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The present research applied a mixed-fidelity approach to examine the fan–intake interaction.
Flow separation induced by a distortion generator (DG) is either resolved using Large Eddy
Simulation (LES) or modeled using the standard k − ω model, SA model, etc. The Immersed
Boundary Method with Smeared Geometry (IBMSG) is employed to represent the effect of
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the fan and a wide range of test cases is studied by varying the (a) height of the DG and (b)
proximity of the fan to the DG. Comparisons are drawn between the LES and the RANS approaches with/without the fan effect. It is found that in the ”absence of fan”, the discrepancies
between RANS and LES is significant within the separation and reattachment region due to
the well-known limitations of the standard RANS models. ”With the fan installed”, the deviation
between RANS and LES decreases substantially. It becomes minimal when the fan is closest
to the distortion generator. It implies that with an installed fan, the inaccuracies of the turbulence model are mitigated by the strong flow acceleration at the casing due to the fan. More
precisely, the mass flow redistribution due to the fan has a dominant primary effect on the final
predictions and the effect of turbulence model becomes secondary, thereby suggesting that
high fidelity eddy resolving simulations provide marginal improvements to the accuracy for the
installed cases, particularly for the short intake-fan strategies with fan getting closer to intake
lip.
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1

Introduction
To achieve higher bypass and lower fan pressure ratios, larger intakes are deployed in mod-

ern aircraft engines as compared to conventional designs. Drag penalties due to an increase
in the turbulent wetted area on such large intakes is compensated by making the intake length
shorter; shorter intakes result in an increased interaction between the downstream fan and the
boundary layers developing over the intake. During the aircraft landing process, the rotational
speed of an engine is much lower (usually by around 65%) than the design speed and the
flow is prone to separation over the intake lip under these conditions. Specifically, for smaller
intakes, the distortion generated by the separated flow can result in a serious deterioration of
the fan performance and may even damage the engine compressor [1]. Under higher angles
of attack, the extent of the distortion can almost reach the intake radius [2]. Even under moderate angles of attack, Defoe [3] found that when the flow chokes within the intake, the boundary
layers can be extended by up to a third of the inlet radius.
The literature concerning both numerical and experimental studies has examined the fan–
intake interaction. The numerical investigations applied the conventional Reynolds-averaged
Navier–Stokes (RANS) or unsteady RANS (URANS) approaches and revealed the general
flow features within blade passages [4–6]. Experimental tests [7–9] for inlet distortion and
fan performance provide details of the flow features which may be used for validation of the
simulations. Among these works, Wartzek [10] investigated distortion patterns in a transonic
compressor stage and found that the distorted flow from the inlet can cause a global alteration
in the downstream fan behavior. To investigate the influence of the fan on the distortion, Cao
et al. [11] and Mauro Carnevale [12] developed a range of models aimed at reducing the cost
of full, three-dimensional (3D) computational fluid dynamics (CFD) simulations. Cao et al. [11]
demonstrated that the fan can accelerate the flow near the casing, thereby redistributing the
mass flow. The altered distribution may either alleviate the distortion or entirely suppress the
separation, depending on the proximity of fan.
Although the conventional RANS/unsteady RANS approaches are useful to capture the
relevant flow physics in the general sense, the accuracy of these models is questionable, especially for largely separated flows (see [13–16]). Tyacke [17] investigated flows in different
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zones of turbines and found that eddy resolving methods provided the physics in more detail
and reliable data than RANS/URANS for improving fan and intake designs. Tucker and Liu [18]
studied the separation region downstream of a cylinder using different RANS models (Spalart
Allmaras (SA), vt − L,k − l,k − ε,k − ω) and found that the eddy viscosity models can deviate by
more than two orders of magnitude. By contrast, eddy resolving simulations such as Direct
Numerical simulation (DNS), Large Eddy Simulation (LES) and hybrid RANS–LES have been
demonstrated to yield much more consistent results (see [19–21]). However, due to its high
computational cost [22], LES with a mesh-resolved fan is not yet feasible. To reduce the mesh
size, some approaches, such as the Body Force Modeling approach [23], the Fan Similarity
Model [12] and CFD-based throughflow models [24–27], were developed to model the geometry of fan. Their basic ideas are quite similar, distributing blade force into each fluid particles
within blade regions. The differences are the ways of establishing force models, by feedback
control theories or by entropy relations, which have different requirements for CFD schemes.
These approaches present very promising flow features in the scenario of fan-distortion interaction. However, most simulations are based on RANS and for a higher fidelity simulation, Ma
applied a mixed-fidelity modeling [28,29] using LES and fan modeling approach (IBMSG). This
modeling approach is shown to accurately predict the redistribution of the mass flow upstream
of the fan face. However, the degree of discrepancy between RANS and LES is still unclear.
Indeed, many researchers have pointed out the reason for this discrepancy itself. For example,
this comes from eddy-viscosity based closures, which performs very poor in severe separation region [30]. Details for the RANS failure in flow separation and re-attachment were also
analyzed by Iaccarino et al [31]. Craft [32] also revealed that this discrepancy resulted from
significant streamline curvature. But this discrepancy, if the downstream fan enacts strong flow
acceleration [28], can be significantly reduced or even eliminated. This means that RANS can
achieve the same satisfying performance compared to LES, and that eddy resolving methods
and hence the enormous computing resources can be avoided.
Hence, the objective of the current study is to investigate the discrepancies between RANS
and LES in the presence of a downstream fan with varying proximity to the distortion generator.
The present research compares the predictions from the mixed-fidelity approach (LES-IBMSG)
4

