Prediction of Transonic Duct Flow Using a Zonal
Hybrid RANS-LES Modeling Approach
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Abstract Transonic duct flow with shock/boundary-layer interaction (SBLI) was
analyzed using a zonal hybrid RANS-LES approach. The proposed zonal approach
simulates the attached boundary layer flow, prior to the SBLI region in RANS
mode. At a prescribed streamwise location, upstream of the SBLI region, the model
switches to its hybrid RANS-LES mode over a buffer zone in order to avoid possi-
ble discontinuities. The corner separation bubbles, induced by the shock at M=1.4,
were mostly simulated in LES mode in order to improve the SBLI flow prediction.
In addition to comparisons with experimental data, the zonal approach is compared
to simulations using the SA-DDES and SA-IDDES model.

The zonal approach predicted a corner separation bubble and a A-shape shock
which is in good agreement with experimental data. Furthermore, the predicted pres-
sure rise across the shock agrees reasonably well with the experiment.

1 Introduction

Hybrid RANS-LES modeling approaches have been increasingly used in aeronau-
tic applications for better predictions of unsteady and complex aerodynamic flows.
Facilitated by this, hybrid RANS-LES methods have been extensively studied and
verified in simulations of a large variety of flows. At an early stage, the development
of hybrid RANS-LES methods focused most on high-Re number turbulent flows
with massive separation, such as the flow over an aircraft wing at high incidence or
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over other bluff bodies. With increasing computer capacities and refined modeling
approaches, hybrid RANS-LES methods have shown promising advantages in the
computational analysis of unsteady boundary layer separation. This has motivated
the present study, verifying hybrid RANS-LES methods for a SBLI flow.

SBLI flows have been commonly encountered in aeronautical applications and
appears in such phenomena as buffeting on aircraft wings and in high-speed inlet
configurations. For high-speed inlets, SBLI can typically take place inside the inlet
duct, which can have a severe impact on the engine/inlet stability if it is not con-
trolled. SBLI flow in a duct often causes flow separation in the corners of the duct.
However, predicting SBLI in duct flows using CFD methods has been found to be
challenging, especially using hybrid RANS-LES and DES methods [1, 3].

This paper analyzes a transonic duct flow involving SBLI [4]. A rectangular duct
with a convergent-divergent nozzle was used to accelerate the flow from subsonic
speed to supersonic speed, where a shock takes place at Mach 1.4. The A-shape
shock wave interacts with the boundary layer and consequently leading to local
recirculation bubbles in the duct corners as shown in Fig. 1. The walls are parallel
in the shock region and the cross-sectional area is constant with # = 178 mm and
W = 117 mm in height and width, respectively. The center line length of the duct is
L = 1030 mm. The computational domain can be seen in Fig. 2.

Bottom wall pressures and streamwise velocities in the duct center plane are
available from the experiment [4]. A comparison is made of profiles from the sim-
ulations and the experiment at a distance Ax relative to the shock location, as illus-
trated in Fig. 1. Schlieren photographs of the shock wave and oil-flow visualization
of the bottom wall flow are also available and used for comparison. These are shown
in Fig. 1. Measured at the center line of the duct, the shock wave in the experiment
occurs at x = 659 mm (Ax = 0), i.e. 205 mm downstream of the nozzle exit. The
Reynolds number, based on the displacement thickness and the local freestream ve-
locity, Uy, at Ax = —30 mm is Reg« = 13600.

(a) Shock wave with A-foot. (b) Oil-flow visualization.

Fig. 1 Experimental visualization of (a) shock wave and (b) shock induced boundary layer sepa-
ration. In (b), lines indicate the locations of the velocity profiles from the shock at Ax = —30, -10,
0, 10, 20 and 40 mm. Crosses indicate locations where wall pressures were measured.

For the transonic duct flow involving SBLI analyzed in this paper, conven-
tional hybrid RANS-LES, DES and RANS approaches fail to predict the SBLI flow
field [3, 5]. It is shown that the response of modeling to the onset of the corner sep-
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aration bubble is one of the key issues for an accurate prediction of the shock wave
and the subsequent SBLI flow. It is further revealed that an accurate prediction of
the shock intensity is closely associated with the modeling capability and gives sig-
nificant improvements on the prediction of the overall SBLI flow properties.

