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Closer integration between the airframe and the propulsion system is expected for future 

aircraft to reduce fuel consumption, emissions, weight and drag. The use of embedded or 

partially embedded propulsion systems will require the use of complex intakes. However, this 

can result in unsteady flow distortion which can adversely affect the propulsion system 

efficiency and stability. Relative to conventional measurement systems, time-resolved Particle 

Image Velocimetry provides sufficient spatial and temporal resolution to enable the 

development of new methods to assess unsteady flow distortion. This work proposes a novel 

analysis approach to assess the unsteady flow distortion. For an S-duct configuration, the 

method was successfully used to evaluate the unsteady flow distortion in terms of idealized 

incidence angle perturbations. This example showed peaks up to ± 30° incidence and a 

duration equivalent to the passing time of 3 blades. The introduction of a non-uniform total 

pressure profile at the S-duct inlet increased the probability of peak distortion events with 

higher magnitude. The method provides an estimate of the likelihood, magnitude and duration 

of distortion events and is a new way to evaluate flow distortion that could induce instabilities 

for the propulsion system. 

 

1 PhD Student, Propulsion Engineering Centre, Member AIAA. 
2 Senior Lecturer, Propulsion Engineering Centre, Member AIAA. 
3 Professor, Propulsion Engineering Centre, Member AIAA. 

 

Partially presented as Paper 2019-4201 at the AIAA Propulsion and Energy Forum and Exposition, Indianapolis, 

IN, August 19–22, 2019. 

 

e805814
Text Box
Journal of Propulsion and Power, Volume 38, Number 1, January–February 2022, pp. 135-147DOI:10.2514/1.B38127

e805814
Text Box
Copyright © 2021 by the American Institute of Aeronautics and Astronautics, Inc. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial License (CC:BY:NC 4.0).  The final published version (version of record) is available online at DOI:[insert DOI].  Please refer to any applicable publisher terms of use.

e805814
Text Box

e805814
Text Box

e805814
Text Box

e805814
Text Box

e805814
Text Box

e805814
Text Box



Nomenclature 

𝐴𝐼𝑃 = aerodynamic interface plane 

𝐷𝑖𝑛  = S-duct inlet plane diameter, mm 

𝐷𝑜𝑢𝑡  = S-duct outlet plane diameter, mm 

𝐸𝑂 =  engine order 

𝑓𝑠 = TR-PIV acquisition frequency, Hz 

𝐻 = S-duct vertical offset 

𝑖 = incidence angle, ° 

𝐿 = S-duct length 

𝑀 = Mach number 

𝑟 = radial coordinate, m 

Re = Reynolds number 

St = Strouhal number, (𝑓𝑠𝐷𝑖𝑛)/𝑣𝑧  

𝑠𝑡𝑑 = standard deviation 

𝑡 = time, ms 

𝑢 = rotational speed of the rotor, m/s 

𝑣 = absolute velocity component, m/s 

𝑤 = relative velocity component, m/s 

𝛼 = absolute swirl angle, °, tan−1(𝑣𝜃/𝑣𝑧) 

𝛽 = relative flow angle, ° 

𝛽𝑚𝑒𝑡𝑎𝑙  = rotor inlet metal angle, ° 

𝛿 = boundary layer thickness, mm 

𝜃𝑏 = angular position of the blade, ° 

𝜓 = azimuthal orientation of the inlet boundary layer, ° 

𝜔 = angular speed of the rotor, rad/s 

 

 



Operators 

〈〉 = time average 

 ̅ = area average 

 

I. Introduction 

NDERSTANDING the response of an aero-engine compressor system to inlet flow distortion can be a crucial 

requirement for the integration of the propulsion system with the airframe. Since the 1960s, many researchers 

have simulated the inlet distortion numerically and experimentally and observed a reduction of the engine performance 

[1]. Experiments on engine stability monitored the compressor pressure ratio when the inlet was exposed to different 

sectors of pressure distortion, and it was found that sectors of circumferential total pressure loss of 60° to 90° can 

reduce the engine surge margin. Within this context, industry guidelines [2] suggest that a 25° sector is a minimum 

critical angle for the extent of a total pressure distortion. Further research has established the critical disturbances for 

the engine stability and to identify the key frequencies and extent signatures [3]. Rather than a single critical frequency, 

a range of disturbance frequencies was identified to which the engine may respond. These studies showed that 

disturbances with a signature frequency of about 1 Engine Order (EO) could reduce the compressor surge margin [4] 

whereas the engine may respond in a quasi-steady manner to unsteady disturbances with a frequency substantially 

lower than 1EO. More recently, the response time for a disturbance to convect from the blade leading edge to the 

throat of the blade passage was evaluated by Cousins [3]. As shown by Cousins, for axial compressors, a disturbance 

extending across 4 to 5 blades may adversely affect the stability limit of the compression system [3]. Frequencies of 

the order of 1EO are also of interest as they could excite the first resonant frequency of the compressor rotor blades, 

which is typically St = 0.7 for a model scale compressor [5].  

Cousins [3] considered the reduced frequency and concluded that intake and fan are coupled systems and that the 

impact of the inlet distortion on the compressor fan cannot be addressed by considering the two elements separately. 

Moreover, the studies by Hodder [6], and Larkin and Schweiger [7] indicated that the fan has an influence on the 

upstream flow distortion pattern. In these studies on large turbofan engines, the presence of the fan attenuated the 

instabilities arising from the intake lip separations and increased the operability range of the inlet beyond the separation 

angle-of-attack which was found when the fan was not included in the experiment. Similarly, also more recent studies 
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by Carnevale et. al [8] confirmed that a fan acts as a flow distortion suppressor and thus can increase the tolerance to 

the incoming flow incidence. 

Latest research revealed that also the unsteadiness of the flow can play a notable role on the engine stability. Shaw 

[9] demonstrated that for frequencies lower than 1 engine order, the fan is significantly less tolerant to a continuous 

stream of pulses rather than a single one. Similarly, a single reduction in total pressure may not be sufficient to trigger 

stall inception in transonic rotors and up to 2 full revolutions may be needed to fully develop a rotating stall [10]. 

There is also evidence of unsteady conditions generated by stators, whose wake passing changes periodically the 

incidence angle and the vorticity content. These periodic unsteady conditions can influence the spill-over of the tip 

clearance flow and for operating conditions near the stability limit these could trigger the rotating stall inception 

process [11]. Moreover, experiments with large turbofan engine revealed that rotating stall can be triggered by unstable 

oscillations that are caused by the delay between the response of the inlet and of the fan to incoming fluctuations of 

low frequency [12]. The spectral gap between the unsteadiness of the separation at the intake lip and the blade passing 

frequency could ultimately provoke resonance and a substantial drop in pressure ratio [13]. 

These long-length-scale disturbances are typical of one of the stall inception mechanisms, known as modal stall 

inception [14]. On the other hand, short-length-scale disturbances can also be a source of instability, since they could 

trigger the spike-type inception [15]. Wenzel and Blaba [16] showed that compressor stability was sensitive to 

disturbance duration rather than shape and that the greater impact on surge margin reduction was caused by shorter 

pulses. Silkowski’s experiment [17] showed that a velocity disturbance of a length scale of 3 blade pitches and an 

amplitude deficit of 30% of the rotor tip speed triggered the stall inception. However, there is no general rule to predict 

the engine response for different inlet distortion. Published research indicates a typical range between 1-per-rev and 

blade passing frequency for disturbances that could contribute to the instability of a compression system.  

