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The present paper focuses on the analysis of the unsteady characteristics of pressure and swirl distortion 
and their relationship inside a complex air intake, including a plenum chamber, using Large-Eddy 
Simulation based on the lattice Boltzmann method (LBM). The steady-state analysis of the pressure 
field and swirl angle in the Aerodynamic Interface Plane (AIP) shows a complex pressure and swirl 
distortion pattern, as well as a high level of unsteadiness. Additionally, two vortical structures with equal 
intensity located on the top and bottom sides of the AIP plane were identified. The unsteady pressure 
distortion analysis highlighted fluctuations between two positions of the maximum circumferential 
pressure distortion in the AIP plane. One of these positions presents mean and peak distortion values 
lower than the other position. Furthermore, an alternating vortex pattern between two swirl patterns 
in the AIP plane is also identified. Finally, the relationship between pressure and swirl unsteadiness 
was investigated, and a link between the swirl distortion pattern and pressure distortion was identified. 
The identification of this relationship will allow geometrical changes in the air intake, leading to a 
reduction of the average circumferential distortion level, as well as a reduction of the maximum peak 
level achievable during a flight phase.

1. Introduction

Within the last few years, aircraft engines have been increas-
ingly integrated inside the aircraft. However, this high degree of 
integration makes air intake geometry more and more complex, 
leading to a more complex distortion pattern of the flow field en-
tering the engine. It exist several type of distortion [1], including 
total pressure, temperature and swirl distortion. Numerous stud-
ies have shown that steady distortion leads to a strong reduction 
in surge margin [2–5], as well as a significant impact on engine 
performance [6]. Usually, engine/intake compatibility is assessed 
during dedicated flight tests or scaling tests where steady-state 

interact with each other in a linear way, meaning that it is possi-
ble to sum up their effects on the surge margin loss to estimate 
the impact of the coupled effects on surge margin [4]. The effects 
of the combination of planar wave and total pressure distortion are 
unknown and the SAE [11] recommends verifying the impact on 
surge margin while these effects are combined. On the other hand, 
some studies highlight that total pressure distortion and swirl to-
gether interact in a nonlinear way [12,13]. Indeed, the SAE [5]
shows that a co-swirl coupled with total pressure distortion has a 
greater impact on surge margin. On the other hand, counter-swirl 
coupled with pressure distortion has less impact on surge margin. 
In addition, different types of swirls have shown various impacts 
on surge margin. Fredrick et al. [14] compared the effect of differ-
distortions are measured to verify compliance with the engine. 

Moreover, these tests are expensive and the instrumentation used 
does not always allow for the measurement of swirl in flight. 
Therefore, the risks of a design change at the end of development 
are significant. Most of the time, distortion of the different physical 
parameters are studied separately [7–10]. However, some recent 
studies show that the distortions must be considered together. For 
example, total pressure and total temperature distortion seem to 
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ent types of swirls on surge margin and showed that twin swirl 
has less impact on surge margin than bulk swirl. Therefore, total 
pressure distortion and swirl are key parameters for air intake/air-
craft compatibility. Early estimation of total pressure distortion and 
swirl is a major issue for the aircraft manufacturer to reduce risk 
and costs.

Engine/aircraft compatibility does not only rely on steady state 
value of pressure distortion and swirl. Recent developments have 
shown the importance of taking dynamic distortion into account. 
Unsteady distortion can impact engine stability and performance 
[15], leading to stall inception mechanisms in aero-engine com-
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Nomenclature

AIP ] Aerodynamic Interface Plane
APU Auxiliary Power Unit
CDI Circumferential Distortion Index
CFD Computational Fluid Dynamics
LBM Lattice Boltzmann Method
PDF Probability Density Function
PIV Particle image velocimetry
PSD Power Spectral Density
RDI Radial Distortion Index

SAE Society of Automotive Engineers
�P C

P Circumferential pressure distortion descriptor
�P R

P Radial pressure distortion descriptor
DC60 Total pressure distortion descriptors on 60°
α Swirl Angle
SI Swirl Intensity descriptor
SP Swirl Pairs descriptors
SD Swirl Directivity descriptors
θ Extent
pressors [16], and can be triggered by localized peak fluctuations 
of pressure, vorticity, and velocity [17]. Unsteady distortions can 
occur in normal flight conditions and can be generated by both 
internal and external causes.

However, the unsteadiness of the flow field in AIP plane is 
difficult to study, the elaboration of a representative test is com-
plicated, and capturing unsteady phenomena requires expensive 
specific instrumentation such as the use of specific five hole pres-
sure rake placed in AIP plane as prescribed in the SAE ARP1420C 
technical report [6] or the use of non intrusive measurement 
like PIV [18] or some new non intrusive method highlight in 
Doll et al. [19]. The first studies on dynamic distortion go back to 
the 1970’s with Jacocks [20] who is one of the first to be interested 
in the dynamic aspect of distortion and in particular the determi-
nation of the maximum time variant distortion level. Several other 
studies were conducted to determine the maximum time variant 
distortion level depending on the degree of knowledge of the un-
steadiness of the flow field entering in the engine. Auleha and 
Schmitz [21] proposed a basic way with little knowledge about the 
unsteadiness of the flow. Borg [22] and also Liang and Zhang [23]
proposed two similar methods, a little more developed based on 
probability density function and finally Jacocks [20] who uses the 
extreme value theory to determine the maximum time variant 
distortion level that can be reached during a flight phase. More 
recently, Tanguy et al. [24] and Lakebrink and Mani [25] measured 
unsteady distortion using rakes of high frequency response trans-
ducers.

However, despite the conducted studies, no consensus has been 
reached on the best way to determine the maximum time variant 
distortion level. Moreover all these studies share the fact of being 
based on tests, which might be complex and highly expensive to 
perform in an industrial development context.

