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Numerical and Experimental
Aerodynamic Investigation of an
S-Shaped Intermediate
Compressor Duct With Bleed

A series of computational fluid dynamics (CFD) simulations are performed to analyze the
effects a rotor off-take bleed has on the performance of an intermediate compressor duct
(ICD). To validate the CFD results, a comparison is made to measurements obtained
from an experimental facility located at GKN Aerospace Engine Systems in Sweden. To
achieve a deeper understanding of the flow physics, hybrid Reynolds-averaged Navier—
Stokes/large eddy simulation (RANS/LES) simulations are performed for a single operating
condition. The CFD simulations are capable of predicting the behavior when extracting
large amount of air through the bleed pipe, where an improved prediction is obtained
with the hybrid simulation. The performance of the ICD is severely compromised with
increased amount of bleed as the flow delivered to the downstream component is highly dis-
turbed. The disturbed flow is caused by the extraction of axial flow through the bleed pipe,
increasing the incidence into the low-pressure compressor’s outlet guide vanes (OGVs)
resulting in unfavorable velocity profiles into the ICD. This behavior causes the flow to
separate at the OGV blades, where the separation increases with increasing bleed. Further-
more, when including the full bleed system, significant circumferential distortions are

observed, showing the necessity of the integrated design. [DOI: 10.1115/1.4050670]

Keyword: computational fluid dynamics (CFD)

1 Introduction

The demand for highly efficient aircraft engines has risen over the
past decades and pushed engine manufacturers to seek for further
improvements. This has led to the development of high-bypass-ratio
turbofan engines with large fans and high-pressure ratio engine
cores.

With the objective to make the engines shorter and lighter, the
intermediate compressor duct (ICD) has become a subject of inter-
est. The ICD is an S-shaped duct which connects the two compres-
sion stages, the upstream booster/low-pressure compressor (LPC)
and the downstream high-pressure compressor (HPC). The relative
location of the compression system in a modern turbofan engine is
presented in Fig. 1. To get an efficient compression, the LPC tends
to have large hub-to-tip ratio, whereas the HPC has lower radius to
limit the tip leakage losses and reduce the weight of the rotor disk.
To lead the flow through the radial offset, it is common to use an
S-shaped duct, where the radial offset between the LPC and the
HPC is increasing with the evolution of increased bypass-ratio
engines. The radial turning of the flow should be done in as short
axial distance as possible to limit the length/weight of the engine.
The axial distance is, however, limited by the risk of separation
in the duct, due to the adverse pressure gradient present at the
inner casing (hub). Furthermore, the ICD design should deliver rea-
sonable inlet conditions to the HPC as highly disturbed flow has
negative impact on the HPC’s performance.

The LPC and the HPC have been optimized over the past decades.
The performance of the ICD itself, on the other hand, has not been
analyzed to the same extent, even though the “simple” geometry
is actually exposed to challenging aerodynamics. Britchford et al.
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[1,2] analyzed the internal flow field of an annular S-shaped duct
in detail, using experiments and computational fluid dynamics
(CFD). These studies were performed to understand the flow
physics of an S-shaped duct without any effects from integrated
blades. Bailey et al. [3,4] showed that with realistic inlet boundary
conditions, the boundary layer is re-energized and the adverse pres-
sure gradient at the inner casing becomes lower, reducing the risk of
separation. More realistic boundary conditions, therefore, increased
the possibility of a shorter duct, underlining the importance of an
integrated design. Walker et al. [5] showed that by integrating the
LPC’s outlet guide vanes (OGVs) into the ICD, the system length
could be reduced by 21%. Additionally, insignificant difference in
overall system losses was observed. Walker et al. [6] analyzed the
effects when including a bleed pipe in the convex turning on the
inner casing to extract the boundary layer. This was done to transfer
a higher momentum fluid from the main flow towards the inner
casing, decreasing the probability of separation.

Grimshaw et al. [7,8] studied the effects on a compressor stage
when extracting flow through a bleed pipe upstream of the rotor.
The bleed pipe was integrated into the casing with a continuous
outlet and a full bleed system with a single outlet. Extracting flow
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Fig. 1 A schematic of a turbofan engine
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through the bleed pipe had a positive impact on the stall margin and
the full bleed system resulted in circumferential flow variations.

