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ABSTRACT
Computational fluid dynamics (CFD) simulations are often used in the design process of
s-shaped engine inlet ducts. The results of such simulations need to be compared with ex-
perimental data for validation purposes. In contrast to turbulence models, the numerical
boundary conditions for turbulence (i.e. intensity and length scale) are rarely consid-
ered when CFD for s-duct simulations are validated. However, during earlier work at
the Institute of Jet Propulsion it was found that numerical turbulence settings can have
a significant influence on the aerodynamics in an engine inlet system. Hence, an exper-
imental setup was established to evaluate these findings. The experimental results show
that increasing free-stream turbulence significantly influences the internal duct flow and
thus the distortion at the inlet plane of the compressor system. For the presented test case
the mean total pressure loss at the compressor intake plane increases, which may have
has a negative effect on compressor performance. On the other hand the distortion de-
scribed by common descriptors is reduced, which is generally advantageous in terms of
compressor stability. The results from the numerical simulations qualitatively agree with
the experimentally obtained data.
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NOMENCLATURE
Symbols
cp,stat [−] static wall pressure coefficient
∆cp,stat [−] wall pressure difference

between top and bottom side
cpt,loss [−] total pressure loss coefficient
CDI [−] circumferential distortion

intensity
DC60 [−] 60◦-segment distortion

coefficient
pt,rel [−] relativ total pressure
Tu0,I [%] free-stream turbulence intensity
TuL [mm] turbulence length scale

x, y, z [mm] cartesian coordinates
∆xref [mm] axial distance between the

turbulence grid and the
reference plane

Abbreviations
AIP aerodynamic interface plane
CFD computational fluid dynamics
RANS Reynolds-averaged Navier-Stokes
(S)ETF (scaled) engine test facility
UAS unmanned aerial system

INTRODUCTION
S-shaped engine inlet ducts can be utilized for the integration of propulsion systems into the

airframe of military as well as civil aircraft. Due to their complex shape such s-ducts provoke
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a combined pressure-swirl distortion, which is generally disadvantageous for the operability of
a compressor system being installed downstream of the inlet duct. An optimal design of s-duct
engine inlet systems is hence important to ensure maximal performance and stability of the
entire propulsion system.

The design of s-shaped ducts is usually supported by computational fluid dynamics (CFD)
simulations. Computations solving the Reynolds-averaged Navier-Stokes (RANS) equations
are often applied because of reasonable computational costs. Experimental data is, however,
necessary for the validation and optimization of the CFD setup. As an example, Vakili et al.
(1983) present wind tunnel data on a basic s-duct geometry and Nessler et al. (2013) concentrate
on a test case with a more complex duct geometry.

Delot and Scharnhorst (2013) compare the numerical solution, obtained with ten different
CFD flow solvers, with experimental results presented by Wellborn et al. (1992). In total 63
different numerical solutions with varying mesh densities, turbulence models, and setup param-
eters are compared. In many of the presented cases CFD predicts the global flow phenomena and
the mean total pressure loss at the duct outlet plane very well. Nevertheless, both the minimal
and maximal total pressure losses are often over predicted. This can lead to a false interpretation
of the flow distortion and the influence on the compressor performance and stability.

A further challenge became obvious within the numerical design phase of the so-called ‘bent
MexJET duct’. Within the scope of a national research project in cooperation with MTU Aero
Engines AG this duct system was built at the Institute of Jet Propulsion by Rademakers et al.
(2016) for experimental testing at the institute’s engine test facility (ETF) where a relative high
level of turbulence is expected to occur. The intensity and the pattern of the distortion at the
outlet plane of the ‘bent MexJET duct’ appeared to be sensitive to the numerical turbulence set-
tings (i.e. free-stream turbulence intensity Tu0,I and turbulence length scale TuL) as described
by Kächele et al. (2017). This was a major issue during the design of the ‘bent MexJET duct’
since uncertainties in the prediction of the flow condition at the compressor intake plane lead
to uncertainties regarding the operability of the ‘bent MexJET duct’ at the ETF. The design
of engine inlet ducts using CFD would benefit from an increased understanding regarding the
influence of numerical turbulence boundary settings on duct aerodynamics.