Within the last few decades, the improvement of computational 
capacity and computational fluid dynamics (CFD) now makes it 
possible to simulate the flow in this type of air intake and also 
its dynamic behavior. These progresses have allowed to boost the 
studies about dynamic distortion by using CFD in order to obtain 
additional information on the flow field which is not available dur-
ing the tests. Numerous studies are about the assessment of the 
flow distortion associated with different S-duct or L-duct [26] con-
figurations. Experimental study conducted by Wellborn et al. [27]
highlight the presence of a paired swirl in the AIP plane. Other 
experimental studies performed using SPIV show the necessity 
to account for the unsteadiness of the flow field such as Gil-
Prieto et al. [28] who identify a switching mode between the two 
swirls. Moreover, Migliorini et al. [29,30] study the impact of non-
uniform inlet flow condition on S-duct and highlight that inlet 
vortices and pressure profiles affect swirl angle unsteadiness and 
peak swirl intensity as well as extreme value theory predict peak 
distortion. Experimental studies have shown the complexity of the 
flow field inside S-duct and the necessity to consider its unsteadi-
ness. Based on these experimental studies, several steady state 
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simulation have been performed using various turbulence models 
such as the Wray-Agarwal one-equation turbulence model [31] and 
four different turbulence models in the work of Fiola and Agar-
wal [32,33]. Additionally, the work of Aref et al. [34] and Delot and 
Scharnhorst [35] have focused on the validation of different turbu-
lence models and compared their results with the experimental 
data of Wellborn et al. [27], showing that steady state simulation 
can be performed with several turbulence models that are able 
to capture the flow physics. Zhang and Vahdati [36] conducted a 
parametric study to investigate the effects of inlet distortion on 
fan aerodynamic stability. They analyzed the distortion by impos-
ing different inlet profiles and concluded that the distortion level 
had a significant impact on the aerodynamic stability of the fan, 
while Piovesan et al. [37] investigated the unsteady aerodynamic 
characteristics for intakes at crosswind. Moreover, Lima et al. [38]
conducted numerical investigations of S-shaped air inlets for em-
bedded engines. They studied the effect of the inlet angle on the 
aerodynamic performance and concluded that the inlet angle had a 
significant impact on the pressure recovery and the flow distortion 
in the inlet. Batista de Jesus et al. [39] studied the grid topology 
of the S-duct inlet with vortex generators, and concluded that the 
use of vortex generators was an effective way to reduce the dis-
tortion level in the S-duct. Additionally, Garbo and German [40]
compared adaptive design space exploration methods applied to 
S-duct CFD simulation. Wojewodka et al. [41] reviewed flow con-
trol techniques and optimization in S-shaped ducts and conducted 
a numerical study of complex flow physics and coherent struc-
tures of the flow through a convoluted duct. For the assessment 
of the unsteadiness of the flow field in a S-duct, several numerical 
studies were conducted [42,43], MacManus et al. [44] simulated 
the same test case conduct by Wellborn et al. [27] using De-
layed Detached-Eddy Simulation (DDES) and show the ability of 
this method to simulate well the unsteady behavior of the flow 
field. Gil-Prieto et al. [45] proposed a method to assess the un-
steady flow distortion with numerical simulation and use joint-PDF 
to identify switching mode and use Extreme Value Theory to de-
termine the time variant distortion level. All these studies have 
shown the ability of CFD to simulate the steady state and unsteady 
behavior of the flow field, however for the unsteady behavior, the 
computational time for these methods is too long to be used in an 
industrial context.

In the early 2000’s, a new highly parallelizable CFD methods 
called lattice Boltzmann method (LBM) is gaining traction in the 
academic [46] and industrial [47,48] field. This CFD method differs 
from the others which are based on macroscopic approach and 
solve the Navier-Stokes equation. The LBM is based on a meso-
scopic approach to solve the fluid dynamic equations. This method 
is derived from gas kinetics theory with Boltzmann equation and 
consists in considering a characteristic population of particles to 
represent the behavior of a fluid at the macroscopic level. More-
over, the LBM method is intrinsically unsteady and the calcula-
tion time is extremely reduced compared to the classic calculation 



code. LBM has already been used for unsteady swirl distortion 
characteristics assessment and shows its ability to predict the un-
steady flow field [49]. However, this study highlights a discrepancy 
between the magnitude of the predicted and measured unsteadi-
ness properties. Nonetheless, the use of a minimum mesh require-
ment and a fast convergence solver allows for the investigation of 
dynamic distortion in an industrial context.

A key focus of this paper is the use of computational fluid dy-
namics (CFD), more precisely Large-Eddy Simulation in the present 
work) based on lattice Boltzmann method (LBM) to assess the 
unsteady aerodynamic characteristics of complex air intake with 
plenum chamber. Indeed, complex air intake with a plenum cham-
ber is widely used in aeronautics, especially for APU air intake, or 
on helicopters because of their environmental robustness. The par-
ticularity of this air intake is that the air once entered the plenum 
chamber turns in the plenum before being aspirated by the en-
gine. Moreover, when the air goes to the engine, it has to pass 
through struts, which disturb the flow [50]. This particularity has 
the impact of increasing the complexity of the distortion pattern. 
These activities take part in a broader project, for which the overall 
objective is to develop a framework that evaluates the combined 
engine and aircraft configuration for a specific flight mission and 
that could be applied at the preliminary design stage. Within this 
framework, engine/intake compatibility and engine performance 
have to be evaluated for each configuration. Previous study has 
shown the ability of LBM to simulate the flow field entering the 
engine and compare steady state parameters simulated by CFD 
with helicopter flight test results [51]. Furthermore, a complete 
steady state analysis of the flow field has been performed [52]. 
However, the unsteady aerodynamic characteristics of this type of 
air intake with a plenum chamber have never been studied.

In this context, the main objective of the current paper is to 
improve knowledge in terms of the unsteady characteristics of to-
tal pressure distortion and swirl distortion for a complex air intake 
with a plenum chamber. In Section 2, the main methodology ele-
ments of the present study are presented, including the configura-
tion of interest (Sec. 2.1 and Sec. 2.2), the detail of the numerical 
method (Sec. 2.3), the definition of the different metrics (Sec. 2.4) 
and a validation of the method (Sec. 2.6). Section 3 is devoted 
to the analysis of the results, with first, a description and analy-
sis of the unsteady flow field in the air intake (Sec. 3.1), then an 
analysis of the time averaged and standard deviation of pressure 
and swirl angle at the AIP plane (Sec. 3.2). Then, unsteady charac-
teristics of total pressure (Sec. 3.3) and swirl distortion (Sec. 3.4) 
are investigated separately. Finally, the link between the unsteady 
characteristics of the total pressure distortion and swirl distortion 
is studied (Sec. 3.5). Conclusions of the present work are given in 
Section 4.

2. Methodology

2.1. Geometry description

In this paper, the geometry (see Fig. 1) corresponds to a so-
called semi-dynamic helicopter air intake, i.e. it is the result of 
a trade-off between a static air intake which has an extremely 
low dynamic pressure recovery coefficient and a dynamic air in-
take with a higher dynamic pressure recovery coefficient. The air 
intake is composed of a first straight section which comes out of 
the fuselage of the helicopter and which will ingest the boundary 
layer generated by the fuselage as shown on Figs. 1a and 1c. At the 
end of this section is positioned an elbow which will direct the air 
toward a plenum. The air will then turn in the plenum and be 
sucked in by the engine. In order to reduce the pressure distortion 
generated by the plenum, a plenum schim is added. Finally, when 
the air goes to the engine, it passes through struts that disrupt the 
3

Table 1
Radial position of each 
ring of rake.

Ring Rring /Rmax

1 0.45

2 0.58

3 0.7

4 0.83

5 0.95

flow field. For reasons of confidentiality, the precise characteristics 
of the air intake cannot be provided.