Siggeirsson et al. [9] studied the effects of an integrated bleed
pipe in the casing, upstream of the OGV (rotor off-take). The geom-
etry was simplified to limit the computational cost, where the rotor
was replaced with a stationary blade row and the bleed pipe was a
simple channel. The purpose of such integrated bleed configuration
is not to extend the stability of the ICD but to improve the perfor-
mance of the engine (cooling, pressurizing cavities, cabin air, parti-
cle extractions, etc.). It was expected that extensive amount of bleed
would cause the flow in the ICD to separate at the hub, due to the
flow diffusion towards the casing. However, no signs of separation
were observed for two operating conditions (10% and 30% of the
inlet mass-flow was extracted). This was the motivation for using
wall-functions when simulating the same configuration by Siggeirs-
son et al. [10], where the ansys hybrid Reynolds-averaged Navier—
Stokes/large eddy simulation (RANS/LES) turbulence model,
stress-blended eddy simulation (SBES), and the RANS turbulence
model, k—w shear stress transport (SST) were used. The SBES
model was compared to the k~@ SST model and experiments.
The wall-function simulations resulted in better agreement
between the CFD and the experiments, compared to a wall-resolved
RANS simulation, which over-predicted the flow separation at the
OGYV blades. Furthermore, the SBES model improved the CFD pre-
dictions compared to the wall-function RANS simulations. Even
though the simulations using wall-functions gave promising
results, the assumption of no major separation had to be made, lim-
iting the exploration of different operating conditions. The same
configuration is the subject of the current study but with an exten-
sion to the bleed system geometry, where the full bleed system is
included. Additionally, to take full advantage of the hybrid
method, wall-resolved simulations are performed.

Most modern industrial CFD analyses are performed by applying
RANS models, as they give reasonable estimations of averaged
quantities with relatively low computational cost. However, these
models need to be replaced with more advanced techniques to
better capture unsteady flow structures and dynamics caused by
the complicated interaction between the curvature effects and the
adverse pressure gradients [1,10]. Therefore, to take full advantage
of the integrated design, a move from the standard RANS-based
simulations to more detailed numerical simulation techniques
such as LES is made. However, even though computational
power is increasing, pure LES will not become a practical option
for industrial use in high-Reynolds number turbomachinery appli-
cations with complex geometries in the near future [11]. Therefore,
a hybrid RANS/LES method is considered as it combines the
advantages of LES in resolving separated flows and the unsteady
flow features of the main flow and RANS models capabilities in
simulating attached boundary layers and mildly separated flows.

To analyze the integrated ICD and the effect the bleed system has
on the flow field, a full annular, experimental test rig has been built
at GKN Aerospace Engine Systems (GKNAES) in Trollhittan,
Sweden. The test section of the rig is presented schematically in
Fig. 2, where the non-dimensional duct characteristics are given
in Table 1. Those characteristics identify how prone to separation
the duct is, where an increase in AR/L, Ay./Ain, and ripeeq has a
similar effect on the duct’s performance (often referred to as a
higher loaded duct). Higher loading will increase the magnitude
of the deceleration area at the hub, resulting in higher risk of separa-
tion. The duct presented here is moderately to highly loaded, repre-
senting a realistic state-of-the-art ICD from a modern engine design.

This paper is a part of a continuing investigation at Chalmers and
GKNAES. In the present study, the internal flow field of an
S-shaped ICD, including the full bleed system, is analyzed.
RANS simulations are performed for four operating conditions,
where different amounts of bleed are extracted (0%, 10%, 30%,
and 40% of the inlet mass-flow). Furthermore, the 10% operating
condition is simulated using the SBES turbulence model and com-
pared to the measurements and the RANS simulations. The aim of
the work is to get a deeper understanding of the flow behavior in an
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Fig. 2 Schematic of the integrated ICD
Table 1 Non-dimensional duct characteristics

AR/L 0.42
AgulAin 0.67
hin/L 0.21

ICD to improve future design methodologies and guidelines, result-
ing in improved aircraft engines.

2 Experimental Setup

The experimental rig, which is represented by Fig. 2 (showing the
test section only), is located at GKNAES, Trollhittan, Sweden. It
has been included in previous studies [9,10] but the experimental
description is included here for completeness. The rig is connected
to the compression system through a stagnation chamber, where the
contraction ratio to the first part of the annular channel is approxi-
mately 5:1. The geometry of the rig is similar to the ICD from a
real aircraft engine component. However, a pre-swirler (PSW) is
located in the first section of the channel. The PSW is there to
mimic a rear stage LPC rotor, turning the bulk flow in a similar
direction as the rotor would do. The inclusion of a stationary
PSW instead of a rotor stage simplifies the setup of the rig and
saves computational power when running CFD simulations.
However, making this simplification limits the transient behavior
of the flow. For example, the PSW wakes will be stationary, and
there is no tip-clearance flow generated between the rotor and the
casing and the bleed will not impact the radial loading distribution
of the upstream rotor. The test section consists of an ICD with inte-
grated OGVs, struts, and a rotor of-take bleed system. The OGVs
are designed to minimize the upstream potential field of the strut
and to deliver axial flow into the ICD. The strut is a non-lift blade-
profile located in the duct to increase the mechanical strength and
stability and to allow for necessary connections to the engine core
(such as oil-piping and electricity). The bleed pipe is used to
extract flow from the main flow-path, where the bleed air is used
for different applications, such as cabin air and ice protection, and
to uncouple the mass-flow through the LPC and the HPC for a
better off-design control.

