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ABSTRACT
The current development of modern aircraft concepts often focuses on fully integrated
propulsion systems. These fully integrated propulsion systems require the use of short
highly bent intake ducts. At the Institute of Jet Propulsion a short highly bent intake
duct, the Military Engine Intake Research Duct (MEIRD), was designed and developed.
The MEIRD was investigated experimentally as well as with steady state RANS simula-
tions with many different numerical setup parameters. From this extensive study, one
setup was chosen for detailed investigations. To ensure the validity of the predicted flow
phenomena inside the MEIRD, the results were compared with experimental data, gained
at the Institute’s jet engine test facility. It is shown that good qualitative and quantitative
data can be achieved using a proper numerical setup.
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NOMENCLATURE
Latin Symbols

D diameter [m]
DC60 distortion coefficient [-]
p pressure [Pa]
S coordinate along the centerline
SC60 swirl coefficient [-]
X coordinate in x-direction
Y coordinate in y-direction
Z coordinate in z-direction

Subscricpts
0,40,72,100 position at the centerline
rel relative
t total value

Abbreviations
AIP aerodynamic interface plane
CS cross-section
DIP duct inlet plane
DOP duct outlet plane
EARSM Explicit Algebraic Reynolds Stress Model
lR low Reynolds boundary layer treatment
LW lower wall
MEIRD Military Engine Intake Research Duct
UW upper wall
wf wall functions
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INTRODUCTION
Today’s design and development processes of aircraft and jet engines heavily depend on the

use of numerical simulations and the respective software suits. As for reduction of the needed
amount of computational resources and to keep them in a reasonable range, most numerical
simulations avoid direct numerical simulation (DNS) but instead use models and simplifications
e.g. for turbulence and vortices with a size below a certain scale. As these models are based on
statistics and do not fully calculate the real physics, the accuracy of the used numerical setup
has to be verified and ensured. In order to do this, experimental investigations alongside of
the numerical investigations are of particular importance. There are some public accessible test
cases of intake ducts with numerical and experimental data available in open literature, which
may be used in order to create a valid setup without conducting own experiments. One of the
widely used data sets is the NASA duct investigated by Wellborn et al. (1993). Comparable
to the NASA duct is the intake duct investigated by the Fluid Dynamics Panel Working Group
13 (1991) ( pages 139 to 162, test case 3 - Subsonic/Transonic Circular Intake). Both of these
intake ducts feature circular cross-sectional shapes with a diffusing character of the duct. The s-
shaped centerline of these ducts has a slender offset between inlet and outlet plane of the intake
ducts. As further development from the intake duct test case 3 with circular cross-sections,
the Fluid Dynamics Panel Working Group 13 (1991) investigated an intake duct with a semi-
circular cross-section at the inlet plane, continuously transforming to a circular cross-section at
the intake duct’s outlet plane (pages 163 to 182, test case 4 - Subsonic/Transonic Semi-circular
Intake).

Koch et al. (2015) and Rein and Koch (2015) performed numerical and experimental re-
search on an integrated duct with a s-shaped centerline. The duct used in these investigations is
a generic research duct, which features a rectangular inlet cross-section, not completely feasible
for real world applications. In addition, the duct features a boundary layer ingesting design, as
it may be exhibited by modern blended wing-body aircraft concepts. On the downside, with this
setup no isolated duct investigations without any forebodies or flat plates mounted upstream of
the duct were conducted. A design procedure for s-shaped intake ducts with numerical investi-
gations, but without experimental data, is described by Papadopoulos et al. (2012).

Experimental and numerical investigations with a highly bent intake duct are conducted by
Kächele et al. (2016) and Rademakers et al. (2017, 2018). The intake duct under consideration
is a research vehicle, which features a strongly bent centerline as well as strong changes of the
cross-sectional shapes and areas. Despite the fact of purely being a research vehicle, this intake
duct develops the behavior of a strongly bent intake duct with a s-shaped centerline in terms of
flow distortion and distortion pattern.