STATE OF RESEARCH
Investigations regarding the influence of turbulence on ducted flow are available in the open

literature. The following papers discuss test cases, which have similarities with the investiga-
tions presented in this paper.

Moore and Kline (1958) experimentally investigated the influence of Tu0,I on the perfor-
mance of a two-dimensional diffuser. It is shown that increased Tu0,I causes a transfer of mo-
mentum from the central core flow into the boundary layer causing the flow separation further
downstream in the diffuser.

Crawford (1988) investigated a curved duct with square cross-sections and a 90◦ bend in an
experimental setup. Crawford shows that a turbulence variation in the range of 3% < Tu0,I <
6% influences the axial velocity and cross flow development in the curved duct.

Ng and Birk (2013) varied both the numerical Tu0,I as well as TuL and identified an influ-
ence on the flow within a rectangular s-bend inter-connecting-duct. Ng and Birk also compare
their numerical results with experimental data. A variation of the turbulence conditions in the
experimental setup was, however, not conducted.

Lee et al. (2012) investigated the flow in an A250 diffuser tube by means of CFD simula-
tions and varied turbulence in the range of 1% < Tu0,I < 10%. The influence on the provoked
distortion within the A250 diffuser tube is limited. This might be explained by the fact that the
investigated tube has a very moderate bend and thus the distortions are not severe. Consider-
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ing the approach presented in this paper, it moreover lacks a comparison with experimentally
obtained data with varying Tu0,I .

It should be noted that the duct geometries considered in the latter three papers are not
representative for complexly shaped engine inlet ducts as applied in e.g. modern unmanned
aerial systems (UAS).

Johnson et al. (2013) show by means of experiments that varying turbulence has an influ-
ence on the aerodynamics in a UAS typical inlet system. The total pressure within the low
pressure region at the duct outlet plane increases up to 25% for higher levels of free-stream
turbulence. Nevertheless, the effect on the shape of the distortion pattern is minor. The free-
stream conditions were only varied in the range of 1% < Tu0,I < 4% and a comparison with
numerically obtained results is not presented.

OBJECTIVES
It is the main goal of the presented work to give a broad evaluation of the influence of

free-stream turbulence on s-duct aerodynamics by means of both numerical and experimental
investigations. For this reason a test setup in the scaled ETF (SETF), was established. The
presented work is an enhancement to earlier work in the open literature because of several
reasons. First, the setup includes a highly curved s-duct, which has a typical geometry for the
application in modern UAS. Secondly, the free-stream turbulence was varied in a wide range
(approximately 6% < Tu0,I < 16%). Thirdly, results from both numerical and experimental
investigations are presented.

The presented results are important to evaluate earlier findings regarding numerical turbu-
lence settings influencing the aerodynamics in the so-called ‘bent MexJET duct’ as described
by Kächele et al. (2017). The influence of increasing Tu0,I is in this paper mainly interpreted
by assessing flow coefficients at the duct outlet plane in order to assess potential effects on the
performance and stability of a compressor system.

FLOW COEFFICIENTS
The distortion provoked by the duct is measured at the aerodynamic interface plane (AIP),

which is commonly known as the measurement plane between the duct and the compressor. In
this case the AIP is at the duct outlet plane. Several flow evaluation coefficients are described
in the following.

The relative total pressure

pt,rel =
pt

pt,max

(1)

sets a local total pressure pt in relation to the maximal total pressure pt,max at the AIP whereas
the pressure loss coefficient

cpt,loss =
pt,max − pt

pt,max

(2)

indicates the area-averaged total pressure loss pt,max − pt related to the maximal total pressure
pt,max at the AIP.