Figure 2 presents the full bleed system, where the bleed pipe con-
nects the main flow bath to a 360 deg bleed manifold, surrounding
the test rig. The bleed pipe is divided into 18 slots, where the slots
are separated with struts, placed there to add mechanical strength to
the test rig (marked W in Fig. 2). On the bleed manifold, there are
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Fig. 3 Location of experimental measurements. The bleed pipe
manifold is excluded from the figure. MBP represents the axial
end-wall distribution of wall pressure taps in-between the two
struts. The figure is not to scale.

four exit pipes, marked with the dotted line in Fig. 2, where the
bleed flow is extracted from the facility. The outlet pipes are
evenly distributed with 90 deg between the outlet center.

In a modern turbofan engine, the number of OGVs are usually an
order of magnitude greater than the number of struts. To make the
CFD simulations simpler, the experimental rig was designed with
nine struts, resulting in 81 OGVs. Furthermore, the number of
PSW is 45, resulting in a common denominator of 9. The
common denominator could cause problems if the configuration
would have rotating components but as it is purely stationary this
is assumed to have insignificant effects. To be able to achieve a spe-
cific Reynolds number, the outlet of the ICD is connected to a
ejector system where the pressure is lowered below atmospheric
pressure. The operating condition of the rig is controlled by an
inlet valve, an outlet valve, and the outlet ejector settings.

A five-hole probe is used for the mapping of the inlet and outlet
fields at two different axial positions, where each axial position
includes tangential and radial traversing of the probe (marked
with a dashed line in Fig. 3). The probe position is set by control-
lable servo motors. The traverse sections are presented in Fig. 3
where representative surfaces for the front traverse (FT) and the
near rear traverse (NRT) are shown. Furthermore, the non-
dimensional axial position of each surface is presented in Table 2.
At the FT surface, the pressure probes extract data at three different
radial spans (10%, 50%, and 90%) whereas at the NRT and FT sur-
faces, the pressures are extracted at five different radial spans (10%,
20%, 30%, 50%, and 94%). At all radial spans, the traverses cover a
full strut’s tangential sector, or 40 deg, with 6300 nodes at the FT
surface and 3100 nodes at the NRT surface. The five-hole probe
pressures are measured by a pressure scanner with a range of 35
kPa and specified uncertainty of +0.05%. Summing up the mea-
surement uncertainty for the reference pressure and the measured
pressure, an uncertainty of 0.095% is obtained.

Additionally, there are static pressure taps mounted in the walls at
four different axial positions, presented in Table 2 and marked with
“x” in Fig. 3. In Table 2, the resolution of the pressure tap distribu-
tion is shown, where the pressure taps at the FT location are four
and distributed over 360deg and at the NRT location there are
five pressure taps distributed over 40 deg. In the bleed pipe, at the
upstream and downstream locations, there are four pressure taps,
distributed over 60 deg. Furthermore, there are ten static pressure

Table 2 Non-dimensional axial location of traverse planes and
pressure taps

FT Up Down NRT
X/Lcrp 0.2 0.32 0.35 0.64
Res. 4/360 deg 4/60 deg 4/60 deg 5/40 deg

Note: Lcgp =0 in Fig. 2 is the reference point.

Journal of Turbomachinery

taps mounted in the duct’s hub and casing, in the strut’s mid
blade passage (MBP), marked with a dotted line in Fig. 3. The pres-
sure taps extend from the strut’s leading to trailing edges.

For each operating condition (measurements available for 10%,
30%, and 40%), the wall pressures were measured during several
different runs, creating a small dataset. This information is used
to estimate the experimental uncertainty, where a single standard
deviation is presented as the error bars in the results. This uncer-
tainty is significantly larger compared to the equipment uncertainty
and is therefore only considered in the comparisons.

3 Numerical Method

The commercial CFD solver ansys crx (release 19.1) is used
where two turbulence modeling approaches are considered. The
hybrid, scale-resolving model, SBES, is used for a single operating
condition (10% bleed) as it has proven to be successful in protecting
the boundary layer, even on grids with fine stream-wise cell sizes
[12], and showed good results in previous studies on a similar con-
figuration [10]. The k~@ SST two-equation turbulence model, from
now on referred to as SST, is used in the RANS regions whereas in
the LES regions, the sub-grid scales (SGS) are modeled using the
wall adapting local Eddy-viscosity (WALE) algebraic model [13].
The idea behind the SBES model is to explicitly change between
LES and RANS, using a shielding function, f;. When both the
RANS and SGS models are eddy-viscosity-based models, the
SBES model eddy-viscosity is defined as

l/[SBES z‘fy 'I/?ANS +(1 _ﬁ) 'yi_,ES (1)

where f; is the previously mentioned shielding function, designed to
protect the boundary layer from being solved in LES mode. This
function is unpublished and proprietary to ANSYS.