introduced in [28, 29] with the low-fidelity models (RANS-IBMSG) in the context of fan–intake
interaction. The separated flow past a distortion generator (DG) is either resolved using LES or
modeled using the standard RANS models (k − ω and SA). Comparisons are drawn between
LES-IBMSG/RANS-IBMSG for a wide range of test cases in which the acceleration due to the
fan is altered. This is achieved by varying the (a) proximity of the fan to the DG and (b) height
of the DG. The paper is organized as follows: Section 2 introduces the mixed-fidelity method
and the test cases. Section 3 validates the method on a transonic rotor against experimental
data. Section 4 investigates the discrepancies between RANS and LES for cases both with
and without the fan. The former cases consider the effects of both the fan location and the
degree of distortion. The causes of the discrepancies between the modeling approaches and
their relation to the flow acceleration are studied and concluding remarks are provided in the
final section.

2
2.1

Methodologies
Case set-up
The influence of flow acceleration on the prediction of separated flows is investigated via

a 30◦ sector extracted from the Darmstadt Transonic Rotor [7–9]. This case is run with a 65%
rotational speed (1361.31rad/s, equivalent to a landing speed) and a 10.6kg/s mass flow rate
(the peak efficiency point). It employs a periodic boundary condition in the circumferential
direction. According to the recommended spanwise scale [33] for a wall-resolved LES case,
the circumferential extent (30◦ ) is sufficient to accommodate all of the turbulence models. A
radial equilibrium boundary condition is applied at the outlet, whereas the total pressure and
total temperature are fixed at the inlet. Since the interest of this work is in the separated flow
on the casing (the lower wall), we simply use an inviscid upper wall in order to reduce the
computational cost. This nonetheless ensures that the pressure distribution at the spinner is
well represented.
To generate representative inflow distortions, Reid [34] proposed various distortion generators. He also investigated the sector angle of distortion as well as the axial distance between
the distortion generator and the rotor. For the present case, we adopt the distortion generator
5

proposed by Haug et al. [35]. This is a beveled beam with a radial extent equal to 10% of
the channel height and a circumferential extent of 120◦ that has been designed for the investigation of fan–intake interaction on the Darmstadt Transonic Rotor. The beam has a height
of ‘H = 0.02m’ and a length of ‘1.5H’. As Haug noted [35], these dimensions are able to meet
both the numerical and experimental requirements and represent the distortion observed in a
real intake.