This work is a continuation of a previous work presented in [3] to improve the
modeling and further to explore the underlying physics of SBLI with an improved
prediction. The paper presents a zonal hybrid RANS-LES modeling approach based
on a low-Re number k — @ model, which was applied to the transonic duct flow.
Moreover, an extensive analysis is given of the simulations using the zonal approach.
In addition to the zonal approach, SA-model [10] based DDES [12] and IDDES [11]
were also used to simulate the flow. RANS results with the low-Re number k — @
model are also included for reference.

2 Zonal hybrid RANS-LES modeling

The PDH-LRN k — @ model by Peng et. al [9] (hereafter PDH-LRN) was shown
in [3] to give reasonably accurate RANS results for the flow analyzed. Moreover, it
was shown in [3] that RANS simulations using the Spalart-Allmaras model [10] and
the Menter SST k — @ model [7] fail to give symmetric corner separation bubbles
leading to a collapsed shock. The PDH-LRN is therefore used as the base model in
the zonal hybrid RANS-LES modeling approach (hereafter ZHYBRID) used in this
paper. The k and  transport equations for the PDH-LRN model read:

Dpk _ du; r 0 U\ ok
F_T”ij_l) +8_xj N+;k a—xj (D
Dpw o du; )
D = Cwlfw;Tijgj —Canp® 2
0 U\ dw U, dk dw
e g et
pk
I'Lz:Cuqu (3

The turbulence-resolving LES mode, based on the PDH-LRN model, is incorporated
through the dissipation term in the k-equation, see further [1, 2].

k3/2

D' = Cifipkw = p fi )

lturb

The RANS and LES zones are prescribed for this transonic duct flow as shown in
Fig. 2. Three zones have been accordingly defined. The upstream attached boundary
layer flow is treated in RANS mode, via a buffer zone, hybrid RANS-LES modeling
is then used to accommodate the flow in the SBLI region and further downstream
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to the outflow section. In previous works [1, 2] on channel flow, the switch from
RANS to LES was made at a prescribed interface plane orthogonal to the streamwise
direction. Moreover, the RANS turbulent kinetic energy was manipulated across the
interface to match the LES subgrid scale (SGS) turbulent kinetic energy level. Thus,
the turbulent viscosity at the interface was reduced from a RANS level to a SGS
level. However, in this work we instead use a buffer zone for the turbulent length
scale according to Egs. (5)-(7), which has additionally been defined in between the
RANS and the hybrid RANS-LES zones. The buffer zone helps to eliminate possible
discontinuities in the transition from RANS to LES mode and is patched between xp;
and x;, in the streamwise direction upstream of the shock. In this paper x;,; =470
mm and x;; = 520 mm, see Fig. 2 and 4.

Ip = folres + (1 — fv) Irans (5)
fo = tanh ([Co1rs]%) . Cor =2, G =3 ©
rb:m,xblﬁxéxbz @)
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Fig. 2 Computational grid with RANS and LES zones used in the ZHYBRID simulations. Blue:
RANS; black: buffer zone; red: LES. Left grid: xy-plane, flow from left to right. Right grid: yz-
plane, grid cross-section.

The RANS-LES interface in the near-wall layer for hybrid RANS-LES modeling
is predefined at a distance of d,,=d,,s from the wall, where d,, is the wall distance
and d,, is the distance from the wall at which the RANS-LES switch is located.
In this paper d,,; = 5 mm (d,;s/H = 0.028). The turbulent length scale used in the
zonal approach is defined as:

lrans if x < xp1,
lRANS if dw < de7

bury = . ®)
Iy if xp1 < x < xpp and dy, > dyyy,

liEs if x > x;o and d,, > d,5.
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The LES length scale, Ag,,, was originally used in the IDDES formulation [11].
However, compared to the original formulation, the grid step in the wall normal
direction is omitted in the ZHYBRID model in the max-argument in Eq. (10). This
modification was also used in [8]. The details in the hybrid RANS-LES model can
be found in [2].

