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ABSTRACT
The appearance of stall on blades of a turbofan engine is defined as the most dangerous state of
its operation. It is also a phenomenon that causes unstable engine operation, severe deterioration
in performance parameters, flow pulsation and high structural vibration. It can also lead to
compressor’s surge, rapid increase in temperature in the combustion chamber and ultimately, to
serious mechanical damage to the engine.
Determining the fan performance map and its stall margin is a very important stage in a design
process of an aircraft engine. However, the vast majority of research results available in the
literature concern the analysis of the stall or surge phenomenon of an aircraft engine in conditions
of axisymmetrical air flow at its inlet. The appearance of flow distortion at the engine inlet and its
influence on the performance parameters, as well as determination of the fan stall margin, remain
insufficiently investigated.
The author of this dissertation, by analyzing the current state of knowledge in the field of
research devoted to the first stage of a turbofan engine operating in a disturbed flow, proves that
the disturbance of the velocity profile at the engine inlet caused by the Boundary Layer Ingestion
(BLI) has a significant impact on the way the stall is formed.
The dissertation is an independent part of a large test campaign aimed at developing a
methodology for designing a low-pressure fan capable of operating under clean and disturbed inlet
airflow conditions with as little decrease in efficiency as possible.
Experimental research on the development of stall phenomenon was carried out on the low
pressure fan working in the axially symmetrical air flow, the fan with airflow distortion caused by
the BLI phenomenon as well as the fan with the numerically optimized shape of the Outlet Guide
Vanes (OGV).

A special prototype of axial fan test rig was used in this study, with the distortion screen
designed to reproduce the flow velocity profile of the future SAX-40- Initiative airplane. Eleven
high-frequency miniature pressure XCQ-062 Kulite transducers were used. The unsteady pressure
sensors were placed in circumferential and axial position in the casing in the rotor tip-path plane.
As a result of the tests, the author proves that changing the air velocity profile at the inlet
caused by the BLI phenomenon causes the fan to enter the state of flow separation in diametrically
iv

different ways. The entering into the stall for the rotor in the BLI configuration is preceded by a
local separation of the flow. That flow separation occurs in the region where the fan blades exit
the region of low-momentum fluid, creating a local separation area named by the author “Local
Stall Region”.
With the BLI distortion applied, the region with the local flow separation is preceded by several
static pressure peaks called by the author “Local Stall Warning Shots”, which appear with a
frequency of 10 Hz. Further throttling of the fan causes the region to transform into the Rotating
Stall. The transformation of the local separation into the Rotating Stall occurs during 2 full
revolutions of the fan blades.
The introduction of flow disturbance caused by the BLI phenomenon does not have a
significant effect on the cells’ spin speed and the number of rotating stall cells. The ratio of Rotating
Stall Frequency to Blade Pass Frequency for all configurations remains constant and oscillates
around 4%.
At the same time, for reference fan speeds, in case of the BLI fan, the flow separation occurs
for higher air mass expenditure than for the fan without the distortion, thus reducing its
experimentally measured Stall Margin from 16.5% to 7.4% i.e. by 9.1%.
Based on the results, it can be concluded that the implementation of the distorted velocity
profile at the rotor inlet caused a 2% reduction in a fan isentropic efficiency compared to the
baseline configuration at design point and for the fan reference speed.
Importantly, the analysis carried out by the author confirmed that thanks to the modification
of the shape of the OGV, it is possible to minimize the impact of the disturbed velocity profile at
the BLI fan inlet, to improve its efficiency by 0.9% and to increase the stall margin by 1.1%.
An important conclusion from the perspective of exploitation and safety of the use of axial
fans is the fact that the fan operating in BLI conditions, despite the smaller Stall Margin, exhibits
the symptoms of the approaching stall phenomenon in the form of local LSR flow separation.
Importantly, the local flow separation does not significantly reduce the mass flow of air pumped
by the fan.
The research was concerned with the low-pressure axial fan with particular applications in the
aviation industry; however, the results may also apply to industrial fans, gas turbines and
v

ventilation systems. The findings suggest that this approach may also be useful in the maritime,
civilian, and military industries.
The author describes the remedial measures taken to minimize the situation by the
modification of the fan design. This work represents a significant improvement in the state of the
art.
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CONTRIBUTION OF THE DOCTORAL DISSERTATION

The study is an independent part of a large test campaign aimed at designing a low-pressure
fan capable of operating under clean and disturbed inlet airflow conditions with as little decrease
in efficiency as possible. The author of the study undertook to solve the scientific problem, and to
conduct experimental tests on the impact of BLI disorder on the formation of flow separation, as
well as to present its results in the form of this dissertation.
The dissertation contains an independent study of a separate research topic, and when using
source materials, they are clearly marked.
The author, inquiring about the current state of the knowledge in the field of testing axial fans
working in the distorted flow caused by the BLI phenomenon, wishes to prove main dissertation
contribution, stating that: disturbance of the velocity profile caused by the BLI phenomenon at the
inlet to the low-pressure axial fan has a significant impact on the way the stall is formed.
In addition, the author of this dissertation wishes to prove the following points:
-

The angular velocity of the Rotating Stall at the fan with the BLI disturbance will be similar
to the rotation stall velocity for the fan operated in clean flow.