2.2. Case study

The case study presented in this paper is representative of an 
helicopter in level flight at 140kts with an engine operating con-
dition of about 900kW. To be representative of this case study, 
the computation domain (Fig. 1b) includes a complete helicopter 
without tail boom and rotor, with an air intake corresponding to 
the geometry in Fig. 1 located on the right side of the helicopter. 
The helicopter geometry is inserted in a parallelepipedic domain 
where a constant velocity corresponding to the realistic flight con-
dition is imposed at the inlet. The atmospheric pressure is then 
imposed on the domain’s lateral boundaries and outlet. Turbulent 
wall model [53] is applied on the helicopter and air intake walls 
in order to model the turbulent boundary layers. To simulate the 
flow entering the engine, a mass flow rate condition correspond-
ing to the realistic flight conditions is applied at the compressor 
inlet located at 10 AIP diameter from the AIP plane (see Fig. 1a) so 
that the flow condition does not influence the results obtained at 
the AIP plane. The rotor flow is not simulated in the present paper 
since only level flight is studied. Indeed, during level flight, the ro-
tor is inclined towards the front of the helicopter, while the rotor 
flow is directed towards the back of the helicopter. Moreover the 
speed of the helicopter allows to neglect the impact of the rotor 
flow in this simulation. To assess pressure and swirl distortion, sev-
eral sensors are placed in the simulation in the AIP plane. Fig. 1a 
shows the distribution of the sensors in the AIP plane. The Soci-
ety of Automotive Engineers (SAE) [2] proposes to use 40 probes 
to catch a typical pressure pattern (8 rakes of 5 probes). However, 
for more complex inlets they also propose to divide into circum-
ferential sections with greater detail Therefore the sensors pattern 
used for this study is the following are equally distributed, radially 
and circumferentially with 5 radial positions and 18 circumferen-
tial positions. Table 1 shows the radial position of each ring. For 
the validation study, additional numerical sensor are placed in the 
simulation at the same place as the sensor used during flight test. 
Due to space constraints and the risk of surge during flight testing, 
fewer sensors are used, with only 9 circumferential positions and 
4 radial position.

In order to obtain a complete unsteady solution, a simulation 
time of approximately 100 convective times estimated from the 
average axial velocity at the reference plane and the length of the 
air intake mean line is considered. However, only the final 60 con-
vective times were analyzed during post-processing to exclude the 
initial transient phase from the steady state to the fully established 
unsteady solution.

2.3. LBM

CFD simulations presented in the present manuscript were per-
formed with the ProLB software, which uses the lattice Boltzmann 
method [54]. This method is based on the resolution of the Boltz-



Fig. 1. Visualization of the air intake geometry and numerical configuration.
mann equation (Eq. (1)) describing the evolution of a particle dis-
tribution function f = f (�x, �c, t) which is related to the probability 
density of particles with velocity �c at position �x and time t .

df

dt
+ �c · �∇ f = �( f ) (1)

The Boltzmann equation is then discretized in the velocity 
space on a D3Q19 lattice in the present manuscript, correspond-
ing to a 3 dimensional lattice with 19 discrete velocities, leading 
to the lattice Boltzmann equation (Eq. (2))

fα(�x + �cαdt, t + dt) − fα(�x, t) = �α(�x, t) (2)

where fα represents the distribution function in the α direc-
tion of the lattice and �α is the collision operator associated 
with it. In general, equation (2) is solved in two steps using a 
Strang-type splitting, first, the post collision function f coll

α (�x, t) =
fα(�x, t) +�α(�x, t) is computed, then it is propagated to the neigh-
boring points. The usual macroscopic quantities (density ρ and 
velocity components ui ) can then be computed from the moments 
of distribution function as follows.
4

ρ =
18∑

α=0

fα (3a)

ρ ui =
18∑

α=0

fα cα,i (3b)

In the present manuscript, the collision operator used is the 
Hybrid Recursive Regularized (HRR) model presented in Jacob et 
al. [55] and the Shear Improved Smagorinsky Model [56] (SISM) is 
used to model subgrid scales.

In practice, the lattice Boltzmann equation is solved on non 
body fitted grids based on a hierarchy of embedded cartesian grids 
with a ratio of 2 between the grid spacing of two successive re-
finement levels (see Refs. [55,57,46] for grid examples). This strat-
egy allows for an easy meshing of complex geometry, such as the 
complete helicopter equipped with a realistic air intake geometry, 
including a plenum chamber study in the present manuscript.

2.4. Total pressure and swirl distortion metrics

The present study is focused on total pressure and swirl distor-
tion. To quantify and characterize the distortion, several param-



Fig. 2. Visualization of the grid in the AIP plane for the 3 mesh resolution used in the sensitivity analysis.
eters have been defined in the literature. For example, KD and 
KA index developed by Pratt & Whitney [58], Kθ and Kr parame-
ters developed by Naval Air Propulsion Center [59], Rolls Royce θ
critical indices (DCθ ) describe in ref [60], GE Method D system de-
scribe in ref [61] CDI and RDI proposed by the SAE [2]. All these 
parameters were created to be able to experimentally quantify the 
decrease in the surge margin related to total pressure distortion. 
The same parameters are created to characterize swirl distortion.

However, in the present study, the following parameters intro-
duced in the SAE technical reports [2,5] are used for pressure and 
swirl distortion characterization.

1. Pressure distortion
• Circumferential total distortion ( �P C

P ) allows to describe the 
non uniformity of the pressure field on a ring and to quan-
tify the amplitude of the total pressure distortion weighted 
by the size of the low pressure area. Indeed, taking into 
account the size of the distortion is important because it al-
lows to have an indication on the time that the compressor 
blade will spend in the low pressure area during a revolu-
tion period and has a direct impact on engine stability [7]. 
The amplitude allows to give an information on the varia-
tion of the aerodynamic load that the blade will subjected 
in the low pressure area.

• Radial total pressure distortion ( �P R
P ) allows to describe the 

radial non uniformity of the pressure field and to quan-
tify The radial distortion has for impact a radial variation 
of the aerodynamic load of the blade. It was shown that 
this distortion has a greater impact than the circumferen-
tial pressure distortion on the stability of the engine [2,62].

2. Swirl distortion
• Swirl Intensity (SI) is based on the swirl angle distribution 

on a ring. This parameter represents the averaged absolute 
swirl angle on a ring intensity of the swirl. For the com-
pressor, this parameter represents a change in the angle of 
attack of the blade. This will have an impact on the aerody-
namic load of the blade.

• Swirl Pairs (SP) Swirl Pairs indicate the numbers of pairs 
swirl in the ring. This parameter is used for identify swirling 
vortical structures. For example, a S P = 1 mean that there 
is 2 swirling vortical structure which turns in the opposite 
direction.

• Swirl Directivity (SD) describe the main direction of the 
swirl. In this study, a positive value of swirl is define as 
clockwise direction and a negative value of swirl as a coun-
terclockwise direction.

A more detailed explanation of these parameters and their asso-
ciated mathematical formulations are presented in appendix A for 
5

the total pressure distortion and appendix B for the swirl distor-
tion.