3 Computational setup

The simulations presented were performed with the unstructured compressible
Navier-Stokes solver Edge [6] on a hexahedral grid using (nxmax,nymax,nzmax) =
(306, 180, 136) grid points. The time-marching was done using an implicit second-
order backward Euler scheme with a time step of Ar =4 x 107 s. This gave a
maximum convective CFL number of approximately 1. At each time step, 100 to
200 sub-iterations have been conducted to converge the solution using a three-stage
Runge-Kutta scheme and an algebraic multigrid method. The momentum and turbu-
lent transport equations were discretized using a second-order central differencing
scheme.

On the inlet boundary, total pressure (pg;, = 147.5 kPa), total temperature
(Tp,in = 293 K) and the flow direction were specified according to the experiment.
A turbulence intensity of one percent and g, /pt = 1 were specified to set the in-
let boundary conditions for the turbulent quantities. On the outlet boundary a static
pressure, p,.:, was specified. It is noted here that the predicted location of the shock
wave is very sensitive to the specified outlet pressure as seen in Table 1. As expected,
arelatively large outlet pressure often leads to an early formation of the shock wave.
The outlet pressure is not available from the experiment.

Table 1 Summary of simulations. Axcx and Ax,,..;. indicate time-averaged values.

Case Py [Pa] AXe [mm] Axyh . [mm]
ZHYBRID-a 84000 -84 121
ZHYBRID-b 78500 0 205
SA-DDES 83000 +61 266
SA-IDDES 83250 +26 231
PDH-LRN (RANS) 84000 +2 207

*Simulated shock location in relation to experimental location: AXock = Xshock,sim — Xshock,exp-
**Simulated shock location in relation to nozzle outlet location: Ax,pzz1e = Xshock.sim — Xnozzle-
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In the simulations 8000-16000 time steps were needed to establish a fully-
developed turbulence-resolving SBLI flow field from the initial RANS flow field.
Another 8000 time steps, which represents a fluid particle passing through the duct
approximately ten times, were used for the statistical analysis.

In relation to the modeling approach and the outlet pressure, p,,:, specified, the
offset, Axgpock, between the predicted and the measured shock location is presented
in Table 1.

Two simulations using the ZHYBRID model are presented, one with the same
outlet pressure used as in the PDH-LRN RANS simulation and another with the
outlet pressure being adjusted to agree with the experimental shock location. The
PDH-LRN RANS simulation is also included in Table 1 for reference. For the SA-
DDES and SA-IDDES computations p,,; = 83000 Pa and 83250 Pa were used,
respectively. Applying the SA-RANS model to this transonic duct flow gives an
asymmetric flow field and a weak shock [3]. However, the shock location at the
duct center line agrees reasonably well with experimental data for p,,; = 83000 Pa,
which has motivated the choice of outlet pressure in the SA-DDES and SA-IDDES
computations.

4 Results and discussion

As seen in Table 1 and in Fig. 3 (a), the PDH-LRN RANS simulation using p,; =
84000 Pa reproduces well the shock location and the shock intensity, i.e. the pressure
rise across the shock. Applying the outlet pressure p,,; = 84000 Pa to the ZHYBRID
model (denoted ZHYBRID-a), the simulated shock location is shifted upstream as
compared to the PDH-LRN RANS simulation and to the experiments. Moreover, a
weak secondary shock is observed. Nevertheless, the shock intensity in terms of the
pressure distribution over the shock is reasonably comparable to the experimental
data as shown in Fig. 3.

—ZHYBRID4|
0.6|— ZHYBRID-b
— SA-IDDES
-- SA-DDES [
--PDH-LRN | &~

e
0.3

C100 50 0 50 100 150 200 -100 -50 0 50 100 150 200
Ax [mm] Ax [mm]
(a) Wall pressure. (b) Center line pressure.

