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these years of education in Madrid, Liège and Brussels. Thank you for your support and help,
specially in the toughest moments that we have shared together.

Finally, a very special thanks to the most important, José, Vega and specially my parents. You
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1 Introduction

1.1 Summary

The aim of this study is to estimate the effect of different non-uniformities in performance and
stability of compressors. Three types of distortion have been included: pressure, swirl and
temperature. While pressure and swirl distortion may occur in both civil and military aircraft,
temperature distortion uses to appear only in military applications.

Firstly, distortion index generated by non-uniformities in different pressure profiles at the Aero-
dynamic Interface Plane (AIP) have been calculated. Several ways to model the distortion pat-
tern have been used. Radial and circumferential distortion indexes have been calculated using
the guideline of the Society of Automotive Engineers (SAE), which have been proposed in order
to unify criteria between engineer manufacturers. However, each manufacturer continues to use
its own indexes. As an example, two more indexes developed by Pratt & Whitney are used to
mix both radial and circumferential indexes and understand the effect of combined distortion.

Once the distortion is defined, it is related with the stability of the engine against surge. To
analyze the behavior of the engine operating with distortions, the Parallel Compressor Model
(PCM) has been implemented in MATLAB. This model has been applied to a low pressure
compressor map. Surge points of clean and distorted conditions have been calculated, what has
allowed to obtain surge margin for each one. Since variations in distortion give rise to changes
in the surge margin, both can be related. Evolution of surge margin with both corrected speed
and distortion index are presented.

A similar procedure has been performed in the case of swirl distortion. Some parameters have
been defined to characterize the distortion that is present at the AIP and changes in speed lines
due to swirl distortion have been calculated with a Mean Line Code (MLC). This code has been
implemented in MATLAB and it has been used with an example rotor, for which changes in
performance and stability have been estimated for different swirl angles.

Finally, effects of temperature have been computed with a modified version of the Parallel
Compressor Model (PCM) for temperature distortion. This model has been applied to a low
compressor map and results calculated have been compared with those obtained experimentally.
Furthermore, the evolution of surge margin with distortion index has been computed.

1.2 Why to study distortion?

Inlet distortion is a critical issue for current and future aircraft architecture. Understanding
aerodynamics under distortion is essential to design distortion-tolerant fan systems. Stable
compressor operation even under adverse conditions is necessary to the functioning of any gas
turbine engine. However, the compressor could be vulnerable to some flow non-uniformities
such as rotating stall or surge due to the different flows which can enter through the air-intake.

Rotating stall appears when a large stall zone covers some blades of the compressor. The
number of stall zones and the propagating rates vary considerably, depending on the root of
the stall and its propagation. The propagation mechanism is shown in figure 1 and can be
described by considering the blade row to be a cascade of blades. A flow perturbation causes
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blade 2 to reach a stall before the other blades. This stalled blade does not produce enough
pressure rise to maintain the flow around it, and an effective flow blockage appears.

This retarded flow diverts the flow around it so that the angle of attack increases on blade 3
and decreases on blade 1. In this way, the stall propagates downward relative to the blade
row at a rate about half the rotational speed; which result in stall apparition in the blades
below the retarded-flow zone and stall remove from the blades above it. The relative speed of
propagation has been observed from compressor tests to be less than the rotor speed. Observed
from an absolute frame of reference, the stall zones appear to be moving in the direction of
rotor rotation. The radial extent of the stall zone may vary from just the tip to the whole blade
length.

Figure 1: Stall apparition and propagation. Reproduced from Boyce [1]

Compressor surge is an instability that typically follows the appearance of rotating stall. On
a constant speed line, corrected airflow decreases when the pressure ratio increases, so the
internal flow is in a higher adverse pressure gradient, which makes it harder to reach the high
pressure zone, destabilizing it and leading to its separation.

Surge results in a total loss of thrust and it is a much more dangerous event than a partial
loss of thrust due to a reduction of compressor efficiency. Violent flows that occur during
surge hit the blades, giving rise to structural problems such as blade fatigue or mechanical
failure. Specifically, very large transverse loads on the blades and casing appear during the
initial transient process that initializes surge.

This instability also leads to flameout, due to the not-burned fuel which arrives to the exit of
the engine, where oxygen is enough. This not-burned fuel appear due to the lack of oxygen in
the combustion chamber. Strong vibrations and noises are other kind of problems that may
appear during surge.
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1.3 Objectives

The main aim of this particular project was to understand the flow physics of how various
types of distortion affect the turbomachinery aerodynamics, and consequently result in the
undesirable instabilities, such as the onset of rotating stall and/or surge.

Overall the objective was to develop a kit of fast analytical tools in order to correlate, through
the appropriate flow descriptors, the loss in stability pressure ratio due to different types of
distortion. Within this context, the following tasks were accomplished:

1. Characterize pressure distortion using different distortion indexes, analyze pressure maps
with image processing and compute its distortion index.

2. Relate distortion indexes with compressor behaviour and simulate the effects of pressure
distortion on compressor performance and stability.

3. Define swirl distortion and evaluate its influence on compressor performance and stability.
Relate distortion descriptors with compressor behaviour.

4. Characterize temperature distortion and simulate its effects on compressor performance
and stability.

5. Create a kit of tools to evaluate quickly the effect of different types of distortion. Imple-
ment analytical models in MATLAB to simulate compressor behaviour in these conditions.

Table 1 summarizes these tasks in terms of objectives and the proposed analytical solutions to
reach them.

Objective Solution

Characterize and compare distortion Distortion Indexes
Effect of pressure distortion Parallel Compressor Model

Effect of swirl distortion Mean Line Code
Effect of temperature distortion Parallel Compressor Model for temperature

Table 1: Objectives of the project and proposed solutions to achieve them.

1.4 State of the art

Engineers worked hard in gas turbine engines during 1940s and 1950s, but it is during 1960s
when distortion phenomena was taken into account due to the effects that it could cause in
the performance and stability of the engine. First studies were focused on pressure distortion,
while studies about temperature distortion and swirl distortion started later.

Pearson and McKenzie proposed the parallel compressor model [14] in an first attempt to an-
alyze compression system performance and stability variations with inlet distortion. Quickly,
this model was used by other engineers and is still used for fast calculations (with some modifi-
cations). It is a good tool to have an idea of the influence of pressure distortion on compressor
behaviour, even results are not too accurate. Some years later, Reid introduced a big change in
the model [15] for low distortion angles, where the model developed by Pearson and McKenzie
did not follow the behaviour of the compressor.
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During these years, engineers characterized inlet distortion with simple mathematical models
and data from tests. Each manufacturer developed its own indexes, which made difficult com-
munication and comparison between engines. The Society of Automotive Engines created the
S-16 committee, whose final work was an aerospace recommended practice (ARP-1420) [3].

The goal was to homogenize this nomenclature and solve the problem but, finally, the majority
of manufacturers are still using their own indexes. To evaluate the different distortion indexes,
Campbell did a research where some of them were compared [16]. Indexes studied were:

• ARP-1420 method from Society of Automotive Engines.

• Pratt & Whitney KD2 and KA2 indexes.

• Common ∆P/PAV G indexes.

• General Electric Method D system.

• Naval Air Propulsion Center Kθ.

• Rolls Royce θ critical indexes.

• AVCO Lycoming DI index.

• Garrett AiResearch CDI index.

This research did not find any index that fits better with experimental results, but ARP-1420
was able to provide consistently good correlations. Also, indexes proposed by this aerospace
recommended practice have been typically used in research papers and technical documents
open to scientific community.

Total pressure distortion focused the effort of engineers and scientist for many years, but total
temperature distortion later became an interesting area due to the military applications where
it may appear. Some examples are gun and rocket gas ingestion, vertical take-off or aircraft
carrier operation. In commercial applications, thrust reverser operation during landing and
ingestion of hot gases from other aircraft in runway situations are other examples.

In 1991, S-16 Committee presented an aerospace resource document (ARD) about temperature
distortion, which analyzed the effect of temperature distortion in a similar way than the one
presented before for total pressure distortion.

Concerning to swirl distortion, it was thought to be predominately induced by the pressure
distortion and its contribution to flow distortion was assumed small in comparison with total
pressure distortion. However, the Tornado aircraft case showed that moderate pure bulk swirl
at the inlet, generated by the S-shaped duct, could lead to surge.

In the same way as in the previous cases of total pressure and total temperature distortion, S-16
Committee created a guideline to characterize swirl distortion [11]. Even so, these techniques
are still in early stages of development because of the little knowledge about swirl distortion
phenomena.

First techniques based on experimental tests and simple analytical models evolved due to the
advance of computational fluid dynamics (CFD) methods, specially after 1990s. The main
advantage of CFD is the accuracy of results which can be obtained, although it requires a high
computation power. Results obtained with CFD are compared with those obtained experimen-
tally with tests.
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In recent years almost all companies which are working in aeronautical fields have incorporated
specialized software to simulate accurately their models. Researchers and scientists also use
CFD as it is shown in some papers and thesis (Haug et al. [17], Mehdi [10], Kaili et al. or [18],
Naseri et al. [19]).

Nowadays, there are some international projects focused on reducing emissions such as Clean
Sky Project or Advanced Air Transport Technology (AATT) Project. The aim of these projects
is to enable aircraft with improved energy efficiency, environmental compatibility and economic
impact. AATT project defined some objectives in terms of noise, emissions and consumption
which are shown in table 2.

TECHNOLOGY
BENEFITS

Technology generations
(Technology Readiness Level = 5-6)

Near Term
(2015-2025)

Mid Term
(2025-2035)

Far Term
(beyond 2035)

Noise
(cum below Stage 4)

22 - 32 dB 32 - 42 dB 42 - 52 dB

LTO NOX Emissions
(below CAEP 6)

70 - 75 % 80 % >80 %

Cruise NOX Emissions
(rel. to 2005 best in class)

65 - 70 % 80 % >80 %

Aircraft Fuel/Energy Consumption
(rel. to 2005 best in class)

40 - 50 % 50 - 60 % 60 - 80 %

Table 2: Objectives of the AATT project in terms of noise, emissions and consumption.

In September 2019, 24th Conference of the International Society for Air Breathing engines
was celebrated in Canberra, Australia. One of the key topics was the use of boundary layer
ingestion (BLI) to reduce fuel burn, aircraft wetted area and wake mixing losses. Works of
different companies and researchers related with BLI were presented, such as Celestina et al.
[2], Lee et al. [20] or Kagaya et al. [21].

One configuration that uses BLI is the Hybrid Wing Body (HWB) vehicle shown in figure 2.
Results obtained in preliminary studies estimate a reduction in fuel consumption between 3 %
and 5 %, with potential to reach reductions around 10 % in far-term configurations with larger
amounts of BLI [22].