2.5. Grid sensitivity

As seen previously in part 2.3, the grid used in LBM is a Carte-
sian grid; therefore, an assessment of the grid sensitivity is per-
formed. In this paper, 3 type of grid are evaluated in term of time 
to perform the simulation and deviation from the fine grid. This 
grid sensitivity analysis is performed on the mean pressure, DC60
and mean swirl in the AIP plane considering a coarse (Fig. 2a), 
medium (Fig. 2b) and fine grid (Fig. 2c) with respectively 11, 28, 
and 55 points in the annular radius of the AIP plane.

Fig. 3 shows the grid sensitivity. The x axis corresponds to grid 
level, and the y-axis corresponds to the deviation from fine grid 
of DC60, AIP mean pressure, and mean Swirl in the AIP plane. The 
axis on the right corresponds to the time to perform a simulation. 
Fig. 3a shows the convergence analysis for mean pressure; a devi-
ation of up to 1% was observed for the average pressure value in 
the fine mesh. However, this deviation was significantly reduced to 
0.05% for the medium and high mesh levels, indicating a low de-
viation between the calculated average pressure values. Moreover, 
a substantial increase in computation time was observed between 
the three mesh levels. The pressure distortion, Fig. 3b, was selected 
as a key parameter in this study as it was found to have a devia-
tion of almost 70% for the coarse mesh level compared to the fine 
mesh level. However, for the medium mesh level, a deviation of 
only 10% was observed, which was considered acceptable for this 
study. Finally, the swirl in the AIP plane, Fig. 3c was also investi-
gated, and a deviation of over 1° was observed for the coarse mesh 
level, while only a 0.2° deviation was observed for the medium 
mesh level, which was acceptable for this study. Based on these 
findings, it can be concluded that the first mesh level did not con-
verge, and therefore, the second mesh level was chosen, which 
had a computation time 40% lower than that of the fine mesh 
level. This was essential for industrial applications where minimiz-
ing computation time is crucial.

Based on the obtained results, we have selected the medium 
grid level as it offers a favorable balance between simulation time 
and deviation from the fine grid. The resulting mesh size leads to 
an average Y+ value of approximately 100 throughout the entire 
air intake. However, it should be noted that this value may vary 
significantly considering that the distance of the first node to the 
wall ranges between 0 and 

√
3dx, corresponding to the diagonal of 

the cubic cell.

2.6. CFD validation

CFD simulation is validated by comparing the steady state pa-
rameters like pressure drop (�P ) and pressure distortion (DC60) 



Fig. 3. Grid sensitivity.
Table 2
Numerical simulation validation test case for different 
flight test.

Case P0 (Pa) OAT (K) IAS N1 (%)

1 97 446 297.7 100kts 94.2

2 100 985 296.2 97kts 92.6

3 100 881 296 114kts 94.2

4 96 832 291 140kts 97.7

5 97 241 297.7 140kts 98.5

with those obtained during a dedicated flight test. During these 
flight tests, the air intake is equipped with 36 pressure sensors 
located at the AIP. These sensors are located at 9 different cir-
cumferential positions and 4 different radial locations in order to 
ensure that circumferential and radial distortions are accounted 
for. In the present validation, 5 different configurations summa-
rized in Table 2 are considered with different values for the P0, 
OAT, IAS, and N1 parameters. The swirl cannot be measured in 
flight since the position of the AIP plane makes the use of 5-hole 
or 3-hole probes not possible. For this reason, DC60 and �P are 
the only quantities considered in the present validation. A more 
detailed validation can be found in Di-Marco et al. [51].

The difference between CFD and flight tests is considered ac-
ceptable, considering the uncertainty of the measurements in 
flight, if it’s lower than 0.5 for the pressure drop in the air intake 
and, lower than 0.02 for the pressure distortion.

Table 3 show the deviation between flight test results and CFD 
simulation. The deviation is defined as the difference between the 
CFD simulation and the flight tests. The pressure drop in the air 
intake is well simulated even if we observe either an overestima-
tion of the pressure drop (cases 1, 4, and 5) or an underestimation 
of the pressure drop (cases 2, and 3), depending on the consid-
ered case. Pressure distortion is overestimated in all cases. These 
results suggest that the measurement uncertainties in flight can 
impact the distortion level, as various parameters like yaw, roll, or 
pitch angles can affect pressure and swirl distortion, which cannot 
be fully controlled. The CFD simulation assumes a level flight con-
dition by default, which may not accurately reflect the real flight 
6

Table 3
Numerical simulation deviation for DC60

and �P for each validation test case in 
Table 2.

Case �P (%) DC60

1 -0.6 0.02
2 0.3 0.01
3 0.3 0.01
4 -0.02 0.05
5 -0.2 0

Mean Deviation -0.03 0.02

condition of the helicopter. It is also observed that in cases 1 and 
4, the acceptance criterion is exceeded. However, the deviation re-
mains acceptable taking into account the uncertainty of in-flight 
measurements and the helicopter’s position, which are unknown 
and can have an effect on pressure drop and pressure distortion. 
From these results, it is considered that the steady state simulation 
is validated since, in average, the different predicted parameters 
are in the range of acceptance.

3. Results and discussion

3.1. Visualization of the flow in the air intake

In this section, we visualize the flow through the air intake us-
ing four types of visualization shown in Fig. 4. Fig. 4a displays a 
cross-section of the air intake colored by the pressure field. At 
the entrance of the air intake, a zone near the wall has a lower 
pressure value, corresponding to the boundary layer that the air in-
take ingests. After passing through the plenum chamber, the flow 
is sucked by the engine. We observed a pressure drop immedi-
ately after the 90° bend connected to the engine. Furthermore, the 
loss associated with the bend is more significant on the bottom 
side of the figure. Fig. 4b shows the axial velocity along the air 
intake. We found that the axial velocity is lower inside the bound-
ary layer than outside it. The flow then turns through the first 90° 
bend, leading to a decrease in axial velocity. After passing through 
the plenum chamber and the engine’s 90° bend, there is a sub-



Fig. 4. Visualization of the flow field through the air intake. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
stantial increase in axial velocity. Fig. 4c depicts a cross-section of 
the vorticity around the X-axis. We observed a slightly negative 
vorticity zone around the X-axis at the air intake’s entrance, corre-
sponding to the boundary layer that developed on the helicopter’s 
fuselage. This boundary layer is then ingested by the air intake. Af-
ter passing through the 90° bend, the flow enters the plenum. We 
observed that the vorticity inside the second bend differs between 
both sides of the plenum, with a considerable zone of negative 
X vorticity in the bottom duct. Fig. 4d illustrates the streamlines 
in the air intake, particularly in the plenum. We found that the 
streamlines that travel the longest distance to the left part of the 
plenum on the plenum schim side are highly disturbed with high 
vorticity levels. The streamline directly entering the engine (from 
the right side) is straight and does not exhibit any rotational ef-
fects. On the AIP plane, two vortical structures can be seen, one 
located on the top side and the other on the bottom side. Further 
details on these two vortical structures are available in Section 3.2. 
We observed that the formation of these two vortical structures 
seems to be induced by the struts, as the streamlines are deviated 
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by their presence when the air is sucked by the engine, leading to 
significant vorticity effects.