Additionally, steady RANS simulations are performed for four
operating conditions (0%, 10%, 30%, and 40% bleed). In the
RANS simulations, the turbulence is modeled using the SST
model. Furthermore, all simulations resolve the boundary layers

Gr<D).

4 Computational Setup

To lower the computational resources required for the CFD simu-
lations, the size of the computational domain is limited as much as
possible. As described in Sec. 2, the number of blades have a
common denominator of 9, with 45 PSWs, 18 bleed slots, 81
OGVs, and nine struts. However, there are only four bleed manifold
outlets, meaning that to get the same tangential sector for all
modules, the full 360deg has to be simulated. To simplify the
problem, the assumption of one bleed manifold outlet per 80 deg
tangential sector is made, where the outlet cross-sectional area is
scaled accordingly. Therefore, two struts (80 deg), 10 PSWs, four
bleed pipe slots, and 18 OGVs are needed.

In Figs. 4-6, the computational domain is presented. Figure 4
shows a top view of the rig, where the bleed system and the
casing have been removed for a better view of the blades. The

"

PSW
Outlet

Fig. 4 Computational domain. Top view of blades where the
casing and the bleed system have been removed for clarity

s
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Fig. 6 Detailed view of the bleed system

full bleed system, along with the OGV and the ICD modules, is pre-
sented in Fig. 5. A detailed view of the bleed system is shown in
Fig. 6, where the bleed module casing and the upstream half of
the manifold have been removed to better visualize the bleed
struts and the system in general. Additionally, the location of the
downstream pressure taps, presented in Fig. 3, is shown as a contin-
uous line. There the geometry of the bleed pipe struts is visible and
the single bleed manifold outlet pipe. Between the five modules, the
PSW, bleed pipe, bleed manifold, OGV, and the ICD, a frozen rotor
interface is specified to make sure that all transient flow dynamics
and interaction effects are transported between different modules.
The inlet of the domain is specified with a total pressure, total tem-
perature, and velocity direction, whereas at the bleed pipe and the
main flow-path outlets, pressure is specified. The physical time-step
for the transient simulation is set to 107> with eight inner iterations
for each time-step using second-order backward Euler time discre-
tization. Furthermore, two through-flows (Lcgp) are needed to reach
statistically steady-state and three through-flows are used for the
time-averaging procedure.

Grid convergence study was performed for the RANS simula-
tions with three different meshes (30M, 60M, and 80M). Global
(mass-flow, blade forces, and bleed ratio) and local (radial profiles
and wall pressure) quantities were monitored. The difference in total
pressure loss for the two finer grids was within 0.1%, therefore the
60M grid was used. Due to the nature of the SBES model, a conven-
tional grid convergence study is difficult to perform, as smaller cells
result in smaller resolved scales. Two meshes were studied (20M
with wall-functions and 60M with y* < 1), with negligible differ-
ence when considering radially averaged profiles and wall pres-
sures. There were, however, large differences observed in the
magnitude of resolved scales as they are directly coupled to the
cell sizes. A high-resolution advection scheme is used for the
RANS simulations, whereas a bounded central differencing
(BCD) scheme is specified for the hybrid simulations. The high-
resolution scheme is a second-order upwind scheme that falls
back to a first-order upwind scheme in case of stability problems.
The BCD scheme switches between the central differencing
scheme and second- or first-order accurate upwind discretization.
The central differencing scheme is ideal for scale-resolving

101003-4 / Vol. 143, OCTOBER 2021

Table 3 Mesh statistics

PSW Bleed Manifold oGV ICD Total

16.9M 6.6M 2.6M 17.7M 15.8M 59.6M

simulations but can lead to nonphysical oscillations, therefore
the BCD scheme includes an upwind component for numerical sta-
bility [14].

The computational grid of the main flow-path is generated with
the in-house tool G3dmesh, whereas the bleed pipe and the bleed
manifold are generated using the commercial software ANsYs
iIceM. The boundary layers in the main flow-path are resolved,
with the aim to keep the averaged y* value in the range of 1-2
[15] with 10-15 cells in the boundary layer. However, the bleed
manifold is modeled using wall-functions. This is done since the
main objective of the bleed manifold in the simulations is to transfer
flow through sparse outlet pipes. The total number of cells for each
module is presented in Table 3, where the mesh resolution is based
on previous studies [9,10].