-

The ratio of the rotational speed of the Rotating Stall in the BLI and the BSL configurations
will be constant for the tested rotor speeds lines.

-

Isentropic efficiency in the fan operating in the BLI flow conditions will be lower than for
the fan operating without flow disturbance.

-

A fan operating in the BLI conditions will have a smaller stall margin than a fan operating
without the flow disturbance, however, the nature of entry into the near-stall region itself
will allow its safer operation in the near-stall area.

-

Regardless of the location of the measuring cross-section in the fan duct, in which a lowfrequency measurement of static pressure fluctuation is made, it will be possible to
determine the moment of fan entry in the stall.

-

The introduction of a distorted velocity profile at the fan inlet will cause local flow
separation with reduced velocity and a higher level of turbulence, than for a fan operating
in clean flow.
x

-

It is possible to increase the stall margin and improve the efficiency of the fan operating in
the BLI conditions by modifying the shape of the OGV swirl blades.
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OUTLINE OF THE THESIS

The dissertation is divided into 4 chapters. In the first chapter, the author introduces the
reader to the subject of Boundary Layer Ingesting (BLI) phenomena and an innovative solution
based on re-energizing low-momentum fluid from the aircraft fuselage by the embedded engine.
This chapter presents the benefits of the BLI technology, and perspectives for further development
of this concept.
Based on a review of the world literature, the author presents basic concepts and the stateof-the-art available at the moment. The next part of the chapter is devoted to the theory related
to the concept of a stall on an axial fan, description of basic aerodynamic phenomena
accompanying the fan operation in its exploitation conditions, and beyond. The author describes
in detail the subject matter of a stall margin, as well as the flow separation on the fan blades, as
well as the consequences associated with it.
In the second chapter, the reader is acquainted with the basic information regarding
experimental tests carried out on a stall phenomenon on the axial fan operating in clean and
disturbed airflow conditions. The chapter includes descriptions of the test stand, research
instrumentation used for a stall detection, and methods of determining fan performance
parameters in laboratory conditions.
A mathematical model of determining the performance parameters of the fan, corrections,
and correction factors, as well as equations for determining the stall margin are demonstrated.
The author justifies the choice of velocity profiles at the fan inlet and presents the modeling
method. He experimentally validates CFD calculations in terms of the stall margin, performance
parameters for a fan operating in clean and disturbed flow.
The author independently proposes a method to detect a stall and implements it in
experimental research on the fan. The chapter also contains a description of the methodology for
conducting the fan tests, including, in particular, the method of measuring nonstationary
phenomena occurring in both test configurations.
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Chapter 3 constitutes the merits of the study. It comprehensively presents unsteady and
steady analysis of research results in clear and distorted flow conditions. Processes and
phenomena occurring in the critical states of fan operation are described. The author performs a
thorough analysis of the impact of the disturbed velocity profile on the efficiency of the axial fan
and a stall margin. Angular and axial detection of flow separation is carried out, characteristic fan
frequencies are determined both during its stable operation and during entering into a rotating
stall. In this chapter the author explicitly and clearly proves the contribution of the dissertation's
thesis.
The author presents differences in the formation of flow separation and the nature of
separation depending on the shape of the velocity profile at the fan inlet. Finally, in terms of
performance parameters, and determining the range of stable operation, as well as detection of
the fan separation area, the author validates the results of numerical analyzes obtained using CFD
tools by comparing with experimental data. This comparison is made for a standard and optimized
shape of the OGV.
Finally, in Chapter 4, the author summarizes the conducted investigation and demonstrates
an additional contribution to the current state of knowledge regarding studies of axial fans. The
author indicates directions of development and use of research results, as well as original ideas for
use in the aviation industry, especially in the development of innovative techniques using BLI
technologies. Ultimately, the author confirms the contribution of the dissertation's thesis and
indicates further planned research in the field of critical operation of fans for both clean flow and
BLI conditions.
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1 -- CHAPTER 1. INTRODUCTION
BOUNDARY LAYER INGESTION

The boundary layer which is generated at plane lifting surfaces has a negative impact on the
performance of a conventional aircraft. It has a detrimental influence on drag, net force, lift-todrag ratio or fuel consumption. In a typical commercial aircraft configuration, where engines are
located in free-stream air, e.g. podded engines, engineers try to avoid such undesirable effects
taking into account load uniformity of engine parts.
The genesis of the topic of engines with disturbed flow dates back to the sixties of the last
century. In standard aircraft constructions with the engine hidden in the airplane structure, called
Embedded Engine, scientists paid attention to optimal design of the engine intake duct (S-Duct,
S-Shape), which allowed to minimize the unevenness of the fan load.
An example of such airframes is the first passenger aircraft with an engine inlet placed in a
vertical stabilizer (T-Tail) such as Hawker Siddeley HS121 Trident or currently produced business
jets: Dassault Falcon 8X and Dassault Falcon 900.
However, worldwide trends and regulations are forcing designers and aviation engineers to
develop a new approach to the future of green aviation.
The next step towards the development of modern aviation technologies are airplanes with
engines embedded into the airframe structure and using the phenomenon of suction of the
boundary layer generated on the fuselage or wings of an aircraft Figure 1-1. That solution, due to
the reduction of airplane frontal area and as a result of suction of slower boundary layer, is to
reduce the total drag net force of the aircraft and fuel demand by up to 5-15% relative to pylonmounted propulsion unit. [1], [2].
The disadvantage of this solution is the mechanical fatigue of the fan blades working during
each rotation under variable flow conditions, where the asymmetrical velocity field causes the
generation of variable loads, the appearance of system vibrations, and the reduction of fan
efficiency.
1