The Society of Automotive Engineers (2013) describes in the Aerospace Information Report
1419 the circumferential distortion intensity

CDIi =
pt,i − pt,low,i

pt,i
(3)
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Figure 1: Schematic overview of the SETF

evaluating the distortion within i rings of a measurement rake. The rake applied for the current
investigations consists of six arms with five probes positioned equidistantly in radial direction
on each rake (i.e. i = 5). pt,low,i is the mean value of the total pressure values below the mean
total pressure value pt,i within each ring. The maximum of i-values is used for analyzes and
correspondingly indicated as CDImax.

The pressure distortion coefficient

DC60 =
pt − pt,60◦−segment

q
(4)

was introduced by Reid (1969). This coefficient indicates the ratio of averaged total pressure
loss within a typical sector of 60◦ and the mean dynamic pressure q within the AIP. The max-
imum value of DC60 within the entire 360 ◦-segment is indicated as DC60max and used for
distortion assessment in the following.

The difference of each of the latter coefficients between a test case with a certain Tu0,I and
a reference value is accordingly indicated as ∆cpt,loss, ∆CDImax, and ∆DC60max. The test
case with the lowest free-stream turbulence measured is chosen as reference. These differences
are applied to depict the influence of free-stream turbulence on the flow at the AIP.

EXPERIMENTAL SETUP
The experiments were conducted at the SETF of the Institute of Jet Propulsion. This test

facility is a one to seven scaled version of the institute’s ETF. The SETF allows for high flex-
ibility in conducting experiments with a jet engine since it can be operated in two different
configurations. The first configuration (not shown here) provides the air inflow in an angled
direction from the top of the facility representing the inflow condition into the ETF. The second
configuration is shown in Fig. 1 and provides an air inflow in an axial direction from the front
plane of the facility. The most important devices are labeled A to F.

The investigations presented here require the generation and variation of free-stream tur-
bulence delivered to the engine inlet duct. It was chosen to generate turbulence using static
grids due to robustness and reliability of this approach. During the presented work the SETF
was solely operated in its axial configuration to ease the integration of these turbulence gener-
ation grids. This configuration moreover provides a simplified access for the installation of the
turbulence grid and the variation of the axial distance between the grid and the engine inlet.
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A turbulence grid (see ref. A in Fig. 1) was installed in the front wall of the facility and
comprises an array of parallel square bars. Its design is mainly based on the findings by Roach
(1987). The grid itself has a square cross-section with an edge length of 500mm. The bars
have a square cross-section and an edge length of 9.4mm. The grid has a mesh length (i.e. the
recurring distance between adjacent bars) of 17mm and a grid porosity of 44.7%. A detailed
analysis of the effectiveness of the turbulence grid and a comparison with the results provided
by Roach (1987) can be found further on in this paper.

Downstream of the turbulence grid a traversing mechanism for hot-wire probes (B) was at-
tached to the side wall of the facility. The probe was positioned along the x-axis such that it
was in line with the center of the duct intake plane. The Dantec Dynamics Streamline Pro con-
stant temperature anemometry system was used for high-frequency turbulence measurements
of the free airflow downstream of the grid. All measurements were repeated several times in
order to prove the repeatability of the results. For pre-evaluation a single-wire S55P11/2 Dantec
Dynamics probe was used. The main investigations were conducted with a triple-wire 55R91
probe from the same manufacturer. The turbulence intensity

Tu0,I =
1

U

√
1

3
(u′2 + v′2 + w′2) · 100% (5)

is ideally measured with a triple-wire probe to determine the root mean square values of the
velocity components u′2, v′2, and w′2 in x, y, and z-direction. In Equation 5 the U indicates the
mean velocity of the free-stream flow. The turbulence intensity of the flow can be measured
with a single-wire probe on the assumption that the turbulence is isotropic and thus the velocity
fluctuations are equal in all three directions (i.e. u′2 = v′2 = w′2). Probe data was sampled
with 60kHz and a 30kHz low pass filter was used for post-processing of the raw velocity
fluctuations.