Many modern aircraft concepts, especially military concepts, such as UAVs, require a very
low observability of the aircraft system. One part of the contribution of the propulsion system
is to hide the reflective fan of the engine, as it is easily detectable by radar. This often is
done by using intake ducts with a double-s-shaped centerline. Hah et al. (2015) have given a
brief overview on a small double-s-shaped intake duct. Berens et al. (2014) have conducted
experimental and numerical research on the FOI EIKON duct, a double-s-shaped intake duct,
designed for the usage in UAVs. From zero level, the AIP (Aerodynamic Interface Plane) is
hidden from the inlet plane, but while raising the point of view, the AIP becomes more and
more visible. Windtunnel investigations were conducted with a scaled model of the intake duct
with cropped wings of the forebody. Brehm et al. (2014) and Kächele et al. (2015a,b) conducted
numerical research on double s-shaped intake ducts with varying cross-sectional shapes.

Despite the fact, that for s-shaped intake ducts experimental as well as numerical data are
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available, the amount of experimental data on double-s-shaped intake ducts is quite rare. The
data, which are available mostly belongs to intake ducts, which feature generic cross-sectional
shapes, such as circular, semi-circular or rectangular cross-sections.

Thus the investigation of the flow inside a double-s-shaped intake duct with a design, ap-
plicable to real world applications, appeared to be necessary. In order to create a new data
set exceeding the limitations of the simple s-shaped intake ducts with circular cross-sectional
shapes, a new intake duct for experimental and numerical investigations was designed and in-
vestigated by means of experimental and numerical methods as outlined below.

GEOMETRY OF THE DUCT
At the Institute of Jet Propulsion (ISA) at the Bundeswehr University Munich the Military

Engine Intake Research Duct (MEIRD) was designed, developed, manufactured, and investi-
gated numerically and experimentally. The design of the MEIRD is defined by a double-s-
shaped centerline in combination with cross-sectional shapes, which can be found at existing
real world applications of such intake ducts. The influence of different cross-sectional shapes
on the flow inside the intake duct is analyzed and described by Haug et al. (2017). Based on
these numerical investigations the set of cross-sectional shapes of the final design was chosen.
A short description of the MEIRD’s geometry is given in the following section.

The MEIRD is designed in a way, the geometric restrictions, which are prescribed by the
engine test facility at the ISA, are met and the intake duct can be investigated experimentally
as well as numerically. More information can be found in Rademakers et al. (2016) and Haug
et al. (2018). The MEIRD has an axial length of 3 ·DDOP (Diameter of the Duct Outlet Plane),
while the offset at the DIP (Duct Inlet Plane) is set to 1 · DDOP , the offset of the lowest point
of the centerline (at s = 72%) is set to 0.25 · DDOP . All these geometric parameters are
stated in table 1. The overall inclination of the centerline results in a strong curvature of the
intake duct, which is wanted in order to achieve a strong flow distortion at the aerodynamic
interface plane (AIP). The design objective of the MEIRD was to create an intake duct, with
a design oriented on realistic applications, but to provide a research vehicle with challenging
flow distortion patterns, too. A sketch of the centerline (red) with the geometric parameters is
given in Figure 1, also the positions of DIP, DOP, and AIP are labeled. Figure 2 provides an
overview of the MEIRD’s geometry with the defining cross-sectional shapes. The four defining
cross-sections positioned along the centerline are shaped as:

• CS0: strong kidney-shape, entry cross-section, duct inlet plane (DIP)
• CS40: moderate kidney-shape, cross-section at 40% centerline-length
• CS72: rectangular cross-section at 72% centerline-length (lowest point)
• CS100: circular cross-section, duct outlet plane (DOP)

The geometric parameters of the centerline in combination with the cross-sectional shapes,
especially the broad and shallow rectangle at CS72 were chosen in order to allow the design
of an intake duct, which completely hides the DOP from the DIP. With this design no direct
line-of-sight from the DIP to the DOP is present, regardless of the chosen point of view. The
avoidance of a direct line of sight on the DOP, and on the highly reflective engine’s fan is an
important requirement for military engine systems, in order to reduce the exposure of the highly
reflective fan to radar beams. The overall diffusion factor of the MEIRD is set to an area ratio of
ADOP/ADIP = 1.17, while the maximum cross-sectional area is already reached at CS72. This
is done in order to reduce the deceleration of the flow in the rear part of the MEIRD, where a
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Table 1: BASIC GEOMETRY PARAMETERS