Recently, there has been an increasing interest in engine stability assessments for closely-coupled propulsion 

systems for novel aircraft configurations. The integration of the propulsion system with convoluted intakes results in 

total pressure and swirl distortion, which can be critical for the engine operation and can cause stall inception and 

degradation of the propulsion system performance. Stereo Particle Image Velocimetry (SPIV) has been used to 

characterize the flow distortion of convoluted intakes in the work of Zachos et al. [18]. SPIV provided synchronous, 

non-intrusive measurements to characterize the swirl distortion and the flow unsteadiness with a spatial resolution 

significantly greater than that from conventional pressure transducer arrangements [19]. The dynamic and steady swirl 



distortion was found to be more pronounced in S-ducts with an high centerline offset [20]. The most energetic coherent 

structures, determined using proper orthogonal decomposition [21], showed that the flow is governed by a lateral swirl 

switching mode and a vertical mode. These flow modes result in the alternation of bulk swirl events and twin swirl 

events at the aerodynamic interface plane [20]. Investigations on how to reduce the peak swirl unsteadiness with vortex 

generators were reported by Tanguy et al. [22]. These devices suppressed the primary unsteady flow switching 

mechanism and the associated extreme events that lead to high levels of swirl intensity. More recently, time-resolved 

particle image velocimetry (TR-PIV) was used to assess the frequencies associated with the flow distortion modes 

[23]. The frequencies of these coherent structures are contained within St < 1.2; and therefore, they are within the 

range of the critical frequencies for a typical propulsion system. The S-duct aerodynamics were also investigated for 

non-uniform inlet conditions representative of possible approaching conditions of boundary layer ingestion airframe 

or intake operation under angles of yaw and pitch [24]. An intensification of the vortical structures and an increase of 

the swirl angle unsteadiness were observed with thicker inlet total pressure profiles. 

Previous investigations have focused on two main areas of research: flow distortion measurements at the exit of 

an intake [25] and compressor system response for particular distortion configurations [26,27]. Out of necessity, the 

conventional metrics, which are used to characterize the flow distortion, have been constructed on the basis of the 

available measurement techniques. This is usually based on total pressure measurements taken with a fixed rake in 

the absence of the fan. These data were used to develop assessments of fan responses to different levels of total 

pressure and swirl distortion [2,28]. However, there is a notable gap between knowledge of total pressure distortion 

in the absolute frame of reference and the impact of unsteady flow distortion from the perspective of the rotating 

compressor system. It is arguable that without characterizing the approaching unsteady flow distortion in the 

compressor relative frame of reference, the pertinent underpinning distortion characteristics, which influence the 

stability of the compression system, are unlikely to be understood. Consequently, the state of the art is still highly 

dependent on bespoke correlations for a particular compressor system based on distortion data in the absolute frame 

of reference.  

Within this context, the aim of the current work is to introduce a novel method for evaluating the unsteady flow 

distortion of aero-engine intakes. The objective is to propose a new technique for evaluating unsteady flow distortion 

which exploits the high spatial and temporal resolution of the unsteady three-component velocity distortion 

measurements obtained with TR-PIV [18,22,23,29]. The method considers the approaching unsteady flow distortion 



in the relative frame of reference of a notional compressor system. This synchronously assesses the spatial and 

temporal non-uniformities due to the unsteady flow field as well as the relative position and exposure of a set of 

envisaged rotor blades. The method is applied to a relatively simple S-duct configuration in which the effect of the 

hub and fan are not included. Thus, it is acknowledged that the reported levels of swirl distortion reflect the simplified 

experimental arrangement, and that the interactions between fan and the inlet distortion is not considered. However, 

the new approach and analysis methods presented in the paper would be equally applicable on experiments which 

include a fan stage or engine. The characterization and probabilistic analysis of the unsteady signatures of approaching 

distortion onto the compressor fan would be similarly applicable. It is envisaged that this method will open the route 

to the evaluation of the dynamic distortions through the circumferential modal analysis and the evaluation of radial 

extent and synchronicity of the distortion events. 

II.Experimental setup and methods 

A. Experimental facility and S-duct configuration 

Although several boundary layer ingestion (BLI) configurations with flush mounted intakes with minimum or no 

offset have been proposed in the literature, some new civil and non-civil aircraft configurations are expected to employ 

more aggressive offset intakes. These include BLI configurations with relatively high S-duct offsets [26], aircrafts 

with dorsal mounted intakes [30] and embedded gas turbine intakes for the core engine in propulsive fuselage 

configurations. The S-duct configuration used in this study was previously investigated by Zachos et al. [18]. The test 

rig layout is shown in Fig. 1. Upstream of the S-duct intake, the facility comprises a seeding chamber, a flow 

conditioning section, a honeycomb screen station and a tubular duct of constant inlet diameter. The geometrical 

characteristics of the S-duct are shown in Table 1.  This S-duct geometry was chosen as there is a substantial amount 

of previous work on this specific baseline configuration within the peer-reviewed journal literature. This encompasses 

experimental and computational studies [29,31] as well as evaluations of steady and unsteady total pressure distortion 

[19], swirl distortion [23], sensitivity to inlet Mach number [18], as well as the effectiveness of passive and active 

flow control methods [22]. Downstream of the optical section, a diffuser duct drives the flow to the suction fan (Fig. 

1). The operating point of the rig is set by the velocity of the flow measured in the section upstream the S-duct, at 

1.45Din upstream of the S-duct entry plane. For the current work, the reference Mach number was Mref = 0.27 and the 

reference Reynolds number based on the inlet diameter was ReD = 7.38 x 105.  



 

Fig. 1: Test facility layout: 1- seeding chamber, 2- flow conditioning section, 3- honeycomb screen section, 

4- pressure measurements ports, 5- S-duct, and 6- PIV measurement plane. 

 

Table 1: S-duct geometrical characteristics 

Parameter High Offset S-duct 

Aout/Ain 1.52 

L/Din 4.95 

H/L 0.49 

Dout [mm] 150.0 

 

 

B. Inlet total pressure profiles 

For the generation of non-uniform total pressure profiles at the inlet of the S-duct, distortion gauzes were placed 

at station 3 (Fig. 1), 2.55Din upstream the S-duct entry plane. In this work, a honeycomb screen [32] was used to 

produce a boundary layer-type total pressure profile [33], with a thickness of δ/Din = 0.332 (Profile A) [26] and 𝑅𝑒𝛿  

= 6.3 x 104, which is thicker than the nominal profile with δ/Din = 0.04 and 𝑅𝑒𝛿  = 4.6 x 103. Profile A is representative 

of a full scale Blended Wing Body (BWB) aircraft, which is expected to have a boundary layer near the wing-body 

trailing edge of about 𝛿/𝐷𝑖𝑛  = 0.30 [34].  

 

 



C. TR-PIV experimental setup 

Time-resolved PIV measurements were performed at the Aerodynamic Interface Plane (AIP) located 0.4Dout 

downstream of the S-duct exit plane. A dual cavity pulsed Nd:YAG laser was used to illuminate the cross-flow plane. 

Di-Ethyl-Hexyl Sebacate particles, with an average diameter of approximately 1 μm, were used to seed the flow. PIV 

images were recorded by a pair of CMOS cameras in a stereo arrangement. The cameras’ sensor resolution was 1280 

x 800 px2 (1MP) with a maximum straddle frame rate of 16,600 fps. The acquisition frequency was 4 kHz, which is 

10 times greater than the expected dominant flow frequency of around 𝑆𝑡 = 1.0 [23]. Each TR-PIV dataset consists of 

20,000 instantaneous velocity snapshots, which is sufficient for the convergence of the out-of-plane velocity 

component and the standard deviation to 0.2% and 0.4% respectively [23]. The acquired 3-component velocity maps 

had a spatial resolution of 0.0153Dout (2.3 mm2) across the AIP. Only the data within 𝑟 < 0.95𝑅𝐴𝐼𝑃 is used in the 

current analysis, in order to ensure that no spurious vectors near the domain boundaries caused by laser light reflections 

influence the outcomes. This results in a total of approximately 2,900 3-component velocity vectors across the AIP, 

which is notably richer than a conventional flow distortion measurement system that would usually provide 40 total 

pressure measurements across the plane [35]. A disparity correction reduced the bias errors due to misalignment 

between the laser light and the calibration plate. The estimated uncertainty on the velocity components was 3.3% of 

the area-averaged, time-averaged out-of-plane velocity at the AIP based on the method outlined by Raffel et al. [36]. 