Fig. 3 Time-averaged static pressure across the shock. (a) Surface pressure on bottom wall.
(b) Pressure along the duct center line. Markers are experimental data.
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As observed in Fig. 4, which shows surface streamlines on the bottom wall in the
SBLI region, the predicted corner separation bubbles using the ZHYBRID model
are larger than in the PDH-LRN RANS simulation. Moreover, in both ZHYBRID
simulations, cross flow is observed downstream of the shock, moving from the side
walls into the duct center part, which is not present in the PDH-LRN RANS simula-
tion. This is particularly the case for the ZHYBRID-a simulation. The larger corner
separation bubble and the subsequent cross flow observed in the ZHYBRID sim-
ulations have reduced the skin friction as compared to the PDH-LRN simulation.
Since the same outlet pressure was used in the ZHYBRID-a and PDH-LRN RANS
simulations, the shock moved upstream in the ZHYBRID-a case.

(b) ZHYBRID-b

(e) PDH-LRN

Fig. 4 Time-averaged surface streamlines on the bottom wall around the shock. The black line
indicates shock location, and the red lines indicate the buffer zone used in ZHYBRID.

The second ZHYBRID simulation presented in Table 1 (denoted ZHYBRID-b)
was given a lower outlet pressure in order to match the experimental shock location.
As shown in Fig. 3(a), a weaker shock intensity is obtained as expected. Figure 3(b),
which shows the time-averaged static pressure across the shock along the duct cen-
ter line, indicates further that the main pressure peak is much reduced and much
less sharp as compared to the ZHYBRID-a result. Moreover, the secondary shock,
downstream of the main shock, is more intensive in the ZHYBRID-b simulation.

With a lower outlet pressure and weaker shock intensity, the time-averaged cor-
ner separation bubble is longer as compared to that in the ZHYBRID-a computation,
as seen in Fig. 4(a) and (b). From the analyses of a series of instantaneous snapshots
of the ZHYBRID and SA-IDDES flow fields, it was observed that the corner bubble
onset obtained with the ZHYBRID-b and SA-IDDES computations fluctuate over
a longer distance in the streamwise direction than the ZHYBRID-a simulation. As
an effect of the streamwise fluctuation of the bubble onset, a less steep pressure
growth, as shown in Fig. 3(a), and a reduced near wall velocity, which can be seen
in in Fig. 6, are observed with the ZHYBRID-b and SA-IDDES cases compared
to the ZHYBRID-a and PDH-LRN cases. Moreover, it was noticed that the corner
separation bubble shifts from side to side in the ZHYBRID-b simulation.
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A strong fluctuation in the onset of the corner separation bubbles was also ob-
served in the SA-DDES case. The time-averaged pressure distribution in Fig. 3 for
the SA-DDES computation indicates an obvious shock collapse near the wall with
only a marginal pressure rise. Moreover, the SA-DDES computation has claimed a
rather intensive secondary shock over the duct center, as shown in Fig. 3(b).

It is noted that an exaggerated corner separation bubble may lead to a contracted
flow through the duct in the form of a fluidic convergent-divergent nozzle. After
the velocity retardation across the shock, the flow may become accelerated to su-
personic speed downstream of the shock. This may cause secondary shock patterns.
This has been the case in the hybrid RANS-LES simulations, but not in the RANS
computation, as shown in Fig. 3(b). With ZHYBRID-a and SA-IDDES only a weak
secondary shock is observed in the center plane. These secondary shocks are not
always present in the resolved instantaneous flow field, but appears when the cross
flow towards the duct center is strong and contracts the effective duct flow area
downstream of the shock.

The difference seen in the pressures at Ax = 200 in Fig. 3 is partly due to the
different back pressures applied at the outlet boundary. Since the cross flow from
the side walls towards the duct center is over-predicted, the contraction of the flow
contributes to a higher velocity in the duct center region and a lower static pressure
than in the experiments. Further downstream, however, it was found that the pressure
recovers to the level specified at the boundary.

The switch from RANS to LES can be estimated from the turbulent viscosities
in the center plane of the duct shown in Fig. 5. The ZHYBRID RANS-LES switch
was prescribed and occurred at the same distance from the wall in both simulations.
For the SA-DDES and the SA-IDDES model, the RANS-LES switch is regulated by
the local flow properties in the near-wall region. As shown in the profiles of the SA-
DDES turbulent viscosity and the streamwise velocity in the center plane, most of
the boundary layer has been treated in RANS mode as expected. In the center plane,
the RANS-LES interface with the SA-IDDES model occurs closer to the wall as
compared to the SA-DDES and the ZHYBRID model. This may suggest that SA-
IDDES is in wall-modeled LES mode and has resolved a part of the boundary layer.