There are two types of BLI configurations depending on the integration between propulsor and
fuselage. Type I is characterized by a flat boundary layer which is ingested and it results in a
low total pressure region with presence of swirl distortion over the bottom part of the inlet while
the upper part has constant total pressure and no swirl distortion. Type II is characterized
by an axisymmetric boundary layer developed along the fuselage, the ingestion wing upwash
and the effect of the vertical tail. This distortion presents an inlet with low total pressure and
large variation at the hub. To date, NASA AATT has only completed experimental tests of
the Type I distortion (Type II is in progress).
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Figure 2: Embedded boundary layer ingesting propulsion system for hybrid wing body aircraft. Re-
produced from Celestina et al. [2]

Therefore, use BLI to reduce fuel consumption and emissions means to deal with distortion
effects, so it is necessary to understand these effects in compressor performance and stability.
Clean Sky Project is a public-private partnership between the European Commission and some
private companies that coordinates and funds research activities focused on reduce fuel con-
sumption and emissions. These activities are carried out in universities and research centers
and some of them related with the study of distortion and its effect on compressor behaviour.

In this context, and following the actual trends, this Master Thesis carried out at the University
of Liège and the Free University of Brussels presents an overview of distortion. Total pressure,
swirl and total temperature have been studied and a kit of tools to analyze the effect of these
types of distortion has been developed.

During the realization of this project, a collaboration with the Von Karman Institute for Fluid
Dynamics has started. One of the projects of this research center aims to understand the
evolution of distortion across the compressor. The objective of this collaboration is to use
the tools developed on this thesis to predict compressor behavior trends in some distortion
conditions and to compare the results presented with future results obtained through CFD or
experimental tests.
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2 Pressure Distortion - Distortion Indexes

Pressure distortion occur in a wide variety of occasions such as complex geometry ducts, high
angle of attack, ground vortices, wakes from stalled wings, etc. In a first approximation,
distortion patterns can be separated in radial and circumferential, which are calculated using
the guidelines of Society of Automotive Engineers (SAE).

2.1 Data management

CFD images of different pressure profiles at the AIP have been chosen from reference [4]. From
these images, some points have been chosen to be studied. Each image has been divided in 10
sectors and 10 rings, so 100 points have been used in each image.

Each point should represent the same amount of mass flow rate ṁ in order to represent the
same influence to calculate the distortion generated by this point. For this reason, each point
has to represent the same area of the AIP. This is why each of the 10 sectors has the same
amplitude (36◦) and the rings’ position has been calculated to keep the area associated to
each point point. The position of the rings is given in percentage of the total radius and it is
represented in table 3.

Ring 1 2 3 4 5 6 7 8 9 10
Position (% R) 15.9 38.4 50.0 59.3 67.3 74.5 80.9 87.0 92.6 97.9

Table 3: Radius of each ring in % of total radius.

2.2 Circumferential distortion index

Circumferential distortion index (CDI) is described on a ring-by-ring basis and it is defined
in terms of intensity, extent and multiple-per-revolution elements. The intensity or level of
distortion is an indicator of the magnitude of the pressure distortion. The extent (or spoiled
angle) is an indicator of how large is the region whose pressure is less than the average pressure,
which will be the distorted region. The multiple-per-revolution is an indicator of how many
regions of low pressure exist in the studied ring.
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Figure 3: Ring Circumferential Distortion for a One-Per-Revolution Pattern. Reproduced from SAE
[3].

In a one-per-revolution pattern, both intensity and extent of circumferential distortion are
calculated by linear interpolation of the different points of the ring. Figure 3 shows a typical
pressure distribution of one ring, where the average pressure, the area of the distorted region,
the average pressure of this low pressure region and its extent are represented. These values
are calculated with the next equations, given by reference [3]:

θ−i = θ2i − θ1i (1a)

CDI =

(
∆PC

P

)
i

=

(
PAV − PAV LOW

PAV

)
i

(1b)

PAV i =
1

360

∫ 360

0

P (θ)i dθ (1c)

PAV LOWi =
1

θ−i

∫ θ2i

θ1i

P (θ)i dθ (1d)

(1e)

In a multiple-per-revolution pattern, there is more than one region with lower pressure than
the average pressure. Figure 4 shows a typical pressure distribution of one ring. In this case, it
is necessary to determine the critical low pressure region, which will be the one whose value of
(∆PC/P)i,k·θ−i,k (for k low pressure regions) is maximum. Once this region is defined for each
ring, its circumferential distortion and its extent will be calculated using equations 17.
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Figure 4: Ring Circumferential Distortion for a Multiple-Per-Revolution Pattern. Reproduced from
SAE [3].

2.3 Radial distortion index

The radial distortion index (RDI) is defined as the difference between the average pressure of
the ring and the average pressure of the AIP. It is possible to have both positive and negative
values, where positive values refer to the rings whose pressure is lower than the average. For
the general ring, i, the radial intensity is given also by reference [3]:

(
∆PR

P

)
i

=
PAIP − PAV i

PAIP
(2)

2.4 KD2 distortion index

This index was developed by Pratt & Whitney and represents a first point that considers both
circumferential and radial distortion. It is defined as follows [23]:

KD2 =

k∑
i=1

[∆PC
P

θ−
]
i

1

Di

i∑
n=1

1

Di

Where:

• θ− is the extent angle of the low pressure region.

• Di is the diameter of the selected ring.

However, even it takes in count the radial position of each ring, this index refers mainly to
circumferential distortion; so a new index has been defined to better take into account the
influence of the radial distortion.
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2.5 KA2 distortion index

This index was also developed by Pratt & Whitney and it considers both circumferential (Kθ)
and radial (Krad) distortion through the parameter b, which is the radial distortion weighting
factor [24]:

KA2 = Kθ + bKrad (4)

This factor was developed for the F-100 engine, which is an afterburning turbofan engine that
powers the F-15 Eagle and F-16 Fighting Falcon. Radial distortion weighting factor depends
on the mass flow rate, and its values are shown in figure 5. These values have been taken from
reference [25]. To approximate the experimental points, a Fourier’s series has been used.
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Figure 5: Evolution of b Factor with corrected engine airflow.

It is important to remark that these values have been taken for F100 engine, so other engines
will have different values of b factor. Military engine values are similar than those showed
before, while civil engines values are more different.

Circumferential distortion component of this index is defined as follows:

Kθ =

k∑
i=1

[(
aN
N2

)
max

]
i

1

Di(
q
PT2

)
ref

i∑
n=1

1

Di

(5)

Where,



2. PRESSURE DISTORTION - DISTORTION INDEXES 17

• aN are the coefficients of the Fourier’s Series which represents the evolution of the pressure
in each ring. Figure 6 shows an example of how this approximation fits the real pressure
distribution in ring 5 of example 1.

• q/PT2 is the reference value of AIP dynamic pressure head, function of AIP Mach number.
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Figure 6: Fourier’s Series approximation for one ring pressure evolution.

Radial distortion component can be expressed by:

Krad =

k∑
i=1

(
∆PT2
PT2

)
i

1

Di(
q
PT2

)
ref

i∑
n=1

1

Di

(6)

Where,

∆PT2
PT2

=

∣∣∣∣∣
(
P ∗T2

PT0

)
PT2

PT0

−
P ∗T2,base
P̄T2

∣∣∣∣∣ P̄T2
P ∗T2,base

(7)

and

• P ∗T2/PT0 is the ring average pressure recovery.

• PT2/PT0 is the face average pressure recovery.

• P ∗T2,base/P̄T2 is the reference radial profile, function of the corrected engine airflow and
the radius of the ring.
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2.6 Results

Four images from reference [4] have been studied. These images are four AIP where different
pressure maps have been represented, trying to cover a wide variety of possibilities in terms of
distortion patterns.

To compute the distortion indexes, an image analysis code has been developed and implemented
in MATLAB. This code obtains the total pressure value of 100 points circumferentially and
radially distributed according to chapter 2.1, selecting each point so that everyone has the same
associated airflow.

Both first and second pressure maps represent a circumferential distortion pattern, where low
pressure critical region is higher in the second one. In the third example, the circumferential
distortion is small while the radial distortion is more important than in both examples before.
Even, variations of pressure are not large in all the pressure map. The fourth pressure map
shows a radial distortion pattern.

(a) Ex. 1 (b) Ex. 2 (c) Ex. 3 (d) Ex. 4

Figure 7: Studied distortion patterns. Reproduced from Pecinka et al. [4].

Selected flight conditions are:

• Altitude → h = 11.000 m → P0 = 22.600 Pa

• Mach → M = 0.8 → PT0 = 34.500 Pa

• Ram Recovery → RR = 0.98 → PT2 = 33.800 Pa

• Corrected engine airflow → ṁcorr = 100 % → b = 1.5

2.6.1 Circumferential and radial distortion

These distortion indexes are calculated for each ring, so its evolution its shown in next figures.
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Figure 8: Circumferential and radial distortion of example 1.

Example 1 presents a circumferential distortion pattern with a low pressure region of 120º
approximately. According to this, circumferential distortion index is important, while radial
distortion has less importance. Figure 8 demonstrates it by showing how the circumferential
index reaches high values; while radial distortion is less important due to its small value.
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Figure 9: Circumferential and radial distortion of example 2.

Example 2 is similar to the first one, with a higher extent of low pressure region. In the same
way as in the previous case, figure 9 shows that circumferential distortion index is high (even
larger than example 1) and radial distortion index is low. In both first and second examples,
circumferential distortion is more important than radial distortion.
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Figure 10: Circumferential and radial distortion of example 3.

Example 3 shows a different distortion pattern. In this case, there is a large percentage of area
in which the pressure variation is low. Near the ends of the duct there is a decrease in pressure
and there is also a small region of high pressure in the upper right corner. It is expected that
radial distortion is more important than circumferential in this case.

Figure 10 shows that circumferential distortion values are low, below 0.2 % in most rings; while
radial distortion presents a peak near the duct. This matches what was expected, because the
peak in ∆PR/P is related to the decrease in pressure near the end of the duct.
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Figure 11: Circumferential and radial distortion of example 4.

Example 4 presents a radial evolution of the pressure, which has low values in the center of the
duct, and high values near the end of the duct. Figure 11 shows that circumferential distortion
is low, with some rings of constant pressure where circumferential distortion index is zero.
Radial distortion index represents the evolution described above, where high values of ∆PR/P
are related with the inner duct area of low pressure, low values of ∆PR/P are related with the
outer duct area of high pressure and the intermediate region where ∆PR/P decreases quickly
refers to the transition region between the previous two.
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It is possible to summarize circumferential distortion index either with the average value
CDImean or with the maximum value CDImax. In this way, a single value characterizes the
distortion present throughout the AIP, which will subsequently be related to the surge margin
as in the later example in which the evolution of the surge margin with CDImean is shown.

CDImean (%) CDImax (%)

Ex. 1 1.70 1.98
Ex. 2 2.95 3.68
Ex. 3 0.52 1.21
Ex. 4 0.35 0.70

Table 4: Values of CDImean and CDImax for the examples of figure 7.