 

D. Unsteady swirl distortion analysis in the relative frame of reference 

Much of the previous computational and experimental work focused on the assessment of intake flow distortion 

for a range of geometries [23,25] as well as on the effect of various flow control methods in unsteady swirl distortions 

[22,35,37]. Although some experimental studies included a rotating compression system in conjunction with either 

prescribed distortion or a complex intake [26], unsteady distortion measurements for such cases are very limited. In 

addition, most of the past work on canonical test cases such as S-ducts with circular cross sections evaluated the steady 

and unsteady distortion in an absolute frame of reference. This is within the context of the related industry standard 

metrics which are also based on an absolute frame of reference. It is also known that there is an interaction between 

the compression system and the distortion which arises for complex intakes [22]. Previous studies using TR-PIV 

provided rich measurement data sets which quantified the detailed unsteady characteristics of the absolute velocity 

distortion [23] for intakes in the absence of the compression system. However, the characteristic signature of the flow 



distortion perceived by the propulsion system depends also on the rotational speed of the blades through the unsteady 

distorted flow field. This variation is not typically evaluated with pressure probes as it is difficult to integrate the 

sensors into the rotating machinery. Similarly, multi-component pressure probes in a stationary frame are intrusive 

and have insufficient spatial resolution to indicate distortion in a nominal relative frame of reference. However, this 

is possible with TR-PIV data which provides synchronous 3 components of velocity across the AIP with sufficient 

temporal and spatial resolution. Within this context, the unsteady velocity distortion is assessed at the relative frame 

of reference of a notional compression system installed at the AIP. To introduce this approach, the NASA Rotor 67 

fan configuration has been used [38]. The TR-PIV velocity maps are converted into the relative frame of reference of 

this transonic fan to quantify the unsteady characteristics in terms of the incidence angle. The NASA Rotor 67 

geometry and operating point is scaled to match the rig exit diameter (Dout = 150mm) and the rotational speed has been 

adjusted to maintain a constant flow coefficient between the baseline and the notional scaled down configuration for 

a mid-span position. This preserves the ideal relative flow angle at the nominal rotor inlet and yields an axial velocity 

to rotor speed ratio of 𝑣𝑧/𝑢 = 1.123 at the blades’ tip. Fig. 2 illustrates the nominal velocity triangles for the scaled 

rotor inlet condition. The dashed lines represent the velocities for uniform inlet flow without inlet swirl (nominal 

conditions), where 𝑣𝑛𝑜𝑚 is the absolute velocity, 𝑢 is the blade speed of the fan rotor, 𝑤𝑛𝑜𝑚 is the relative velocity 

and 𝛽𝑛𝑜𝑚 is the relative inlet flow angle. The continuous lines represent the velocity triangle for the S-duct inlet 

configuration, which introduces a local swirl distortion, described with the swirl angle α, and fluctuations in the axial 

velocity component 𝑣𝑧
′. In Fig. 2, 𝛼 is the absolute swirl angle at the rotor inlet, 𝑣′is the absolute velocity, 𝑢is the 

blade speed, 𝑤′is the relative velocity, 𝑣𝑧
′  and 𝑣𝜃′are the axial and circumferential components of the absolute 

velocity𝑣′ respectively.   



 

Fig. 2: Velocity triangles at the rotor leading edge for nominal conditions (dashed line) and in case of swirl 

distortion (continuous line). 

 

The relative flow angle in case of swirl distortion is defined as:  

𝛽′ = tan−1(𝑤𝜃 ′/𝑣𝑧′) 

where 𝑤𝜃′ is the relative swirl velocity and 𝑣𝑧’ is the axial velocity. The incidence angle on the rotor blades for nominal 

inlet conditions (dashed line Fig. 2) is defined as the difference between the relative flow angle 𝛽𝑛𝑜𝑚 and the metal 

angle 𝛽𝑚𝑒𝑡𝑎𝑙 at the rotor inlet (dash-dot line in Fig. 2):  

𝑖𝑛𝑜𝑚 = 𝛽𝑛𝑜𝑚 − 𝛽𝑚𝑒𝑡𝑎𝑙 

Similarly, the incidence angle on the rotor blades for the S-duct inlet flow configuration (continuous line Fig. 2) is 

defined as the difference between the relative flow angle 𝛽′and the metal angle at the rotor inlet 𝛽𝑚𝑒𝑡𝑎𝑙  (dash-dot line 

in Fig. 2): 

𝑖′ = 𝛽′ − 𝛽𝑚𝑒𝑡𝑎𝑙 

 

The perturbations of the incidence angle due to the local swirl distortion with reference to the nominal incidence with 

uniform axial flow can be expressed as (Fig. 2): 

Δ𝑖 = 𝑖′ − 𝑖𝑛𝑜𝑚 

In the subsequent sections, the analysis will focus on the incidence angle perturbations (Δ𝑖) with reference to the 

nominal R67 incidence. 

 



E. Exposure time, intensity and probability of distortion events 

The unsteady flow distortion is characterized by temporal variations across a range of frequencies and spatial 

variations. For example, a nominal compressor rotor will be exposed to different levels of flow distortion at different 

azimuthal positions, all of which also vary in time. Therefore, the levels of unsteadiness onto the nominal rotor blade 

leading edge will depend on both the blade position (which in turn depends on its speed and original position), and 

the severity of the local unsteady flow distortion, which is dictated by its time and spatial characteristics. The distortion 

for a nominal rotor blade as it rotates around the annulus will depend on the nominal starting position as well as the 

nominal starting time relative to the unsteady distortions. Therefore, it is necessary to evaluate the distortion for each 

potential starting azimuthal position of each rotor blade relative to the full unsteady flow measurements which 

encompass the equivalent of several hundred rotations of the rotor. Clearly, for each rotor, the unsteady distortion will 

also vary in the spanwise direction. The nature of the TR-PIV data which provides synchronous three component 

velocity fields across the AIP at a sufficient temporal resolution enables all of these factors to be assessed for the first 

time. Conventional unsteady total pressure measurements with fixed rakes cannot provide this information. Similarly, 

unsteady data from typical five-hole probe devices do not provide the required synchronous spatial resolution to enable 

such an evaluation. Within this context, for a notional, scaled down R67 configuration with 22 blades, the blade speed 

would be 18,684 rpm, with a 1EO frequency of about 311 Hz. The acquisition frequency of the TR-PIV was 𝑓𝑠 = 4 

kHz; therefore, the time step between two successive snapshots was equal to Δ𝑡𝑃𝐼𝑉 = 1/𝑓𝑠 = 0.25 ms. This results in 

approximately 1,550 notional rotor revolutions during the total acquisition time of the 20,000 velocity fields of the 

TR-PIV dataset. Therefore, for a notional rotor blade 0 positioned at a reference angle 𝜃𝑏0 =0° at time 𝑡0=0, at the 

subsequent time  𝑡1(𝑡0 + Δ𝑡𝑃𝐼𝑉)  = 0.25ms, the blade will have moved across a sector to the azimuthal position: 

𝜃𝑏0(𝑡1) = 𝜃𝑏0(𝑡0) + 𝜔(𝑡1 − 𝑡0)~28.0𝑑𝑒𝑔 

where 𝜔 is the rotor angular speed in rad/s. The rotor speed is kept constant, therefore at snapshot 𝑡2 = 2Δ𝑡𝑃𝐼𝑉 = 

0.5ms, blade 0 will be at 𝜃𝑏0(𝑡2) = 56.0𝑑𝑒𝑔. This is illustrated in Fig. 3 which shows the blade rotation for 3 PIV 

snapshots where the incidence varies both in space and time. The time is normalized by passing time of the rotor 

blades (𝑡𝑏𝑝). The incidence angle on a specific rotor blade depends on the time at which the incidence is measured 

and the circumferential position of the notional blade at the same time instant. This time-coupling between the rotor 

rotation and the TR-PIV dataset considers both sources of variability.  