Parameter Value
DDOP 0.454 m
Length (along x-axis) 3 ·DDOP

Offset / Inclination centerline at DIP 1 ·DDOP

Offset lowest point at centerline 0.25 ·DDOP

Area ratio (ADOP/ADIP ) / diffusion factor 1.17

Figure 1: BASIC GEOMETRIC PARAMETERS
OF THE INTAKE DUCT (CENTERLINE: RED;
INLET SECTION: GREEN; NUMERIC OUTLET
SECTION: BLUE)

Figure 2: MEIRD WITH DEFINING
CROSS-SECTIONAL SHAPES

strong curvature of the upper wall is present and challenges the flow. The aerodynamic interface
plane (AIP) is positioned 1.13 ·DDOP downstream of the DOP.

Steady state RANS methods are used in order to analyze the flow inside the MEIRD. These
simulations are isolated duct simulations without any fan, compressor or engine attached. Due
to this approach it is possible to analyze the flow induced by the geometry of the MEIRD without
any influence from a compressor system. Within this paper, experimental investigations of the
MEIRD are used to gain data, which are then used to validate the numerical setup. With this
validation a proper numerical setup can be ensured. The data gained with numerical simulations
based on this validated setup will then be used for further detailed flow analysis of the MEIRD.

METHODOLOGY
Engine Test Facility
The experimental investigations of the MEIRD are conducted at the engine test facility of

the ISA. As test bed engine a Larzac 04 turbofan engine, equipped with extensive measurement
instrumentation is used. Due to these modifications the engine may not be compared with
the original Larzac 04 engine, so in the following it is simply named test vehicle. Within
this publication no data from the instrumentation integrated into this test vehicle itself is used.
Additional information on the engine test facility, the test vehicle and the measurement data
acquisition can be found in Rademakers et al. (2015, 2016).

Experimental Setup
As the numerical simulations are isolated duct simulations, a mixing pipe is installed be-

tween the MEIRD and the test vehicle as show in Fig. 3. This mixing pipe prevents interaction
of the duct flow with the compressor flow, so it can be assumed that the experimental data will
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not be compromised by any interaction phenomena. Within this mixing pipe, the traversable
measurement rake is positioned. The rake acquires data at the aerodynamic interface plane,
which is located in between the MEIRD and the test vehicle and is not identical with the duct
outlet plane of the MEIRD. The intake duct itself is instrumented by the placement of more
than 143 static pressure taps at the upper and lower wall in the symmetry plane as well as at
distinctive cross-sections (see Rademakers et al. (2016)). These instrumented cross-sections,
used for data acquisition within the MEIRD, are highlighted in Fig. 4.

Figure 3: SCHEME OF THE EXPERIMEN-
TAL SETUP (NOT TO SCALE)

Figure 4: SCHEME OF MEIRD WITH IN-
STRUMENTED CROSS-SECTIONS (BLUE
LINES)

Meshing Procedures
The numerical model of the MEIRD was extended by 2.2 · DDOP at the DOP, in order

to prevent any upstream influence of the numerical boundary condition at the outlet and to
include the AIP as measurement plane. A segment with a length of 0.3 · DDOP was added at
the duct’s entrance, which represents the axial part of the bell-mouth, used in the experimental
investigations. This bell-mouth is not modelled completely for the numerical simulations, only
the axial extension of the intake duct to the front is used as the inflow is in axial direction
and only the flow through the MEIRD is considered here, without any surrounding flow. In
the following a brief overview of the meshing procedures and the numerical setup is given.
Additional details can be found in Haug et al. (2018).