Values of CDImean and CDImax are presented in table 4. According to the above, examples
1 and 2 present higher values of circular distortion index, while examples 3 and 4 have lower
values. Between examples 1 and 2, the second one has a larger circular distortion index so it
will be the one that presents a smaller surge margin.

2.6.2 KD2 and KA2 distortion

KD2 is an index that well represents the circumferential distortion, but it attenuates the effect
of radial distortion. Hence, this index does not provide accurate information for calculating the
distortion index of a pressure map.

KA2 is a more developed index that calculates circumferential and radial distortion separately
and then, it includes both through the b parameter, which depends on the corrected engine
airflow, as it was shown in figure 5. The values obtained for the indexes presented above for
each pressure map are:

KD2 (%) Kθ (%) Krad (%) KA2 (%)

Ex. 1 5.1 1.6 21.7 33.9
Ex. 2 5.3 1.7 24.6 38.4
Ex. 3 0.1 0 18.6 28.2
Ex. 4 0.5 0.1 31.5 47.6

Table 5: Values of the presented distortion indexes for the examples of figure 7.

KD2 is high in both first and second examples, where circumferential distortion is important;
while is close to zero in examples which present low circumferential distortion patterns. This
explanation is also valid for the circumferential component Kθ of the KA2 index.

To understand the behaviour of Krad, it is a good idea to study its definition, given before in
equation 6. For a given condition of corrected engine airflow, altitude and Mach, it is only the
first term of the division, ∆PT2/PT2, that changes between pressure maps. This term depends
on the relation between the ring pressure recovery average and the face pressure recovery
average, and it is also influenced by the number of rings in which the relation mentioned is
important.



2. PRESSURE DISTORTION - DISTORTION INDEXES 22

On the one hand, in pressure maps in which circumferential patterns are dominant, all rings
contribute to the same extent to increase the ∆PT2/PT2 ratio, so the final value of this relation
is usually large, as it is shown in table 5 for first and second example.

On the other hand, pressure maps in which radial patterns are dominant, only some rings
contribute to increase ∆PT2/PT2, but the contribution of each is usually large compared with
the contribution in the previous case. However, the final value of the ratio studied depends on
the number of rings that contribute, that is, of the area of the low pressure region.

Although first and second examples present circumferential patterns, both two have a high
value of radial distortion, which lead to a large value of KA2. In the third example, where
the value of the pressure is, for the most part, close to the average; it presents the lower value
of KA2, that is mainly due to the decrease in pressure near the end of the duct. The fourth
example presents a radial distortion pattern, In which the central region has low pressure while
the outer region has high pressure. In this case, KA2 reaches its higher value.

2.6.3 Sensitivity Analysis of KA2

KA2 index depends on the altitude, the Mach number. Figure 12 shows the evolution of KA2

with these magnitudes for the example 1 of figure 7.

When the altitude increases the ambient pressure drops, and also the total pressure, so the
same amount of distortion over a lower average pressure translates into an increase in the
distortion index. Since the pressure decreases exponentially with altitude, the distortion index
KA2 increases also exponentially. It can be concluded that, in case of high altitudes, if a KA2

value that endangers the operation of the engine is reached, a flight roof with enough safety
margin must be fixed to avoid problems in flight.

Increasing the Mach results in an exponential increase in total pressure. Following the example
of the previous case, when total pressure increases distortion decreases so, for higher Mach
numbers, KA2 will decrease. A minimum Mach associated with a safe value of the distortion
index should be warranted to ensure proper engine operation.
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Figure 12: Variation of KA2 with altitude and Mach.
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2.7 Summary of Distortion Indexes

Distortion indexes have different characteristics. Some of them represent better circumferential
distortion, while others are better representing radial distortion while it is possible to find more
complex indexes that are able to represent both circumferential and radial distortion together.

During this chapter, some distortion indexes have been presented; each one with its advantages
and disadvantages; and they have been used to evaluate the distortion in different distortion
maps from figure 7. According to the results obtained, table 6 shows the adaptation of each
one to different distortion patterns.

CDI RDI KD2 KA2

Circular pattern 4 6 4 4

Radial pattern 6 4 6 4

Circular and radial pattern 6 6 6 4

Table 6: Comparison between distortion indexes and how fit with distortion patterns.

On the one hand, Circular Distortion Index (CDI) fits better circular distortion patterns, while
results obtained with radial or mixed distortion patterns do not represent the amount of distor-
tion accurately. On the other hand, Radial Distortion Index (RDI) fits better radial distortion
patterns than the others.

KD2 is a first attempt to mix both radial and circumferential distortion in one index, but results
are acceptable only for circumferential distortion pattern. The reason why this results are not
accurate in all situations, even when this index considers radial position of each ring, is because
it is focused mainly in circumferential distortion.

Finally, KA2 is able to collect both radial and circumferential effects present in a pressure map.
However, this is a complex index that needs more data (some of them obtained experimentally)
to be computed. Besides, it is only used by Pratt & Whitney engineers so it is difficult to find
information and public results where KA2 is related with the effect of distortion on compressor
performance and stability.

Since most of the open information that relates distortion indexes and compressor behavior is
in terms of Circular Distortion Index and this is the index proposed by the S-16 Committee to
homogenize the study of distortion, CDI has been used in this thesis to characterize circular
distortion patterns.
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3 Effect of pressure distortion on compressor stability

During operation, the engine uses to work with an homogeneous pressure and temperature
map at the Aerodynamic Interface Plane. However, sometimes different flows can change the
pressure or temperature map leading to distortion. This phenomenon is very important in
terms of engine stability because surge may occur if distortion is not controlled.

Surge is an instability which starts with stall and results in the complete disruption of the airflow
through the compressor. If surge happens, there is a loss of compression and flame shutdown
that disables the engine, which should be turned off and re-started. Also, this instability can
lead to structural damages.

One method to analyze the effect of distortion on the stability engine is using the parallel
compressor model, where the distorted pressure map is divided in two clean regions of high and
low values which are studied separately. Surge in distorted compressor will occur when any of
the regions reaches it.

3.1 Parallel compressor model

This model was developed during the 60s, but it is still in use nowadays. It has been used by
many authors as Milner [26], Kurzke [13], Cousins [12] or Pokhrel [6]; so it has been considered
as a good option to model the behaviour of the compressor under distortion conditions.

The model considers a circular distorted pattern with two regions, which lead to two virtual
compressors that work in parallel. Each compressor has uniform pressure, one with the value
of the low pressure region and the other with the value of the high pressure region. Both com-
pressors discharge to the same static pressure, which makes the relation of how work together.

Observations made by Rolls-Royce regarding the influence of radial distortion and circumferen-
tial distortion on surge have been taken as a reference to assess the suitability of this model for
the problem posed. The main conclusion of these studies carried out to evaluate the tolerance of
different engines against distortion is that circumferential distortion is much more detrimental
to the stability of the compressor than radial distortion.

Airflow through each compressors depends on the extent of each region so, if the low pressure
region is 60o/360o = 1/6, the airflow is 1/6 of the distorted compressor airflow. According to
it, if the high pressure region constitutes 300o/360o = 5/6, the airflow through this compressor
would be 5/6 of the distorted compressor airflow. Figure 13 shows the distortion pattern of the
example and represents both compressors working in parallel.
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(a) Distortion pattern (b) Two compressors working in parallel

Figure 13: Scheme of parallel compressor model. Reproduced from Kurzke [5].

In figure 14 an example of a compressor map is represented in order to analyse qualitatively
the response of the compressor against different types of distortion. Clean operation points
(M) are represented with its clean surge line. The compressor with lower pressure (L) operates
with a higher pressure ratio, while the compressor with higher pressure (H) operates with lower
pressure ratio. When distortion increases, both operation points move away from each other to
keep the same static pressure at the compressor outlet, until the low pressure operation point
reaches the clean surge line, moment in which the instability is considered to appear.

Figure 14: Compressor map with operating points of high and low pressure compressors. Reproduced
from Kurzke [5].

As pressure ratio of low pressure compressor is too high, surge appears in the compressor even
the operation point is not close to the clean surge line. In the figure of the compressor map,
the operation point in which surge occurs is M2 and it is calculated with the weighted average
between the operating points of both compressors.
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Some references, such as Longley [27], Kurzke [13] or Pokhrel [6], indicate there is a critical
sector angle above which the pressure ratio for which surge is produced does not decrease. It
is shown in figure 15, where a critical angle of θ = 90o is defined. It has also been proven that,
as the corrected speed increases, the pressure ratio in which the surge occurs decreases.

Figure 15: Experimental and numerical results showing critical angle θ = 90o. Reproduced from
Pokhrel et al. [6]

In summary, the operating point of the distorted compressor can be calculated using the parallel
compressor model. This technique is widely used experimentally and it can be used numerically
with an analytical model that simulates the behavior of an engine against distortion.

3.2 PCM implementation in MATLAB

As it has been shown before, when pressure distortion appears on the AIP, the behaviour of
the compressor changes. An analytical model has been implemented in MATLAB, applied to
the low pressure compressor map of Larzac04 engine and validated with experimental results
from Larzac04 [7] and PW-1128 [28] engines.

Figure 16 shows the LPC map with the steady state line (black line), which are the points
through which the engine typically passes during operation. The map also shows the clear
surge line (red line), which represents the pressure ratio for which surge will appear for a given
value of corrected engine airflow and without distortion.

Some corrected speed lines (blue lines) are also represented for values between 73% and 100% of
design corrected speed. Conditions before the compressor are noted with subscript “2”, while
conditions after the compressor are noted with subscript “3”.
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Figure 16: LPC map of Larzac04 engine.

Once these lines are defined, when a distorted flow enters through the compressor, the parallel
compressor model is applied to the points of the steady state line. This distortion leads two
operation points, one for each region with different values of static pressure at the compressor
discharge (P3,S). This value is studied for several pairs of points, increasingly separated from
each other; until a pair whose P3,S values match is found. Both points are represented for each
corrected speed line, the orange one refers to the low pressure region while the green one refers
to the high pressure region.

