due to the higher static pressure gradient, a laminar separation bubble is
formed, which leads to the formation of a turbulent boundary layer. Due to the increasing crosswind speed, the suction
peak increases. As the turbulent boundary layer is adequately robust against the higher static pressure gradient due to the
following deceleration, the crosswind performance is favourable up to vCW = 25kn. At vCW = 30kn, the turbulent boundary
layer separates at the lip, which leads to the final separation of the whole intake flow.
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CONCLUSION
In this work a nacelle optimization tool set based on CFD was used to design long (L/D=0.49) and short (L/D=0.36)

intake candidates. The critical conclusions obtained from the design study were:

1. The aerodynamic drag was most influenced by intake parameters CR and RLE . Both parameters need to be mini-
mized for a lower drag. However, an increased CR was required to ensure adequate performance of the intake under
crosswind.

2. The intake pressure recovery (IPR) was primarily dependent on RT hroat and AR. IPR increased with RT hroat and
decreased with increase in AR.

3. The spinner had a significant impact on the aerodynamics of the short intake. This was alleviated by increasingRT hroat
and decreasing the AR for the short intake, so as to obtain similar flow diffusion and MaFF as the long intake.

4. A sensitivity study was performed at cruise and crosswind conditions. CR was found to be the parameter which
enhanced crosswind performance while minimizing the cruise penalties, giving the best trade-off.

5. It was further shown that the modification in CR was not large enough to invalidate the optimization results. How-
ever, the authors acknowledge that a multi-objective optimization approach considering both cruise and off-design
conditions is required to design a nacelle with optimum trade-off between the different operating conditions. Such a
study is planned for the future.

Furthermore, the aerodynamic model behaviour was investigated with respect to the influence of crosswind speed and
the intake length. The results can be summarised as follows:

1. Crosswind influence

a. For a given fan operating point and Reynolds number, the shape of the suction peak is mainly influenced by
the crosswind speed. Higher crosswind speeds result in a stronger suction peak at the lip, until the flow in the
intake separates.

b. Higher crosswind speeds also result in widening of the suction peak, because of the higher velocities. Deceler-
ation of the flow occurs over a greater axial distance, leading to a downstream shift of the local Mais minimum
while the apex of the maximum throat velocity moves upstream.

2. Length influence

a. In general the intake length has only a minor influence on the suction peak which is slightly lower for the short
candidate. However, this is only the case for an attached flow (vCW < 30kts). The onset of flow separation
moves to lower crosswind velocities with a decrease in the intake length.

b. A decrease in the intake length leads to a downstream migration of the local Mais minimum while the apex of
the maximum throat velocity moves upstream. This effect can be traced to the geometrical changes of RT hroat
and CR due to the blockage effect of the spinner.

3. L/D = 0.49 CR = 1.29

a. A high CR leads to a less vulnerable intake in regards to crosswind velocities since the acceleration around the
lip decreases with increasing CR values for a given crosswind velocity.

b. For the long intake, transition and formation of a laminar separation bubble occurs already at vCW = 0kn, but
the throat peak load is lower than for the short intake.

4. L/D = 0.36 CR = 1.23

a. Combination of the crosswind and length effects makes the intake more susceptible to distortions.
b. Higher throat loading and therefore an earlier separation at the throat compared to the longer intake.

To conclude, this study evaluated the off-design performance and flow physics of long and short intakes using numerical
methods. These will be experimentally validated in upcoming PTF tests. Furthermore, the experiments will be extended to
a powered setup and a larger parameter space in order to investigate additional off-design conditions in detail.
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NOMENCLATURE
Latin
A Engine Streamtube Area
D Fan Diameter
L Intake Length
Ma Mach Number
P Pressure
R Radius
q dynamic pressure
v Velocity
r Grid Refinement Factor

Greek
β Boat tail angle
γ Heat capacity ratio of air
Θ Circumferential angle

Subscripts
∞ Free stream Physical Quantity
is Isentropic
s Static
t Total
CW Crosswind
HW Headwind
FF Fanface Position
Max Maximum

Abbreviations
AR Aspect Ratio
BPR Bypass Ratio
CAD Computer-aided Design
CFD Computational Fluid Dynamics
CR Contraction Ratio
DC Distortion Coefficient
DLR German Aerospace Center
DoE Design of Experiment
FF Fanface
FPR Fan Pressure Ratio
GCI Grid Convergence Index
GGI General Grid Interface
GTF Geared Turbo Fan
Hi Highlight
IPR Intake Pressure Recovery
iCST Intuitive Class-Shape-Transformation
LARA Laminar Research ..
LE Leading Edge
LHS Latin Hypercube Sampling Method
MFCR Mass Flow Capture Ratio
Mio Million
PTF Propulsion-Test-Facility
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