A thrust frame (C), similar to the thrust frame in the ETF, is used for the installation of
the commercial Graupner G Booster 160 gas turbine into the scaled facility. This jet engine (D)
provides a maximum thrust of 160N at 120, 000rpm with an engine mass flow of approximately
0.39kg

s
according to manufacturer information. All presented investigations were conducted at

the engine’s full thrust setting. At this engine setting the inflow with a Reynolds number of
Red ≈ 6 · 105 based on the outlet plane diameter d of the investigated duct can be considered
as fully turbulent. Unfortunately, the engine is not applicable for investigations regarding inlet-
compressor interactions because the single stage radial compressor of the Graupner G Booster
160 is not representative for a typical full-scale application and, additionally, specific measure-
ment instrumentation on the scaled jet engine itself is not available.

The so-called generic s-duct (E, in the following referred to as ‘duct’) was mounted onto
the engine. This inlet duct features a complex three-dimensional geometry. A longitudinal cut
through the duct is schematically shown in Fig. 2. In this figure four cross-sections in stream-
wise direction depict the complex geometry of the duct. The duct is equipped with 79 wall
pressure taps along the top (27) and bottom (52) side within the xz-symmetry plane for data
comparison with numerically obtained results. Some knowledge regarding the flow phenomena
within this duct was gathered during previous experimental as well as numerical investigations
by Rademakers et al. (2013) and Brehm et al. (2015), respectively. First, a flow separation
occurs at the duct intake lip (see Fig. 2, ref a) followed by a recirculation zone of the flow.
Second, a large scale region with low kinetic energy was determined at the upper side upstream
of the duct exit (see Fig. 2, ref. b) and third, a noticeable boundary layer thickening occurs at
the bottom side (see Fig. 2, ref c).
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Figure 2: Four cross-sections of the duct (left) and the measurement rake at the AIP (right)
with 30 total pressure probes

Figure 3: Total pressure distortion at the AIP from data with 30 measurement positions
(a) and data with 60 measurement positions (b)

Between the duct and the engine (i.e. at the AIP) a six-arm measurement rake (F) is in-
stalled. A front view of the rake is shown in Fig. 2 (right). It is equipped with five pitot probes
positioned equidistantly along each of the six arms. During earlier tests the circumferential
position of the rake was varied to investigate its influence on total pressure data at the AIP. Fig.
3a shows the measured distortion pattern with the rake at its standard position (i.e. as shown in
Fig. 2). In a separate test run the rake was displaced by 30◦ in circumferential direction. The
data from both measurements is combined for the AIP plot in Fig. 3b, which hence includes
data from the rakes at both positions. Two conclusions can be drawn from both plots in Fig. 3.
First, the distortion patterns themselves do not differ significantly and thus this specific distor-
tion pattern is sufficiently captured during one measurement with the rake positioned as shown
in Fig. 2 (right). Second, the experimental data is highly reproducible otherwise the plot in Fig.
3b would have shown discontinuous gradients within the total pressure distortion pattern.

NUMERICAL PRETEST SIMULATIONS
The SETF is designated for early project investigations since experimental data can be ob-

tained time- and cost-efficiently. A numerical setup of the SETF for RANS simulations is avail-
able at the Institute of Jet Propulsion. The simulations were conducted with the commercial
flow solver ANSYS CFX 14.0. The entire mesh consists of over 58M cells for a full representa-
tion of the SETF without applying any symmetry planes. Fully turbulent RANS equations were
solved with the shear stress transport (SST) turbulence model. The reader is referred to Brehm
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case Tu0,I [%] TuL [mm]
CFD-1 1 1.26
CFD-2 30 1.26
CFD-3 10 126

Table 1: Overview of three selected numerical pretest simulations

et al. (2015) for more information on the CFD setup.
A wide range of CFD simulations with varying settings for both Tu0,I and TuL was con-

ducted, however, only three selected cases (see Tab. 1) are presented in the following for the
sake of clarity. For case ‘CFD-1’ common turbulence settings were chosen and thus this case
can be regarded as reference. The turbulence intensity at the inflow boundary of the CFD setup
was increased to Tu0,I = 30% for the case ‘CFD-2’. This level of turbulence is in the same or-
der of magnitude as the turbulence, which can be generated in the experimental setup described
later on in this paper. However, because of the small turbulence length scale TuL = 1.26 the
Tu0,I reduces quickly within the test section in stream-wise direction to values comparable with
case ‘CFD-1’. In case ‘CFD-3’ the TuL was set to a rather unrealistic high value in combination
with Tu0,I = 10% to assess its influence on the flow.