0.2

0.2
—ZHYBRID-3|
——ZHYBRID-b|
—SA-IDDES
0.15| - - SA-DDES 0.15|
- - PDH-LRN
E 0.1 E 0.1
= = | |
005k~ 0.05, T
% 1000 2000 3000 4000 5000 % 1000 2000 3000 4000 5000
g g4t
(a) Ax =—-30, —10, 0 mm. (b) Ax =10, 20, 40 mm.

Fig. 5 Time-averaged turbulent viscosity in the SBLI region. Dash-dotted horizontal black line
indicates ZHYBRID switch from RANS to LES.
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Fig. 6 Time-averaged streamwise velocity, U, in the SBLI region. Dash-dotted horizontal black
line indicates ZHYBRID switch from RANS to LES. Markers are experimental data.

A more rapid reduction of the turbulent viscosity is observed in the SA-IDDES
model than in the ZHYBRID model. The RANS-LES switch occurs somewhat far-
ther out from the wall with the ZHYBRID compared to the SA-IDDES and the
turbulent viscosity produced by the ZHYBRID model in the near-wall RANS layer
is higher, which contributes to the higher level of turbulent viscosity observed in the
LES region. Furthermore, the near-wall switch from RANS to LES in the ZHYBRID
model does not involve any empirical functions to manipulate the turbulent viscos-
ity across the RANS-LES interface in order to mitigate the log-layer mismatch as
in the SA-IDDES model. On the other hand, in [1, 2] it was shown in channel flow
that the zonal approach based on PDH-LRN has only a weak dependency of the
RANS-LES switch location with respect to the log-layer mismatch.

Far upstream at x = 400 mm (not shown here though), where the effect of the
shock is negligible, the velocity profiles of the PDH-LRN and the two ZHYBRID
simulations coincide as expected, since the ZHYBRID model is in RANS mode in
this flow region. Comparing the SA based models with the PDH-LRN based models
at x =400 mm, the SA based models predicted a slightly fuller profile than the PDH-
LRN based models.

The shape and width of the corner separation bubbles, as well as the shock foot
shape affect significantly the velocity profiles in the center plane of the duct as
shown in Fig. 6. The ZHYBRID-a simulation predicts a velocity profile at Ax = —30
mm which is in reasonably good agreement with experimental data, indicating a well
predicted shock foot and a bubble onset relative to the shock. Moving downstream
to Ax = —10 mm, all simulations predict too low a velocity in the near wall region,
indicating too early a boundary-layer growth caused by the A-shape shock. At the
shock, the profiles are close to each other in the near-wall region, except for the SA-
DDES simulation, and compare fairly well with the experimental velocity profile.

The near-wall flow after the shock is best predicted in the SA-IDDES and the
PDH-LRN simulations with a slight over-prediction of the velocity in the off-wall
region for the SA-IDDES model. At Ax = 20 and 40 mm, both ZHYBRID simula-
tions over-predicts the flow velocity. Moreover, the different shape of the SA-DDES
velocity profile at Ax = 10 mm, compared to the experiment and to the other simu-
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lations, is an effect of time-averaging the shock motion, which is more pronounced
for this simulation.

Large differences in modeling/resolving the flow have been observed when the
corner separation flow is analyzed more in details. In Fig. 7, the time-averaged field
of turbulent viscosity is overlayed with streamlines of the recirculating corner flow
for the models used. In the corner, the SA-DDES model has produced a high level
of turbulent viscosity and only very large structures have been resolved as shown in
Fig. 8.

,
\
N

) ) )] W‘

Visc. ratio Visc. ratio
250 500 750 0 250 500 750 0 250 500 750

(a) ZHYBRID-a (b) SA-IDDES (c) SA-DDES

Fig. 7 Time-averaged streamlines and turbulent viscosity field normalized by molecular viscosity
in a cross-sectional cut at Ax = 20 mm in the lower left (aft looking forward) corner separation
bubble.

