Effect of Fan on Inlet distortion: A Mixed fidelity
Approach
Yunfei Ma, Jiahuan Cui, Nagabhushana Rao Vadlamani, Paul Tucker

To cite this version:
Yunfei Ma, Jiahuan Cui, Nagabhushana Rao Vadlamani, Paul Tucker. Effect of Fan on Inlet distortion: A Mixed fidelity Approach. ISROMAC International Symposium on Transport Phenomena and
Dynamics of Rotating Machinery, Dec 2017, Maui, United States. hal-02369305

HAL Id: hal-02369305
https://hal.archives-ouvertes.fr/hal-02369305
Submitted on 18 Nov 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of scientific research documents, whether they are published or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Eﬀect of Fan on Inlet distortion: A Mixed fidelity
Approach
Yunfei Ma1 *, Jiahuan Cui1 , Nagabhushana Rao Vadlamani1 , Paul Tucker1
AT
ROT ING M

HINERY
AC

SYMPOSIA

N
O

ISROMAC 2017
International
Symposium on
Transport Phenomena
and
Dynamics of Rotating
Machinery
Maui, Hawaii
December 16-21, 2017

Abstract
Inlet distortion is typically encountered during the oﬀ-design conditions on civil aircrafts and in
S-ducts in military aircrafts. It is known to severely deteriorate the performance of a gas-turbine
engine. As the intakes get shorter, there is an increased interaction between the inlet distortion
and the downstream fan. Previous studies in the literature use low-ﬁdelity methods (RANS or
URANS) to address this unsteady interaction, due the substantial computational cost associated
with the high ﬁdelity methods like LES/DNS. On the other hand, it is well known that the low
order methods like RANS have limitations to accurately represent the distorted ﬂows. In this
paper, we propose a mixed-ﬁdelity approach and employ it to study the intake-fan interaction at an
aﬀordable computational cost. The results demonstrate that there are two ways through which the
fan aﬀects the separated ﬂow. Firstly, the suction eﬀect of the fan alleviates the undesired distortion
by ‘directly’ changing the streamline curvature, intensifying the turbulence transport and closing
the recirculation bubble much earlier. Secondly, the enhanced turbulence in the vicinity of the
fan feeds back into the initial growth of the shear layer by means of the recirculating ﬂow. This
‘indirect’ feedback is found to increase the turbulence production during the initial stages of the
shear layer. Both the direct and indirect eﬀects of the fan signiﬁcantly suppress the inlet distortion.
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INTRODUCTION
Flow distortion is typically encountered on the engine intakes and in the duct ﬂows under the oﬀ-design conditions.
The ﬂow over an intake lip separates speciﬁcally during the
take-oﬀ at high angles of incidence and under severe crosswinds during taxing or landing of an aircraft. The distorted
ﬂow at the inlet convects downstream and deteriorates the
performance of the fan. In some extreme cases, it can even
lead to the catastrophic events like stall and surge. Interestingly, as the inlets become shorter, the proximity of the fan to
the source of the distortion is shown to aﬀect the distortion
recovery ([1]). In order to numerically investigate this interaction, it is crucial to accurately resolve the following ﬂow
regimes: (a) the separated ﬂow domain and (b) the inﬂuence
of a fan.
Most of the research in the literature addressed the fandistortion study using low ﬁdelity methods such as URANS
and RANS [2, 3, 4]. It is well known that the predictive capability of these low ﬁdelity approaches are satisfactory at the
design point. However, they still suﬀer from severe limitations under oﬀ-design conditions, involving ﬂow separation,
distortion and unsteadiness [5, 6, 7]. In particular, when
predicting ﬂows with large-scale, low-frequency turbulence,
the results may vary signiﬁcantly among the diﬀerent RANS
models [5]. For these ﬂows, eddy resolving simulations such
as DNS/LES and hybrid LES/RANS are demonstrated to yield
much more promising results [7, 8, 9].
On the other hand, the fan inﬂuence can be represented
either by resolving all fan blades or with a body force. While