Figure 1-1.The BWB future airplanes with BLI techniques

A clear explanation of the occurring phenomenon was presented by Gunn and Hall [3], who
in their work undertook an analysis of the impact of the BLI phenomenon on the performance
parameters of an axial fan. According to their work, this impact may amount to 1-2% compared
to a fan operating without disturbance, and the BLI disturbance itself causes a highly threedimensional flow field and leads to non-uniform incidence angle Figure 1-2.
2

Figure 1-2. Sketch of the 3D flow redistribution in a BLI fan, based on [3]

Generally speaking, the BLI phenomenon consists in re-energizing low-momentum flow
patterns by an aircraft engine, which are generated on a fuselage or wings of an aircraft
Figure 1-3. The slower speed boundary layer is captured by the embedded engine, which
decreases wasted kinetic energy in an airplane's wake and finally translates to lower total aircraft
drag [4].

Figure 1-3. The BLI configuration benefits

3

The application of the BLI flow distortion has shown that this instability has a significant
impact on the fan performance and at the same time to the circumferential location of flow
separation.
Available scientific research shows that the BLI phenomenon increases the load on the fan
blades, reduces Stall Margin (SM), and causes flow separation in the blade tip area [6]. It has also
been shown that the long chords blades are more tolerant to inlet flow distortion [7]. While
Bakhle shows the BLI unfavorable aeromechanics influence on fan flatter stability and response
forced dynamic stresses analysis [8].
The most advanced tests of BLI fans, as well as a new type next generation (N+2, N3-X) and
Silent Aircraft Initiative SAX-40, are currently carried out at the NASA Glenn Research Center and
Langley Research Center [1], [9]–[11]. According to Geiselhart, Daggett, Kawai, Friedman words,
the most fuel-saving configurations of an aircraft engine is an aircraft “with a partially buried
engine, short offset diffuser using active flow control, and a D-shaped inlet duct that partially
ingest the boundary layer air in flight”. [12]
In the present study, an experimental test carried out at the Whittle Laboratory in the
University of Cambridge, taking into account the same inflow velocity profile of [3], [13]–[15] was
adopted as a comparative study.
In laboratory conditions, there are various methods of fan stall detection. Most methods are
based on high-frequency static pressure measurement on the fan casing just before the blade
leading edge or located in the blade tip clearance. There are also methods based on measuring
system vibrations using accelerometers, optical sensors, such as "Light Probe", as well as using
sound level measurement or PIV systems. [16], [17]

4

AXIAL FAN FLOW INSTABILITY – STALL AND SURGE PHENOMENA THEORY

The phenomenon of a stall in an axial fan has its background in the aerodynamics of lifting
airfoils in a high flow angle. Therefore, from the aerodynamics point of view, we understand the
phenomenon of a stall as flow separation from suction or pressure surface of an airfoil Figure 1-4
[18].

Figure 1-4. Boundary layer separation on an airfoil [18]

Another theory describes a stall phenomenon as a situation when the critical angle of attack
of the profile is reached and the lift force decreases rapidly after reaching the maximum value
[19].
One of the best stall definitions in turbomachinery was introduced by M. Asselin in [20].
According to his words: “In a compressor operating at a constant rotational (shaft) speed when
the mass flow rate drops, the axial velocity decreases, hence the incidence angle increases. A
large deviation from this minimum-loss incidence angle causes a rapid rise in a total pressure loss,
which signifies boundary layer separation” Figure 1-5.
The stall phenomenon is accompanied by a radical reduction of compressor thrust, increased
noise, and vibration of the entire system.
The first mention of the stall phenomena came from Prandtl at al.[21]. In 1926 he reported
that recirculating disturbances had been investigated in a water pump. Few years later, in 1936,
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Gruangel [22] discovered that there are two stable possible flow conditions in a surge: uniform
flow and distorted flow.