A range of tests are conducted to induce changes to the flow acceleration. This is achieved
by modifying the fan location and the beam height, as shown in Figure 1. Two series of studies
are performed: 1) The fan is placed at axial locations of 6.2H and 7.2H with the original beam
height (Frames d,f); 2) The beam height is reduced to 1/2H and 1/4H with the original fan
location (Frames c,e).

2.2

Numerical Framework

In the present case, the distortion generator is modeled by the Immersed Boundary Method
(IBM), which uses force to fix the velocity at the wall to zero. The IBM method was first proposed by Sirovich [36] to solve the linearized initial and boundary problems. He regarded
boundary surfaces in flows as a distribution of sources that can be added to the Navier–
Stokes equations. The method was later rigorously proved by Peskin [37] and applications
of fluid–structure interactions using IBM can be found in the works of Iaccarino [38] and Fadlun [39]. For the rotational fan, a simplified version of IBM, the Immersed Boundary Method
with Smeared Geometry (IBMSG), can be applied. This assumes an infinite number of blades
in a row. Hence, the forces in the blade region are circumferentially averaged at every cell and
no individual blade passage is resolved. The method was used by Marble [40] to achieve flow
turning effects. The application of this method for turbomachines can be found in the work of
Cao et al. [11]. They studied intake separation at high incidence and demonstrated that the
model is capable of capturing the key flow features. According to the model used by these
6

authors, the force normal to the blade surface is controlled by the PI controller, which is,

fn (xx,t) = α

Z t
0

∆un dt + β∆un ,
(1)

∆un = un (xx0 ,t) − un,0 (xx0 ,t).

The subscript n represents the normal direction and 0 represents the solid boundary. The coefficients α and β are negative constants. Peskin [37] demonstrated that the flow solution is
independent of the two coefficients α and β, once converge has been achieved. Essentially,
this force model can be regarded as a proportional-integral (PI) feedback controller. The difference between the actual velocity and the desired velocity ∆uu contributes to the force and
hence controls the flow velocity as equal to the solid velocity u 0 .

The loss effect can be modeled by a viscous body force, as was assessed and applied
by Xu [41] for the unsteady simulation of the distortion transfer through blade passages of a
high pressure turbine. Watson [42] developed the model and proposed a typical force–velocity
relation,

f p = −k(4s2 + 1)ρuu2rel ,

(2)

where s is the fraction of span. The force is proportional to ρuu2rel and the coefficient k is calibrated using the performance data at the design point from experiments [10]. Further details
regarding the implementation of this relation in the compressible Navier–Stokes equations, as
well as details concerning blockage models, can be found in [28]. However, it should be noted
that this governing equation does not include the turbulence model equations. Hence, for the
IBM region, the model is not applicable for the case with a turbulence model or a subgrid-scale
model that depends on distance from the wall. To tackle this problem, one may either use wallresolved boundaries or identify the wall distances and set the relevant turbulence variables,
e.g., k = 0, νt = 0.
7

3
3.1

Validation
Mixed-fidelity method
The LES-IBMSG method has been validated by Ma et al. [28] in terms of main flow variables

and turbulence statistics. Here, the focus is on the RANS-IBMSG method. It is validated on the
Darmstadt Transonic Rotor [7–9] using RANS with SA model, as shown in Figure 2. The data
for validation are extracted at three cross-sections at S1 = 3.5H, S2 = 8.5H and S3 = 12H and
the key parameters of this rotor are given in Table 1. The rotor runs at a peak efficiency point
(10.6kg/s) with 65% rotational speed (1361.31rad/s). Figure 3 compares the performance map
from the numerical simulation with the experiment data from Wartzek [10]. The result shows
that this mixed-fidelity method can characterize the general trend of the pressure ratio for the
cases with a smooth casing and the distortion generator.
The total pressure distribution downstream of the rotor and stator are shown in Figure 4 (b)
and (c) to validate the response of the modeled rotor. The passage data from Wartzek’s experiment [10] and the instantaneous flow from the URANS simulation are also superimposed. The
distributions are obtained from the case at the peak efficiency point (10.6kg/s), and extracted
at three axial locations (S1 ∼ S3 ); these are the rotor entry, rotor exit and stator exit respectively.
These quantities are defined by,