the former approach is computationally expensive [10], the
Body Force Method (BFM) is much more economical[11] and
practically feasible. BFM can be further classiﬁed into the
smeared and standard methods, based on the extent to which
the geometry has been modelled.
The Immersed Boundary Method with Smeared Geometry (IBMSG) is typically used to model the force ﬁeld generated by a set of rotating blades. This approach assumes an
inﬁnite number of blades in the circumferential direction;
which avoids the computational overhead of capturing the
detailed blade geometry and/or incorporating moving boundaries to represent the fan. In this approach, an inviscid (or
wall-normal) force and a viscous (or parallel) force due to
the rotating blades are added to the circumferentially averaged Navier-Stokes equations. The inviscid component of
the force, formulated by Marble [12], ensures that the ﬂow
follows the blade metal angle. The viscous component, introduced by Xu [13], accounts for the losses encountered over
the blades using a force-velocity relation. Xu [13] has successfully employed this approach to investigate the distortion
transfer in a high pressure turbine.
On the other hand, the standard Immersed Boundary
Method (IBM) is generally used to resolve the features of a
real geometry. Peskin [14] proposed IBM based on Eulerian
and Lagrangian variables, linked by the interaction equations
involving smooth appximation of the Dirac-delta function.
This approach has been successfully applied by Fadlun [15]
to study the ﬂow past a backward facing step and by Defoe
[16], who modelled a rotor blade and predicted the noise
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propagation under the inﬂuence of an inlet ﬂow distortion.
In this paper, a mixed-ﬁdelity approach is applied to accurately investigate the inﬂuence of the fan on the inlet distortion at an aﬀordable computational expense. The standard
IBM proposed by Peskin [14] is used to model the distortion generator upstream of the fan. The unsteady separated
regime downstream of the distortion generator is captured
using a high-ﬁdelity eddy resolving approach. Further downstream, IBMSG is used to model the force ﬁeld due to a rotating fan. Subsequently, the recovery of distortion in the
presence of a fan is examined using both the mean and turbulent characteristics.

1. NUMERICAL FRAMEWORK
Figure 1 illustrates the computational domain and the boundary conditions considered in the current study. This simpliﬁed setup is motivated by the experimental studies on the
Darmstadt Rotor [17, 18, 19, 20, 21], albeit under diﬀerent
operating conditions. In these studies, the distortion generators were designed to reproduce the ﬂow conditions in a
real engine within the laboratory. Measurements by Lieser
[17] and Bitter [20] show that the compressor performance
is largely sensitive to the distortions encountered at the tip.
Hence, a periodic distortion generator is placed upstream
of the tip of the fan in order to reproduce the distortion encountered over the intake lip at high angles of attack. The
test case employs the original duct and the rotating fan from
the Bitter’s test rig [20, 21], with the periodic beam installed
upstream of the fan. It features a 30 deg sector duct with a
distortion generator (‘beam’) of height ‘H’ and length ‘1.5H’
placed at an axial distance of ‘12.5H’ from the inlet. The
fan is positioned at a streamwise distance of 5.25H from the
beam. All the spatial quantities mentioned in the following
sections are normalised by the beam height H. The velocity
is normalised by the velocity, u∞ , measured at the maximum
height of the beam (Fig.1), which corresponds to the outer
edge velocity of a separated shear layer.
The primary objective of the current study is to capture
the distortion generated on the lower wall. Hence, an invscid
boundary condition is imposed on the upper wall, which ensures that the pressure distribution due to the spinner is well
represented at a reduced computational cost. International
Standard Metric Conditions (P0 =101325Pa and T0 =288.15K)
are applied at the inﬂow and the massﬂow rate is ﬁxed at
10.6kg/s. This massﬂow rate corresponds to the peak eﬃciency point at 65% rotational speed (1361.31rad/s). A radial
equilibrium boundary condition is imposed at the outﬂow.
Periodicity is imposed in the circumferential direction. The
extent of the sector (30◦ corresponds to 5H) is suﬃcient
enough to ensure that the structres are decorrelated in the
circumferential direction. In a mixed ﬁdelity framework, the
beam is represented using the conventional IBM [14]. The
separated ﬂow downstream of the beam is captured using the
eddy resolving approach, while the force ﬁeld of a rotating
fan is replicated using IBMSG [22]). This approach avoids the
need to capture detailed blade geometry or incorporate mov-

ing boundaries. Instead, it represents the force ﬁeld generated
by the rotating fan blades and captures the suction eﬀect of
the fan, thereby substantially reducing computational cost.