3.2. Time average and unsteadiness in AIP plane

In this section, the time average and standard deviation of total 
pressure and swirl angle at the AIP plane are presented.

Fig. 5a represents the distribution of the total pressure divided 
by the dynamic pressure at AIP plane and the corresponding stan-
dard deviation. Several phenomena can be noticed. First of all, it 
can be noticed that the left part of the AIP plane is well homo-
geneous and has a higher pressure level than the rest of the AIP 
plane. 3 low pressure areas are identified, 1 located on the upper 
part of the AIP plane and 2 located on its lower part. Moreover, 
the impact of the struts on the pressure distribution in the AIP 
plane is noticeable. They generate flow separation [50] that is high-
lighted by discontinuity in the pressure field visible on the left 
part in Fig. 5a. The impact of plenum schim can be identified due 
to high level unsteadiness in the right hand side of the AIP plane. 
Moreover, a detailed analysis of the steady state parameter in the 



Fig. 5. Pressure field and non-dimensional standard deviation of pressure in AIP plane.

Fig. 6. Swirl angle pattern and non-dimensional standard deviation of swirl angle in AIP plane.
AIP plane is available in Di-Marco et al. [52]. Fig. 5b shows the 
standard deviation of the total pressure field. Three areas of high 
standard deviation located at the same locations as the low pres-
sure areas are identified, which means that the low pressure areas 
are subject to a strong unsteadiness.

Finally, comparing the pressure field in the AIP plane generated 
by an air intake with a plenum with an S-duct air intake found 
in the literature [27,44], it can be noticed that the pressure field 
pattern is different. Indeed, in the case of a S-duct, the most im-
portant pressure drop is located at the bottom of the AIP plane, in 
our case several pressure drop zone are identified located at the 
bottom part, top side and left side of the AIP plane.

Fig. 6a shows the distribution of swirl angle in the AIP plane 
with associated streamline. 2 vortical structure can be noticed, the 
first one located on the upper part of the AIP plane and the second 
one in its lower part. The area located on the upper side of the AIP 
plane has a higher intensity than that the one located on the bot-
tom side. Moreover, the left part of the AIP plane is homogeneous, 
with a swirl angle of almost zero. On the other hand, the right part 
is much less homogeneous, with recirculation areas generated by 
the plenum schim. By looking at Fig. 6b, it can be noticed that the 
most important standard deviation is located at the right side of 
the AIP plane. This means that the two vortical structure identified 
and also the recirculation zone generated by the plenum schim are 
also subject to a strong unsteadiness as well as a pressure field.

As for the pressure field, we notice that the swirl angle field in 
the AIP plane is much more different than the one generated by 
an S-duct air intake. Indeed, on the S-duct, a pairs swirl is identi-
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fied at the bottom part of the AIP plane. For our air intake, which 
includes a plenum chamber, two vortical structures are identified, 
one located at the bottom side and the other on the top side of 
the AIP plane.

3.3. Unsteady pressure distortion characteristics

The results presented in section 3.2 showed a significant un-
steadiness of the pressure field in the AIP plane. This part aims to 
study in more detail the unsteady part of the pressure field in the 
AIP plane. For this purpose, the circumferential pressure distortion 
and radial pressure distortion parameters are used to describe the 
pressure distribution in the AIP plane, and these parameters are 
studied on each ring (see Fig. 1). In order to study the unsteadi-
ness of the flow field, the position of the maximum circumferential 
pressure distortion and its associated value are investigated in or-
der to locate the ring where this maximal distortion occurs. For 
the visualization of the data, joint-PDF is used as proposed by 
Gil-Prieto et al. [28]. This type of visualization allows us to visu-
alize a couple of parameters and also the number of occurrences 
of these parameters. A red zone corresponds to a high frequency 
of occurrence, while a blue zone corresponds to a low frequency 
of occurrence. For all joint-PDF presented in this paper, joint-PDF 
is divided in 60 partitions and the resolution of each parameter 
is described before each figure. With the use of the joint-PDF, it 
is possible to estimate the probability that a couple of parameters 



Fig. 7. Joint-PDF of circumferential pressure distortion and its position on AIP, and Histogram of the number of occurrence of where the maximum pressure distortion appear 
on each ring.
appear. This probability can be calculated with the following for-
mula:

P (Ylow < Y < Yhigh, Xlow < X < Xhigh) =
Yhigh∫

Ylow

Xhigh∫
Xlow

P D F dXdY

(4)

Where X corresponds to the parameters on X abscissa in the 
joint-PDF and Y corresponds to the parameters on Y abscissa. Xlow
and Ylow correspond to the lower value of the corresponding pa-
rameter, and Xhigh and Yhigh correspond to the higher value of the 
corresponding parameter.

Fig. 7a shows the joint-PDF between the radial position of the 
maximum circumferential pressure distortion and the associated 
circumferential pressure distortion value. First of all, Fig. 7a shows 
a higher probability of finding the maximum pressure distortion 
on the outer rings (3 to 5) than on the inner rings (1 to 2). This 
figure also highlights a fluctuation between 3 main rings (ring 3,4, 
and 5). In addition, when the maximum pressure distortion is lo-
cated on ring 5 it can be noticed that the amplitude of variation 
is lower than that the one associated with ring 3. However, by 
looking at the number of occurrences, i.e. the histogram associated 
with the ring (Fig. 7b), we realize that the position where the max-
imum pressure distortion is most of the time is on ring 3. From 
this PDF, the probability of occurrence of the maximum circumfer-
ential pressure distortion on this ring is around 30.2% on ring 3, 
and 21.5% and 24% for rings 4 and 5 respectively. The probability 
that the maximum circumferential pressure distortion on ring 3 is 
higher than that on ring 5 can be calculated using equation (4). 
To do that, the average value of the distortion in ring 5 is calcu-
lated. Then the probability that the value of the distortion on ring 
3 is higher than the average value of circumferential pressure dis-
tortion on ring 5. It can be found that there is 68.2% of probability 
that the value of circumferential pressure distortion on ring 3 is 
superior to the value on ring 5, which confirms the first analysis 
made from the joint-PDF which shows that the pressure distor-
tion associated with ring 3 is much more important than the one 
associated with ring 5. Moreover, Fig. 7a highlights that the peak 
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Fig. 8. Joint-PDF of value of circumferential pressure distortion and the value of the 
maximum radial pressure distortion.

distortion associated with a circumferential pressure distortion lo-
cated on ring 3 is higher than the one reached on ring 5, about 3.5 
times higher.

For the radial pressure distortion, we will look at whether it 
is associated with a high circumferential pressure distortion value. 
Indeed, it is shown in Di-Marco et al. [52] that the radial pressure 
distortion is concentrated on the ring 5; therefore, looking at the 
distribution with regard to the ring will not give more information 
about the unsteadiness of the pressure field.