 

Fig. 3: Time coupling between the TR-PIV dataset snapshots and the rotation of the compressor rotor. 

The incidence angle was assessed for different radial positions. Analogous with the established swirl distortion 

descriptor definitions [2], the perturbations of the incidence angle (Δ𝑖) with reference to the nominal R67 inlet with 

no inlet swirl and uniform flow conditions (Fig.2) are classified as distortion events. Each distortion event is described 

by two properties: the exposure time and a magnitude value (Fig. 4). The exposure time (𝑡𝑒) is defined as the period 

of time between two changes of sign of the incidence angle perturbation (Δ𝑖) and it is normalized against the blade 

passing time (𝑡𝑏𝑝). Thus, it represents the effective duration of the distortion event in the relative frame of reference. 

It represents also the changes in the approaching flow conditions for an individual rotor blade during the rotation 

relative to the start of the unsteady data. The magnitude of each distortion event is quantified with the mean (〈Δ𝑖〉𝑒) 

value of incidence angle.  



 

Fig. 4: Classification of the distortion events by the change in sign of the incidence angle perturbation. 

A separate approach is proposed to identify extreme distortion events. Most of the distortion events identified with 

the change of sign of the mean incidence are within a range of values that could potentially be tolerated by the 

propulsion system. However, for unsteady flow distortion the mean values are not the primary interest. The most 

important, and the least understood, are the peak distortion events associated with a significant value of incidence that 

could generate separation and trigger stall inception on the compressor blades. Therefore, a different approach is 

proposed in order to highlight these extreme events and to consider only the ones which deviate substantially from the 

standard fluctuations. Thus, the events are classified as peak events if the mean change in incidence (Δ𝑖) exceeds the 

sum of the mean value within the event (〈Δ𝑖〉𝑒) and one standard deviation of the fluctuations (full signal): 

∃Δ𝑖𝑝𝑒𝑎𝑘 ↔ Δ𝑖𝑝𝑒𝑎𝑘 > 〈Δ𝑖〉𝑒 + 𝑠𝑡𝑑(𝑖′) 

When this condition is valid, each peak event is classified again by two quantities: the exposure time (𝑡𝑒) and the 

magnitude value (Fig. 5). In this case, the exposure time is defined as the time in which the change in incidence is 

above 50% peak height, while the magnitude value is the maximum incidence (Δ𝑖) of the peak event. 



 

Fig. 5: Identification of the peak events which exceed mean value and one standard deviation. 

Although the assessment of the incidence perturbations characteristics such as magnitude and spanwise 

distribution has been highlighted for one blade (Fig. 3), it also applies for all the rotor blades of the notional R67. The 

position of each blade is defined at any instant in time as 𝜃𝑏𝑛(𝑡𝑖), where 𝑡𝑖is a time instant of the TR-PIV dataset and 

𝑛 identifies a generic blade. Thus, the change in incidence can be evaluated for each blade as a function of: 

Δ𝑖𝑏𝑛,𝑟 = Δ𝑖(𝜃𝑏𝑛, 𝑟) 

where 𝜃𝑏𝑛(𝑡𝑖) is the circumferential position of the n-th blade in the velocity field, 𝑟 is the radial coordinate and 𝑛 =

[0, 𝑁𝑏𝑙𝑎𝑑𝑒𝑠] with𝑁𝑏𝑙𝑎𝑑𝑒𝑠 the total number of blades. This increases the number of samples in the dataset by a factor 

equal to the number of the notional blades. For example, in this work, the number of samples of incidence angles 

considering one blade 𝜃𝑏0 is 20,000, which is the number of instantaneous velocity snapshots in the TR-PIV dataset. 

Considering all the 22 rotor blades [38], the total samples increases to 440,000.  

However, for a given blade starting from a certain initial circumferential location (see 𝜃𝑏0 in Fig 6a), the analysis 

described so far would not account for any distorted region located within a sector shorter than the minimum sector 

of 28.0o as defined by the TR-PIV acquisition frequency and the notional blade speed. For example, if a distortion 

event occurs within the extent of a blade pitch (Δ𝜃𝑏 = 16.3°) in snapshot 1 (Fig. 6a), it would not be captured by this 

analysis of blade “0”, even if it were measured by the TR-PIV. More importantly, it is possible that this event would 

not be captured in the successive snapshot either. This could happen if the distortion region remains in the same 

location in the next time step (Fig. 6b) and does not coincide with any of the angular positions of the blades. 

Alternatively, it could happen that the distortion region moves circumferentially with the same speed of the rotor and 



therefore, it will be located again in the non-evaluated part of the blade pitch region (Fig. 6c). Or, finally, it could 

happen that the unsteady distorted region which is in-between the blade pitch at snapshot 1 disappears by snapshot 2 

(Fig. 6d). In all these cases, the distorted region is not captured by this method.  

 

Fig. 6: Distortion events within the blade pitch and between successive time steps. 

However, the distorted region of Fig. 6a is captured by the TR-PIV measurements. The nominal position of the 

blade 0 at the start of the PIV acquisition is defined arbitrarily and therefore an angular offset to the starting position 

of the rotor could align at least one of the blades with the distortion region (Fig. 7). Therefore, to get a more statistically 

representative dataset of the flow distortion from the perspective of a full rotor set, the analysis was extended to include 

a range of angular offset angles within Δ𝜃𝑝𝑖𝑡𝑐ℎ = 16.3°. The number of the clocked positions has been defined by the 

coarsest angular grid resolution of the TR-PIV acquisition at the blades tip (2.3 x 2.3 mm), which corresponds to an 

angle of Δ𝜃𝑐𝑙𝑜𝑐𝑘𝑖𝑛𝑔 = 1.75°. This equates to Δ𝜃𝑝𝑖𝑡𝑐ℎ/Δ𝜃𝑐𝑙𝑜𝑐𝑘𝑖𝑛𝑔 ≈ 9 positions. With this construction, the set of clocked 

Rotor 67 (22 blades) is equivalent to 206 blade instances and the total number of samples of incidence angle at each 

radial position𝜃𝑏𝑛(𝑡𝑖) is about 4.1x106. This approach improves the representative sampling and statistics, firstly 

because of the different starting position of the rotor at the beginning of the TR-PIV acquisition, and secondly because 

of the increased resolution across a blade pitch. However, it should be noted that this approach does not increase the 

sampling frequency of the unsteady incidence signals of the blades rotation. Although the starting position of the blade 

can be offset by 𝛥𝜃𝑐𝑙𝑜𝑐𝑘𝑖𝑛𝑔, the rotation of the blade between adjacent PIV time steps will remain 𝛥𝜃𝑏and it will be 

independent of the clocked position. 



 

Fig. 7: Clocking positions of the rotor to improve the distortion events detection. 