ṁcorr Corrected engine airflow Pt3/Pt2 Pressure ratio
P0 Ambient pressure T0 Ambient temperature
M Mach number A Compressor area

CDImean Circular distortion index β Spoiled angle
RR Ram Recovery ηis Isentropic efficiency

Table 7: Initial values needed to calculate the operating point with distortion

The process to calculate the static pressure at the compressor discharge needs some values
related with compressor operation conditions, ambient conditions, characteristics of the distor-
tion and characteristics of the engine. These values are shown in table 7. This process is as
follows:

Flows with circumferential distortion characterized by CDImean can be modeled as a pressure
map with two regions. The high pressure region has the same value (Pt2,High) as the one that
had the AIP operating without distortion. The pressure of the distorted region depends on the
intensity of distortion (CDImean) and its extent β:
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Pt2,LP =
1− β
1

1−CDImean − β
Pt2,HP (8)

On the one hand, real engine airflow is calculated:

ṁreal = ṁcorr
Pt2
PISA

√
TISA
Tt2

(9)

The engine airflow which passes trough each compressor is calculated with the spoiled angle:

ṁreal,LP = βṁreal (10a)

ṁreal,HP = (1− β)ṁreal (10b)

On the other side, Pt2 is obtained with the values of ambient pressure P0, Mach number and
Ram Recovery. Pt3 is calculated with it and the pressure ratio:

Pt0 = P0

(
1 +

γ − 1

2
M2

) γ−1
γ

(11a)

Pt2 = Pt0RR (11b)

Pt3 = π2,3Pt2 (11c)

Finally, temperature Tt2 depends on atmospheric temperature and Mach number. Since pres-
sure ratio is known for each point of the map, an isentropic evolution of the compressor can
be assumed to, known its isentropic efficiency, determine the temperature ratio throughout it.
With this temperature ratio, Tt3 is calculated:

Tt2 = Tt0 = T0

(
1 +

γ − 1

2
M2

)
(12a)

Tt3
Tt2

= 1 +
π
γ−1
γ

2,3 − 1

ηis
(12b)

Once mreal, Tt3 and Pt3 are calculated, static pressure at compressor discharge is determined
from Mach number which was obtained using the relation:

ṁ
√
γRTt3

γPt3A
=

M[
1 +

(
γ−1
2

)
M2
](γ+1)/2(γ−1) =

M

(1 + 0.2M2)3
(13)

With the Mach at compressor discharge and Pt3, static pressure is calculated:
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P3,S =
Pt3(

1 + γ−1
2
M2

) γ−1
γ

(14)

This process is done with both high and low pressure points and its values of static are compared.
While these values are different, both points move away each other until a pair of points have
the same static pressure P3,S at compressor discharge.

When a distorted flow enters through the compressor, the surge line moves closer to the steady
state line. It is possible to calculate the modified surge line as a function of the distortion by
imposing that the low pressure point is on the clear surge line and looking for the high pressure
point with the same static pressure P3,S.

With both points, the original point which produces the situation imposed with the defined
distortion is the point for which surge will appear. Surge margin is defined by taking in count
the difference in pressure ratio between the steady state line (SSL) and the surge line (SL)
which is in the vertical of the first:

SM(%) =
PRSL − PRSSL

PRSSL

100 % (15)

3.3 Application case: Larzac04 Low Pressure Compressor

3.3.1 Validation of Larzac04 LPC

Parallel compressor model described above has been applied to the low pressure compressor
of Larzac04 engine. First, analytical results obtained with the proposed model have been
compared with experimental results obtained by Rademakers et al. in reference [7], where the
influence of S-Duct inlets on the performance and stability of a jet engine has been studied.
Using some screens as distortion generator, surge margin of the compressor was related with
the mean circular distortion index. The model has been applied to the points of the steady
state with the next conditions:

• Altitude → h = 11.000 m → P0 = 22.600 Pa and T0 = 216.6 K

• Mach → M = 0.8 → Pt0 = 34.500 Pa and Tt0 = 244.4 K

• Ram Recovery → RR = 0.99 → Pt2 = 33.800 Pa

• Isentropic efficiency → ηis = 0.8

• Spoiled angle → β = 90º/360º = 1/4

• Inlet area → A = 0.16 m2

Ram recovery of 0.99 has been chosen, a typical value for inlets nowadays. About isentropic
efficiency of the compressor, ηis = 80 % has been chosen as a typical value of low pressure
compressors in the absence of information regarding this compressor property. The spoiled
angle chosen was 90º, which is the critical angle above which there is hardly any variation in
new surge point obtained.
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After applying the analytical model to the compressor experimentally tested, the analytical
results follow the same trend as those obtained through tests, which are shown in figure 17.
Even analytical results fit very well the experimental points, this model should be used carefully,
because some points are below the analytical line. It could lead to calculate analytically a value
of surge margin which is higher than the real value, being dangerous for high CDI values that
are close to surge.
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Figure 17: Comparison between analytical results calculated and experimental results from reference
[7].

These results are also shown in table 8, where the value of surge margin for both analytical
and experimental results is presented.

CDI 0 0.01 0.02 0.03 0.04 0.05 0.06

Analytical results 12.1 % 10.5 % 9.7 % 8.5 % 7.0 % 5.6 % 4.1 %
Experimental results 12.1 % 9.8 % 7.3 % 8.7 % 6.4 % 5.5 % 2.8 %

Error 0 % 0.7 % 1.4 % 0.2 % 0.6 % 0.1 % 1.3 %

Table 8: Surge margin variation for different values of Circumferential distortion index.

However, the error obtained is small and it has also been considered that, due to the complexity
of the problem and the simplicity of the proposed analytical model, the results obtained are
good enough to estimate the behavior of a compressor against pressure distortions.

3.3.2 Results of Larzac04 LPC

The evolution of the stability margin with the corrected speed is calculated for different values
of circular distortion. Circular distortion index has been used to evaluate the evolution of the
surge margin for different operation points.
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To obtain the evolution of the surge margin with the circular distortion index, some values
between CDImean = 0 (clean section) and CDImean = 6 % have been chosen. Values of corrected
engine airflow and pressure ration are different for each operation point. These pairs of values
are shown in table 9.

Point 1 2 3 4 5 6

Pressure ratio 1.48 1.56 1.67 1.85 1.95 2.10
Corr. eng. airflow (kg/s) 18.4 19.4 20.9 22.7 23.7 25.5

Table 9: Pressure ratio and corrected engine airflow of operating points in figure 16

When distortion index increases, surge line moves in the low pressure compressor map, ap-
proaching the steady state line. It means that for higher values of CDI, surge margin will
decrease. Figure 18 shows the compressor map of Larzac04 with the surge line and its position
for different values of circular distortion.
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Figure 18: LPC map of Larzac04 engine with the calculated surge line for different values of CDI.

Surge margin of operation points decreases when corrected speed increases, which is shown in
figure 19. It happens because, when the operation point is moving through the steady state
line from lower to higher corrected speeds, both turbine inlet temperature and corrected engine
airflow increase, so pressure ratio of the compressor also increases, moving away from turbine
chocking conditions and approaching the surge line.

For low corrected speed values, the compressor can operate with larger distortions without
getting too close to the surge line, but when corrected speed increases and it approaches 100
% of its design value, distortion is more dangerous and smaller distortions can lead to surge.
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In the studied compressor, for CDI = 6 %, it operates with SM = 0.07 at 80 % of corrected
speed, while the same distortion drives to a SM = 0.01 at 100 % of corrected speed.
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Figure 19: Surge margin evolution with corrected speed for different CDI.

As it was explained before, surge margin decreases when distortion increases. Figure 20 shows
the evolution of surge margin with CDI for different values of corrected speed NC . The bigger
the distortion in the flow is, the higher the value of circular distortion index and the lower the
surge margin.
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Figure 20: Surge margin evolution with circular distortion index for different corrected speeds.
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This tool is also useful to analyse the inlet/engine distortion compatibility, which is the be-
haviour of the compressor for different manoeuvres and flight conditions. CFD tools or experi-
mental tests can be used to study the evolution of the flow through the inlet and to define the
pressure distribution in the aerodynamic interface plane.

CDImean (%) SM (%) NC=80% SM (%) NC=90% SM (%) NC=100%

Ex. 1 1.70 17.2 10.1 4.5
Ex. 2 2.95 12.8 8.3 3.8
Ex. 3 0.52 10.2 11.5 7.3
Ex. 4 0.35 19.4 11.8 7.5

Table 10: Values of CDImean and surge margin for the examples of figure 7 with LPC of Larzac04.

Examples presented in figure 7 are used to estimate the surge margin. Results obtained are
presented in table 10. Since distortion is more dangerous when the corrected speed increases,
surge margin values obtained for NC = 80% are high and the pressure maps presented before
will not entail any danger to the operation of the engine.

When corrected speed increases to NC = 90 %, example 2 presents a surge margin value of 8.3
%, which means that is possible to operate with this distortion but the surge point is not too
far. If corrected speed is NC = 100 %, all examples operate with surge margin around 5 %.
Moreover, example 2 is the most critical case with a surge margin of 3.8 %. This is a low value,
which means that the surge point is close and small perturbations that increase the pressure
ratio can lead to surge.

Hence, combinations of manoeuvres and flight conditions that lead to high values of circu-
lar distortion index are not a problem for small corrected speeds; but when corrected speed
increases, a pressure distribution that was previously acceptable can now lead to surge.

3.4 Application case: PW-1128 Low Pressure Compressor

3.4.1 Validation of PW-1128 LPC

A second validation is done to confirm that the model presented above provides accurate results.
In this case, analytical results obtained after applying the parallel compressor model to the low
pressure compressor of PW-1128 engine are compared with the experimental results obtained
by Mehalic [28].The model has been applied to the points of the steady state with the next
conditions:

• Altitude → h = 30.000 ft = 9144 m → P0 = 30.088 Pa and T0 = 228.7 K

• Mach → M = 0.8 → PT0 = 45.854 Pa and TT0 = 258 K

• Ram Recovery → RR = 0.99 → PT2 = 45.406 Pa

• Isentropic efficiency → ηis = 0.8

• Spoiled angle → β = 90º/360º = 1/4

Ram recovery chosen was 0.99, a typical value for inlets nowadays. About isentropic efficiency
of the compressor, ηis = 80 % has been chosen as a typical value of low pressure compressors
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in the absence of information regarding this compressor property. Spoiled angle chosen was
90º, which is the critical angle above which there is hardly any variation in new surge point
obtained.

In the reference from which experimental results have been taken, results are presented as
a compressor map with the experimental surge line obtained for different values of circular
distortion indexes depending on the corrected speed line. Figure 21 shows the results obtained
experimentally and also the surge line calculated with the implemented model.
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Figure 21: LPC map of PW-1128 engine with the experimental surge line and the calculated one with
the model proposed.

Results given by the analytical model and those given by the the experimental one are close as
it is shown in table 11. ∆PRS is the percent loss of surge pressure ratio of the distorted surge
line regarding the clean surge line. This value has been calculated for the analytical surge line
and the experimental one.

The difference in ∆PRS is between 0.9 % and 1.5 %, which agrees with results obtained by
Kurzke [5], where differences around 2 % where obtained. It leads to conclude that the imple-
mented model is enough accurate to estimate the behaviour of the compressor under compressor
distortion.

Nc = 90 % Nc = 92.5 % Nc = 95 % Nc = 97.5 % Nc = 100 %
PR ∆PRS PR ∆PRS PR ∆PRS PR ∆PRS PR ∆PRS

Clean SL 3.50 - 3.71 - 3.96 - 4.17 - 4.43 -
An. SL 3.26 6.9 % 3.43 7.5 % 3.63 8.3 % 3.77 9.6 % 3.94 11.1 %
Exp. SL 3.21 8.3 % 3.38 8.9 % 3.57 9.8 % 3.72 10.8 % 3.90 12 %

Error 1.4 % 1.4 % 1.5 % 1.2 % 0.9 %

Table 11: Pressure ratio variation from clean surge line to distorted surge line.
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Surge margin of both cases has been calculated. Figure 22 shows the evolution of the surge mar-
gin with the corrected speed calculated analytically. Also, some experimental points obtained
by Mehalic [28] are represented.
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Figure 22: Surge margin obtained experimentally compared with results calculated with the analytical
model.