Figure 1-5. Compressor stall developing. Rotor operating at the design incidence angle (left), and at a reduced flow
i>istall (right), based on source [20]

While the performance and efficiency of compressors have been developing rapidly, all
engine producers encountered problems of flow disturbances connected with rotating stall or
compressor surge.
In one of the earliest academic references, the word “surge” was used to describe any
disturbances which provided to the increasing noise of a compressor. At the beginning of 1950s,
there was only one experimental test rig with a limited length which allowed to investigate such
phenomena. Initially, surge and stall were identified as the same conditions causing a rapid
decrease in fan efficiency.
One of the first experimental papers, dated to 1951, was written by Bullock and Finger, who
concentrated on the issue from a practical point of view. In the paper [23], based on the study of
the flow stability, they discovered that the ducting volume has an influence on the surge: “a large
external volume gave low-frequency high-amplitude pulsation; whereas a small volume resulted
in high-frequency, low-altitude pulsations”. They also focused on unsteady measurements of the
6

surge phenomena in a multistage compressor using early developed hot-wire anemometry
techniques and prototyping fast response pressure transducers. Although they did not find
differences between surge and rotating stall, they are recognized as precursors of unsteady flows
measurements researchers.
A few years later, in 1953, new issues connected with stall occurrence were brought to the
attention of scientists. The hypothesis appeared that blade fatigue failures were connected with
the stall. From this moment special attention was paid to research on finding answers to
questions: “what is a criterion of flow stability?”, “how to calculate stall cell speed?” and “how to
predict stall cell numbers?”
In recent years, many scientists have investigated surge and rotating stall in a compressor.
Many of them focused on the phenomena of stall development in compressors operating in
standard, clean flow conditions. But the stall phenomenon is still identified as the most dangerous
conditions during the life cycle of the axial compressor. The stall state can lead to the compressor
surge and what in real flight conditions cause of dangerous situations, costly engine repairs, and
may be the reason for a plane crash.
As Day in 2016 rightly pointed out in [24] the problem of a stall in an axial compressor is still
under consideration. After several dozen years of investigation of that phenomena, engineers are
still unable to fully predict the stalling behavior in a newly designed compressor.
At the time of rapid development of Computational Fluid Dynamics (CFD) tools determining
dangerous compressor’s operation conditions become much more precise. Despite
implementation of numerical methods for fluid mechanics, obtained results need to be confirmed
in an experimental way.
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ROTATING STALL VS SURGE

To better understand the stall theory, first of all, it will be practical to introduce the topic
background. The first indication of the fan entering a surge is a condition called the Rotating Stall
(RS), in which the flow separation is generated circumferentially. Such flow disturbances may
appear on various azimuths of fan operation and propagate or decay as the azimuth of a fan blade
changes. Questions: “what is a compressor stall”, “what are its characteristics”, “what effects it
causes”, “why is stall dangerous” and many other, have been a point of interest of many scientists
since the 1940s.
In 2016, I J Day in [24] prepared a great summary of the stalling process of an axial
compressor. He perfectly summarized dominant features that characterize compressors and axial
fans under stall conditions. According to that summary, axial compressor/fan stall can be
characterized by the following important attributes:
-

The region between compressor design Point and Stall/Surge Point (maximum point of
total-to static pressure), is named area of Safety Margin (SM);

-

Stall phenomenon is always coexisted with sudden loss of pressure gradient;

-

When rotating stall appears, two separate sectors always exist in a duct flow - with stalled
and unstalled flow;

-

The discharge throttle position at the compressor will unstalled conditions is always lower
first time in comparison to the same settings at which it is stalled next time;

-

The size of the hysteresis loop depends on the compressor pressure ratio. When the staticto-total pressure ratio increase than the size of the loop increases too;

-

A stall cells rotation direction is always the same as direction of rotor blades rotation but
speed of stall rotation is always slower, typically rotating stall cells rotate at half the fan
angular speed ω≈1/2Ω;

-

The size of stall cell disturbances has an influence on the stall rotation speed. Rotating stall
speed is higher when the size of disturbances is smaller;

-

Position of stall beginning is usually in the region near blades tips;
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-

Depending on the aspect ratio of rotor blades the character of the stall occurrence looks
different. For a compressor blade (short blades length) the typical stall takes a form of
single full-span stall area;

-

Before actual stall appears, prestall disturbances occur at flow, which can take a form of
radial vortices or pressure oscillation in a gap between a rotor blade tip and the rotor.

As shown in previous research, the stall development is strictly connected with the tip
leakage flow, as well as separated flow at the leading edge.
As was numerically investigated by J. Lang [25], the rotating stall in the axial compressor is
divided into two stages, where mass flow rate decreases slowly and the blockage effect increases
softly and where mass flow rate decreases rapidly and stall beginning quickly. The same author
proved that as the tip leakage flow grooving up, the blockage region increases. The tip leakage
spillage flow accelerates the circumferential development of flow blockage and in each fan blades
cycles, the spillage flow becomes stronger. The flow blockage in the passage is the main cause
developing the rotating stall in the transonic axial compressor [26].
In colloquial reasoning, the phrase “stall phenomenon” is often confused with “surge”.
However, the two phenomena are different.
Day in [27] distinguished the surge and stall phenomena as very different. According to his
theory, the stall is a circumferential disturbance of flow in a blade tip area, whereas surge is a
flow disturbance which has an influence in entire compression system.
Beikc claimed in [28], that surge can be described as “Significant decrease in efficiency and
pressure ratio is followed by rotating stall, but the surge phenomenon as a global instability can
completely shut down the compressor in the initial steps if it does not return to the stall
conditions”.
Generally speaking, a surge is a dynamic phenomenon that can occur in compressors and be
a consequence of stall. Depending on the ratio of the pressure ratio drop caused by the stall
phenomenon to the pressure prevailing in individual sections of the compressor stages, as well
as the pressure and temperature in the combustion chamber, the surge phenomenon can
generate a sudden shot and ignition of gases both at the inlet and exhaust of the engine.
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Figure 1-6. Airplane compressor surge