Fig. 8 shows the joint probability of the couple of parameters 
�P Cmax and �P Rmax . For this joint PDF, the resolution is about 
0.0005 for �P Cmax and 0.0005 for �P Rmax . It can be seen that 
this radial pressure distortion is not associated with important cir-
cumferential pressure distortion values. Indeed, by looking at a 
circumferential distortion peak around 0.04, this value is associ-
ated with a radial distortion value around 0.04. On the other hand, 
the radial distortion peak is associated with values between 0.012 



Fig. 9. Joint-PDF of the swirl directivity and pairs swirl descriptors on ring 2.

and 0.02. Therefore, peak values of circumferential pressure distor-
tion are not synchronized with extreme radial distortion events.

The same type of analysis was performed by Gil-Prieto et al. 
[45] on an S-duct air intake, and similar conclusions were found 
concerning the link between circumferential pressure distortion 
and radial pressure distortion. However, the fluctuations of the ra-
dial position of the maximum circumferential pressure distortion 
were not reported in studies conducted on S-duct.

3.4. Unsteady swirl distortion characteristics

High level of swirl unsteadiness has been highlighted in the AIP 
plane in section 3.2. Therefore, a more detailed study on unsteady 
swirl distortion characteristics is proposed in this section. For this 
characterization, the swirl distortion is described using the swirl 
descriptors from the AIR5686 [5] and detailed in part 2.4 and in 
appendix B. From the Fig. 6a it can be seen that the most intense 
swirl area is located closest to the hub; therefore, to visualize the 
unsteadiness of the swirl in the AIP plane, all swirl parameters 
have been calculated on ring 2. The joint-PDF associated with the 
swirl pairs and the swirl directivity on ring 2 are shown in Fig. 9. 
The resolution is about 0.03 for SD2 and SP2.

Fig. 9 depicts two main zones with a high probability of having 
this pair of parameters. The first one is for the couple of param-
eters SP2=1 and SD2=0 (marked as zone 2 in Fig. 9). The second 
zone of high probability is the one marked as zone 3a in Fig. 9, this 
zone is characterized by a SP2=0.8 and a SD2=-0.4. To better under-
stand the swirl pattern associated with these events, this joint-PDF 
has been separated into 5 distinct areas in order to look at the as-
sociated swirl pattern as well as the probability of occurrence. The 
two first zones, 1a and 1b, on Fig. 9 correspond to similar swirl 
patterns. Indeed, for zone 1a, the couple of parameters SD/SP are in 
the following range, SD2 goes through [-1;-0.75] and SP2 between 
[0.5;0.7]. According to the literature, the type of swirl associated 
with these two parameters is called a counter-clockwise bulk swirl 
or counter-swirl [5]. This means that on ring 2, there is one swirl 
zone rotating in the opposite direction compared to the compres-
sor rotation. Fig. 10a shows the swirl pattern associated with these 
two parameters. It can be noticed that for the case studies, this 
couple of parameters corresponds to a vortical structure located at 
the upper side of the AIP plane. Fig. 10b corresponds to the swirl 
pattern associated with the couple SD2 going from [0.75;1] and a 
SP2 between [0.5;0.7] (zone 1b in Fig. 9). According to the litera-
ture, this type of swirl is called clockwise bulk swirl or co-swirl [5]. 
As for Fig. 10a this pattern is associated to one vortical structure 
but this one is located at the bottom side of the AIP plane and ro-
tates in the opposite direction compared to the compressor. Zone 
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2, corresponding to an SD2 between [-0.25;0.25] and an SP2 be-
tween [0.9;1.1] is associated with a twin swirl pattern according to 
the AIR5686 report [5]. However, the associated pattern (Fig. 10c) 
shows two vortical structures, located on the upper and bottom 
sides of the AIP plane. Moreover, these two vortical structures have 
the particularity of having equal intensities. For zone 3a and 3b in 
Fig. 9, the same type of swirl pattern can be seen. The associated 
couple of parameters are SP2 between [0.75;0.9] with SD2 between 
[-0.5;-0.25] for zone 3a and SD2 between [0.25;0.5] for zone 3b. 
By looking at the pattern associated with these 2 zones, it can be 
seen that 2 vortical structures are identified, one at the top side of 
the AIP plane and the other at the bottom side. The difference be-
tween these two zones is the dominant vortical structure. Indeed, 
for zone 3a (Fig. 10d) the dominant vortical structure is located at 
the top side of the AIP plane, whereas it is located at the bottom 
side for zone 3b (Fig. 10e).

The probability of occurrence of each pattern could be calcu-
lated with equation (4) where X corresponds to SD2 and Y cor-
responds to SP2. The pattern 1a corresponding to Fig. 10a has a 
probability of occurrence of about 4% and 0.4% for the pattern as-
sociated with Fig. 10b. This means that this type of pattern can be 
qualified as a rare event. For the pattern corresponding to two vor-
tical structures with one dominant over the other, the probability 
of occurrence of this type of pattern is about 20% for Fig. 10d and 
10% for Fig. 10e. The probability of having two vortical structures 
with the same intensity (Fig. 10c) in the AIP plane is about 20%. 
This highlights an alternating vortex pattern between zones 2 and 
3a because this calculation shows that there is almost the same 
probability of being in one of the zones. It can be noticed that the 
probability to have a complex swirl pattern with more than 2 vor-
tical structures in the AIP plane is about 40%.

To conclude, the unsteady characteristics of swirl for an air in-
take with a plenum chamber can be compared to an S-duct air 
intake. Gil-Prieto et al. [28] highlighted a switching mode between 
a twin swirl pattern and a co-bulk swirl, or a counter bulk swirl. 
For air intake with a plenum chamber, this switching mode does 
not exist, and bulk swirl is qualified as a rare event. However, an 
alternating vortex pattern exists between the 2 vortical structures 
with equal intensity and 2 vortical structures with a dominant vor-
tical structure located at the top side of the AIP plane. Moreover, it 
seems that the probability to have a more complex pattern is more 
important for an air intake with a plenum chamber.