πt =

pt
pt,inlet

, πt,rel =

πt
.
πt

(3)

Figure 4 shows these results with the vertical dash lines highlighting the beam installation
region. It can be seen that, within this region, the relative total pressure ratio increases from
the rotor inlet to the stator outlet (Frames (a) to (c)). This indicates that the distortion recovers downstream but is nonetheless still evident at the outlet. At the rotor and stator outlet, the
RANS with IBMSG model is also able to capture the trend. As expected, the variation of the total pressure at each blade region cannot be captured because the blade geometry is smeared
but even so, the distribution still shows the asymmetry of the entry and exit, consistent with
the resolved case and experiment. To validate how the mixed-fidelity simulation characterizes
8

the separation, the mass flux distribution is compared with the mesh-resolved case in Figure
5. The mass flux is obtained at the axial location x = 4.5H in front of the fan. Evidently, the
momentum deficit occurs at y = 0 to 1.5H, within the beam height. The result from the modeled
case shows a good agreement with the resolved case.
The validation indicates that, although the separation affects the flow in both the rotor and
stator regions, the mixed-fidelity method can still accurately capture the main flow features
between the fan and the distortion generator. This also means that separated flows do not
have any obvious impact on the performance by this method.

3.2

Mesh independence
A range of fan–intake interaction studies are undertaken using LES. Since LES results

highly depend on the mesh resolution, a mesh independence study is performed before any
detailed flow physics analysis takes place. Two mesh resolutions are tested and the number
of nodes for the coarse and fine meshes are 8.6 million and 60 million, respectively. The fine
mesh is examined using criteria related to the Kolmogorov length scale; details can be found in
[28]. The dimensionless spacing constraints for the two meshes in each of the three directions
can be found in Table 2. Figure 7 compares the axial velocity and TKE at the position x = 4.5H
predicted on the coarse and fine meshes. It can be seen that neither distribution is visibly
influenced by the mesh size, thus indicating that mesh independence has been achieved.

4

RANS versus LES
In this section, the data collected from the RANS and time-averaged LES models are dis-

cussed. Note that the RANS simulations are also carried out on the LES mesh comprising of
8.6M nodes, for which mesh independence has been shown in Figure 7. The averaging process starts when a fully developed flow is achieved and lasts for approximately 15 flowthrough
times. These comparative studies contain distorted flows 1) without a fan, 2) with a fan at
different axial locations and 3) with different beam heights and a fan fixed at the original location (see Fig.1). To investigate how these factors influence the prediction of the separated
flows, we focus on the profiles of the velocity and the TKE, non-dimensionalized by u∞ and
9

u2∞ , respectively. The reference velocity u∞ is measured in the main flow near the edge of the
beam.
To quantify the effect of the fan and the discrepancies between the RANS and LES approaches, we use two non-dimensionalized parameters; the acceleration parameter, K, and
the discrepancy in the angle of the blade incidence, ∆θ. The former is defined according to
Launder [43], as

K=

ν ∂U
.
u2∞ ∂x

(4)

The discrepancy between the RANS and LES model results can be critical in terms of predicting the downstream fan performance, so we relate it to the incidence angles and define

θ = tan−1

rΩ
− θb , ∆θ = θRANS − θLES ,
U

(5)

where θb is the blade leading-edge angle.

4.1

Distortion without fan
Figure 6 illustrates the velocity and TKE profiles for distorted flows in the contracting duct

without a fan. Evidently, the discrepancies are significant within the separation region for both
the k −ω and SA models in the region near the casing. Frame (b) shows that the TKE predicted
by the RANS (k − ω) model is considerably higher than that predicted by LES. The overestimated TKE equates to stronger turbulence, and thus leads to a stronger mixing process. As
a result, the distorted flow has reattached at x = 5H in RANS case, which is much earlier than
the result from the LES.
This discrepancy can be explained from the turbulence equations of the k − ω model, which
10

are

∂(ρk) ∂(ρu j k)
+
= P − D (k, ω) + F (k, ω)
∂t
∂x j
∂(ρω) ∂(ρu j k) γω
+
=
P − D (k, ω) + F (k, ω).
∂t
∂x j
k

(6)

∂Ui
. As a
∂x j
eddy viscosity model, it assumes that Reynolds stresses are proportional to the strain tensor.