A block structured mesh with a surrounding O-grid at the wall and split H-blocks in the
middle of the flow path was chosen. The mesh used for the simulations presented in this paper
consists of about 6 million cells and is a full scale model with a y+ ≤ 1. It is ensured to be ab-
solutely symmetric in respect to the symmetry plane of the MEIRD. A mesh dependency study
was conducted with coarser (1, 2 and 3 million cells) and finer (9 million cells) meshes. With
the coarser meshes the simulations could not be conducted or they had convergence problems.
The differences between the results of the medium and the fine meshes are<< 1% for the static
pressure at the outlet, << 1% for the total pressure recovery, and << 1% for the distortion
coefficient DC60. Additionally, one mesh with a y+ ≈ 30 and in total about 4 million cells was
created for the use with wall functions applied in order to reduce the required computational
resources for larger parameter studies, but this mesh is not considered here.

Flow Solver Setup
The numerical simulations were conducted with the flow solver TRACE (DLR, Institute

of Propulsion Technology, Cologne; see Kozulovic et al. (2004); Marciniak et al. (2010); Yang
et al. (2002, 2003)), which is especially designed for turbomachinery applications. Nonetheless,
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it is applicable for flow simulations in a wide variety of applications, such as highly bent intake
ducts, as the MEIRD is one. Multiple studies have shown the capability of TRACE to handle
the highly non-uniform flows (Barthmes et al. (2015); Haug et al. (2015, 2017); Lesser (2015);
Schnell et al. (2015)) with strong gradients as they are present within these intake ducts. Kächele
et al. (2016) conducted parametric studies with this solver for simulations of the flow inside
other kinds of bent duct geometries and applications. Additionally, in current research projects
the MEIRD is part of a coupled setup of intake duct and low pressure compressor, requiring the
use of a flow solver which is able to handle the complex flow situation in a turbomachine.

Table 2: BOUNDARY CONDITIONS USED FOR THE NUMERICAL SIMULATIONS

Parameter Value
pt,in 94140 Pa
Tt,in 279 K
αr 0◦

αtheta 0◦

ṁout 19.440 kg/s
Min 0.391
Rein 3.7 · 106
Turbulent length scale 2 · 10−4m
Turbulence intensity 5%

In this paper steady state RANS simulation are compared to experimentally gained data. To
quantify the influence of numeric parameters on the flow solution parameter studies were car-
ried out. It was compared between different types of turbulence modeling. The simulations with
Wilcox k−ω turbulence modeling provided flow solutions with a strong asymmetry of the flow
in the rear part of the MEIRD, which could not be explained by flow physics. Simulations with
the Hellsten Explicit Algebraic Reynolds Stress Model (EARSM) provided physically valid and
symmetric flow solutions, such that this turbulence model was chosen for further investigations.
The boundary layer treatment with low Reynolds and wall-functions was compared. All sim-
ulations presented in this paper are full model simulations, so strong asymmetries of the flow
field can be determined, as they have occured while using the Wilcox k − ω turbulence model.
As inlet boundary condition, an axial inflow (αr = 0◦ and αtheta = 0◦) with homogeneous total
pressure and total temperature is applied. These values are derived from experimental inves-
tigations and stated in Tab. 2. Until a converged solution was achieved, the static pressure at
the outlet boundary condition was kept constant. Starting from this solution, the static pressure
then was set by a mass flow rate controller, which adjusts the static pressure automatically in
order to achieve the set mass flow rate. It was chosen to be congruent with the mass flow rate
through the engine at a given stable operating point in the engine test facility.

VALIDATION
In order to create a sound setup for numerical simulations, it is necessary to ensure that

this setup predicts the flow phenomena in a correct manner. For these validation purposes an
experimental dataset is needed, which then can be used to compare the results of the numerical
simulations against it. In the following section, numerical results with wall functions as well as
with low Reynolds boundary layer treatment applied are compared against experimental data.
With this validation the validity of the used numerical setup is ensured.