Typical reasons for the appearance of the stall phenomenon and consequently the
compressor surge are summarized in the following Table 1-1.
Table 1-1. Causes of compressor stall and surge

AERODYNAMIC CAUSES

OTHER CAUSES

Aircraft operation outside of the engine
design envelope including extreme flight
maneuvers

Bird ingestion

Cross wind

Internal engines failure

In-flight icing

Worn, dirty or contaminated compressor
components

Internal clearance change

Pneumatic bleed multifunction
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STALL MARGIN

The operating ranges of an aircraft largely depend not only on the aerodynamics of the
airframe itself but also on the phenomena occurring in internal flows in the aircraft’s engines.
When designing the axial fans used in aircraft engines, an important aspect is the selection
of the fan operating point, so that it can work in the highest efficiency areas, and at the same time
that it has a safety reserve at this point.
The area between the fan operating line and the line where there is a rapid loss of
performance parameters, in the aviation nomenclature is called Stall Margin (SM) Figure 1-7.

Figure 1-7. Stall Margin definition

There are several SM definitions in the literature. One of them was created by Saeed in [20]
as: "the percentage stall pressure rise divided by the corresponding percentage drop in the mass
flow rate, the transient engine operation deviates from the steady-state operating line and
approaches the stall or surge line". The same author defines, that SM depends on temperature
distribution and level and type of inlet distortion.
One of the methods described in the literature for determining SM is the equation quoted by
Niazi [29] based on the PR pressure ratio.
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(1)

Where: P02 and P01 are total pressure at the compressor exit stage, and compressor’s inlet
section respectively.
As indicated by Niazi, typical SM values for high-pressure compressors are 25%, while for
centrifugal pipeline compressors this value is about 10%.
There are many definitions of SM based on both the measurement of the total pressure
difference or total-to-total pressure and total-to-total temperature. According to the equation
used by Zhang Stall Margin can be calculated as follows:

𝑃𝑅𝑠
×
𝑃𝑅𝑟𝑒𝑓

𝑆𝑀 =
[

𝑊√𝜃
(
)
𝛿

𝑟𝑒𝑓

𝑊√𝜃
(
)
𝛿

𝑠

− 1 × 100%

(2)

]

Where:“ 𝑃𝑅𝑠 and 𝑃𝑅𝑟𝑒𝑓 are the total pressure ratio of the near-stall point and the
reference point respectively, and 𝑊, 𝜃 and 𝛿 are the weight mass flow, the normalized
total temperature and the normalized total pressure respectively.”[30]
However, in this study, the author decided to define SM based on measuring the difference
in the corrected mass air flow rate (3). This is dictated by the inability to obtain a full scan of the
cross-section for the BLI configuration in stall conditions. Obtaining such data would require the
use of a very large number of measuring sensors, or performing a time-consuming scan of
measuring sections during fan stall conditions.

𝑆𝑀 = |

(𝑀𝐹𝑅_𝑖𝑛𝑙𝑒𝑡_𝑐𝑜𝑟𝑟)𝑁−𝑆 − (𝑀𝐹𝑅_𝑖𝑛𝑙𝑒𝑡_𝑐𝑜𝑟𝑟)𝐷𝑃
| × 100%
(𝑀𝐹𝑅_𝑖𝑛𝑙𝑒𝑡_𝑐𝑜𝑟𝑟)𝐷𝑃
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(3)

The key from the point of safety is to ensure at the design stage, that a small change in
pressure, speed, angles of inflow to the fan blades, while maintaining the highest possible
efficiency, does not threaten the compressor entering the surge.
Thanks to specially designed fan blades, with variable profile and skeletal geometry, as well
as blade twist along its span, currently produced fans can have an efficiency of 90-95%.
The essence of using BLI technology in civil aviation is to ensure the safety of use of an aircraft
engine operating in an asymmetrical inflow. The impact of the disturbed air velocity profile caused
by the suction of the boundary layer by the motor on fan performance requires additional
scientific research.
It is known that the inlet distortion will cause a reduction of SM Figure 1-8. However, the
percentage magnitude of inlet profile distortion is the value of the fan efficiency change, that is
strictly dependent on the shape of the inlet velocity profile, mass flow rate, inlet's geometry,
incidence angle, and in the case of compressors and fans used in aviation, also on flight Mach

Fan or compressor pressure ratio

number [31].

Surge/Stall line (clean flow)

Surge/ Stall line (with flow distortion)

Corrected mass flow rate

Figure 1-8. Effect on inlet flow distortion on the fan or compressor efficiency, based on [31]

Conducting an in-depth investigation, which will show the SM and the parameters of the fan
without and with flow disturbance, will allow to answer the above.
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While the data commonly available in the literature relate mainly to fans operating in cleanflow or in a crosswind, the test results for BLI-induced distortion require further analysis.