These indicate that the difference may come from the production term P = −ρu′i u′j

2
−ρu′i u′j = 2νt Si j − kδi j ,
3 

1 ∂Ui ∂U j
+
,
Si j =
2 ∂x j
∂xi

(7)

νt = ρk/ω

Hence, the problem could either be associated with this linear relation between the stresses
and strains or from the incorrect strain tensor Si j field. To clarify this point, we fix the velocities
according to LES results and repeat the case with the k − ω model. This strategy is similar to
that of Gao and Liu et al. [44]. Figure 8 reveals that, even if the strain tensor is the same as
the LES case, the TKE values are still differ significantly; the RANS result is almost three times
∂U
is the dominant term in the
larger than the LES value. This is because the velocity gradient
∂y
TKE production within the reversed flow and its value is higher in the RANS case compared to
the LESmodel. Accordingly, the production of TKE in the RANS with velocities fixed by those
 2
∂U
.
in the LES also increases. This increase is approximately quadratic since P12 = νt
∂y
Hence, we may conclude that this linear relation is not applicable for this separated flow.
According to Craft et al. [32], the result can be improved by adding a quadratic term to Equation
7, which term is aimed at reducing the production. On the other hand, turbulence models are
constructed based on the local equilibrium between turbulence production and destruction;
however, this equilibrium state could be destroyed and strong non-equilibrium turbulence could
then dominate when separation occurs [21]. Based on this concept, Liu et al. [15] made
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a first attempt to modify a turbulence model using helicity in order to take account of the
turbulence energy backscatter when considering turbulence non-equilibrium in vortical flows.
They modified the SA model using helicity, and the results showed that the modified SA model
was able to significantly improve the predictive accuracy when simulating corner separation
flow in compressors [45]. Recently, the modified SA model was also successfully used to
predict the behavior of fan flows at off-design conditions [46].
Therefore, for the case without a fan, the turbulence model is important and may substantially affect the prediction. Hence, an eddy resolving simulation is preferred.

4.2

Distortion with Fan effect
This section discusses the influence of a fan on the characteristics of the distortion. Figure

9 shows the influence of the fan on the flow without any distortion, as characterized by the mass
flux. Evidently, the fan is able to accelerate the flow near the casing and decelerate it near the
hub. When the beam is installed at the casing, this acceleration has a significant impact in
reducing the bubble. The line in Figure 10 connects the inflectional points of the velocity profile
at different streamwise locations and circles the separation region, which denotes the bubble
size. It is noticeable that the fan reduces the recirculation region by a length scale that is
greater than the beam height.

4.2.1

Effects of fan location

The effect of fan can be modified by placing it at different locations. The original fan is
installed at x = 5.2H. Then, it is moved downstream to two locations: ‘Loc1’, a distance of a
half-chord (x = 6.2H) and ‘Loc2’, a full chord distance (x = 7.2H).
Figure 11 shows the change in the velocity profiles when the fan is placed at different
locations. It is clear that, when the fan is installed, it significantly accelerates the flow and
changes the streamline curvature. When the fan is at the original location, the difference
between RANS and LES is almost eliminated. In Frame (a), the velocity profiles almost overlap
near the leading edge of the fan (at x = 5H). This applies to both the k − ω model and the SA
model. As the fan effect becomes weaker due to the increased distance (Frame (b) and (c)),
the difference between the RANS and LES profiles becomes larger. In this situation, a high12