Nevertheless, this work has some limitations. Firstly, it considers an envisaged relative frame of reference for 

Rotor 67. The data is captured at the outlet of the S-duct intake without the rotor geometry placed in the section. Thus, 

the current data do not include the influence of the fan on the intake distortion characteristics. In addition, only the 

data in the hub-to-tip annular sector (𝑟 > 𝑅𝑠𝑝𝑖𝑛𝑛𝑒𝑟  with 𝑅𝑠𝑝𝑖𝑛𝑛𝑒𝑟= 0.372) is considered to compute the incidence 

angles. In spite of these limitations, the aim of the work is to establish a new analysis approach for the assessment of 

the unsteady flow distortion more closely related to the aerodynamic characteristics of a propulsion system that could 

be adopted for a range of experimental and computational studies. 

III.  Results 

In the next sections, the novel methodology is applied to assess the distortion events generated by the inherent 

flow distortion of the S-duct intake. The reported levels of swirl distortion are relatively large since the likely 

suppression effect of the fan and hub are not included. However, the main intent of the work is to analyze combined 

unsteady temporal and spatial swirl fluctuations as it would be presented to rotating fan blades. With this approach, 

both the magnitude of the distortion event (𝛥𝑖𝑚𝑒𝑎𝑛 and 𝛥𝑖𝑝𝑒𝑎𝑘 , Section II.E) and the period of time during which the 

blade is exposed to the distorted event are of interest and are considered simultaneously. Thus, the focus is directed to 

the probabilistic distribution maps in which the correlation between magnitude and blade exposure time among the 

population of distortion events is projected. Events with relatively modest magnitude which last in the order of 1 or 



more revolutions are assessed with the average incidence distribution metric 𝛥𝑖𝑚𝑒𝑎𝑛 (Section II.E). More discrete 

events relative to bulk flow fluctuations with a duration in the order of the blade passing time are assessed with the 

peak change of incidence metric 𝛥𝑖𝑝𝑒𝑎𝑘  (Section II.E). Of particular interest are events with peak positive incidence, 

since these may trigger the spike-type stall inception [15].  As Cousins [3] demonstrated, the compressor response to 

the inlet distortion is linked with the exposure time to the distortion. Thus, the duration of these peak distortion events 

is also of notable importance. For an axial compressor, events with duration between 4-5 blade passing time may cause 

instabilities and this method can reveal the maximum magnitude of distortion events within this duration range. To 

give an overview of a broader range of distorted conditions, the method is applied to uniform inlet conditions as well 

as different S-duct inlet configurations. This aims to demonstrate that this method can be used to discern differences 

for a range of unsteady flow distortion flow fields that may not be evident using conventional methods. Of particular 

interest is the signature of the flow distortion in terms of the level of the peak distortion as a function of blade exposure 

time for the various inlet conditions. 

A. Flow field in the relative frame of reference 

The basic flow topology is highlighted by the time-averaged velocities at the AIP and the nominal incidence angles 

(Fig. 8). The velocities are normalized by the time-averaged, area-averaged out-of-plane velocity at the AIP (〈𝑣𝑧
′〉̅̅ ̅̅ ̅). 

The central region of the  AIP has been cropped for 𝑟 < 𝑅𝑠𝑝𝑖𝑛𝑛𝑒𝑟  to focus on the nominal blade span region of R67 

only [38]. The out-of-plane velocity component (𝑣𝑧
′ , Fig. 8a) shows the typical loss region at the bottom of the section 

identified in the work of Zachos et al. [18] with a low-bandwidth PIV data on the same high-offset S-duct. The 

maximum values of the time-averaged out-of-plane velocity component (𝑣𝑧
′ , Fig. 8a) are in good agreement with the 

range of velocities previously identified by Gil-Prieto et al. [20] for an inlet Mach number of 0.27. The tangential 

velocity (𝑣𝜃
′ , Fig. 8b) primarily highlights the vertical movement of the secondary flows that are generated within the 

S-duct. The streamlines highlight the pair of contra-rotating Dean vortices [39]  typical of curved ducts. The tangential 

velocity is one order of magnitude smaller than the out-of-plane component. Thus, the time-averaged swirl angle 𝛼 

associated with the tangential component of the velocity 𝑣𝜃
′  (Fig. 8b) ranges between ±8°. The slight asymmetry which 

is visible in the streamwise velocity (𝑣𝑧
′, Fig. 8a) and tangential velocity (𝑣𝜃

′ , Fig. 8b) are attributed to the measurement 

uncertainty as well as non-uniformities in the intake. 



The flow field in the rotor relative frame of reference is now considered. The relative tangential velocity (𝑤𝜃
′ , Fig. 

8c) has a positive bias in the relative time-averaged tangential velocity, since the rotational speed of the rotor 𝑢 is one 

order of magnitude greater than the flow absolute tangential velocity 𝑣𝜃
′ . The gradient of the relative tangential velocity 

(𝑤𝜃
′ , Fig. 8c) reflects the natural radial gradient of the rotational speed of the rotor. The contra-rotating pattern of the 

tangential velocity 𝑣𝜃
′  only marginally influences the time-averaged relative tangential velocity but is sufficient to 

generate some asymmetry in the relative velocity component distribution (𝑤𝜃
′ , Fig. 8c) due to the effect of the 

rotational speed and direction. The incidence angle (𝑖′, Fig. 8d) has been computed between the relative flow angle 𝛽′ 

and the nominal metal angle of R67 (𝛽𝑚𝑒𝑡𝑎𝑙 , Fig. 2). The time-averaged distribution shows a zone of negative 

incidence (〈𝑖′〉) in the right part of the domain, and a region with high values of about +5° in the lower half of the 

domain close to the hub. The first zone corresponds to an area with a relatively high axial velocity component (𝑣𝑧
′ , 

Fig. 8a) and a modest relative tangential velocity (𝑤𝜃
′ , Fig. 8c), which produces a reduction in the relative flow angle 

(𝛽′, Fig. 1) and a consequent negative incidence (〈𝑖′〉). The second zone corresponds to an area with an axial component 

(𝑣𝑧
′ , Fig. 8a) that is lower than the relative tangential velocity (𝑤𝜃

′ , Fig. 8c). This produces an increase of the relative 

flow angle (𝛽′, Fig. 1) and a consequent positive incidence (〈𝑖′〉). 
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Fig. 8: Time-averaged flow field with nominal inlet boundary layer (δ/Din = 0.04). 

Of particular interest is the time history of the incidence perturbations (Δ𝑖) across the AIP. During one revolution, 

the rotor blades are exposed to several changes of incidence that could influence rotor operability, vibrational response 

and promote blade stall [26,10]. Recent studies showed that vortex-induced swirl events could cause a substantial 

reduction in the compressor total pressure ratio [40]. This highlights the possible flow compatibility issues between 
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the curved intake and the rotor compressor. The radial positions that are subject to off-design conditions are visible in 

the time history of the blade incidence angle (Δ𝑖) (Fig. 9). Only 2 out of the overall 1,550 revolutions are shown in the 

time history sample for 1 blade. Despite the relatively short time period, large fluctuations of incidence (Δ𝑖) of up to 

±24° are indicated.  Different events are highlighted in Fig. 9 at times a), b) and c). At time a), the incidence angle is 

negative across the entire span, therefore the blade loading is likely decreased in comparison to the design point. At 

time b), the incidence angle is close to +5° along the span; so, the blade loading is expected to increase. At the time 

c), the incidence angle is positive near the hub while it is negative near the tip; so, the blade is experiencing a non-

uniform blade loading distribution. This situation is similar to the result of Giuliani and Chen’s simulation [26] in 

which a blade experienced uneven hub-to-tip incidence and total pressure distribution during the exposure to a contra-

rotating pair of S-duct vortices. These conditions were depicted as possible causes of dynamic blade stall due to the 

high values of incidence angle and the pressure difference between hub and tip locations. This result strengthens the 

rationale of the unsteady incidence angle assessment for the identification of stall inception cells and uneven blade 

loading. 