CONTROL OF STALL IN AXIAL FANS

Surge and rotating stall are fundamental instability issues that restrict the working range of
compressors at a low mass flow rate. According to the words of Mattingly [31]:” Steady operation
above the (surge) line is impossible, and entering the region even momentarily is dangerous to
the gas turbine engine”.
The operating range of the engine is limited on the one hand by choking the flow at high mass
flows when sonic speed is achieved, and on the other hand, by surge or rotating stall. When
operating an aircraft engine, entering a near-stall or full-stall condition is highly dangerous. This
condition may damage the engine and lead to a plane crash.
For many years global aviation companies have been looking for solutions to avoid or
minimize the effects of the unwanted occurrence of compressor surge. After decades of seeking
answers to these questions a lot of problems connected with stall are still being faced today.
Engines engineers are still meeting problems with stall cell inception, interstage bleed valves
design, and engine parts production tolerance. All the above problems were discussed in 1951
during the global meeting of aircraft engine manufacturers dedicated to the topic of engine surge.
During that discussion one more issue came to light: controllable device to reduce the engine fuel
flow in case of a stall.
Typically, the anti-stall system or stall control system is based on taking the compressor
operating point to the right of the surge line using a surge margin. For standard engines, working
in clean flow conditions, the instability problem has been deeply studied and industrial solutions
based on surge avoidance are well known.
A modern solution to increasing performance of an engine, known us active surge control, is
focused on stabilization of flow conditions where compressor feedback is used also on the left
side of the surge line- Gravdahl at all [32]. The latest scientific studies presenting the state of the
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art of anti-stall systems shown that throttle valve system or bleed valves have been typically used
- Gravdahl and Egeland [33].
Furthermore, engineers use various methods to avoid the above-mentioned hazardous
conditions, including in particular:
- Laboratory experimental tests determining the engine operating limits
- active and passive anti-stall systems (e.g. anti-stall ring, fan casing treatment, bleed valves,
controllable inlet guide vanes, control valves, tailored structure, flow recirculation, air injection)
- calibrated pressure probes for stall detection (e.g. Petermann probe).
Due to the propagation speed of the phenomenon of the fan entering the NS and full stall
state, calculated in parts of a second, the safety systems must operate autonomously without the
intervention of the pilot.
Stall detection system components can be divided as follows: Figure 1-9.

Figure 1-9. Types of stall detection systems

Recent experimental work has proven that thanks to the use of additional anti-stall
systems it is possible to achieve a 4-6% improvement in SM by using air injections [34], [35]
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2 -- CHAPTER 2. EXPERIMENTAL INVESTIGATION ON STALL PHENOMENON

Research constituting the basis of the doctoral dissertation was carried out as part of own
work carried out in the Łukasiewicz Research Network -Institute of Aviation. The developed issue
is the author's independent contribution to a large test campaign of the axial fan design
methodology working in clean and disturbed flow.
At the design stage, the prototype was subjected to detailed calculations in the field of
aerodynamics, mechanics, and rotor dynamics. The test stand was designed as well as
aeromechanical calculations of all significant elements of the stand were executed.
The aerodynamic design of the axial fan was developed in the Numerical Department. It
included development of the axial fan in the Baseline configuration with the designated
performance parameters. Then, the performance-optimized fan was subjected to a flow
disturbance caused by the BLI phenomenon with an air velocity profile corresponding to the SAX40 prototype airplane. The obtained results of numerical analyzes and their experimental
validation served as an input for the development of the new OGV shape allowing to minimize
the impact of asymmetric fan load caused by the BLI phenomenon.
In the doctoral dissertation, the author undertook the experimental validation of CFD
calculations and determination of the limit states of fan operation.
The prototype test rig of low-pressure axial fan presented in Figure 2-1 was designed and
manufactured in a vertical configuration with the possibility of a partial disturbance of the airflow
velocity. Flow distortion was simulated by screen modification upstream rotor. The test rig was
purpose-built to deepen knowledge in the design of axial fans capable of operating in a disturbed
BLI flow.
The test stand, 3955mm high (without damping cloth), was composed of a ring-shaped
construction placed vertically and mounted in a support truss. The ring-shaped structure of the
test rig allows assembly and replacement of individual elements depending on the test
16

configuration. The airflow was realized by a low-pressure axial fan mounted without gear on the
shaft of an electric motor. Changes in pressure ratio were realized by closing the outlet part with
a special construction throttle cone. In the designed configuration, the flow was generated only
by the axial fan, no external flow was required.