fidelity simulation, which resolves turbulence, is more reliable.
To investigate how the discrepancy in the velocity profiles impacts the flow at the fan face,
we extract the total pressure distribution, acceleration parameter and angle of incidence at x =
4.5H, as shown in Figure 12. Frame (a) shows that the original location has the highest effect
in terms of increasing the total pressure ratio, whereas the fan placed further away (illustrated
by the blue curves for x = 6.2H and black curves for x = 7.2H) had less of an influence in
suppressing the distortion. There is also an increasing trend in the discrepancy between the
RANS and LES models when fan is moved towards downstream. When the fan is placed at
Location 0, both the RANS and LES models successfully predict almost the same the total
pressure. This means that resolving of the turbulence may not be necessary and the RANS
approach might be sufficient. When the fan is placed at the other locations, or in the case
without fan, however, the rising discrepancies indicate that the RANS results may be unreliable
near the casing.
Frame (b) compares the acceleration parameter, K, extracted at the same location. The
flow for the case ‘Loc0’ has reattached whereas it remains separated in the other cases. Evidently, the fan at the original location induces the highest acceleration (the line for ‘Loc0, H’),
followed by the cases in which the fan is at Locations 1 and 2, meaning that the further away
the location of the fan is, the weaker acceleration.
Frame (c) shows the angle of incidence at this fan face from the LES with the ‘error bands
from RANS. The case without a fan represents the most significant difference. In contrast, the
case ‘Loc0, H’ has the lowest discrepancy due to the downstream fan effect. When the fan is
moved downstream to Locations 1 or 2, the discrepancies become larger. This indicates that
the prediction of the separated flow under high acceleration depends less on the RANS model.

4.2.2

Effects of beam height

The effect of the fan in terms of the different distortions induced is also investigated using
two beams with difference heights, 1/2H and 1/4H, installed at the same location. Figure 13
plots the velocity profiles from both the RANS and LES results.
It should be noted that the distorted flows reattach at difference axial locations, which are
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much earlier for the case with the smaller beam. Due to the difference in the separation
regions, the data cannot be compared at the same actual location. For consistency, we focus
on the data outside of the separation region, i.e., in the boundary layer after reattachment
x > 4H. As expected, although the region of the discrepancy may be reduced further away
from the casing, its maximum near the wall increases.
The discrepancies in regard to the velocity near the wall have an influence on the total
pressure upstream of the fan, as shown in Frame (a) of Figure 14. Near the wall, the difference
between the RANS and LES models increases when the beam height is reduced and the
acceleration is weakened. Hence, for these cases, turbulence or the wall effect plays a more
important role, so an eddy-resolving method is essential.
To characterize the fans influence on the different inflow distortions, the acceleration parameter K is plotted in Frame (b), extracted at x = 4.5H. The 1/2H beam generates a higher
acceleration than the 1/4H beam with the same fan. This is reasonable because, for a larger
obstacle, the streamline curvature is larger, and thus the acceleration is stronger. The corresponding discrepancies in the predicted incidence angles are depicted in Frame (c). Evidently,
as the acceleration is reduced, the incidence angle decreases, as does its discrepancy near
the wall, y = 0. Hence, the wall effect surpasses the main flow as a more significant influence
and thus the eddy-resolving method is necessary when predicting boundary layers around
blade tips in this scenario.

4.3

Acceleration and discrepancies between RANS and LES
All of the previous cases show a trend such that, if the acceleration parameter is higher, the

turbulence is less influential on the separation prediction. It should be noted that the maximums
of the two parameters K and ∆θ are usually around the casing, hence they may severely affect
fan performance at the tip and change the tip leakage flows significantly. Figure 15 plots the
maximum of the discrepancy in ∆θ at the casing with increasing acceleration parameter for all
the test cases with varying fan-locations and beam-heights.
The black line with square symbols connects the results for the fan installed at different
locations. It shows that the flow acceleration can significantly reduce the error associated
14