3.4.2 Results of PW-1128 LPC

After validating the applied model also with the low pressure compressor of PW-1128, some
results have been calculated in order to show the evolution of the surge margin for different
circular distortion indexes and different corrected speeds. Three points from the steady state
line have been used to calculate the surge margin for three corrected speeds. These pairs of
pressure ratio and corrected engine airflow are shown in table 12.

Point 1 2 3

Pressure ratio 2.18 2.81 3.58
Corr. eng. airflow (kg/s) 76.5 94.0 109.7

Table 12: Pressure ratio and corrected engine airflow of operating points in figure 23

Due to the influence of distortion, surge line approaches steady state line when distortion
increases. Some values between CDImean = 0 (clean section) and CDImean = 12 % have been
chosen to calculate the variation of the surge line with CDI.

Figure 23 shows the clean surge line in red, for which CDI = 0 and other lines that represent
different values of CDI. Black line is the steady state line and is the line from which the points
of the table 12 have been taken.
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Figure 23: LPC map of PW-1128 engine with the calculated surge line for different values of CDI.

The new surge lines obtained allow to calculate the surge margin for different CDI. The previous
map shows three corrected speed lines, which refer to 80 %, 90.1 % and 100.2 % of corrected
speed. Surge margin for each of these lines and CDI shown before has been calculated, which
is shown in figure 24.
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Figure 24: Surge margin evolution with corrected speed for different CDI.

In this case, surge margin decreases with corrected speed only for low values of circular distortion
indexes, while it increases with corrected speed for high values of CDI. It is also possible to see
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that there are clear differences between the surge margin obtained for each value of distortion,
decreasing the surge margin and approaching the surge line when distortion increases. Figure
25 shows it.
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Figure 25: Surge margin evolution with circular distortion index for different corrected speeds.

The slope of these three lines has been computed with the aim of comparing the influence of
the speed lines on sensitivity to surge. Reference value of 100 % of slope has been given to
the corrected speed line NC = 80 % because it is the highest one. Table 13 shows the values
obtained for the three speed lines computed.

NC 80 % 90.1 % 100.2 %

Slope 100 % 86 % 78 %

Table 13: Slope of SM vs CDI evolution for different corrected speeds

Results from figure 25 and table 13 show that when corrected speed increases, slope of the line
that relates surge margin with circular distortion index decreases. For example, if CDI is zero,
for corrected speed of NC = 80 % surge margin is 21 %; whilst for NC = 100 % surge margin
is 19 %. When CDI = 0.06, both corrected speeds have a surge margin of 10 %. Otherwise,
when CDI = 0.12 and both results are close to surge, for NC = 80 % surge margin is 1.5 %;
whilst for NC = 100 % surge margin is 4 %.

This is consistent with the expected behavior of the air-breathing engines against surge, because
they are designed to tolerate surge better for higher corrected speeds, which are closer to the
most typical during engine operation.

As it was explained before, the compatibility between nacelle and compressor can be studied
with this tool. Since different nacelles will provide different maps of pressures at the aero-
dynamic interface plane, these maps can be studied and its circular distortion index can be
calculated. Once CDI is computed, it is possible to estimate the new surge line on the com-
pressor map, which allow to calculate the new surge margin.
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In the same way as in the previous section, examples shown in the figure 7 are used to calculate
the surge margin for different corrected speeds. Results are presented in table 14.

CDImean (%) SM (%) NC=80% SM (%) NC=90% SM (%) NC=100%

Ex. 1 1.70 15.5 14.4 13.6
Ex. 2 2.95 12.2 11.9 11.6
Ex. 3 0.52 17.6 16.5 15.7
Ex. 4 0.35 18.0 16.9 16.1

Table 14: Values of CDImean and surge margin for the examples of figure 7 with LPC of PW-1128.

Because distortion values are between 0.35 % and 2.95 %, surge margin calculated is high (11.6
% in the worst case, when CDImean = 2.95 % and NC=100%) so operation with this distortion
indexes is not dangerous for the engine.
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4 Swirl Distortion - Effect on compressor stability

Swirl distortion can be defined as the presence of axial velocity at the Aerodynamic Interface
Plane. Its main effect is the change on the incidence angle between the flow and compressor
blades, which will lead to changes on the loading of the blade, which is associated with a
modification in the operating point.

When distortion started to be studied, pressure distortion monopolized all the effort of engineers
because it was the most common type of distortion. Swirl distortion has been coupled with
pressure distortion and it has not been studied separately until last years, where ultra-high
bypass ratio engines have been developed, at the same time that turboprops and military
airplanes whose engines are embedded in the fuselage.

Some examples of these configurations are shown in figure 26. The first one is the General
Electric engine GE90 (reproduced from GE Aviation [29]), used nowadays in long-range aircrafts
as Boeing-777. The second one is Europrop TP400 (reproduced from MTU Aero Engines [30]),
used on A400M of Airbus, a transport military aircraft. The third example is Tornado fighter
aircraft (reproduced from Airbus [31]), one of the first examples where swirl distortion was
important by itself.

(a) GE90 [29] (b) TP400 [30] (c) Tornado [31]

Figure 26: Engines and aircraft susceptible to ingest swirl distortions

These new configurations had as a consequence higher swirl distortions than in older config-
urations. For example, S-shaped intake of Tornado fighter aircraft produced a high amount
of counter-rotating swirl which produced instabilities before predicted only taking in count
pressure distortion. Therefore, swirl distortion started to be studied decoupled from pressure
distortion.

New designs of aircraft are based on join both engine and fuselage. This involves important
problems in terms of air-intake and engine compatibility due to the apparition of swirl distortion
caused by complex air-intake shapes so, right now, swirl distortion is an interesting topic which
is studied by many companies and research centers.

4.1 Types of swirl distortion

Swirl distortion can be defined with the swirl angle α, which is the angle between the axial
velocity and the circumferential velocity. Depending on the distribution of the swirl angle in
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the AIP, some types of swirl distortion can be defined.

• Bulk swirl: The entire flow presents the same swirl angle. If the axial velocity rotates as
the compressor does, it is called co-rotating bulk swirl and α > 0. If the axial velocity
is opposite to the compressor velocity, it is called counter-rotating bulk swirl and α < 0.
This swirl pattern is illustrated in figure 27.

Figure 27: Typical bulk swirl pattern. Reproduced from Sheroan et al. [8].

• Paired swirl: It is the most common type of swirl, which is produced typically by S-
shaped ducts or plenum style intakes used in APUs. It consist in two vortices of opposite
direction which magnitudes can be equal or different. If both vortices have the same
magnitude, it is referred as twin swirl, but if the magnitudes are different, it is called
offset swirl. Figure 28 shows both types of paired swirl.

Figure 28: Two types of typical paired swirl patterns. Reproduced from Sheroan et al. [8].

• Tightly wound vortices: These distortions are produced by the ingestion of ground vortices
during operation or due to the use of S-shaped intakes. Its size, location and intensity
depend on different factors, so a wide variety of tightly wound vortices can appear. Figure
29 shows examples of tightly wound vortices formation.

There are usually three key necessary elements to create this kind of vortices: a flow sink,
a stagnation point, and a source of vorticity in the surrounding flow field [10]. Since any
of them can appear, change or disappear over time; these vortices have a strong unsteady
component.
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(a) Ground vortex ingestion (b) S-shaped vortex formation

Figure 29: Typical methods of tightly wound vortices formation. Reproduced from Murphy et al. [9]
and Mehdi [10] respectively.

4.2 Description of swirl distortion

There are different patterns of swirl distortion. One or more than one vortices, with equal
or different intensities, some of then rotating in the same direction than the compressor and
others rotating in the opposite direction, etc. This wide variety makes it necessary to define
some parameters to describe the characteristics of each swirl distortion pattern.

Following the previous research done by the Society of Automotive Engines (SAE) in terms
of pressure distortion, some descriptors have been developed by the S16 Turbine Engine Inlet
Distortion Committee, [11]. These descriptors have not been yet consolidated, but have been
used by several authors as Mehdi [10] or Sheoran [8] and are well accepted among the engineers
working on this topic.

Three descriptors have been developed based on the distribution of swirl angle in the AIP: Swirl
intensity (SI), swirl directivity (SD) and swirl pair (SP). Two sub-parameters are calculated
for first to obtain these descriptors: extent (θ+i , θ−i ) and sector swirls (SS+

i , SS−i ).

4.2.1 Sub-parameters

In the same way it has been done previously with pressure distortion, the aerodynamic interface
plane should be divided in rings and sectors. These sub-parameters are going to be calculated
for each ring.

• Extents (θi): It is the size of the region where swirl angle is positive (θ+i ) or negative
(θ−i ), meaning that flow is co-rotating or counter-rotating compared to the compressor
respectively. According with figure 30, extents can be calculated with equations 16.

θ+i = θ2i − θ1i (16a)

θ−i = θ3i − θ2i (16b)
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Figure 30: Typical symmetric paired swirl pattern. Reproduced from SAE [11].

• Sector Swirls (SSi): Quantify the swirl sector by integrating the distribution of the swirl
angle α for each ring. SS+

i refers to the co-rotating region while SS−i is related with the
counter-rotating region.

SS+
i =

1

θ+i

∫
θ+i

α(θ)i dθ (17a)

SS−i =
1

θ−i

∫
θ−i

α(θ)i dθ (17b)

4.2.2 Descriptors

• Swirl Intensity (SI): It represents the absolute magnitude of the swirl angle in each ring.
It can be calculated with equation 18.

SIi =
SS+

i θ
+
i + |SS−i |θ−i

360
(18)

• Swirl Directivity (SD): It represents the rotational direction between the flow and the
compressor. In the case of pure co-rotating bulk swirl, SD will be 1, while if the swirl
pattern is pure counter-rotating, SD will be -1. Equation 33 shows how to calculate it
and figure 31 represents the possible values that swirl directivity can reach depending on
the swirl pattern.

SDi =
SS+

i θ
+
i + SS−i θ

−
i

SS+
i θ

+
i + |SS−i |θ−i

(19)

Figure 31: Possible values of swirl directivity. Reproduced from SAE [11].
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• Swirl Pair: It represents the number of alternating swirl pars which are present in each
ring. The minimum value of SP is 0.5, obtained when there is pure bulk swirl (co-rotating
or counter-rotating). In the opposite case, SP is 1 when there is a paired swirl where both
regions have the same extent (twin swirl). Figure 32 shows the spectrum of values that
can be reached by swirl pair. It can be calculated with equation 20.