2. METHOD
The present simulations are carried out using a Rolls-Royce’s
in-house CFD code, HYDRA [23, 24]. Both IBM and IBMSG
are implemented into the numerical framework and are thoroughly validated [1]. For the IBM part, the distortion generator is modelled using feedback forcing, proposed by Goldstein
et al. [25]. It has the following expression,
∫ t
∆udt + β∆u,
f (x, t) = α
(1)
0
∆u = u(x0, t) − u0 (x0, t)
where the subscript 0 represents the solid boundary. The coeﬃcients α and β are negative constants because essentially
they function as a proportional-integral (PI) feedback controller evaluated by the velocity diﬀerence. Eventually, the
controller enforces u = u0 on the immersed boundary. From
the viewpoint of control theory, the value of the force is independent of the two coeﬃcients α and β, under the condition
that the computation is convergent. To ensure the convergence, the two coeﬃcients should be carefully selected. In
fact, they are associated with two important parameters: the
β
1 p
frequency
|α| and the damping factor − p . Hence,
2π
2 |α|
1 p
α must be large enough to keep the force frequency
|α|
2π
much larger than any other frequencies in the ﬂow [15]. This
means that the feedback force should change rapidly and ﬁt
the ﬂow to the desired direction within a unsteady period.
Also, to ensure the numerical stability, the time step should
also meet the requirement
p
−β − β2 − 2αk
∆t <
,
(2)
α
where the order of k is 1.
The fan modelled with IBMSG can be regarded as a set
of an inﬁnite number of inﬁnitesimally thin blades. The
forces are circumferential averaged into every cell in the
blade region and turn the ﬂow to the local desired direction.
Cao et al. [22] introduced this method when studying intake
separation and ﬁnd this model is capable to capture the key
ﬂow features. Hence, we use this normal force model
fn = −

ul · n
− RH S · n,
∆t

(3)

where n is the normal vector of blade surface, and RH S is
the right hand side of Navier-Stokes equation. The parallel
force from Watson et al. [26] is also used, which is
2
f p = −K(r)ρurel
, K(r) = 4k1 s2 + k1,

(4)

where s is the fraction of span and the coeﬃcient k1 need to
be calibrated by the existing performance data.The blockage
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Figure 1. Experiment settings

3.2 Time averaged flow field

eﬀect is also modelled as [22],
λ =1−

1 (t1 + t2 )
,
2 S(r) cos β

(5)

where t1 and t2 are the blade thickness for the pressure part
and suction part, and S(r) is the surface pitch, as is shown in
Figure 2.

Figure 2. Sketch of blade blockage

3. RESULTS
3.1 Instantaneous flow field
Figure 3 shows the contours of the stagnation pressure of the
instantaneous ﬂow. It demonstrates both the distortion generated in the lee of the beam and an increase in the stagnation
pressure due the presence of the fan.
The iso-surfaces of Q (Q=40) in diﬀerent views are illustrated in Figure 4 and 5, contoured with the local axial
velocity (vx = −150 ∼ 200). The axial location of the fan is
also shown by means of a sketch. Coherent two-dimensional
detached shear layer forms at the edge of the beam which
rapidly destabilized downstream. A decrease in the recirculation region is clearly evident in the presence of the fan.
Qualitatively, an increase in the length scales of the turbulent
structures due to fan is notable from the top-left subﬁgure in
Fig. 5.

After ﬂushing out the initial transience, statistics are collected
for around 94H/U∞ . The maximal deviation of u ′u ′ extracted from two diﬀerent times (with the interval of 50H/U∞ )
is only 5%, indicating the convergence is acceptable. Figure
6 compares the mean velocity proﬁles at diﬀerent streamwise locations on a carpet plot. A line joining the locus of
inﬂectional points of the velocity proﬁles is also overlaid. The
recirculation region can be also seen in Figure 7. As noted
from the instantaneous ﬂow, the extent of the recirculation
zone is signiﬁcantly reduced due to the fan. The ﬂow reattaches at an axial location which is more than a beam height
upstream of the fan leading edge.
Figure 8a shows the contours of the time-averaged turbulent kinetic energy. The TKE in the shear layer and in
the reattaching regime has increased by around 40-70% in
the axial direction in the presence of fan. This is partially
caused by a higher production in the shear layer (Fig. 8b) and
partially by a stronger convection in the middle-rear part of
the recirculation region (Fig. 8c).