with the RANS approach. For the case with the original fan location, a strong acceleration is
observed. The difference between the RANS and LES is marginal. The extreme case is such
that the substantial flow acceleration can lead to the same predictions between the RANS
and LES models. Hence, when close to this situation, the RANS model may be sufficient
for separation prediction. The red line with circular symbols denotes the difference in the
incidence angles on the casing for the cases with different beams. Similarly, the discrepancies
decreases when the flow acceleration is stronger.
The reduction of the discrepancies between the RANS and LES models also indicates that,
with sufficient acceleration, the main flow can significantly affect the turbulence, whereas the
turbulence effect on the prediction is very limited. Figure 16 shows that when the fan is installed
at the original location, it dominates the main flow and the TKE profiles are very similar, despite
a slight deviation in the distributions.
The effect of turbulence can be further examined by comparing a case with a lower Reynolds
number. The flow for the present case is at Re = 1 × 106 and the relevant references are the
inlet velocity and duct radius. An additional case is defined by increasing the viscosity by an
order of magnitude, and thus Re = 1 × 105 . The same fan is installed. Figure 17 depicts the
velocity and TKE profiles for both cases (with higher and lower viscosity). The TKE for the flow
with the lower Reynolds number (blue curve) is slightly weaker around the shear layer y = H
and near the wall. Although this weakened turbulence changes the velocity profile at x = H
and near the wall, it does not affect any other area. Hence, this explicitly demonstrates that
the turbulence does not have a strong impact on the forced separated flow.

5

Conclusions
The current paper intends to investigate the discrepancies between RANS and LES in the

presence of a downstream fan. More specifically, the downstream fan effects the mass flow
redistribution and accelerates the flow at the casing relative to the hub. The present paper
investigates the consequence of this acceleration on the RANS-LES discrepancies using a
mixed fidelity method.
A beam-shaped distortion generator is modeled using the IBM; the rotational fan is ap15

proximated by the IBMSG approach. The numerical framework is validated using a transonic
rotor by comparing it to the mesh-resolved case and experiments. Thorough comparisons indicate that the mixed-fidelity method is accurate enough to predict the general trends in the
performance map and the total pressure distributions at the rotor inlet, exit and stator exit.
Subsequently, the mixed-fidelity method is deployed to investigate a range of cases with
various flow accelerations. This is achieved by installing a fan downstream of the distortion
generator and varying its proximity to the distortion generator. Test cases for a given fanlocation and varying heights of the distortion generator are also investigated.
In the ”absence of fan”, the discrepancies between RANS and LES is significant within the
separation and reattachment region, due to the well-known limitations of the standard RANS
models. Interestingly, the current study shows that ”with the fan installed”, the deviation between RANS and LES decreases substantially. Specifically, the deviation is minimal when the
proximity of the fan is closest to the separation. It implies that with an installed fan, the inaccuracies of the turbulence model are mitigated by the strong flow acceleration at the casing
due to the fan. More precisely, the mass flow redistribution due to the fan has a dominant
primary effect on the final predictions and the effect of turbulence model becomes secondary,
thereby suggesting that high fidelity eddy resolving simulations like LES provide marginal improvements to the accuracy for the installed cases. These results are particularly important for
the short intake-fan strategies with fan getting closer to intake lip.
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Nomenclature
f

force

H

height of the beam

k

coefficient for viscosity distribution

kt

turbulence kinetic energy

n

normal vector to the blade surface

t

time or blade thickness

p pressure
u

velocity

x

x coordinate
body/surface coordinate

x0
u′i u′j

Reynolds stresses

∆y+

dimensionless wall distance

∆x+

dimensionless streamwise distance

∆z+

dimensionless spanwise distance
flow acceleration parameter

K

mass-weighted total pressure loss

Pt,loss
Si j

mean rate of strain tensor

Ui

main flow velocity

P

production term in k − ω model

D destruction term in k − ω model
diffusion term in k − ω model

F
α, β

feedback forcing coefficients

γ coefficient in k − ω model
ρ

density

νt

turbulence viscosity

πt

total pressure ratio

θ

incidence angle

RANS

Reynolds Averaged Navier-Stokes
18

URANS

Unsteady Reynolds Averaged Navier-Stokes

LES Large Eddy Simulation
IBM

Immerse Boundary Method

BFM Body Force Method
FSM Fan Similarity Model
IBMSG Immersed Boundary Method with Smeared Geometry
SA