The lower graph in Fig. 4 depicts the static wall pressure coefficient

cp,stat =
pstat,wall

pt,ref
(6)

which relates the local static wall pressure pstat,wall to a reference total pressure. The first
alteration of cp,stat while varying the turbulence settings becomes apparent at the top side of the
duct. This can be explained by a deformation of a complex flow recirculation area at the upper
duct intake lip (Fig. 2, ref. a), which is apparent in the CFD simulations.

The upper graph in Fig. 4 shows the difference in static wall pressure

∆cp,stat(360◦ − 180◦) = cp,stat(xtop side) − cp,stat(xbottom side) (7)

between the top and bottom side. For this illustration the respective positions at the top and
bottom wall are paired with each other in such way that they share the same cross-section in
stream-wise direction. The latter is exemplarily depicted in Fig. 4 with ’d-d’. The ∆cp,stat is
a measure for the magnitude whereby the fluid is forced through a bend within the duct, which
inevitably provokes complex secondary flow phenomena. Between 250mm < x < 290mm
the ∆cp,stat increases for increasing turbulence, which indicates that the fluid flow bends further
downwards within the duct. As already stated above this can be explained by a deformation of
a complex flow recirculation at the upper duct intake lip. The contrary is observable between
300mm < x < 340mm. The ∆cp,stat decreases, which indicates that the flow bends further
upwards for the cases with higher turbulence settings.

The secondary flow phenomena in the entire s-duct are influenced by the changes in static
wall pressure. The already existing counter-rotating twin-swirl in the duct becomes stronger,
which is also visible in a changing distortion pattern at the AIP (see Fig. 5). For case ‘CFD-2’
the influence is nearly noticeable at the AIP, however, for case ‘CFD-3’ the total pressure dis-
tortion pattern is clearly changed. The strengthened counter-rotating twin swirl is schematically
indicated in this figure with two gray arrows. For case ‘CFD-3’ the distortion by means of both
CDI and DC60 is reduced in comparison with the reference case ‘CFD-1’. Especially a 37%
reduction of the DC60-coefficient is advantageous in a real application in terms of compressor
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Figure 4: Static wall pressure in the duct for three numerical test cases

Figure 5: Total pressure distortion at the AIP for three numerical test cases

stability. On the other hand the total pressure loss at the AIP by means of cpt,loss increases,
which would be disadvantageous in a real application in terms of compressor performance.

The results of the numerical pretest simulations show similar effects of the numerical tur-
bulence setting on s-duct aerodynamics as described by Kächele et al. (2016). Hence, it was
decided to establish the experimental setup as presented in the previous chapter of this paper
in order to confirm the described influence of varying free-stream turbulence on s-duct aero-
dynamics. In an experimental setup the TuL cannot be adjusted such that a full agreement
with CFD settings is achieved. This makes a direct comparison between numerical and exper-
imental investigations difficult. This was a main reason to conduct the following experiments
supplementary to the numerical pretest simulations.
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TEST CASES
The results are presented in two separate parts of the paper, which are briefly introduced in

the following.
Major modifications on the SETF were made to enable free-stream turbulence variation and

to allow for measurements of the turbulence conditions in the test cell. In the first part of the
paper the commissioning of this setup is described. The adequacy of the specially designed tur-
bulence grid is proven by detailed measurements of Tu0,I downstream of the grid with different
hot wire probes and a comparison with experiments regarding the generation of nearly isotropic
turbulence by means of grids presented by Roach (1987).