SDi =
SS+

i θ
+
i + |SS−i |θ−i

2 max[(SS+
i θ

+
i ), (|SS−i |θ−i )]

(20)

Figure 32: Possible values of swirl pair. Reproduced from SAE [11].

4.3 Interaction between fluid and compressor blades

When the fluid reaches the compressor, its velocity can be decomposed into its absolute and
relative components which, together with the rotational speed of the rotor, build the velocity
triangle. Figure 33 shows this evolution through the blade of the rotor.

Figure 33: Velocity triangles before and after a rotor blade.

Where,

• U is the rotational velocity of the blade.

• W is the relative velocity.

• Wθ is the tangential component of the relative velocity.

• V is the absolute velocity.

• Vx is the axial component of the absolute velocity.
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• Vθ is the tangential component of the absolute velocity.

• α is the angle between the absolute velocity and the axial axis.

• β is the angle between the relative velocity and the axial axis.

The function of the rotor is to increase the pressure of the flow by providing work, while the
function of the stator is to correct the velocity triangle obtained after a rotor stage to prepare
it for the next rotor stage. Since the rotational velocity of the rotor is zero, stator blades do
not do work on the flow.

This interaction between flow and compressor blades in terms of energy changes can be ex-
pressed by Euler’s equation. This equation is based on the conservation of energy and angular
momentum. Therefore, applying this equation to the flow that crosses the blade of a compres-
sor, torque must be the rate of change of angular momentum across the blade as it is shown in
equation 21a. It can be also expressed as power in equation 21b where it has been considered,
as a first approximation, that r2 = r3.

T = ṁ(Vθ3r3 − Vθ2r2) (21a)

P = Tω = ṁU(Vθ3 − Vθ2) = ṁU∆Vθ (21b)

According with equation 21b, if P ∝ ∆Vθ = Vθ3 - Vθ2 > 0, which means that tangential velocity
increases across the rotor blade, work is added to the flow. It happens in compressors and this
is why pressure ratio and temperature ratio increase.

4.4 Influence of swirl angle on compressor blades

Swirl appears when the flow that arrives to the rotor blades presents a nonzero swirl angle α2.
Depending on the value of this angle, velocity triangles before and after the rotor blades will
change. Figure 34 shows it for both co-rotating and counter-rotating swirl.

For positive values of swirl angle (co-rotating swirl), α2 increases and α3 increases (but less than
α2), which means that tangential component of absolute velocity after the rotor Vθ3 increases
less than tangential component of absolute velocity before the rotor Vθ2.

Taking equation 21b, ∆Vθ|α>0 is smaller than ∆Vθ|clean, so work per unit of time is smaller
than the first case without swirl. Since power given by the rotor to the flow is smaller, load
over the blade decreases as well as pressure ratio and temperature ratio do from those obtained
in the clean case.

However, if swirl angle is negative (counter-rotating swirl), the opposite effect appears. Swirl
angle α2 decreases and α3 decreases too (but less than α2), which means that tangential com-
ponent of absolute velocity after the rotor Vθ3 decreases less than tangential component of
absolute velocity before the rotor Vθ2.

Using again equation 21b, ∆Vθ|α<0 is bigger than ∆Vθ|clean, so work per unit of time is bigger
than first case without swirl. Since power given by the rotor to the flow increases, load over the
blade also increases, as well as pressure ratio and temperature ratio do from those obtained in
the clean case.
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(a) Co-rotating swirl

(b) Counter-rotating swirl

Figure 34: Velocity triangles before and after a rotor blade with positive and negative swirl angle.

Swirl distortion changes pressure ratio and temperature ratio, therefore it moves the speed lines
of the compressor map. Figure 35 shows the impact of twin swirl, offset swirl as well as positive
and negative bulk swirl on the speed lines. Compressor behavior under swirl conditions was
calculated using a CFD model by Sheoran [8].

If co-rotating bulk swirl appears, pressure ratio and temperature ratio decrease, so corrected
airflow decreases too. Then, the shift in speed lines is downwards in terms of pressure ratio and
corrected airflow. If swirl is counter-rotating, pressure ratio and temperature ratio increase,
just as the flow does. Speed lines move upwards in terms of pressure ratio and corrected airflow.

Efficiency decreases in both cases, but this change is more pronounced for counter-rotating swirl
than for co-rotating swirl. This affects how much the lines on the compressor map change, so
the co-rotational swirl shows a much larger decrease in pressure ratio and corrected airflow
than the increments in these terms shown by the case with counter-rotational swirl.
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Figure 35: Speed lines for different types of swirl. Reproduced from Sheroan et al. [8]

Twin swirl consists of two equal size regions where both present different rotation directions.
Thus, the speed line will be affected by the co-rotating region which decreases the pressure
ratio and corrected airflow and the presence of a counter-rotating region that increases these
parameters. Speed line shifts to lower pressure ratio and corrected airflow compared with the
reference without swirl, but this change is smaller than what is seen for purely co-rotating bulk
swirl.

Finally, the offset positive and negative swirl speed lines are also shown. In case of offset
swirl, both regions are defined with opposite rotation direction but these regions have not the
same size. Offset negative swirl refers to the configuration where the bigger region presents
counter-rotating swirl and the smaller region co-rotating swirl. Offset positive swirl presents
the opposite configuration.

Offset negative swirl speed line is similar to the clean speed line, because each region compen-
sates for the effect of the other. Nevertheless, if offset positive swirl appears, co-rotating region
has a bigger influence than counter-rotating in pressure ratio and corrected airflow so speed
line shifts to lower values of both terms. The behavior of the compressor can be schematized
according to the swirl angle as follows:

α2 ↑ ∆α ↓ ∆Vθ ↓ P ↓ Pt3/Pt3 ↓
ṁC ↓

α2 ↓ ∆α ↑ ∆Vθ ↑ P ↑ Pt3/Pt3 ↑
ṁC ↑

Figure 36: Shift of speed lines when swirl distortion appears.
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4.5 Mean Line Code

In a first attempt to quantify this changes on speed lines, a Mean Line Code (MLC) was
developed by Smith [32]. This model has been used before by some authors as Sheoran et al.
[33] so it has been considered as a good option to model the behaviour of the compressor under
swirl distortion.

It uses the blade geometry and inlet flow characteristics to compute outlet flow characteris-
tics for pure bulk swirl. The model is a one-dimensional code that does not need too much
information nor time to give values that represent the behaviour of the compressor.

However, the simplicity of the model means that the results that provides are not very accu-
rate. Some assumptions have been done and justify future deviations between results obtained
with MLC and other more accurate results obtained with CFD or experimental tests. Main
assumptions are:

• All the flow behaves like the flow which crosses the blade at its midpoint.

• Radial influence on blade geometry is neglected.

• Efficiency changes due to swirl are neglected.

• Fluid phenomena such as boundary layer evolution or total pressure loss coefficient vari-
ation with incidence angle are neglected.

4.6 MLC implementation in MATLAB

The Mean Line Code explained before has been implemented in MATLAB to calculate the shift
of speed lines when swirl distortion arrives to the compressor. This code uses compressible fluid
relations to simulate modern transonic compressors.

It is based on the conservation of angular momentum across the blade to compute outlet
characteristics. Deviation angle is obtained from experimental data or correlations from open
literature while loss coefficient and axial velocity density ratio are computed,

Pt2 Total pressure Tt2 Total temperature
ṁ Airflow ηis Isentropic Efficiency
N Rotational speed α2 Swirl angle

β
′
3 Blade metal angle δ Deviation angle

rtip,2 and rhub,2 Tip and Hub inlet radius rtip,3 and rhub,3 Tip and Hub outlet radius

Table 15: Initial values needed to simulate the behaviour of the flow across the blade using MLC

The model calculates outlet pressure ratio, outlet temperature ratio and outlet absolute angle
α3, which is the angle with which the flow reaches the next stator blade. It is possible to
compute also the total pressure loss coefficient ω, whose variation with the incidence angle has
been neglected. The Mean Line Code needs some inputs to compute the simulation, which are
shown in table 15. This process is as follows:

First, rtip,2, rhub,2, rtip,3 and rhub,3 are used to calculate the mean radius of the blade at the inlet
r2 and the outlet r3. Area at the rotor inlet is also computed. Linear velocity U2 and U3 at
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the mean radius are calculated using the value of rotational speed N and mean radius values
r2 and r3.

r2 = (rtip,2 + rhub,2)/2 (22a)

r3 = (rtip,3 + rhub,3)/2 (22b)

A = π(r2rip,2 − r2hub,2) (22c)

U2 = r2Nπ/30 (22d)

U3 = r3Nπ/30 (22e)

(22f)

Absolute Mach number is affected by both axial and tangential velocity components so an
iterative process has to be carried out to calculate the axial component Vx,2. Equations 23 show
this process in which temperature and pressure at compressor inlet have to be calculated from
total conditions considering the influence of both velocity components. It allows to calculate
density, which is inserted in flow equation 23a and the result of Vx,2 is compared with the
supposed one until both values match. Once the iteration is finished, speed sound is also
calculated. Initial Vx,2 implemented to start the iteration process is V0

x,2 = ṁ·R·Tt2/Pt2·A.

Vx2 =
ṁ

Aρ2
(23a)

Vt2 = Vx2 tanα2 (23b)

T2 = Tt2 −
V 2
x2 + V 2

t2

2cp
(23c)

P2 = Pt2

(
T2
Tt2

) γ
γ−1

(23d)

ρ2 =
P2

RT2
(23e)

a2 =
√
γRT2 (23f)

Then, velocity triangles are used to obtain relative conditions such as inlet absolute velocity,
inlet relative velocity, inlet relative flow angle and inlet relative Mach number.

V2 = Vx2/ cosα2 (24a)

Wt2 = U2 − Vx2 tanα2 (24b)

W2 =
√
V 2
x2 +W 2

t2 (24c)

M2,r = W2/a2 (24d)

β2 = arccosVx2/W2 (24e)

Isentropic relationships are used again to compute inlet relative total pressure and inlet relative
total temperature, which are the total conditions of the flow seen from a reference system linked
to the blade.
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Pt2,r = P2

(
1 +

γ − 1

2
M2

2,r

) γ
γ−1

(25a)

Tt2,r = T2

(
1 +

γ − 1

2
M2

2,r

)
(25b)

Once these conditions are calculated, the relative mass flow function (MFF) at compressor inlet
is needed to compute the evolution of the flow across the bladed region. A⊥,W2 is the the area
perpendicular to the relative flow.

MFF2,r =
ṁ
√
Tt2,r

Pt2,rA⊥,W2

= M2,r

√
γ

R

(
1 +

γ − 1

2
M2

2,r

)− γ+1
2(γ−1)

(26)

Besides relative mass flow function MFF; three ratios are needed to cross the bladed region:
relative total temperature ratio, relative total pressure ratio, and the ratio of areas perpendic-
ular to the flow. Deviation angle δ is obtained from experimental data or open literature, while
axial density velocity ratio ADVR and total pressure loss coefficient ω are computed.