Spalart-Allmaras turbulence model

k − ω k − ω turbulence model
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Fig. 1: Parametric studies with varying (b,c,e) heights of distortion generator (b,d,f) fanlocation. Nomenclature given here for each case will be followed throughout the manuscript.
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Fig. 2: Computational setup and boundary conditions of the Darmstadt rotor
Figures
Tables
Table 1: Key parameters of the Darmstadt Transonic Compressor, from Wartzek [10]
max. power
max. torque
outer diameter
hub-to-tip-ratio
rotor blades
stator blades
65% speed
design mass flow

25

800 kW
350 Nm
0.38 m
0.51
16
29
13,000 rpm
10.6 kg/s

SC-EXP
1.22

B120-EXP
SC-IBM
B120-IBM

pressure ratio

1.20

1.18

1.16

1.14

1.12

1.10
8.0

8.5

9.0

9.5

10.0

10.5

11.0

11.5

Massflow rate (kg/s)

Fig. 3: Performance map of the Darmstadt Rotor at 65% Rotating Speed
(SC: Smooth Casing, B120: 120◦ beam)

Table 2: Grid spacing in the region between the beam and fan
∆y+

∆z+

Number of nodes

Coarse grid 150

1

100

8,600,100

Fine grid

1

30

59,371,200

Grid size

∆x+

75

26

Fig. 4: Circumferential variation of total pressure distribution for 65% speed, monitored at (a)
rotor inlet (b) rotor outlet (c) stator outlet
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Fig. 5: Radial variation of mass flux at x = 4.5H, using IBMSG and geometry resolved approach. Fan placed at Location 0
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Fig. 6: Carpet plots comparing the (a) Velocity profiles and (b) TKE profiles between RANS
and LES for the case Duct, H (without fan)
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Fig. 7: Mesh sensitivity study from LES showing the radial variation of (a) velocity and (b) TKE
at x = 4.5H, for the case Duct H without fan
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Fig. 8: Comparison of TKE profiles obtained from LES against the RANS (with frozen velocity
field from LES), for the case Duct H without fan

Fig. 9: Radial variation of mass flux with and without fan
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Fig. 10: Carpet plot showing the velocity profiles with and without fan. Locus of inflection points
are also overlaid. Dash-dotted line(blue online) corresponds to fan leading edge location
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Fig. 11: Carpet plots comparing velocity profiles predicted by RANS against LES for a given
distortion generator of height, H and varying fan-locations: cases (a) Loc 0 (b) Loc 1 (c) Loc 2
30

1

0.8

y/H

0.6
Solid line: LES
Dash line: RANS

0.4

Loc0,H
Loc1,H
Loc2,H
Duct,H

0.2

0

0.86

0.88

0.9

0.92 0.94
(a). πt

0.96

0.98

1

1
Loc0,H
Loc1,H
Loc2,H
Duct,H

0.8

y/H

0.6

0.4

0.2

0

0

0.5

1

1.5
(b). K × 10

2

2.5

3

−6

1
Loc0,H
Loc1,H
Loc2,H
Duct,H

0.8

y/H

0.6

0.4

0.2

0

0

5

10

15

20
(c). θ◦

25

30

35

40

Fig. 12: Radial distributions of (a) total pressure ratio (b) acceleration parameter (c) angle of
incidence predicted by RANS and LES at x = 4.5H.
31 Cases compared for same beam height, H
and varying fan-location: Loc0, Loc1, Loc2. Test case without fan (Duct, H) is also shown.
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Fig. 13: Carpet plots comparing the velocity profiles predicted by RANS and LES for a given
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Fig. 14: Radial distributions of (a) total pressure ratio (b) acceleration parameter (c) angle of
incidence predicted by RANS and LES at x =334.5H. Cases compared for same fan location,
Loc0 and varying beam heights: H, H/2, H/4.
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