The main experimental results are described in the second part. It was decided to vary the
turbulence intensity entering the duct by moving the turbulence grid in axial direction towards
the inlet duct because an adaption of the bars within the turbulence grid only leads to a small
Tu0,I variation. The variation in distance between the grid and the duct causes a variation in
Tu0,I for a fixed reference plane near the inlet duct since the turbulence intensities downstream
of the turbulence grid are subject to continuing decay. It is noted that this approach only allows
to assess global trends of varying free-stream turbulence influencing the s-duct aerodynamics.

RESULTS
Part I: Commissioning of the setup
The characteristics of the turbulent flow conditions downstream of the turbulence grid in-

side the SETF were analyzed during the commissioning of the setup. Two types of hot-wire
probes were used to determine the turbulence at 19 axial measurement positions downstream of
the grid. Preliminary measurements were conducted with a calibrated single-wire probe and all
measurements were finally repeated with a calibrated triple-wire probe. Fig. 6 shows the gath-
ered data from different test runs. The x-axis indicates the axial distance between the turbulence
grid and the hot-wire probe. According to literature and considering the parameters that apply
to the utilized grid the Tu0,I decay should follow a −5

7
-power law with respect to the distance

of the turbulence source. The approximated decay is depicted in Fig. 6 as a solid line. The
overall trend of the decaying Tu0,I of the experimental data agrees with the expectations drawn
from the −5

7
-power law. The measurement range is separated in three sections for a further

discussion in the following.
Section 1 reaches from an axial distance of 0mm to approximately 140mm. In this section

the axial distance lies within the same order of magnitude as ten times the mesh length of the
bars in the turbulence grid. According to Roach (1987), wake effects provoked by the bars (i.e.
e.g. flow separation) are expected to occur, which have a significant impact on the prevailing
flow conditions. This is considered to be the main reason for the large deviations between the
experimental data and the −5

7
-power law. To account for these deviations a minimal distance

between the turbulence grid and the duct of ∆xref = 140mm must be considered during the
main investigations in the second part of the experiments.

Further downstream between 140mm and 400mm there is section 2 where experimental
data agrees very well with the −5

7
-power law approximation considering the given circum-

stances. The stream-wise decay of Tu0,I can be considered as nearly isotropic due to the strong
correlation with the results presented by Roach (1987).

Lastly, section 3 in Fig. 6 reaches from circa 400mm to 600mm. Within that section
the measured Tu0,I slightly differs from the expected turbulence level. Further investigations
did point out that this unexpected increase in Tu0,I in comparison with the −5

7
-power law is

not caused by the turbulence grid itself but provoked by upstream propagating effects from the
thrust frame and several other essential devices mounted within this area of the test facility. This
effect was consistently observed also in test cases where the grid was not included in the SETF
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Figure 6: Measured Tu0,I downstream of the turbulence grid

setup and hence does not have negative influences on the main investigations in the second part.
Aside from the turbulence characteristics, the turbulence grid causes a pressure drop that

generally agrees with expectations drawn from Roach (1987). That pressure drop was deter-
mined for each investigation and consistently amounts to around 245Pa. For the given grid
porosity of 44.7% and a free-stream velocity of about 10m/s, using the estimations by Roach
(1987), a 258Pa pressure drop is expected, which is pretty close to the measured value.

Resulting from the presented commissioning of the setup the turbulence grid is considered
as an adequate choice for its purpose during the main investigations presented in the following
part of the paper. The established turbulence decay allows a Tu0,I variation at a fixed reference
plane by a variation of axial distance.