AVDR =
r2hub,2 − r2tip,2
r2hub,3 − r2tip,3

(27a)

β3 = β
′

3 + δ (27b)

Tt3,r
Tt2,r

= 1 +
U2
3 − U2

2

2cpTt2,r
(27c)

Pt3,r
Pt2,r

=

[
1 + ηis

(
Tt3,r
Tt2,r

− 1

)] γ
γ−1

(27d)

A2

A3

∣∣∣∣∣
⊥W

=
cos β2
cos β3

AVDR (27e)

ω =
Pt2,r − Pt3,r
Pt2,r − P2

(27f)

Thus, relative mass flow function at compressor outlet is calculated.

MFF3,r = MFF2,r
A2

A3

∣∣∣∣∣
⊥W

Pt2,r
Pt3,r

√
Tt3,r
Tt2,r

(28)

Exit relative Mach number can be found iteratively.

MFF3,r = M3,r

√
γ

R

(
1 +

γ − 1

2
M2

3,r

)− γ+1
2(γ−1)

(29)

Pressure, temperature, speed of sound and absolute speed after the blades can be calculated
using isentropic relations.
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P3 = Pt3,r
(
1 +

γ − 1

2
M2

3,r

)− γ
γ−1 (30a)

T3 = Tt3,r
(
1 +

γ − 1

2
M2

3,r

)−1
(30b)

a3 =
√
γRT3 (30c)

W3 = a3M3,r (30d)

Velocity components after the blade can be computed with velocity triangles so axial velocity,
relative tangential velocity, absolute tangential velocity, absolute flow angle α3 and absolute
velocity after the compressor are calculated. It leads to obtain the Mach number after the
compressor.

Vx3 = W3 cos β3 (31a)

Wt3 = W3 sin β3 (31b)

Vt3 = U3 −Wt3 (31c)

α3 = arctanVt3/Vx3 (31d)

V3 = Vx3/ cosα3 (31e)

M3 = V3/a3 (31f)

Total pressure and total temperature at blade outlet are calculated using isentropic relations
once M3 is known.

Pt3 = P3

(
1 +

γ − 1

2
M2

3

) γ
γ−1 (32a)

Tt3 = T3
(
1 +

γ − 1

2
M2

3

)
(32b)

Finally, pressure ratio Pt3/Pt2 and temperature ratio Tt3/Tt2 are computed and form, together
with the absolute flow angle α3, the output values that characterize the flow behaviour across
the blade. Since changes in corrected airflow can be computed from values of mass flow function;
this code allows to estimate the shift of the compressor speed lines in function of the swirl angle.

4.7 Application case: NASA Rotor-67

4.7.1 Comparison of NASA Rotor-67 speed lines obtained with MLC and CFD

The Mean Line Code has been applied to NASA Rotor-67 and the results obtained with this
one-dimensional model have been compared with those obtained with CFD simulations done
by Mehdi [10]. From this reference, points of corrected speed line of 90 % and 100 % have been
taken, but only the case of Nc = 100 % is shown in the following figures because it is the case
in which simulations have been done.

Inputs requested to simulate the behaviour of the rotor are shown in table 15. In the case of
NASA Rotor-67, these values have been taken from different literature sources:
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• Total pressure and temperature → Pt2 = 101.325 Pa and Tt2 = 288.15 K

• Isentropic efficiency → ηis = 90 % [10]

• Rotational speed (for Nc = 100 %) → N = 16043 rpm [19]

• Mach number → M2 = 0.8

• Blade metal angle → β
′
3 = 12◦

• Deviation angle → δ = 8◦

• Blade geometry → rtip,2 = 51.4 cm, rhub,2 = 9.6 cm, rtip,3 = 48.5 cm, rhub,3 = 9.7 cm [10]

Blade metal angle chosen was β
′
3 = 12◦, which is approximately the mean value between hub

and tip regarding Koning [34]. Deviation angle chosen was δ = 8◦, because it is a typical
value of this magnitude following the results obtained by Miller [35]. Regarding to isentropic
efficiency, a value of ηis = 90 % has been chosen because is the value obtained by Mehdi [10]
for clean conditions.

Swirl angle α2 takes different values because the aim of the simulation is to see the influence
of different swirl angles on compressor behaviour. Simulation has been done for α2 = 5◦, 10◦,
15◦ and 20◦. The airflow chosen is the interval between the one corresponding to the point
of highest pressure ratio, ṁcorr = 32.4 kg/s; and the one corresponding to the point of lowest
pressure ratio ṁcorr = 34.6 kg/s.
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Figure 37: Speed lines of Rotor-67 with swirl distortion calculated with MLC and CFD simulations.
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Figure 37 shows the rotor map with clean inlet conditions and results obtained using the Mean
Line Code (dashed lines) and those obtained with CFD simulations developed by Mehdi [10].
Theoretically, CFD results are more accurate than those obtained with MLC because they take
into account radial effects, efficiency changes or some fluid phenomena that were neglected in
the Mean Line Code.

Results obtained with MLC are similar to values calculated with CFD so they can be used as
a first approximation to understand the influence of swirl distortion on the compressor and to
estimate a fast solution. This is a good result considering the hypothesis done and also that
only a few geometric parameters of the blade were necessary to perform the simulation.

4.7.2 Results of NASA Rotor-67

Once the Mean Line Code has proved that speed lines computed with swirl distortion follow
the expected trend, some calculations have been carried out to understand the influence of swirl
distortion in compressor performance and stability.

Firstly, maximum and minimum pressure ratio and corrected engine airflow of calculated speed
lines have been computed. Figure 38 shows that when swirl angle increases, maximum and
minimum values of pressure ratio decrease. Corrected airflow follows the same trend, decreasing
when α2 increases.

This behavior is expected in the presence of swirl distortion where swirl angle is positive because,
regarding equation 21, when swirl angle increases, work done on the fluid decreases so pressure
ratio and corrected airflow also do.
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Figure 38: Maximum and minimum values of pressure ratio and corrected airflow for different α2.

The Mean Line Code calculates also the total pressure loss coefficient ω, which has been defined
previously in equation 27f. Results obtained are shown in Figure 39. It increases when swirl
distortion increases, going from ω = 6 % when there is not swirl distortion to ω = 8 % for
values of α2 = 20◦.
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Figure 39: Total pressure loss coefficient for different α2.

To study the influence of swirl distortion on compressor stability, surge margin of clean and
distorted cases have been calculated. The study has been carried out studying the surge margin
for constant corrected airflow, which has been defined as follows:

SM =
PRSL − PRNc

PRNc

100 % (33)

Where PRNc is the pressure ratio of the studied point in the chosen speed line and PRSL is the
pressure ratio of the surge line point which has the same value of corrected airflow than the
studied one.

Both analytical and numerical (those obtained from reference [10]) speed lines represented in
figure 37 have been computed to obtain the surge margin of these lines, which is shown in
figure 40. No important differences have been found between numerical and analytical results
for swirl angles of α2 = 15◦, α2 = 10◦and α2 = 15◦. Conversely, considerable differences have
been found in the simulations carried out with α2 = 20◦.

When there is not swirl distortion (black line), surge margin is 0 % for the point of higher
pressure ratio and surge margin increases up to more than 30 % when pressure ratio decreases
when moving along the speed line. This trend is also maintained when there is swirl distortion.
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Figure 40: Surge margin evolution with corrected airflow for different α2.

If swirl distortion arrives to the compressor inlet, the speed lines move towards lower pressure
ratio and corrected airflow values. This change moves the new lines away from the surge line,
so the surge margin increases. For example, when α2 = 10◦, surge margin is 3 % for the highest
pressure ratio and 35 % for the lowest pressure ratio.

In order to quantify the variation of the surge margin with swirl distortion, surge margin of the
highest pressure point of each corrected speed has been computed both for analytical (MLC)
and numerical (CFD) results, which is shown in figure 41. As it has been explained, surge
margin increases when swirl distortion increases. Analytical and numerical results are similar,
giving a slightly higher value of surge margin in the numerical case.
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Figure 41: Surge margin of the highest pressure point for different α2.
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5 Temperature Distortion - Effect on compressor stabil-

ity

Temperature distortion has been studied more in detail for military applications, where it is
more common for the engine to ingest hot gases that result in a distortion in temperatures.
Gun and missile gas ingestion should be considered, in the same way that helicopters or vertical
take-off planes. In civil aviation, temperature distortion may occur due to ingestion of hot gases
from other aircraft or reversal thrust during landing.

5.1 Circular temperature distortion

Total temperature distortion descriptor is similar to pressure distortion descriptor presented
above, but considering that in this case, the critical region is the high temperature region.
Figure 42 represents it. Equations to calculate both intensity and extent of the high temperature
region are:

θ+i = θ2i − θ1i (34a)(
∆TC

T

)
i

=

(
TAVHIGH − TAV

TAV

)
i

(34b)

TAV i =
1

360

∫ 360

0

T (θ)i dθ (34c)

TAVHIGHi =
1

θ−i

∫ θ2i

θ1i

T (θ)i dθ (34d)

Figure 42: Ring Circumferential Distortion for a One-Per-Revolution Pattern. Reproduced from
Cousins et al. [12].

5.2 Radial temperature distortion

The radial temperature distortion has the same structure that pressure distortion defined before,
and it is done by calculating the difference between the average pressure of the ring and the
average pressure of the AIP. It is possible to have both positive and negative values, where
positive values refer to the rings whose pressure is lower than the average.
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(
∆TR

T

)
i

=
TAIP − TAV i

TAIP
(35)

Because most of the investigations carried out regarding the temperature distortion indices are
military, no other indices have been found to measure this phenomenon.

5.3 Parallel compressor model for temperature

Parallel compressor model can be also applied to temperature distortion as Kurzke [13] proposes.
Even so, this model has not been widely used by authors to estimate compressor behavior
because temperature distortion has not been studied as deeply as pressure and swirl distortion.

As it has been explained before, the critical region when temperature distortion appears is the
high temperature region. Figure 43 shows a typical temperature distortion pattern and the
operating points of both regions.

In figure 43 an example of a compressor map is also represented to analyse qualitatively the
response of the compressor against temperature distortion. Operation points move for different
clean or distorted conditions keeping constant pressure ratio. Clean operation point (M) is
represented in its corrected speed line. The compressor with lower temperature (L) operates
with in a higher corrected speed line, while the compressor with higher temperature (H) operates
with in a lower corrected speed line.

When distortion increases, both operation points move away from each other to keep the same
static pressure at the compressor outlet, until the high temperature operation point reaches the
clean surge line, moment in which the instability is considered to appear.

Figure 43: Temperature distortion pattern and operating points. Reproduced from Kurzke et al. [13].