At first, the static pressure from the pressure taps at the wall of the MEIRD is compared at
the upper and lower wall in the symmetry plane and some of the instrumented cross-sections.
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(a) SIMULATIONS WITH WALL FUNCTIONS AND EXPERIMENTAL DATA

(b) SIMULATIONS WITH LOW REYNOLDS AND EXPERIMENTAL DATA

Figure 5: WALL PRESSURE AT THE SYMMETRY PLANE, NUMERICAL AND EXPERI-
MENTAL RESULTS
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Figure 6: X-VELOCITY AT THE SYMMETRYPLANE OF THE MEIRD, NUMERICAL RE-
SULTS

Secondly, the total pressure data from the measurement rake at the AIP, downstream of the DOP
is used for the comparison with the numerical simulations.

Wall Pressure
In Fig. 5 the static pressure at the upper (red) and the lower (blue) wall in the symmetry plane

of the MEIRD for numerical simulations (lines) and experimental data (symbols) is shown. In
Fig. 5a the numerical data with wall functions applied is depicted, while Fig. 5b provides the
numerical data with low Reynolds boundary layer treatment, the experimental dataset is the
same in both figures. In the lower part of the graphs a cut of the MEIRD at the symmetry plane
is plotted to provide an overview of the position at the duct’s geometry. Due to the axial inflow
the pressure levels at the entry of the MEIRD at upper and lower wall are at the same level.
Moving downstream into the duct, the pressure difference between upper and lower wall rises.
Caused by the curvature of the duct, the flow at the lower wall gets accelerated and thus the
pressure level descends, while the flow at the upper wall decelerates with an accordingly rising
pressure level. In Figure 6 the axial component of the velocity of the flow in the MEIRD is
shown. The mentioned velocity changes are visible within this figure. At Xrel = 0.35 at the
upper wall the maximum pressure level is reached, while the minimal pressure at the lower wall
is reached slightly more upstream. Between Xrel = 0.37 and Xrel = 0.45 at the lower wall a
pressure plateau exists, which may indicate a beginning flow separation. At this point in the side
regions on each side a small vortex evokes, which is the cause for the low total pressure region
in the lower part of the AIP. This onset of a flow separation is plausible, as the flow decelerates
at the lower wall. This pressure distribution pattern between upper and lower wall persists up to
the end of the first bent of the MEIRD. Downstream of this point the pressure gradient reverses
and the pressure at the lower wall rises above the pressure at the upper wall. While the pressure
at the lower wall increases between Xrel = 0.45 and Xrel = 0.55 due to the decceleration of
the flow, the pressure at the upper wall decreases drastically from Xrel = 0.55 to Xrel = 0.72,
caused by a very strong, geometry induced acceleration of the flow. At Xrel = 0.72 the MEIRD
is defined by a rectangular cross-section and the upper wall has its lowest point (Q08). While
the pressure continuously and smoothly decreases at the lower wall downstream towards the
DOP, the pressure level is rising very strongly at the upper wall. Between Xrel = 0.75 and
Xrel = 0.88 a pressure plateau is present at the upper wall, which is an indication of a flow
separation. This flow separation is labeled in Fig. 6, the separation bubble is enclosed by the
wall and the pink line. Downstream of this pressure plateau or flow separation the pressure rises
strongly towards the DOP with a few oscillations, which are caused by the three-dimensional
shape of the separation bubble.

At the lower wall the numerically predicted (wall functions and low Reynolds) pressure,
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agrees very well with the experimental pressure data. In the rear region (Xrel = 0.65 to DOP)
the numerical simulations predict a slightly higher pressure than measured in the experiments,
but this difference is very small. All in all at the lower wall a very good qualitative and quantita-
tive agreement between numerical and experimental data is achieved. At the upper wall, in the
front part of the MEIRD (”A”, red line in Fig. 5) the agreement between numerical simulations
and experimental data is very good. The region of low pressure at the section with the pressure
minimum at the upper wall (”B”) is predicted slightly broader by the numerical simulations
than the experimental results suggest. Additionally, the predicted pressure level at the plateau
(”C”) does not reach the experimentally measured pressure level. The beginning of the pressure
plateau is predicted slightly downstream by the numerical simulations, than it is given by the
experimental data. Nonetheless, the pressure plateau as well as the flow separation is predicted
well by the numerical simulations.