Figure 2-1. BLI Test rig overview

The axial fan was equipped with 15 aluminum (AL7022) blades mounted in the hub of the fan
using a blade pin. The direction of fan rotation was anti-clockwise. In addition, the system was
equipped with an axisymmetric stator made in 3D printing technology and consisting of 31 blades
with a symmetrical distribution. The fan blades were mounted on a hub without gears.
The stand was equipped with a damping cloth to minimize the effect of asymmetrical air
inflow and reduce the level of turbulence. The fan was propelled by an EMRAX 208 electric motor
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with 96% efficiency at the operating point and built-up in a 0.18m diameter hub. The electric
motor speed was controlled using an inverter.
The designed rotor speed was 2500RPM which corresponded to 1.0Nref. With a rotor
diameter of 580mm, this corresponded to a blade tip speed of 83.78m/s. The designed power
necessary to achieve a rotational speed of 1.0Nref at DP was 17.3kW. In order to determine the
full fan performance map, SM determination and analysis of the impact of rotational speed on
the phenomenon of flow separation, the tests were also carried out for the speed of 0.7Nref
0.9Nref 1.1Nref. The designed SM for reference fan speed was greater than 14%. The designed
mass rate at 1.0Nref was 8.163 kg/s.
The major design data of the test rig is presented in the table below Table 2-1.

Table 2-1. Design fan parameters

Fan diameter [m]

0.58

Number of rotor blades [-]

15

Number of stator (OGV) blades [-]

31

Design fan speed [RPM]

2500

Stage temperature rise ΔTt [K]

1.47

Total to Total Pressure Ratio [-]

1.016

Power needed to drive the fan at design point [kW]

17.3

Blade tip speed at design point [m/s]

83.78

Design mass flow rate (MFR) [kg/s]

8.16

Design Stall Margin [%]

>14

Stage load coefficient ψ [-]

0.47

Flow coefficient φ [-]

0.62

Hub to tip ratio [-]

0.31

Tip clearance [m]

0.001
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The test stand was correlated with the Cartesian system and the polar system, with the center
of both coordinate systems located at the intersection of the axis of rotation and the plane of
rotation of the leading edge of the rotor blades Figure 2-2.

Figure 2-2. Coordinate system of the test rig

Two separate tests were conducted using the specially design test rig. The first configuration
of the test stand called Baseline (BSL) reflected the freely developed air velocity profile resulting
from the specifics of the air flow in the duct and the designed "bellmouth intake" geometry. In
the second configuration, a disturbance of the velocity profile was introduced using a specially
designed distortion gauze with varying orifice size [T. Kwiatkowski].
Distortion gauze was placed in a position of 0.7m upstream rotor, with a low momentum fluid
placed in azimuth 90⁰. A laser cutting technology was used to produce the distortion gauze.
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To suppress transient variations in transverse flow velocity and suppress turbulence intensity,
a flow straightener was also installed downstream the distortion gauze Figure 2-3.

Figure 2-3. Distortion gauze and honeycomb design and position (photo by. T. Kwiatkowski [36])

The described above design of the fan and the test stand is an indispensable element of
research on the stall phenomenon, but the process of designing and producing the stand itself
was not the scope of the dissertation.
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INSTRUMENTATION OF THE TEST RIG
The research equipment used was selected with particular regard to design requirements as
to measurable parameters and maintaining synergy with the data acquisition system. The
measuring accuracy depended on the measuring sensors used, their range, mounting method,
and environmental conditions in which measurements were carried out. Proper selection of
sensors, their arrangement, calibration, and mutual compatibility were the basis for obtaining
accurate results of the fan stall test.
The measuring sensors used to determine the stall detection on the low-pressure fan, as well
as to determine the Stall Margin and performance parameters could be grouped as shown in
Figure 2-4.

Figure 2-4. Stall instrumentation sensors groups

The electrical diagram of the test stand and the full rig instrumentation list are presented in
Figure 2-5 and in Table 2-2.
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Table 2-2
Figure 2-5. BLI test rig electrical connections
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Table 2-2. Test rig instrumentation list
Research equipment

Sensor

Parameter

BLI-FAN test rig

-

-

Data Acquisition System mSAD

PXI CHASIS 8 slot

Chassis

NI PXIe-8880

Intel Xeon 8-Core controller

NI PXIe- 6363

PXI Multifunction I/O Module

NI TB-4302

analog channel

NI TB-4330

Kulite sensors 1-8 – stall detection

NI TB-4330

Kulite sensors 9-11- stall detection

NI PXIe- 4462

Microphone – sound level

NI PXIe - 4462

Test rig Vibration

5 axis Travers System

L1-L4, R5

probes position

Travers Control Software

Traverse

5 axis travers control software

Initium System

ESP32_10”H2O

Static pressure PS ring

ESP32_10”H2O

Static pressure PS inlet

ESP32_1PSID

5HP pressure

1 (.812_5D)

Stall detection - unsteady miniature
pressure sensors

Kulite XCQ-062 sensors

2 (.813_5D)
3 (.814_5D)
4 (.815_5D)
5 (.741_5D)
6 (.743_5D)
7 (.744_5D)
8 (.469_5G)
9 (.470_5G)
10 (.471_5G)
11 (.472_5G)
LABEL_499PT_31,