Part II: The variation of free-stream turbulence
In the following the main investigations with a free-stream turbulence variation are pre-

sented. The Tu0,I at a certain position downstream of the turbulence grid is known from the
results presented in part I and can thus be approximated at the reference plane while the axial
distance between the grid and the duct (i.e. indicated with ∆xref ) is varied. All together 25
test cases were conducted but for convenience only a selection is shown in Tab. 2. The Tu0,I

estimates are calculated using the −5
7

-power law as shown in Fig. 6.
This approach for varying the Tu0,I allows omitting the hot-wire instrumentation during the

investigations, which was a main requirement for the experiments to avoid disturbing influences
from a probe on the aerodynamics within the duct. It is furthermore noted that all operating pa-
rameters are equal to the tests presented in part I to ensure a maximal transferability between
both parts of the investigation. The results are evaluated with a focus on the influence on aero-
dynamic phenomena inside the duct. Furthermore, the effect of varying free-stream turbulence
on inlet conditions can be interpreted by assessing established descriptors for the flow distortion
at the AIP.
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estimated Tu0,I [%]
case ∆xref [mm] in the reference plane
EXP-1 607.9 5.8
EXP-2 590.9 5.9
... ... ...
EXP-17 290.9 9.7
... ... ...
EXP-25 140.9 16.3

Table 2: Overview of selected experimental test cases for the main investigations

The influence of increased free-stream turbulence on compressor inflow distortion
Static wall pressure from two experimental test cases (‘EXP-2’ and ‘EXP-17’) is shown in

Fig. 7. In the upper graph of this figure the ∆cp,stat curve rises between 240mm and 290mm
from ‘EXP-2’ to ‘EXP-17’ corresponding to a rise of the estimated Tu0,I from 5.9% to 9.7%.
This change in ∆cp,stat is consistent over all 25 experimental test cases. The two selected cases
were arbitrarily chosen for illustration purposes. The increase in ∆cp,stat for an increased Tu0,I

indicates higher perpendicular forces on the central core flow through the respective section of
the duct. According to the results from the numerical pretest simulations this can be explained
by a shape change of the recirculation area downstream of the flow separation at the duct intake
lip. The counter-rotating twin swirl (i.e. also present in a test case with a very low Tu0,I)
becomes stronger downstream of this location in the duct.

The lower graph in Fig. 7 shows that static wall pressure changes for varying Tu0,I solely in
the front part of the duct. This implies that the duct aerodynamics only change due to the shape
change of the recirculation area downstream of the flow the duct intake lip. This observation is
different compared to the results of the numerical pretest simulations where static wall pressure
changes within the entire duct for varying Tu0,I .

The changing secondary flow can unfortunately not be captured with the current instrumen-
tation within the duct. Nevertheless, the resulting effects on the distortion pattern at the AIP
can be visualized. The measurement instrumentation at the AIP allows the assessment of the
total pressure distribution. Fig. 8 shows the relative total pressure distribution at the AIP for
the same test cases as in Fig. 7. In Fig. 8a the pt,rel-distribution for ‘EXP-2’ features compared
to ‘EXP-17’ an extended region of low pt,rel along the upper third part at the AIP. This region
of low total pressure is caused by the low kinetic energy region (see Fig. 2 ref. b) along the
curvature at the duct’s top side and can be observed for all test cases. For increasing Tu0,I ,
however, the low kinetic energy region upstream of the AIP is narrowed in its circumferential
extend due to the strengthened counter-rotating twin swirl causing a reduced low total pressure
region at the AIP as visible in Fig. 8b. This is schematically displayed with two gray arrows in
the same figure.

The asymmetric total pressure pattern for the cases with low Tu0,I (see e.g. Fig. 8a) cannot
be explained, however, both patterns in Fig. 8 could be reproduced during individual measure-
ments. It is noted that the compressor rotates in clockwise direction (see black arrow in Fig.
8a) und thus the rotation of the compressor is also not an explanation for the asymmetry of the
distortion pattern.

The variation of the compressor inflow distortion can also be described by the distortion
coefficients CDImax and DC60max. Fig. 9 illustrates the relative variation of three flow co-
efficients, in percent, over the estimated Tu0,I for all 25 experimental test cases. As it can be
seen a decrease of about 6% for DC60max is measured while varying turbulence in the range of
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Figure 7: Static wall pressure in the duct for two experimental test cases

6% < Tu0,I < 16%. A similar tendency is found for CDImax, which drops by more than 10%.
A decrease in CDImax and DC60max generally describes a change of the flow condition with
a beneficial influence on the compressor stability.