3.3 Mechanism
To further investigate how fan interacts the separation bubble
through turbulence, this section delves into the mechanism
by which the fan has reduced the recirculation region. In the
previous section, Figure 8b and 8c demonstrates a substantial
increase in both the production and convection. However,
the location of such increase varies, and consequently may
present diﬀerent traits. To examine this in more details, the
individual contributions from the dominant terms (in order):
u ′u ′ ∂U/∂ x, v ′ v ′ ∂V/∂ y and u ′ v ′ ∂U/∂ y to the TKE
production are analysed.
The results demonstrate that there are two distinct ways
through which the fan eﬀects the separated ﬂow: shear ﬂow
dominant (Zone 1) and strain rate dominant (Zone 2), shown
in Figures 9a and 9b. In Zone 2, the primary eﬀect of the
fan is observable between x = 2H − 4H where the recirculation region decreases due to the change of the streamline curvature. Both u ′u ′ and v ′ v ′ increase signiﬁcantly
within this region by around 40% and 75% respectively. The
increase in v ′ v ′ is much more pronounced than u ′u ′, in-
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Figure 3. Total pressure distribution

Figure 5. Lateral view of instantaneous ﬂow for the cases
without/with fan

Figure 4. Instantaneous ﬂow for the cases without/with fan

Figure 6. Velocity proﬁle
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Figure 7. Recirculation region

dicating a stronger turbulent transport in the wall-normal
direction. This is similar to that observed in the context of
corner separation [27] separating at the leading edge of the
blade. Consistent with the observations of Bradshaw [28],
we consider this increase in Reynolds stresses to be a ‘direct
eﬀect’ which is attributed to the additional strain rate caused
by the curvature change.
In zone 1, Figures 9a and 9b also demonstrate an increase
in both the streamwise and wall normal ﬂuctuations within
the shear layer at the edge of the beam between x = 0 − 2H.
Clearly, the spreading rate of the shear layer is much more
predominant in the presence of the fan. This is attributed to
the ‘indirect eﬀect’ of the fan, where the enhanced turbulence
generated in the vicinity of the fan feeds back into the origin
of the shear layer by means of the recirculating ﬂow. This is
also evident from the Figures 8a and 8c where an increase
in the TKE and TKE convection is observable within the
recicurlating region. Consequently, this ‘indirect’ feedback is
found to further intensify the turbulence production within
the shear layer (Figure 8b) increasing the Reynolds stresses
(u ′u ′, v ′ v ′).
As expected, u ′ v ′ ∂U/∂ y is found to be the major contributor to the total production of TKE in Zone 1 within a
spreading shear layer. Figure 10 compares the velocity gradients ∂U/∂ y to the contours of the Reynolds stress u ′ v ′
(Fig.9c) without/with fan. It is evident that the contribution
to the TKE production is primarily aﬀected by an increase in
the Reynolds stress u ′ v ′. On the other hand, the change in
the velocity gradients is marginal.
The increased TKE in Zone 1 is subsequently convected
downstream into the Zone 2 through the mainstream ﬂow
and resulting in the cyclic feedback between both the zones.
Hence, although the ﬂow in the Zone 1 is not aﬀected directly
by the fan, it is still a key source of turbulence due to the
feedback from the reverse ﬂow. It supplements the turbulence generated in the vicinity of the fan in the Zone 2 and
also contributes to the earlier reattachment of the separation
bubble.

(a) Contours of TKE

(b) Contours of TKE Production

(c) Contours of TKE convection

Figure 8. Turbulent Kinetic Energy Statistics
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Figure 10. Velocity gradient ∂U/∂ y
(a) Reynolds stress u ′u ′ 

(b) Reynolds stress v ′ v ′ 

4. CONCLUSION
In this paper, we propose a mixed-ﬁdelity approach and employ it to study the intake-fan interaction at an aﬀordable
computational cost. The results demonstrate that there are
two ways through which the fan eﬀects the separated ﬂow:
Firstly, the suction eﬀect of the fan (eﬀective upto almost half
the chord length upstream of the fan) alleviates the undesired
distortion by ‘directly’ changing the streamline curvature,
intensifying the strain rate and turbulence transport thereby
closing the recirculation bubble much earlier. Secondly, the
enhanced turbulence in the vicinity of the fan feeds back into
the initial growth of the shear layer by means of the recirculating ﬂow. This ‘indirect’ feedback is found to increase the
turbulence production and spreading rate of the shear layer.
Both these direct and indirect eﬀects of the fan signiﬁcantly
suppress the inlet distortion.
From an engineering perspective, the current study shows
that the loading of the fan blade can be conveninently altered
to maximise the stagnation pressure recovery by suppressing
the distortion. A tip loaded fan can increase the streamline
curvature driving early reattachment of the ﬂow. Further
studies will be carried out to address these aspects and explore the possibility of some potential ﬂow control methods
to alleviate the inlet distortion.
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(c) Reynolds stress u ′ v ′ 

Figure 9. Main Reynolds stresses
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