 

Fig. 9: Incidence angle perturbations for 1 blade over 2 revolutions in the distorted flow. 

 

 

 

 



B. Identification of distortion events 

The tracking of the incidence angle perturbations (Δ𝑖) is shown at the tip (r/R = 0.85) and hub (r/R = 0.51) radial 

positions using the scheme described in Fig. 3 for the identification of distortion events (Fig. 4). Each event is 

classified with two variables: the exposure time (𝑡𝑒), which is the time the event persists on the blade during the 

rotation (𝜃𝑏𝑛), and the magnitude of the change in incidence, which can be either the mean (〈Δ𝑖〉𝑒)or the peak value 

(Δ𝑖𝑝𝑒𝑎𝑘) within the exposure time (Fig. 4). This identification allows to represent the data in a Cartesian plane in 

which the exposure time is on the horizontal axis and the mean or peak value are in the vertical axis (Fig. 10). The 

resolution of the exposure time is set by the rotation angle between two successive TR-PIV snapshots (Δ𝜃𝑏 = 28.0°). 

This rotation angle sets also the minimum exposure time of the detected events, since it is not possible to detect any 

events shorter than the TR-PIV sampling frequency. The exposure time (𝑡𝑒) is normalized by the blade passing time 

(𝑡𝑏𝑝 = 2𝜋 𝜔𝑁𝑏𝑙𝑎𝑑𝑒𝑠⁄ ), which is consistent with the conventional way of reporting the range of critical frequencies for 

axial compressors [3]. For typical transonic compressors the blade passing frequencies is approximately twice the 

reduced frequency based on rotor chord and average convective velocity form leading to trailing edge. 

 The mean and peak value of the incidence angle perturbations is interpolated in grid steps of 0.5°. The distortion 

events that are identified in the TR-PIV dataset populate the grid depending on the magnitude and the exposure sector. 

In the exposure maps, the probability of the events is computed by enumerating all the events characterized by the 

same magnitude and exposure sector. The value is then normalized by the total number of distortion events detected 

at the blade tip (r/R=0.85) to compute the probability, which is then reported in a logarithmic scale. The boundary 

between event detection / no detection in the exposure-magnitude plane is indicated with the dashed line (Fig. 10). 

The selected approach considered 1,550 rotor revolutions, all R67 blades and rotor offset positions (see section II.E) 

and evaluated a total of 4.1 million spatial and temporal positions assumed by the rotor blades. Only two spanwise 

locations have been surveyed in representative locations at the blade tip and hub. The unsteady signals at these 

locations analyzed with the distortion events identification approach (Fig. 4) revealed 1.3 million distortion events at 

the tip position (r/R = 0.85) and 0.9 million at the hub position (r/R = 0.51), of which about 150,000 are peak distortion 

events (as defined in Section II.E). 

The example measurement dataset used in this study is for a relatively simple S-duct in the absence of a 

compressor. Consequently, the reported levels of swirl distortion are relatively large as the possible suppression effect 



from the rotor and centrebody are not included. However, the basis of the new analysis method is valid and can be 

useful as a new approach for subsequent studies where the rotor and centrebody are included.  

 

Fig. 10: Probability maps for distortion events with nominal inlet boundary layer (δ/Din = 0.04) for hub (r/R = 

0.51) and tip (r/R = 0.85) positions. 

 

For a position close to the tip (r/R = 0.85, Fig. 10a), the mean incidence angle perturbations (〈Δ𝑖〉𝑒) cover a range 

between -30° and +25°. The exposure sector (𝑡𝑒) of the distortion events ranges from the minimum time step between 

two successive PIV acquisitions Δ𝜃𝑏 = 28.0° and a maximum duration equivalent to about 1.5 rotor revolutions (Fig. 

10a). The probability is relatively balanced between positive and negative events. However, there is a higher 

probability of relatively short events with positive incidence. For example, between 0 and 5 blades passing, positive 

events are more probable than the negative ones, although they have a similar maximum magnitude. This can relate 

to the flow separation caused by the secondary bend of the S-duct intake. This is visible near the top duct boundary in 



the out-of-plane velocity component (Fig. 8a) and it is reflected in the time-averaged incidence angle distribution (Fig. 

8d). In general, events with a longer exposure have a comparatively modest change of incidence (〈Δ𝑖〉𝑒). For example, 

events with an exposure sector of 360° have a maximum incidence perturbation between +5° and -5° (Fig. 10a). This 

is also reflected in the time-averaged incidence distribution (Fig. 8d), which shows that for a position close to the 

blades tip (r/R = 0.85) the nominal incidence is about +4° and it does not show large circumferential perturbations.  

At the hub region (r/R = 0.51), the mean value of the distortion events (〈Δ𝑖〉𝑒) ranges between -38° and +28° (Fig. 

10c), which is a wider range compared with the ones identified at the blades tip (Fig. 10a). Moreover, the mean value 

incidence angle perturbations (〈Δ𝑖〉𝑒) are ±5° wider on average across all the range of exposure sectors. The maximum 

exposure sector (𝑡𝑒) for distortion events increases also from about 1.5 revolutions to about 2 revolutions when 

comparing the events located at the tip (r/R = 0.85, Fig. 10a) and at the hub (r/R = 0.51, Fig. 10c) respectively. The 

distribution of probability of distortion events is similar for hub and tip positions, but, at the hub (r/R = 0.51, Fig. 10c) 

there is an increased probability of negative incidence angle perturbations. For example, for an exposure sector of  𝑡𝑒 

= 13 blade passing times, events which have approximately a mean change in incidence angle (〈Δ𝑖〉𝑒) of approximately 

-5° have a probability of 1/100 at the hub (r/R=0.51), while they have a probability of 1/1000 at the tip. 

Of particular interest for the engine stability assessment are the peak events (Δ𝑖𝑝𝑒𝑎𝑘), which could trigger the spike-

type stall inception [15] (Fig. 10b, d). This work reveals extreme events which are an order of magnitude greater than 

time-averaged values (see Fig. 8) and which have exposure sectors between 30 and 90°. For example, at the tip (r/R 

= 0.85, Fig. 10a), there are events with maximum mean incidence perturbations (〈Δ𝑖〉𝑒)of about +10° and exposure 

time about 5𝑡𝑏𝑝. Within events of the same duration (5𝑡𝑏𝑝), peak events (Δ𝑖𝑝𝑒𝑎𝑘)with change of incidence up to +15° 

were recorded (Fig. 10b). Even higher peak incidence perturbations up to +26° and -37° were identified for exposure 

sectors between 2 and 2.5𝑡𝑏𝑝.There is also evidence of peak events which are modest in magnitude but they have long 

exposure sectors. For example, at the tip (r/R = 0.85, Fig. 10b), there is evidence of positive peak incidence events 

with exposure time up to 8𝑡𝑏𝑝 and negative peak incidence events with exposure time up to 11𝑡𝑏𝑝. In this configuration, 

this corresponds to exposure sectors of about 110° and 180°, respectively.  

The analysis revealed substantial variation in the radial distribution of peak distortion events along a single notional 

rotor blade. At the tip region (r/R = 0.85), the positive peak events have a maximum exposure time of about 7𝑡𝑏𝑝 (Fig. 

10b), while at the hub (r/R = 0.51) the positive peak events have exposure time also up to about 15𝑡𝑏𝑝 (Fig. 10d), 

which corresponds to more than one full revolution. The maximum magnitude (Δ𝑖𝑝𝑒𝑎𝑘) of the peak events increases 



from +26° to about +35° when moving from a tip position to a hub position. On the other hand, the distribution of the 

peak negative events in terms of maximum magnitude and exposure remains unchanged, with maximum negative 

change in incidence of about -40°. The maximum exposure time of peak events increases slightly from about 11𝑡𝑏𝑝 at 

the tip (Fig. 10b) to about 15𝑡𝑏𝑝 at the hub (Fig. 10d). Similar observation can be done for the distribution of mean 

incidence events at the two radial positions (Fig. 10a, c).  