(a) CROSS-SECTION Q02, S=25% (b) CROSS-SECTION Q05, S=52%

(c) CROSS-SECTION Q08, S=75% (d) CROSS-SECTION Q09, S=80%

Figure 7: WALL PRESSURE AT CROSS-SECTIONS, NUMERICAL (WALL FUNCTIONS
AND LOW REYNOLDS) AND EXPERIMENTAL RESULTS

In Fig. 7 the pressure distribution at the MEIRD’s wall at four chosen cross-sections, de-
picted in Fig. 5 is shown. The dashed red line (mostly covered by the solid green line) repre-
sents the simulated results with wall functions, the solid green line represents the results from
the simulations with low Reynolds turned on, and the blue symbols represent the experimen-
tal results. It is marked to which wall of the MEIRD (upper or lower wall) the pressure level
belongs, as the orientation changes on the way through the MEIRD. Cross-section Q02 in the
middle of the first strong bent shows a nearly constant pressure gradient over the duct width.
The agreement between numerical and experimental data is very good at Q02. Between both
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bents of the MEIRD cross-section Q05 is positioned. At this cross-section the pressure level
at the lower wall is nearly the same one as at the upper wall over the full width of this cross-
section. At this axial length of the MEIRD the pressure level at the lower wall rises above
the pressure at the upper wall and therefore no significant pressure gradient between upper and
lower wall exists.

At cross-section Q08, depicted in Fig. 7c, the pressure gradient between upper and lower
wall is reversed in comparison to the upstream cross-sections. Due to the strong bent of the
upper wall, the fluid gets accelerated and the static pressure decreases below the pressure level
at the lower wall. At the lower half of this cross-section, the numerical data with both kinds of
boundary layer treatment, agree qualitatively and quantitatively very well with the experimental
data. At the upper half this agreement is not given for the full extent of the wall. At Yrel = 0
(symmetry plane) the deviation between numerical results and experimental data is the largest
(“A”, Fig. 7c) at this cross-section. This discrepancy of the pressure values agrees with differ-
ence in the width of the pressure peak (Xrel = 0.72 to Xrel = 0.75, Fig. 5) between numerical
and experimental data, where the numerical data predict a broader pressure peak than the ex-
perimental data suggests. Shortly downstream of the strong bent at cross-section Q09 (Fig. 7d)
the pressure gradient between upper and lower wall is reduced, while the general picture with
the higher pressure at the lower wall and the lower pressure at the upper wall persists. A very
good agreement of the numerical data with the experimental data is achieved. At the upper wall,
a slight offset between both datasets is visible. This coincides with the pressure difference in
the region with separated flow, already discussed with the pressure distribution at the symmetry
plane (Fig. 5, Xrel = 0.75 to Xrel = 0.88).

Downstream of the strong bent at Xrel = 0.72 the flow is not able to follow the strong
curvature of the MEIRD’s upper wall and separates. As a result a large separation bubble is
formed in the rear region of the duct at the upper wall, which is depicted by the pink line in
Fig 6. The flow separation leads to the development of a large twin vortex system, as described
by Haug et al. (2018). This flow separation is recognizable in the wall pressure data, plotted
in Fig. 5, by the pressure plateau between Xrel = 0.75 and Xrel = 0.88. Also, in Fig. 6 the
strong decceleration of the fluid near the upper wall is visible, which leads to the static pressure
rise upstream of the flow separation. Due to the blockage in the upper part of the duct, the
fluid in the vicinity of the lower wall gets smoothly accelerated and thus the static pressure
decreases. In this region at the upper wall the difference between the numerically predicted
and the experimentally measured pressure data becomes most prominent, but is not too large.
This difference may be referred to difficulties of RANS-methods with the simulation of areas
with strong flow separation (see Denton (2010)). Nonetheless, this pressure plateau is predicted
quite well in terms of extent. Also, the pressure difference between numerical and experimental
data is not as large that the used RANS methods would not able to handle the flow inside the
MEIRD.