3.5. Link between total pressure distortion and swirl

Swirl and pressure distortion are most of the time studied sep-
arately due to the high level of complexity required to experimen-
tally control swirl distortion and total pressure distortion. How-
ever, recent studies show the importance of taking into account 
total pressure distortion and swirl distortion together [5]. Indeed, 
this study highlights the fact that pressure distortion coupled with 
counter-swirl interact in a non-linear way and drastically reduce 
the surge margin. Moreover, the type of swirl and also the posi-
tion of the swirl distortion in the AIP plan have a different impact 
on compressor operability [63,14]. However, despite recent studies 
that have shown the necessity of treating swirl and pressure dis-
tortion together, only one study discusses the relationship between 
swirl and total pressure distortion. Gil-Prieto et al. [45] analyze 
the relationship between swirl and total pressure distortion using 
joint-PDF. The main objective of this study is to find a link between 
a peak event of swirl intensity and a peak event of circumferen-
tial or radial pressure distortion in an S-duct. Finally, this study 
concludes that peak events of swirl intensity and peak events of 
circumferential or radial pressure distortion are uncorrelated. To 
further investigate the relationship between swirl distortion and 
total pressure distortion, we have chosen to study the link between 



Fig. 10. Swirl pattern associated to the different sector identified on Fig. 9.
the swirl pattern and the position of the maximum total pressure 
distortion in the AIP plane. The previous parts have shown a strong 
unsteadiness of the total pressure field as well as of the swirl angle 
in the AIP plane (Section 3.2). Section 3.3 has highlighted the fluc-
tuation of the position of the maximum circumferential pressure 
distortion. Moreover, section 3.4 showed an alternating vortex pat-
tern between a structure with two vortices of the same intensity 
and a structure with two vortices, one of which was dominant.

In this context, the purpose of the present section is to better 
understand the potential relationship between these two phenom-
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ena that were previously highlighted. First, a spectral analysis is 
performed, and then the swirl pattern associated with the position 
of the maximum circumferential pressure distortion is investigated.

Fig. 11 shows the power spectral density (PSD) of two different 
parameters. The first parameter SD2 allows to identify the char-
acteristic frequency of the alternating vortex pattern highlighted 
previously since the previous part shows an alternance between 
a SD2 around 0 and a SD2 between -0.25 and -0.5. The second 
parameter, called ‘Ring, corresponds to the ring on which is lo-
cated the maximum pressure distortion and allows to identify the 



Fig. 11. Power spectral density of the overall time signal for swirl directivity on ring 
2 (SD2) and the ring where the circumferential pressure distortion is maximum 
(where V correspond to the unit of SD2 and Ring).

characteristic frequency associated with the ring fluctuation high-
lighted in section 3.3. The power spectral density is computed 
using Welch [64] method and the sampling frequency is about 
6000 Hz. It can be noticed that the alternating vortex pattern has a 
characteristic frequency of 4.3 Hz corresponding to St=0.01. For the 
fluctuation mode of the position of the maximum circumferential 
pressure distortion, the characteristic frequency is the same. How-
ever, even low frequency could affect surge margin, as highlighted 
in Freeman et al. [65]. Indeed, on Fig. 11 it can be seen that the 
two first peaks are located at the same frequency. However, the 
magnitude of the peak from PSD for ‘Ring’ is higher than the one 
for SD2. This spectral analysis highlights a potential link between 
the alternating vortex pattern and the position of the maximum 
circumferential pressure distortion.

Fig. 12 shows the joint-PDF of swirl descriptors (SD2 and SP2) 
when maximum circumferential pressure distortion is located on 
rings 3 and 5. It can be seen that when the maximum circumfer-
ential pressure distortion is located on ring 3 (see Fig. 12a), the 
couple SD2 and SP2 correspond to two vortical structures with 
equal intensity, one located on the top side and the other on the 
bottom side of the AIP plane (see Fig. 10c). On the other hand, 
Fig. 12b shows that the couple SD2 and SP2 correspond to a swirl 
distortion pattern highlight on Fig. 10d this means that there are 
two vortical structures located on the top and bottom sides of the 
AIP plane, with the one located on the top side being dominant 
over the other one.

To conclude this part, the relationship between the swirl dis-
tortion pattern and the position of the maximum circumferential 
pressure distortion in AIP has been highlighted. Indeed, the spec-
tral analysis highlights the same characteristic frequency for the 
alternating vortex pattern highlighted in section 3.4 and the po-
sition of the maximum circumferential pressure distortion high-
lighted in section 3.3. Moreover, the joint-PDF applied to swirl 
descriptors allows associating a swirl pattern to a radial position 
of the maximum pressure distortion in the AIP plane. The swirl 
pattern associated with two vortical structures of equal intensity, 
one located on the top side and the other on the bottom, leads to a 
higher mean value of circumferential pressure distortion than the 
other swirl pattern and also to more severe peak distortion events.

4. Conclusion

The unsteady characteristics of flow distortion within a he-
licopter complex air intake, including a plenum chamber, have 
been investigated using a large eddy simulation lattice Boltzmann 
method. The simulation was performed on a complete geometry, 
including the helicopter geometry without a rotor equipped with 
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an air intake on its right side. The flow structure inside the air 
intake was analyzed, and the mean flow distortion parameters in 
the AIP plane were validated with real flight test measurements. 
The unsteadiness of the flow distortion in the AIP plane was also 
analyzed through total pressure and swirl distortion coefficients. 
Complex distortion pattern associated to important unsteadiness 
effect were highlighted for both total pressure and swirl. There-
fore, the unsteady characteristics of pressure and swirl distortion 
were assessed using conventional descriptors, namely �P C

P , �P R
P

for pressure distortion and S I, S P , S D for swirl distortion.
The pressure distortion analysis permitted highlighting a fluc-

tuation between two positions of the maximum circumferential 
pressure distortion between rings 3 and 5 using joint-PDF. How-
ever, the probability that the maximum circumferential pressure is 
located in ring 3 is higher than in ring 5. Moreover, the pressure 
distortion level associated with the position of the maximum cir-
cumferential pressure distortion shows that on ring 3, the pressure 
distortion level is greater than on ring 5, and the peak of distortion 
is also higher. Indeed, there is 68.2% of probability that a circum-
ferential pressure distortion level will be higher on ring 3 than 
on ring 5. The maximum peak of circumferential pressure distor-
tion identified on ring 3 is 3.5 times higher than the one reached 
on ring 5. It should be noted that the peak value of circumferen-
tial pressure distortion is not synchronized with the peak value of 
radial distortion. The swirl distortion analysis permitted to high-
light the presence of two vortical structures located on the top 
and bottom sides of the AIP plane. An alternating vortex pattern 
has also been identified between two swirl distortion patterns. The 
first mode found is a mode where the two vortical structures are 
of equal intensity. The other mode identified is a mode where the 
vortex structure located in the top side of AIP plane dominate the 
other vortex structure. Moreover, these two modes have the same 
probability of appearing.

Finally, the relationship between pressure distortion and swirl 
distortion is investigated. The bibliographic review highlights the 
necessity of taking into account pressure distortion and swirl dis-
tortion together to assess the loss of surge margin. However, ex-
perimental studies are complex, and CFD analysis seems to be 
the best alternative for the study of these phenomena together. 
Therefore, the relationship between the position of the circumfer-
ential distortion, which is linked to the maximum value reached 
for this parameter, and the swirl distortion pattern is assessed us-
ing a spectral analysis. The spectral analysis highlights the same 
characteristic frequency for the fluctuation previously identified for 
pressure and swirl distortion. Then joint-PDF applied to each ring 
confirms the link found by spectral analysis. Indeed, a swirl pattern 
associated to a ring position is highlighted, the swirl pattern corre-
sponding to a two vortical structure with equal intensity leads to a 
maximum circumferential pressure distortion. On the other hand, 
a two vortical structure with top side structure dominating leads 
to a position of circumferential pressure distortion on ring 5.