5.4 PCM for temperature implementation in MATLAB

In order to estimate the changes in surge margin with temperature distortion, parallel compres-
sor model for temperature has been implemented in MATLAB. This model has been applied
to the compressor of the PW-1128 and results obtained have been compared with other results
obtained experimentally. Finally, some estimations of the compressor behaviour under other
distortion conditions are presented.
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Figure 44 shows the compressor map of the engine. The red line is the surge line, the black line
is the steady state line and the blue lines represent the corrected speed lines for values between
80 % and 102 % of design.
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Figure 44: LPC map of PW-1128 engine.

When a distorted flow enters through the compressor, the parallel compressor model is applied
to the points of the steady state line. This distortion leads two operation points, one for each
region with different values of static pressure at the compressor discharge (P3,S). This value is
studied for several pairs of points, increasingly separated from each other; until a pair whose
P3,S values match is found. The orange point refers to the high temperature region while the
green one refers to the low temperature region.

ṁ Airflow Pt3/Pt2 Pressure ratio
P0 and T0 Ambient conditions M Mach number

∆Tt2 Temperature distortion A Compressor area
RR Ram Recovery ηis Isentropic efficiency

Table 16: Initial values needed to calculate the operating point with distortion

The process for calculating the static pressure at the compressor discharge needs some values
related with compressor operation conditions, ambient conditions, characteristics of the distor-
tion and characteristics of the engine. These values are shown in table 16. This process is as
follows:

From ambient conditions P0 and T0, Mach number M and ram recovery RR, it is possible to
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calculate total pressure and total temperature conditions at AIP:

Pt0 = P0

(
1 +

γ − 1

2
M2

) γ−1
γ

(36a)

Pt2 = Pt0RR (36b)

Tt2 = Tt0 = T0

(
1 +

γ − 1

2
M2

)
(36c)

High temperature can be computed from ∆Tt2, which is the difference between high and low
temperature sectors (where Tt2 = Tt2,Low).

Tt2,High = Tt2 + ∆T (37)

Distortion can be also characterized by circular temperature distortion. Therefore, with high
and low temperatures, ∆TC/T is computed.

TAVHIGH = Tt2,High (38a)

TAV =
Tt2,High + Tt2,Low

2
(38b)

∆TC

T
=
TAVHIGH − TAV

TAV
(38c)

Operation point is characterized by its pressure ratio Pt3/Pt2 and corrected airflow ṁcorr. Using
the first one, together with isentropic efficiency of the compressor, total conditions at compressor
discharge are computed. It is important to indicate that there will be two values of TT3, one
for each value of TT2.

Pt3 = π2,3Pt2 (39a)

Tt3
Tt2

= 1 +
π
γ−1
γ

2,3 − 1

ηis
(39b)

Once Tt3 and Pt3 are calculated, static pressure at compressor discharge is determined from
Mach number which was obtained using the relation:

ṁ
√
γRTt3

γPt3A
=

M[
1 +

(
γ−1
2

)
M2
](γ+1)/2(γ−1) =

M

(1 + 0.2M2)3
(40)

With the Mach at compressor discharge and Pt3, static pressure is calculated:

P3,S =
Pt3(

1 + γ−1
2
M2

) γ−1
γ

(41)
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This process is done with both high and low temperature points and its values of static are
compared. While these values are different, both points move away each other until a pair of
points have the same static pressure P3,S at compressor discharge.

When a distorted flow enters through the compressor, the surge line moves closer to the steady
state line. It is possible to calculate the modified surge line as a function of the distortion
by searching the first point of the corrected speed line for which its high temperature point is
above the surge line.

With both points, the original point which produces the situation imposed with the defined
distortion is the point for which surge will appear. Surge margin is defined by taking in count
the difference in pressure ratio between the steady state line (SSL) and the surge line (SL)
which is in the vertical of the first:

SM(%) =
PRSL − PRSSL

PRSSL

100 % (42)

5.5 Application case: PW-1128 Low Pressure Compressor

5.5.1 Validation of PW-1128 LPC

The parallel compressor model for temperature presented above has been validated by compar-
ing the calculated results with those obtained experimentally by Mehalic [28].The model has
been applied to find the surge line analytically with the same conditions than those used during
tests:

• Altitude → h = 30.000 ft = 9144 m → P0 = 30.088 Pa and T0 = 228.7 K

• Mach → M = 0.8 → PT0 = 45.854 Pa and TT0 = 258 K

• Ram Recovery → RR = 0.99 → PT2 = 45.406 Pa

• Isentropic efficiency → ηis = 0.8

Ram recovery chosen was 0.99, a typical value for inlets nowadays. About isentropic efficiency
of the compressor, ηis = 80 % has been chosen as a typical value of low pressure compressors in
the absence of information regarding this compressor property. In this case, both sector have
the same angle of 180◦.

In the reference from which experimental results were presented, they are presented as a com-
pressor map with the experimental surge line obtained for different values of circular distortion
indexes depending on the corrected speed line. Figure 45 shows the results obtained experi-
mentally and also the surge line calculated with the implemented model.
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Figure 45: LPC map of PW-1128 engine with the experimental surge line and the calculated one with
the model proposed for temperature distortion.

Results calculated analytically are close to those obtained experimentally only for corrected
speed values around 100 % of design value. Table 17 shows the differences in percent loss of
surge pressure ratio ∆PRS for both analytical and experimental results.

Nc = 80 % Nc = 90.1 % Nc = 100.2 %
PR ∆PRS PR ∆PRS PR ∆PRS

Clean SL 2.78 - 3.50 - 4.42 -
An. SL 2.68 3.6 % 3.38 3.4 % 4.19 5.2 %
Exp. SL 2.49 10.4 % 3.23 7.7 % 4.15 6.1 %

Error 6.8 % 4.3 % 0.9 %

Table 17: Pressure ratio and percent loss of surge pressure ratio variation from clean surge line to
distorted surge line for temperature distortion.

The first conclusion obtained from the compressor map is confirmed with this table, where the
error between experimental and analytical results decreases when corrected speed increases.
While for NC = 80 %, the error is 6.8 % and for NC = 90.1 %, the error is 4.3 %; when NC

= 100.2 %, the error is 0.9 %. This last case is the only one whose error allows to state that
the results obtained analytically accurately represent the behavior of the compressor under
temperature distortion.
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5.6 Results of PW-1128 LPC

After comparing analytical and experimental results, this model can be used to estimate the
behaviour of the compressor with temperature distortion around design corrected speeds.

Due to the infuence of distortion, the surge line approaches the steady state line when distortion
increases. Some values between CDImean = 0 (clean section) and CDImean = 10 % have been
chosen to calculate the variation of the surge line with CDI. Figure 46 shows the clean surge
line in red, for which CDI = 0 and other lines that represent different values of CDI. This figure
is represented only for values of corrected airflow related with corrected speeds above 95 % of
design value, for which the model provides good results.
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Figure 46: LPC map of PW-1128 engine with the calculated surge line for different temperature
distortion conditions.

This figure is summarized in table 18, where percent loss of surge pressure ratio ∆PRS is
calculated for different distortion values for a given operation point of the steady state line
corresponding to a corrected speed of NC = 100 %.

CDI 0 0.02 0.04 0.06 0.08 0.10
∆PRS 0 % 1.8 % 3.8 % 5.7 % 7.5 % 9.3 %

Table 18: Percent loss of surge pressure ratio for different temperature distortion conditions.

Loss of surge pressure ratio increases when distortion increases, which fits with the expected
because, the bigger the distortion, the lower the pressure ratio for which surge appears.
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Surge margin evolution is also presented in figure 47. As expected, when distortion increases,
surge margin decreases. The reason is that the operation point of the high temperature re-
gion approaches the surge line so the point in which surge appears has smaller pressure ratio.
Therefore, the distorted surge line is below the clean one and closer to the steady state line.
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Figure 47: Surge margin evolution with CDI for NC = 100.2 %.

Values from this figure correspond to the same point than those of table 18. In this case, when
there is no temperature distortion, surge margin is around 24 %. However, values of CDI =
0.10 cut in a half the surge margin, giving values of SM = 12 %.

This tool is able to estimate the behaviour of the compressor under temperature distortion for
some values of corrected speed. Even it could be enough to understand the main effects of this
type of distortion on compressor stability, this tool is not accurate enough to reproduce with
reliability the compressor response under these conditions.
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6 Conclusions

Stability of engines against stall and surge is related with pressure, swirl and temperature distor-
tion at the Aerodynamic Interface Plane. Distortion indexes are essential tools for quantifying
the distortion.

There are different types of distortion indexes, proposed by engineering societies and companies.
Four examples from reference [4] have been used to study how each pressure index adapts to
different distortion patterns. Different results have been obtained for all of them. Even KD2

and KA2 mix circumferential and radial distortion, there is hardly any information about how
both can be related with compressor stability. Considering Rolls-Royce’s studies where it has
been proved that circumferential distortion is much more detrimental than radial in relation
with surge, and some information of experimental tests given in reference [7], CDImean has been
chosen as the index used to relate the surge margin to pressure distortion.

The parallel compressor model has been used to study the behaviour of an engine when a distor-
tion enters through the compressor. An analytical model has been implemented in MATLAB
and it has been verified that the calculated results agree with those obtained experimentally
for Larzac04 [7] and PW-1128 [28]. As expected, surge margin decreases when corrected speed
increases, and also when circumferential distortion index does. Therefore, it will be important
to evaluate the distortion present in all the flows entering the engine during its operation to
avoid surge.

The effects of swirl distortion on compressor performance and stability have been also studied.
Firstly, this type of distortion has been defined and characterized. Then, the Mean Line Code
has been implemented in MATLAB to simulate the behaviour of the compressor under pure
bulk swirl conditions for both co-rotating and counter-rotating cases. Results obtained agree
with those obtained with CFD by Mehdi [10], which have been used as a comparison-based
reference. When swirl distortion appears, corrected speed lines move on the compressor map,
so for co-rotating swirl they move downwards and leftwards, decreasing pressure ratio and
increasing surge margin. However, for counter-rotating swirl, speed lines move upwards and
rightwards, increasing pressure ratio and decreasing surge margin.

Finally, the effect of temperature distortion have been studied. Significant indexes have been
defined to characterize this type of distortion and a modified version of parallel compressor
model for temperature has been implemented in MATLAB. Results calculated have been com-
pared with those obtained experimentally for PW-1128 [28]. These results calculated with the
model agree with experimental results only for high values of the corrected speed so the model
has only been used to estimate surge margin for these corrected speeds. When temperature
distortion increases, surge line move downwards approaching steady state line so surge margin
decreases.

Returning to the objectives presented at the beginning of this thesis, all of them have been
fulfilled: A review of pressure distortion indexes has been performed, together with its effect
on compressor stability. Swirl distortion has been defined and characterized, evaluating its in-
fluence on compressor performance and stability. Temperature distortion has been also defined
and its impact on compressor stability has been estimated. All this has been done through codes
in MATLAB which are attached to this thesis, providing a kit of tools to estimate compressor
behaviour under distortion.
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