For this specific case the changing secondary flow due to the increased Tu0,I has a positive
effect on the distortion pattern at the AIP and hence indirectly also on compressor stability. It
is noted that this observation is specific for this duct geometry. In another case (i.e. e.g. a duct
comprising a different secondary flow system) the increasing Tu0,I can also lead to a change of
the distortion pattern, which results in a negative influence on compressor stability by means of
distortion descriptor assessment.

The influence of increased free-stream turbulence on compressor inflow total pressure
Aside from its effect on flow distortion, the Tu0,I increase also influences the overall total

pressure losses, which are visualized by cpt,loss in Fig. 9. Contrary to the distortion coefficients
cpt,loss increases by about 8% for the turbulence variation in the range of 6% < Tu0,I < 16%,
which is generally disadvantageous in terms of compressor performance. This behavior is con-
sidered to be independent of the changes in secondary flow throughout the duct. The higher
kinetic energy dissipation for increased turbulence generally leads to the higher total pressure
losses. In addition, the increasing Tu0,I can result in an earlier boundary layer transition at the
fore body (see Fig. 2) of the duct leading to an increased skin friction and thus higher total
pressure losses within the entire duct system.

The negative effect by means of compressor performance is specific for this test case. It
should be noted that a large scale flow separation within the duct does not occur. It is again
referred to Fig. 2 where ref. b and c indicate two regions within the duct where (according to
CFD simulations) solely low kinetic energy regions occur. An increasing turbulence level could
be advantageous for test cases where large scale flow separation is provoked within the duct.
Increased Tu0,I could force the flow separate further downstream in the duct or countervail
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Figure 8: Total pressure distortion at the AIP for two experimental test cases

Figure 9: Determined flow coefficients at the AIP

the entire flow separation due to a transfer of momentum from the central core flow into the
boundary layer. An increased Tu0,I would lead to decreased total pressure losses at the AIP
and thus increased compressor performance in such a case.

CONCLUSIONS
Both, numerical and experimental investigations on varying free-stream turbulence influ-

encing s-duct aerodynamics were conducted. The following conclusions are drawn from these
investigations.

The SETF was successfully adapted for a variation of free-stream turbulence by using a
static turbulence grid. Detailed measurements during the first part of the investigations with both
a single and a triple hot-wire probe show the agreement of the turbulence decay downstream of
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the turbulence grid with measurements presented in the open literature.
Numerical pretest simulations did show that an increasing free-stream turbulence in a refer-

ence plane slightly upstream of the duct leads to a shape change of the flow recirculation zone
directly downstream of the intake lip, which changes the flow path throughout the duct. The
latter is visualized by a changing static wall pressure in the duct’s front region. The change in
static wall pressure is directly related with a strengthened counter-rotating twin swirl within the
duct, which becomes visible by a deformation of the total pressure distortion pattern at the AIP.

The distortion patterns at the AIP for the experimentally obtained results were first analyzed
with the commonly known distortion descriptors CDImax and DC60max. These descriptors
decrease with 10% and 6% in value, respectively, for a 10% increase in free-stream turbulence.
This generally indicates a positive effect of the flow pattern on the compressor system in terms
of stability.

Secondly, the evaluation of the total pressure at the AIP reveals that the increased free-
stream turbulence leads to increased total pressure losses in the duct. For a 10% increase in
Tu0,I there is an 8% increase in total pressure loss observable, which generally indicates a
negative effect on compressor performance.

It is noted that the observations and especially the statements regarding compressor stability
and performance are specific for this particular duct geometry. Varying free-stream turbulence
can influence the flow in other kinds of duct systems featuring strong flow separation regimes
in a different manner leading to case specific influences on the compressor system.

The experimentally obtained results qualitatively agree with the findings from the numerical
pretest simulations. It is hence strongly recommended to consider the turbulence conditions
during the establishment and validation of CFD simulations on s-duct aerodynamics.
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