5 Normalization

To compare the different methods, the experimental data and the
CFD results are normalized. The radial profiles extracted at a speci-
fic evaluation surface are represented in terms of total pressure coef-
ficient, Eq. (3), where the reference values are the mass-flow
averaged total and static pressures over the whole surface, Eq. (2).

P=ijpdm, p =ijpdm ?)
m m

Piector — Pt

C{) =_ sector NSU ace (3)
Psurface — Psurface

Contours of total pressure are compared at different evaluation sur-

faces in terms of the pressure coefficient

P_Psu ace
Co= e “

Psurface - psurface

The measured wall pressures from the pressure taps are normal-
ized with the inlet total pressure, since the dynamic pressure signal
had too much noise to provide a good normalization. The reference
pressures for the CFD simulations are adjusted so that the intersec-
tion point of the duct’s hub and casing wall pressures match the
intersection point from the experimental data (Fig. 7). Those refer-
ence values are used to normalize the pressure in relevant CFD
simulations. The wall pressures are compared at different axial loca-
tions where the static pressure is normalized with the reference total
pressure.

-
Prnorm P

ref

(&)

Furthermore, the axial velocity is normalized with the area averaged
velocity

. .1
Uave = sector , U :ZJ'UdA (6)
surface

6 Results

In this section, the CFD results are validated with the experimen-
tal data at locations presented in Fig. 3, for 10%, 30%, and 40%
bleed. The 0% bleed case is presented for comparison. Furthermore,
the effects from extracting different amount of bleed through the
bleed pipe are analyzed. The SST model is used to simulate all

Transactions of the ASME
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Fig. 7 Wall pressure in the ICD MBP. Dashed line, casing; solid
line, hub

operating conditions, whereas the SBES model is used to simulate
the 10% bleed case.

6.1 Validation. To build confidence in the CFD predictions,
the simulations are compared to experimental data for three differ-
ent operating conditions. The comparison is made in terms of wall
pressures at several different axial locations in the MBP of the struts
and radial total pressure profiles up- and downstream of the ICD.

The wall pressure in the MBP of the ICD is presented in Fig. 7,
for the 10%, 30%, and 40% operating conditions. The dashed ver-
tical lines represent the axial location of the leading and trailing
edges of the struts. Overall, the CFD simulations are capable of pre-
dicting the measured pressure, where some deviations are observed
for the 10% bleed case at the casing, both the SBES and the SST
models.

In Fig. 8, the radial profiles of the total pressure coefficient
(Eq. (3)) are presented, both at the FT and NRT evaluation surfaces.
Figure 8(a) shows the radial profile for the FT evaluation surface
which is located downstream of the PSW. At the FT evaluation
surface, information about the inlet conditions for the integrated
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Fig. 9 Wall pressure at different axial locations

ICD are extracted. It is important that all CFD results are within
the measured values. Furthermore, since the FT evaluation
surface is located relatively far upstream from the bleed pipe, the
different bleed fractions should have insignificant effects on the
total pressure profile. This was observed in the measurements and
therefore, only a single experimental profile is presented in the
figure. All CFD simulations are capable of reproducing the mea-
sured profile, where the SBES results show signs of larger corner
vortices near the casing.

The same profiles are compared in Fig. 8(b) at the NRT evalua-
tion surface, downstream of the ICD. There, measurements from
two operating conditions are presented (10% and 40%). Tangential
traverses were not obtained for the 30% bleed fraction. Overall, the
SST results are capable of capturing the measured profiles, when the
uncertainty is taken into consideration. There is, however, a clear
improvement when considering the 10% SBES results, especially
near the hub. From the two measurements, the effects from the dif-
ferent bleed fraction on the total pressure are correctly predicted by
the CFD.

Figure 9 shows a comparison between wall pressure for the CFD
simulations and the experiments at two different axial locations (FT
and NRT in Table 2). All operating conditions are included in the
figure, where the 0% is there for comparison reasons. All CFD
simulations are in a good agreement with the measurements. The
difference in terms of wall pressure between the SBES and SST
models at 10% bleed was Ap/Ps = +0.03%. The effects from

(b)
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Fig. 8 Radial profiles of total pressure coefficients: (a) FT evaluation surface and (b) NRT eval-

uation surface
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the bleed are evident, where the wall pressure downstream of the
ICD increases with increased bleed. This behavior is mainly
caused by the reduced mass-flow entering the ICD flow-path, low-
ering the velocity.

Comparing the CFD simulations to the measurements, it is
obvious that there are localized differences. However, the main
trends when extracting flow from the main flow-path through the
bleed pipe are correctly captured by the simulations. Therefore,
the CFD results are further analyzed and the effects from different
operating conditions studied.