 The positive incidence events at the blades tip are likely to cause separation on the blades and promote spike-stall 

inception [26,15]. The duration of some peak events observed in the present work corresponds to 5 blades passing 

time or even more, therefore these could reduce the surge margin  of the compressor according to Cousins [3]. The 

canonical configuration investigated is typical of the arrangements that have been previously studied to evaluate flow 

distortion in the absolute frame of reference. It is acknowledged that for a coupled intake and fan configurations the 

impact of the centrebody, and the presence of the fan, will affect the flow distortion. For example, it is expected that 

the level of unsteady distortion will reduce due to the axial flow acceleration over the centrebody. Nevertheless, the 

aim of this work is to propose and demonstrate a new way of evaluating unsteady flow distortion. Within that context, 

the identification and the assessment of these peak events in terms of magnitude, extent and likelihood is the fulcrum 

of the contribution to knowledge provided by this method. 

C. Effect of inlet total pressure profile on flow distortion  

The inlet boundary conditions were previously found to influence the unsteady flow distortion at the exit of an S-

duct [26,32]. Within this context, the proposed analysis method was used to evaluate the impact of different inlet total 

pressure profiles on the flow characteristics. A gauze screen installed at section 3 (Fig. 1) was used to produce a non-

uniform total pressure profile at the inlet of the intake whose non-dimensional thickness varied from nominal 

conditions (axi-symmetric boundary layer with a δ/Din = 0.04) to Profile A (thick boundary layer at the bottom δ/Din 

= 0.332). Profile A represents a typical inlet condition of a full scale BWB aircraft with the engine mounted near the 

wing-body trailing edge. The velocities shown in Fig. 11 are normalized by the time-averaged, area-averaged out-of-

plane velocity at the AIP (〈𝑣𝑧
′〉̅̅ ̅̅ ̅) of the baseline inlet configuration (δ/Din = 0.04, Fig. 8). The flow non-uniformity 

caused by the increased profile thickness does not affect the general flow topology of the out-of-plane velocity and 

the tangential velocity (Fig. 11a-b). However, the thicker profile promotes the separation at the first bend of the S-

duct, and there is a growth of the contra-rotating vortices at the AIP (Fig. 11b). The mass flow non-uniformity favors 



the downward pitching flow of the S-duct which strengthens the secondary flows (Fig. 11b) and accentuates the 

momentum non-uniformity at the AIP (Fig. 11a). A more in-depth analysis has been presented by McLelland et al. 

[24] in which unsteadiness and spectral analysis have been assessed for this thicker inlet profile configuration. The 

distribution of the relative velocity remains broadly unaltered (Fig. 11c), since it is mainly influenced by the rotational 

speed of the rotor, which is an order of magnitude greater than the in-plane velocity components. With the inlet Profile 

A (δ/Din = 0.332), the time-averaged incidence angle (Fig. 11d) shows more pronouncedly the areas of positive and 

negative incidence of the baseline case (Fig. 8d). The peak time-averaged value increases from the range [-2°, +11°] 

to [–5°, +13°]. The distribution and the range of the incidence angle compares well with previous investigation with 

similar inlet conditions [32] even though in the current work there is no interaction between the outlet flow and the 

compressor geometry. A similar range of incidence angles is also reported by Giuliani and Chen [26] with the same 

inlet total pressure profile. All of these works broadly agree on the distribution of positive and negative incidence 

angles in the same characteristic locations, especially near the hub, at the bottom dead center and to opposite lateral 

sides of the spinner. 
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Fig. 11: Time-averaged flow field with inlet Profile A (δ/Din = 0.332). 

The relative probability of the events has been computed with the normalization against the number of the events 

detected at the tip with baseline inlet conditions (Fig. 10a and b, δ/Din = 0.04). At the tip region (r/R = 0.85), the non-

uniform inlet total pressure profile (Profile A, δ/Din = 0.332) causes an increase to the magnitude of the distortion 

events which are characterized by a longer exposure sector (Fig. 12a). For example, events with 120° exposure sector 

have a mean incidence perturbation value (〈Δ𝑖〉𝑒) between +14° and -15°, while the mean values were between +9° 

and -13° for the baseline inlet condition (Fig. 10a). In general, the increase of the mean incidence angle perturbations 
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(〈Δ𝑖〉𝑒) of approximately ±5° with reference to the baseline case applies to all the events with exposure sector in the 

range between 60° to 540° (Fig. 12a).  This increase in the magnitude of the incidence angle perturbation is also visible 

in the probability distribution of peak events for large exposure sector. For example, for exposure sector of about 5𝑡𝑏𝑝 

the peak incidence perturbations increased from about +15° (Fig. 10b) to about +20° (Fig. 12b) with reference to the 

baseline case. However, in general, the thicker inlet profile (Profile A, δ/Din = 0.332) seems to have a weak effect on 

the maximum exposure sector of the disturbances. Both the distribution of mean and peak incidence perturbations 

show a maximum exposure sector of about 540° and about 150° respectively (Fig. 12a, b), which is consistent with 

the maximum values for the baseline inlet conditions (Fig. 10a, b).  

The increase of the boundary values of the mean incidence perturbations (〈Δ𝑖〉𝑒) is also visible in a position closer 

to the hub (r/R = 0.51, Fig. 12c). For both maximum positive and negative incidence angle events, the increase of the 

absolute value is about 5° (Fig. 12c) across the range of exposure sectors, in agreement to the observations at r/R=0.85. 

At the hub, some events with a long exposure sector of about 180° and an incidence perturbation between -5° and -

10° showed a very high relative probability of about 1%. The peak events distribution shows an increased probability 

of positive change of incidence events (Δ𝑖𝑝𝑒𝑎𝑘) (Fig. 12d), which can range from 12° to over 35° and a maximum 

exposure up to 15𝑡𝑏𝑝. In comparison, the range for baseline conditions was limited to 8° to 34° with exposure around 

13𝑡𝑏𝑝 (Fig. 10d).  

Summarizing, relative to the nominal inlet profile, the thicker inlet total pressure profile (Profile A, δ/Din = 0.332) 

caused an increase of positive incidence perturbations with long exposure sectors and an overall increased probability 

and magnitude of positive incidence perturbations. On the other hand, the likelihood and magnitude of the negative 

incidence perturbations are unaltered by the thicker inlet profile. This new analysis captures the variations in the 

distribution of mean and peak incidence perturbations for different inlet conditions. It can identify changes in exposure 

time and changes relative to the nominal incidence which are not possible to assess with conventional methods, which 

instead would detect only changes in the time-averaged quantities.  

 



 

Fig. 12: Probability maps for distortion events with inlet Profile A (δ/Din = 0.332) for hub (r/R = 0.51) and tip 

(r/R = 0.85) positions. 

 

 

 

 

 

 

 

 

 



D. Effect of inlet total pressure profile azimuthal orientation on distortion events  

To represent inlet conditions of an intake under angles of pitch and yaw the azimuthal orientation of the inlet flow 

Profile A (δ/Din = 0.332) was varied starting from the high pressure loss region at bottom dead center (𝜓 = 0°) to 

angles of 𝜓 = 45°, 90° (Fig. 1) [33]. These inlet conditions are expected when the duct axis is not aligned with the 

main fuselage body. One example is when the intake is located in a region of upper surface and spanwise flow causes 

skew in the airframe boundary layer or when the intake is operating at notable yaw angles for a top-mounted S-duct, 

or at notable pitch angles for a side-mounted S-duct [24,41]. 