Consequently, the demonstration of the relationship between 
pressure and swirl distortion allows geometrical changes of the 
air intake in order to have a higher probability of occurrence of a 
swirl pattern corresponding to two vortical structures with the one 
located on the top side of the AIP plane dominant. This geometri-
cal change will allow a reduction of the circumferential pressure 
distortion but also a reduction of the maximum peak reachable 
during this phase of flight. To go further, a parametric study es-
pecially on the plenum chamber could be performed to determine 
geometric parameters that have an impact on the swirl distortion 
pattern but also on dynamics distortion. Moreover, LBM could be 
used to assess the sensitivity of unsteady flow distortion charac-
teristics with flight conditions such as aircraft position (pitch, roll, 
yaw) that would impact the structure and turbulent content of the 
flow ingested by the air intake.



Fig. 12. Joint-PDF of swirl descriptors applied to a maximum circumferential pressure distortion located on ring 3 and ring 5.
To conclude, this work shows the advantages of the LBM 
method, which allows unsteady calculations on complex geome-
tries in an industrial context, as well as the usefulness of doing 
unsteady calculations on the air intake. Moreover, this analysis can 
be performed early in the design phase and can help to improve 
the design of the air intake as well as make the air intake more 
robust to the unsteadiness of the flow field.
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Appendix A. Pressure distortion descriptors

In part 2.4 several parameters are proposed. However, in this 
paper, only three parameters are used to describe pressure distor-
tion. The first one is based on the Rolls Royce critical angle DCθ

with a critical angle of 60 degrees as proposed by [66].

DC60 = Pt60◦,min − Pt,mean
1
2ρV 2

(A.1)

However, in this paper, DC60 is only used to validate the CFD 
computation against the flight test. Indeed, this parameter is not 
sufficient to describe the pressure field in the AIP plane since dif-
ferent pressure fields can lead to the same DC60 value. Therefore, 
other parameters have been developed [2] to describe the pressure 
distribution in the AIP plane, ring by ring, which allow to quan-
tify separately circumferential and radial distortion. The circum-
ferential distortion is described by three parameters, the intensity 
( �P C ), extent (θ−), and multiple-per-revolution (MPR) values.
P
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The extent is defined as the circumferential extent of the low 
pressure region for the ith ring. Usually, the extent is expressed 
in degrees. This parameter provides information on how long the 
compressor blade remains in the low pressure zone for one revo-
lution.

(θ−)i = θ2i − θ1i (A.2)

Sometimes several low pressure areas appear on a ring. In this 
case θ−

i is defined by the equation,

(θ−
k )i =

L P∑
k=1

(θ−
k )i (A.3)

where Lp corresponds to the number of low pressure areas in 
a ring. When low pressure areas are separated by high pressure 
areas (θ+) lower than θ+

min then the low pressure area is con-
sidered as a single low pressure area. AIR1419 [2] recommends 
θ+

min <= 25◦ .
The amplitude of the circumferential distortion is also an im-

portant parameter and is defined for each ring i as(
�P C

P

)
i
=

(
(Pt)i − (Pt,low)i

(Pt)i

)
(A.4)

with

(Pt,low)i = 1

θ−
i

∫

θ−
i

Pt(θ)idθ (A.5)

and Pti the average pressure on the ith ring. As for the extent, 
when several low pressure areas are present in a ring, the intensity 
of the distortion is defined by this equation.

(
�P C

P

)
k,i

=
∑L P

k=1

(
�P C

P

)
k,i (θ

−
k )i∑L P

k=1(θ
−
k )i

(A.6)

To conclude with circumferential distortion, the multiple-per-
revolution (MPR) parameter is used to describe the number of low 
pressure areas in a ring.

M P Ri =
∑L P

k=1

(
�P C

P

)
k,i (θ

−
k )i

max
[(

�P C
P

)
(θ−

k )i

] (A.7)
k,i



As well as circumferential distortion, radial distortion can be 
calculated for each ring using equation (A.8)

In this paper, radial distortions at the hub and tip are defined 
as follows:(

�P R

P

)
hub

=
(

�P R

P

)
1

and

(
�P R

P

)
tip

=
(

�P R

P

)
5

(A.8)

According to the equation (A.8) the radial distortion at the hub 
will be negative while the radial distortion at the tip will be posi-
tive.

Appendix B. Swirl distortion descriptors

As well as pressure and temperature distortion, swirl distortion 
has an impact on the performance and stability margin of the en-
gine. The Society of Automotive Engineers proposed through the 
AIR 5686 [5] report several parameters that allow to define the 
swirl distortion in the AIP plane. All these descriptors are based on 
the swirl angle distribution on each ring. The swirl angle is defined 
by the following equation:

α = tan−1
(

Uθ

Ux

)
(B.1)

A positive swirl angle corresponds to a tangential speed that 
goes in the same direction as the rotation of the compressor, while 
a negative swirl angle corresponds to a tangential speed that goes 
in the opposite direction of the rotation of the compressor. There-
fore, swirl sector elements are defined by S S+

i for positive swirl 
and S S−

i for negative swirl.

S S+
i = 1

θ+
i

∫

θ+
i

α(θ)idθ (B.2)

S S−
i = 1

θ−
i

∫

θ−
i

α(θ)idθ (B.3)

The swirl amplitude is defined using the SI parameter, which 
corresponds to the absolute intensity of the swirl on a ring. In the 
case of multiple-per-rev, swirl distortion is estimated as follows:

S Ii =
∑s

k=1 S S+
i θ+

i + ∑s
k=1 |S S−

i |θ−
i

360
(B.4)

where s is the number of swirl sectors on the ith ring. Another im-
portant parameter is the Swirl Directivity (SD) which corresponds 
to the swirl rotational direction. In the case of multiple-per-rev 
swirl distortion, swirl directivity is defined as follows:

S Di =
∑s

k=1 S S+
i θ+

i + ∑s
k=1 S S−

i θ−
i∑s

k=1 S S+
i θ+

i + ∑s
k=1 |S S−

i |θ−
i

(B.5)

A pure bulk swirl will be described by a swirl directivity equal to 1 
for a co-swirl and -1 for a counter swirl. For paired swirl SD equal 
to 0, mean that all positive swirl amplitudes are the same as the 
amplitudes of all negative swirl present in the ith ring.

The swirl pairs parameter (S P ) gives information about the 
number of pairs of alternating swirls present in a ring.

S Pi =
∑s

k=1 S S+
i θ+

i + ∑s
k=1 |S S−

i |θ−
i

2 × Max
[

S S+
i θ+

i , |S S−
i |θ−

i

]
k=1 to s

(B.6)

These values can vary from 0.5 for a pure swirl pattern in a ring 
to 2 or more for multiple-per-rev patterns.
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