6.2 Bleed Effect. The experimental data are limited as it can be
difficult to fit the measurement equipment at some locations. Fur-
thermore, for this experimental campaign, the traverses do not
have sufficient resolution to provide detailed contours of the flow.
Therefore, the CFD simulations are compared in terms of contours
and radial profiles of variables not obtained in the measurements.

In Fig. 10, the normalized axial velocity profiles are shown at the
four evaluation surfaces (Fig. 3). As expected, the effects from the
different bleed ratios are negligible. At the OGV;, evaluation
surface, the effect due to the extracted flow is seen. To account
for the mass-flow extracted through the bleed pipe, the flow near
the hub is accelerated and diffuses towards the casing. The axial
acceleration is further magnified due to the geometry of the ICD.
Separation is present at the casing, due to the sharp corner in the
bleed pipe geometry. Furthermore, there are differences near the
hub between the SBES and the SST results for the 10% bleed frac-
tion. For the OGV,, evaluation surface, the bulk axial flow is of
similar shape, where significant difference is observed in the bound-
ary layers. For the active bleed cases, the flow is accelerated
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relatively more near the casing due to the high momentum fluid
transported from the main flow. Near the hub, the flow is deceler-
ated with increased bleed. Downstream of the ICD, at the NRT eval-
uation surface, the shape of the axial velocity is significantly
dependent on the operating condition. Near the hub, the decelera-
tion is more extreme with increased amount of bleed. This behavior
can result in of separation, if the attached boundary layer would not
be able to counteract the adverse pressure gradient. However, the
boundary layer is re-energized due to the strong mixing of
the OGV wakes, increasing the stability margin of the ICD. Near
the casing, the opposite behavior is observed, where the flow is
accelerated due to the convex turning of the casing wall. Consider-
ing the SBES results, there is a significant difference compared to
the SST results near the hub. Similar behavior was observed previ-
ously in Fig. 8(b) where the SBES model gave a better agreement
with experiments. It should be noted that this is the normalized
velocity, meaning that the absolute velocity for the 0% operating
condition is much higher compared to the 40% one.

For the same evaluation surfaces, the swirl is presented in Fig. 11.
As before, there are minor differences observed at the FT evaluation
surface, where the SBES model deviates from the SST results. At
the OGV;, location, the swirl increases with increased bleed. This
is caused by the higher amount of axial flow extracted through
the bleed pipe, while the tangential velocity component is relatively
unaffected. This puts stricter requirements on the OGV design as
the incidence can take drastic changes. Furthermore, the radial velo-
city is increased, pushing the flow away from the hub. Downstream
of the OGV, at the OGV,,, evaluation surface, the 0% bleed case
delivers a relatively uniform swirl profile, around 2-3 deg for the
40% case. However, when increasing the bleed, the swirl profile
becomes more nonuniform, where the swirl differs by more than
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Fig. 10 Normalized velocity profiles: (a) FT evaluation surface, (b) OGV;, evaluation surface,
(c) OGV,,; evaluation surface, and (d) NRT evaluation surface
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Fig. 11 Swirl profiles: (a) FT evaluation surface, (b) OGV;, evaluation surface, (c) OGV,,; evalua-

tion surface, and (d) NRT evaluation surface

10 deg in the main flow-path. This behavior has a significant effect
on the downstream strut, which is a zero lift wing profile, designed
for relatively low incidence with low variations in the radial direc-
tion. At the NRT surface (Fig. 11(d)), the 0% and 10% SST and the
10% SBES all predict a similar profile, whereas for the 30% and the
40% cases, the swirl increases significantly. This behavior is mainly
caused by the large range in the strut’s incidence. Overall, the SST
and SBES show a similar result in terms of the swirl at the three first
evaluation surfaces (FT, OGV;,, and OGV,,), whereas at the NRT
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evaluation surface, large deviations are observed due to higher
degree of momentum transfer between different turbulent structures
such as OGV wakes and end-wall boundary layers. Taking previous
discussions into consideration, the SBES was able to predict the
measured profile of the total pressure for the 10% case, compared
to minor deviations for the SST model.

For the present study, the whole bleed system was included,
giving valuable information on the effects from the sparse manifold
outlets and the introduction of the bleed pipe struts. Figure 12 shows
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Fig. 12 Normalized pressure at the bleed end-walls. Location marked up and down in Fig. 2. (a) Upstream

bleed wall and (b) downstream bleed wall.
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Fig. 13 Static pressure at the PSW,,,;. SBES results presented in subfigure (c). (a) 0,