Conventional studies would assess the impact of the inlet boundary layer orientation with the variations of the 

time-averaged incidence distributions (〈𝑖′〉) at the AIP (Fig. 13). For the baseline inlet conditions (δ/Din = 0.04) and 

for Profile A (δ/Din = 0.332) at 𝜓 = 0°, the area in the lower part of the domain shows peak positive incidence angles, 

with a quite symmetrical distribution with reference to the vertical axis (Fig. 13a, b). For a rotation of the Profile A to 

𝜓 = 45° and 90°, this area of peak positive incidence appears closer to the hub and moves to the left of the domain 

(Fig. 13c, d). However, it is not clear from this distribution if the orientation of the thicker inlet profile has an impact 

on the operating conditions of the rotor. From the time-averaged distribution, it can be stated that, across the different 

configurations, Profile A (δ/Din = 0.332) at 𝜓 = 0° is the inlet condition which generates the wider range of incidence 

angle 〈𝑖′〉. The range goes from -5° up to +13° and therefore this is the worst operating condition of the rotor. The 

application of the distortion events identification method aims to demonstrate the validity of this assumption. 
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𝛿/𝐷𝑖𝑛 = 0.04 
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𝛿/𝐷𝑖𝑛 = 0.332 
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Fig. 13: Time-averaged incidence angle distribution for baseline inlet condition (δ/Din = 0.04) and of inlet 

Profile A (δ/Din = 0.332) at different orientations. 
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The rotation of the inlet Profile A by 𝜓 = 45° produced limited effects on the mean and peak values probability 

distributions if compared to the𝜓 = 0° case (Fig. 14). As for Fig. 12, the probability of the events in Fig. 14 has been 

computed with the normalization against the number of the events detected at the tip with baseline inlet conditions 

(Fig. 10a and b, δ/Din = 0.04). The maximum values of the mean incidence perturbations (〈Δ𝑖′〉𝑒) are reduced by about 

5° in comparison with the 𝜓 = 0° orientation. For 𝜓 = 45°, there is evidence of slightly higher peak events exposure 

sectors which maximum increases from 150° (𝜓 = 0°, Fig. 14b) to about 180° (𝜓 = 45°, Fig. 14c), but the maximum 

value of incidence angle perturbations remains unchanged. 

When the inlet Profile A was positioned at 𝜓 = 90°, there is a more pronounced effect on the distribution of the 

peak events, which for the 𝜓 = 90° configuration are characterized by a 5° reduction on average in maximum 

magnitude with reference to the  𝜓 = 0° inlet profile orientation (Fig. 14b, d). For the 𝜓 = 90° configuration, the event 

with the highest mean incidence reduced from +29° to +23° if compared with the inlet profile oriented at 𝜓 = 45°. 

Beside the reduction of peak incidence perturbation magnitude, the probability distribution of the peak events reveals 

that the probability of positive extreme events with relatively large exposure sector increases when the inlet profile is 

at 𝜓 = 90° (Fig. 14d). For example, the relative probability for positive incidence perturbations of about 12° and 

exposure sector of 60° increases from 1/20,000 (Fig. 14b) to about 1/5,000 (Fig. 14d) when moving from Profile A at 

𝜓 = 0° to 𝜓 = 90°.Therefore, the inlet flow profile orientation has an impact on the most probable events, which are 

contained in a region close-to-zero incidence and an exposure sector up to 60°. Although the magnitude of these events 

is low compared to the maximum mean and peak values of the events at the boundaries, the high probability and 

significant exposure sector could severely affect the performance and the stability of the propulsion system.  

In conclusion, this analysis revealed that the configuration with Profile A at 𝜓 = 0° does not necessarily generate 

the most challenging operating conditions for the compressor rotor, as previously inferred from the time-averaged 

incidence angle distributions (Fig. 13). Instead, the orientation of the inlet profile at 𝜓 = 90° could notably increase 

the probability of peak positive incidence perturbations at which the rotor blades are exposed for a longer time. 

This new analysis also reveals further insights on the effects of boundary layer orientation on the S-duct flow 

distortion. For example, previous research [33] showed that the orientation of the inlet total pressure profile had a 

notable impact on the swirl patterns that develop at the AIP.  However, it was not clear if this had also an impact on 

the duration of the distortion events on the rotor blades. With this new analysis it is possible to outline a better 

understanding of the complex unsteady flow distortion and the impact of the inlet boundary layer orientation. In 



addition, although previous analysis showed that peak swirl events were almost insensitive to a boundary layer 

orientation [33], this work revealed a reduction on the magnitude of peak and mean incidence perturbations for 𝜓 = 

90°.  

 

 

Fig. 14: Probability maps for peak distortion events with baseline inlet conditions (δ/Din = 0.04) and inlet 

Profile A (δ/Din = 0.332) with different orientations at r/R = 0.85. 

 

  



IV. Conclusions 

A new approach for the evaluation of the unsteady intake flow distortion for aero-engine applications has been 

proposed. This novel approach takes into account the magnitude, the extent and the likelihood of the unsteady 

distortion events as would be presented to a rotating compression system. The analysis assessed the flow distortion at 

the outlet of an S-duct intake considering both the unsteady nature of the flow and also the variation produced by the 

change in position of the nominal rotor in the time-varying distorted flow field. Distortion events were identified based 

on the fluctuations of the incidence angle perturbations in the envisaged relative frame of reference and were classified 

by the time the blade was exposed to the distortion event, the change in incidence and the probability of the distortion 

events. 

For the baseline inlet total pressure profile, the analysis revealed large fluctuations of incidence in the approaching 

conditions for a notional compressor. Some of the detected distortion events were found to be within the duration 

range of interest for stability assessment of an aero-engine subject to swirl distortion in terms of blade passing time. 

The analysis also revealed that the probability distribution and the magnitude of the distortion events depend on the 

radial position at which the change in incidence is evaluated. A noticeable tendency towards positive incidence 

perturbations was observed at the tip while at the hub the events were distributed more equally between positive and 

negative incidence. On average across the range of exposure sectors, the magnitude of the mean incidence 

perturbations was 5° greater at the hub.  

Thicker inlet total pressure profiles were found to have a strong influence on the likelihood and the magnitude of 

distortion events with long exposure sector. The magnitude of peak and mean incidence perturbations of these events 

increased by approximately 5° in comparison with the baseline case, independently of the events’ duration. At the 

hub, the probability of positive incidence perturbations increased in comparison to the baseline inlet conditions. 

Generally, thicker inlet boundary layers had only a limited impact on the maximum exposure time of the distortion 

events. Different operating conditions of the S-duct intake were re-created by changing the azimuthal position of the 

inlet boundary layer. The change in position from 𝜓 = 0° to 45° and 90° reduced the magnitude of the peak and mean 

incidence perturbations. However, the peak events identification revealed that for 𝜓 = 90° there was a substantial 

increase of positive incidence angle perturbation with large exposure sectors.  

The novel method proposed in this work was able to assess for the first time how nominal rotor blades were 

exposed to incidence angle perturbations and quantified which is the likelihood of extreme events which could cause 



stability issues in the propulsion system.  The focus of the investigation moved away from the time-averaged incidence 

angle distribution typical of conventional methods in favor of the identification of unsteady distortion events. This 

method demonstrated that the time-averaged incidence angle distribution obscured the large fluctuation and the peak 

values of the unsteady incidence perturbation on the blades. It also quantified the increase in exposure time for the 

distortion events and estimated the peak values of incidence perturbations for a range of different inlet conditions. 

Thus, it also proved to be successful for the application to different test cases such as non-uniform inlet conditions.  
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