Flow Field at the AIP
The flow field at the AIP is depicted in Fig. 8a for the experimental data with the mea-

surement positions marked as small square symbols, Fig. 8b for numerical simulations with
wall functions, and in Fig. 8c for numerical simulations with low Reynolds boundary layer
treatment. Both numerical solutions were interpolated at the same resolution of measurement
positions (small circular symbols), as is available for the experimental data. This is done in
order to avoid any influence of the significantly higher resolution of the numerical simulations.

The AIP is dominated by a large region of high total pressure loss (large blue region), which
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(a) EXPERIMENT (SQUARE:
MEASUREMENT POSITION)

(b) SIMULATIONS WITH
WALL FUNCTIONS
(CIRCLE: DATA POINT)

(c) SIMULATIONS WITH
LOW REYNOLDS
(CIRCLE: DATA POINT)

Figure 8: Cp,t DISTRIBUTION AT THE AIP

is induced by the large flow separation in the rear part of the MEIRD. The resulting twin vortex
system (Haug et al. (2018)) is the main cause for the displacement of the total pressure minimum
downwards in direction of the center of the circular cross-section. Additionally, driven by this
vortex system, fluid with a higher total pressure is transported upwards at both sidewalls and
along the upper wall into the direction of the symmetry plane. In the lower part of the AIP
on each side of the cross-section, a small region with slightly reduced total pressure is present.
These regions are caused by a vortex system, which is induced by the geometry in the front part
of the MEIRD (see Haug et al. (2018)) and transported downstream in the MEIRD.

The flow field at the AIP is predicted well by the numerical simulations, with wall functions
as well as with low Reynolds boundary layer treatment, when compared to the experimental
data. The large flow distortion in the upper part of the AIP is predicted well in terms of size
and intensity, only towards the center of the AIP, the region with low total pressure seems to
be cropped by a small amount. The small regions with a slighter total pressure loss in the
bottom region are predicted at the same position and with the same size, as they occur in the
experimental data, also the region with higher total pressure in the lower center part of the AIP
is predicted very well. At all three cases, the distortion coefficient at the AIP is DC60 = 0.117
and the swirl coefficient is SC60 = 0.301. As expected from the flow field visualization, there
is no difference at the distortion and swirl coefficient.

CONCLUSIONS
At the Institute of Jet Propulsion a highly bent short intake duct, the MEIRD, was designed,

developed, and investigated. The investigations were conducted at the engine test facility of
the institute as well as by means of steady state RANS simulations with different numerical
setups. One setup was derived from numerical parameter studies. In this paper it was shown
that the flow solver TRACE is capable to handle the complex flow situation within the MEIRD
quite well with the chosen numerical setup. The flow phenomena predicted by the numerical
simulations agree with the experimental data qualitatively and quantitatively very well. Within
the large flow separation, the numerical simulations overpredict the pressure levels slightly,
while the qualitative characteristics of the pressure distributions are predicted quite well. At the
AIP, the flow pattern, relevant for the distortion of the compressor system and thus the engine
operation, agrees very well between numerical and experimental data. Only the pressure levels
show slight differences, which are caused by the offset at the region of separated flow.
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The simulations conducted with the setup presented in this paper are able to predict the com-
plex flow regime within the MEIRD correctly. It is expected that the described numerical setup
can also successfully be applied to other intake duct configurations since the case presented
here exhibits challenging highly three-dimensional design features found in real applications.
The numerical setup will be used to conduct numerical simulations to extend the knowledge on
the aerodynamic performance of realistic short highly bent intake ducts. Additionally, based on
this steady state RANS setup, a setup for unsteady URANS simulations will be developed for
further investigations as well as a setup for coupled intake-compressor simulations.

All in all, steady state RANS methods are capable to handle the complex flow within such
short highly bent intake ducts. Not all turbulence models predicted a mostly symmetric flow
field, as it is provided by the experimental data. Especially in large regions of separated flow,
the used RANS methods may not predict the correct pressure levels. The setup has to be chosen
with consideration of the flow phenomena present inside the intake duct and the capacity of the
implementation of the used turbulence models to predict the correct pressure levels within flow
separations.
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