(b) 10, (c) 10, (d) 30, and (e) 40

the wall pressure inside the bleed pipe as a function of 6, at the
upstream and downstream walls (Figs. 2 and 6). In Fig. 12, the
bleed pipe struts are represented with vertical dashed lines. The
center of the manifold outlet and the two ICD struts are located at
0=0 deg, 20 deg, 60 deg, respectively. This means that if the man-
ifold outlet would be continuous, instead of the sparse outlet found
in a real engine, similar behavior would be observed for 20 deg and
60 deg on one hand and for 0 deg and 40 deg on the other (due to
upstream effects from the ICD struts). Because of the discontinuous
manifold outlet, the flow will behave differently as a function of the
tangential location. The section between the first and last bleed pipe
struts (0 <0deg and 6> 60deg) is the only section where the flow
will enter the manifold outlet directly. This is observed in Fig. 12

(((((

in terms of the lowest normalized pressure. Furthermore, the poten-
tial field from the ICD struts is observed in the figures, even though
the OGVs were designed to minimize the upstream potential field.
The effects due to the increased bleed are observed in terms of lower
static pressure in the bleed pipe, caused by the increase in bleed
mass-flow.

The static pressure distortion in the main flow-path, caused by the
bleed pipe struts and the sparse bleed manifold outlet, are presented
in Fig. 13. All operating conditions show similar behavior, where
the potential fields of the four bleed pipe struts are visible near
the casing and the potential field of the two ICD struts are visible
near the hub (regions of higher static pressure). Furthermore, a dif-
ference is observed between the bleed pipe struts, caused by the

©.9.0.,0.0.0 0 0. 0.0 0
e A S O o N

Fig. 14 Swirl at the OGV;, evaluation surface (deg). SBES results presented in sub-
figure (c). (a) 0, (b) 10, (c) 10, (d) 30, and (e) 40
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Fig. 16 Total pressure coefficient (Cg) at the OGV,,,; evaluation surface. SBES
results presented in subfigure (c). (a) 0, (b) 10, (c) 10, (d) 30, and (e) 40

single manifold outlet. Even though the manifold outlet is located in
the upper part of Fig. 13, due to the tangential momentum and peri-
odic interface, the outlet is “seen” in the lower part. Furthermore,
the static pressure field becomes significantly more uniform with
increased bleed. This is caused by the redistribution of axial
momentum due to the extraction of mass-flow through the bleed
pipe.

Figure 14 shows the contours of the swirl at the OGV, evaluation
surface for all simulations (SST: 0%, 10%, 30%, 40%, and SBES
10%). As observed in the averaged profiles, presented in Fig
11(b), the swirl increases with increased amount of bleed as the

Journal of Turbomachinery

axial velocity component is decreased. The effects from the down-
stream struts are visible in terms of low swirl, where relatively small
evidence are of the OGV’s potential field (noticed at the casing in
terms of 18 wakes for the 40% operating condition). As expected,
the SBES model shows a higher level of details and smaller struc-
tures of secondary flow features compared to the SST results.

One important design parameter of the OGV is to deliver as
uniform and axial flow as possible to the ICD. Therefore, the
swirl at the OGV,,, evaluation surface should be relatively low.
Figure 15 shows the contours of the swirl at the OGV, location.
In the figure, the strut’s locations are visible as low-swirl regions,
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Fig. 17 Total pressure coefficient (CS) at the NRT evaluation surface. SBES results
presented in subfigure (d). (a) 0, (b) 10, (c) 10, (d) 30, and (e) 40

especially when considering the 0% and 10% cases. For the higher
bleed fractions, there are strong passage vortices and secondary
flows in the near hub region. Comparing the SBES to the SST
results, the former shows evidence of much smaller structures and
details in the flow. Additionally, stronger effects are visible from
the sparse manifold outlet, where difference in swirl can be seen
upstream of the two struts.

To further analyze the behavior at the OGV,,, evaluation surface,
the contours of the total pressure coefficient (Eq. (4)) are shown in
Fig. 16. The flow is separated on the suction surface of the OGVs,
where the separation is most severe upstream of the struts and
increases in magnitude with increased bleed. As discussed earlier,
the swirl and the radial velocity increase with increased bleed,
causing flow to separate. As before, smaller structures are noticed
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Fig. 18 Difference between time-averaged and instantaneous swirl at the NRT eval-
uation surface for the 10% operating condition using the SBES turbulence model
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for the SBES results, especially when considering the effects from
the PSW wakes. Additionally, the effects from the closed manifold
outlet can be seen for the 0% operating condition, where the casing
boundary layer and PSW’s vortices are observed near the casing
and not extracted through the bleed pipe.