Visc. ratio 23 Visc. ratio

200 300 0 100 200 300 0 100 200

(a) ZHYBRID-a (b) SA-IDDES (c) SA-DDES

Fig. 8 Resolved turbulent structures displayed using iso-surfaces of Q-criterion, QH>/ Ug =1
Skin friction displayed on the duct walls.

The SA-IDDES model, on the other hand, adapts nicely to the recirculating un-
steady flow in the corner separation bubble, switching to LES and resolving reason-
ably well the core of the recirculations. In the ZHYBRID-a case, the “eye” of the
recirculation is located in the prescribed RANS region. However, the outer part of
the recirculation region predicted in the ZHYBRID-a simulation is resolved with
LES, which gives a higher level of resolved turbulent structures compared to the
SA-DDES model as shown in Fig. 8. In an additional simulation using the ZHY-
BRID model with d,,s = 2.5 mm and p,,; = 78500 Pa (not included in this paper),
more resolved turbulence was observed in the corner separation bubble compared
to d,,s = 5 mm. It is also observed in all simulations that the turbulent structures are
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concentrated in the corner separation bubbles and the cross flow moving from the
side walls towards the duct center. Moreover, no resolved turbulence is present in
the upstream attached boundary layer in any of the simulations since the attached
boundary layer is simulated in RANS mode and the strong fluctuations imposed
by the shock have a very weak effect on the flow field upstream of the SBLI re-
gion. The concentration of resolved turbulent structures in the SBLI region is thus
expected and the aim of the modeling techniques chosen.

Analyzing the ZHYBRID simulations, the blending function used in the buffer
zone rapidly forces the ZHYBRID model to switch from RANS to LES without any
discontinuities in the turbulent quantities. However, in the ZHYBRID-a simulation,
the buffer zone, which is located close to the onset of the corner bubble, delays the
formation of resolved turbulence compared to the SA-IDDES computation.

5 Summary and conclusions

A zonal hybrid RANS-LES approach (ZHYBRID), based on the PDH-LRN k — @
model (PDH-LRN), has been applied to a transonic duct flow with shock/boundary-
layer interaction. The ZHYBRID simulations have been compared to simulations
performed with the Spalart-Allmaras (SA) based DDES and IDDES computations.
Moreover, a RANS simulation using the PDH-LRN model has been included as
a reference. ZHYBRID simulations with two different outlet pressures have been
presented in order to investigate the effect of shock intensity on the corner separation
bubbles and the flow downstream of the shock in the SBLI region.

The simulations clearly indicate that the onset of the corner separation bubble rel-
ative to the shock location is one of the key issues for accurately predicting the SBLI
flow. Moreover, the incoming boundary layer, the shock intensity and the shock foot
shape are closely interconnected and an accurate prediction of these SBLI flow prop-
erties is challenging using hybrid RANS-LES simulations.

The ZHYBRID-a simulation has produced a A-shape shock foot and a pressure
rise across the shock, that are in reasonable agreement with experimental data. The
simulation has slightly exaggerated the corner separation bubbles, which subse-
quently has led to a more pronounced cross flow.

Large differences have been observed on how the models have simulated the
corner flows. The SA-IDDES model adapted reasonably to the recirculating flow
and resolved a large part of the corner flow in LES mode. The SA-DDES model,
on the other hand, produced high levels of turbulent viscosity in the corner separa-
tion bubbles and has much less turbulent structures resolved. As compared to the
ZHYBRID-a and the experimental data, the SA-IDDES predicted a weaker A-foot,
which caused a slightly less distinct pressure rise in the wall pressure distribution
across the shock. In the ZHYBRID simulations, the RANS and LES zones were
prescribed and the model has resolved a part of the corner separation bubbles in
LES mode, leading to an improved SBLI flow prediction.
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As a continuation of this paper, a grid resolution study will be carried out in order
to analyze the effect on the SBLI region. Moreover, an extended duct will be used
in order to locate the outlet boundary farther downstream from the SBLI region.
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