The ICD performance can be judged, to some extent, from the
quality of the flow delivered to the downstream HPC. Figure 17
presents the CFD contours of the total pressure coefficient at the
NRT evaluation surface. The strut’s wakes are easily visible,
one in the center of the figure and another on the periodic bound-
ary. For the SST results, 0% and 10%, the passage vortices and
wakes are easily identified as they have not mixed to the surround-
ing flow. For the higher bleed fractions, the vortices have mixed to
a greater extent, resulting in a large low total pressure region. Con-
sidering the 10% SBES results, the mixing in the lower half of the
annulus is significantly more, resulting in low total pressure region
covering the whole tangential sector (where there is no high total
pressure region close to the hub). Referring to Fig. 8(b), there was
a better agreement in the near hub between the SBES model and
the measured values, compared to the SST model. The same beha-
vior was observed when simulating 40% bleed fraction on a
similar configuration, where the mixing in the ICD was important
to capture the correct flow physics [10].

The instantaneous effect at the NRT evaluation surface, from the
transient simulation, is presented in terms of the difference between
the time-averaged and the instantaneous swirl in Fig. 18.

Swirlgigs = Serltime—averaged — Switlinstantaneous @)

There are significant variations in swirl angles at the ICD exit,
which will impact the design of the HPC inlet guide vanes
(IGVs). The transient behavior gives the possibility to understand
the extremes in terms of operating conditions, resulting in better
designed IGVs, producing more uniform flow into the HPC. Addi-
tionally, the figure shows how the mixing of the flow is significantly
stronger near the hub, compared to the mixing in the upper half,
which is the same behavior as seen in Fig. 17. This highly turbulent
flow structure energize the flow near the hub, which is the most crit-
ical for separating in an aggressive ICD, increasing the stability of
the boundary layer making it less prone to separation.

7 Conclusion

Series of simulations were performed on a geometry of an exper-
imental rig, which represents an ICD from an aircraft engine. The
aim was to study the effects on the ICD performance when remov-
ing 0%, 10%, 30%, and 40% of the inlet mass-flow through a bleed
pipe located upstream of the ICD (rotor off-take). The commercial
CFD solver ansys crx was used for the simulations, where all oper-
ating conditions where simulated using the k—@ SST turbulence
model. Additionally, a hybrid RANS/LES simulation, using the
SBES turbulence model, was performed for the 10% operation
condition.

An initial step is taken to validate the CFD results with measure-
ments obtained in the experimental rig. Overall, there is a good
agreement between the measurements and the CFD, especially
when considering how the flow is affected by different operating
conditions. The SBES results are capable of providing improved
predictions for the total pressure profile, downstream of the ICD
due to better mixing of the OGV wakes. Even though the SBES
improves the results, it must be kept in mind that the computational
cost is several orders of magnitude greater [10]. However, the SBES
results represent the realistic flow field to some extent, whereas the
RANS results will never exist in reality.

When comparing radial profiles of the axial and tangential velo-
cities, it is observed how the increased amount of bleed causes an
increase in the tangential velocity (relatively) as the axial flow is
extracted through the bleed pipe. This has drastic effects on the
ICD performance, where the OGV blades are not capable of

Journal of Turbomachinery

delivering as uniform and low-swirl flow into the ICD for high
bleed operations. As a result, the downstream HPC would have to
be capable of receiving flow with larger deviations in swirl and
total pressure. Additionally, by including the full bleed system, sig-
nificant effects are observed for the pressure in the bleed pipe. The
full bleed system also causes circumferential distortions of the static
pressure in the main flow-path upstream of the bleed.

Furthermore, the flow does not separate at the hub of the ICD for
any operating condition (not in CFD nor experiments), which is the
most critical location for an aggressive ICD. This means that, even
though the current ICD geometry is a state-of-the-art design, it
could be pushed further and a shorter and lighter engine could be
achievable. However, the OGV design would need improvements
to be capable of delivering high-quality flow, with minimum separa-
tion and low swirl, into the ICD for high bleed fractions.

Another solution could be to use a stator off-take instead of the
rotor off-take used in this configuration. That would place the
bleed pipe downstream of the OGV. As the OGVs are designed
to deliver a low-swirl flow, the effects on the downstream swirl
would be minimum, simplifying the mechanism discussed. There
are, however, other impact factors that should be taken into consid-
eration, such as particle extraction.
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Nomenclature
p = static pressure, Pa
C = casing
H = hub
A = area, m>
L = ICD’s length, m
P = total pressure, Pa
U = axial velocity, m/s
m = mass-flow, kg/s

fs = boundary layer shielding function, dimensionless
Cp = total pressure coefficient, dimensionless

Lcgp = CFD domain’s length, m
y* = wall normal distance of first cell, dimensionless

Greek Symbols

6 = cylindrical coordinate: tangential direction, deg
v = kinematic viscosity, m*/s
v, = eddy-viscosity, turbulence model variable, m*/s
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Subscripts

bleed = bleed pipe
in = inlet
norm = normalized value
out = outlet
sector = annulus divided into radial sectors

Superscripts

contours
r = radial profiles
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