LB-499-DB/TP-361_34

E+E, EE 310

Temperature distribution
Ambient conditions
Humidity , ambient temperature

KOBOLD MIM-1215HG5C3T0

Coolant volume flow rate

2x TED 38

2x PT100

Coolant temperature

2x TCD-3000

2x PT100

Airflow temperature

AT-1U

PT100

Electric motor temperature

Inverter

ACU-DS 401-037

RPM, INPUT POWER

mCTA 54T42_1

1-component Hot-wire
anemometer

airflow turbulence

mCTA 54T42_2

1-component Hot-wire
anemometer

airflow turbulence
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HIGH-FREQUENCY SENSORS DETAILS

For the stall detection, World’s smallest high-frequency pressure sensors located in the gap
between blades and fan casing in an axial and circumferential location were used.
Eleven high-frequency miniature pressure XCQ-062 Kulite transducers were used. Tracking of
the casing unsteady measurements of static pressure instabilities at different locations around
the fan circumference is a good way to detect the stall [14]. Considering the values of expected
pressures determined by CFD techniques, differential sensors with a measuring range of +/-5PSI
were used in the tests. However, the measuring accuracy of the sensors was increased by
accurate external calibration in the range +/- 2.5PSI.

Figure 2-6. High frequency XCQ-062 Kulite sensors, credits: Kulite Semiconductor Products, Inc.

The unsteady pressure sensors were placed in two configurations: circumferential
configuration comprised 11 probes and axial configurations comprised 6 probes located axially
along the main test rig z axis in azimuth 0⁰. The circumferential sensors were placed around the
annulus in the tip clearance between blades tip and casing at a plane 10% of axial blades chord
upstream of the fan blades leading edge, as shown in Figure 2-7. The spacing between the probes

24

was 60⁰, which was dictated by the highest possible accuracy of stall location and the number of
available sensors.

Figure 2-7. Unsteady pressure sensors position
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FLOW TURBULENCE LEVEL MEASUREMENT

In order to determine the nature of air velocity profiles for the Baseline configuration and
disturbed flow, tests of the flow turbulence distribution were carried out at both the fan inlet as
well as in each of the measured cross-sections. In addition, an experimental investigation of flow
turbulence was carried out as a supplement to Computational Fluid Dynamics (CFD) flow
turbulence calculations.
According to literature, the turbulence is defined as “a three-dimensional time-dependent
motion in which vortex stretching causes velocity fluctuations to spread to all wavelengths
between a minimum determined by viscous forces and a maximum determined by the boundary
conditions of the flow.”[37], [38].
Turbulence level measurement was performed using two single wire MiniCTA
systems Figure 2-8.

Figure 2-8. Hotwire anemometry miniCTA system

The MiniCTA system is a single channel miniature hot-wire anemometer for studies of flow
velocity and level of turbulence intensity. The Constant Temperature Anemometer (CTA)
measurement principle is based on maintaining the same temperature of thin wire cooled by the
flow. The heated wire element located on the probe tip is placed on the flow field, where changes
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in airflow velocity will change the wire resistance[39], [40]. Heat transfer from the wire is a
convective type and is dependent on flow velocity, the wire over-temperature, as well as the
physical attribute of an airflow. The stable temperature of the sensor is kept constant by a
feedback control loop that contains an electronic Wheatstone bridge circuit. The CTA system is
strongly sensitive to temperature oscillation and very susceptible to mechanical damage.
Preliminary calibrations of both MiniCTA systems were implemented. Special external flow
DISA wind tunnel calibrator was applied to determine the correct flow velocity.
Due to long-term measurements and the temperature difference between calibration and
proper measurement, a temperature correction was applied to determine the airflow velocity.
The turbulence intensity 𝑇𝑢 was defined as:
𝑇𝑢 =

𝜎(𝑣)
𝑣̅

(4)

The CTA probes are very sensitive to both mechanical and electrical damage. The Dantec
Probes P011 and P01 type, equipped with a tungsten 5µm wire in diameter and 1.2mm long were
used. Due to the high cost of purchase of new probes, probes wires were repaired in-house by
the laboratory team.
For all the measurements, the wires of CTA probes were fixed perpendicularly to the main
axis of test rig except for section 4th where probes wires sensor were rotated 30⁰ towards the
flow. The probes orientation by 30⁰was dictated by the expected flow angle downstream of the
rotor and only one component of the velocity measurement measured by CTA probes. Due to the
measurement time of up to 6 hours a day of continuous measurement, the miniCTA acquisition
frequency was 6 kHz.
The probes were mounted opposite to each other in an automatic traverse enabling
movement into the flow and rotation in the full range +/- 180 degrees. The position of the probes
was determined based on the signal readout from two linear encoders and one angle encoder. In
order to ensure the possibility of probe movement deep into the flow, the probes were equipped
with steel extensions with a diameter of 6mm, and ultimately 8mm. Extensions with a diameter
of 8mm provided adequate rigid mounting of probes minimizing the possibility of deflection of
27

the mounting due to air pressure. The traverse software used has enabled the implementation of
measurement maps and autonomous measurement.
The Hot-wire anemometry method, due to high measurement frequencies, may very well be
used to measure the stall phenomenon. In this case, however, it should be taken into account
that it is a spot measurement and for e.g. angular separation detection or location of stall cells,
an appropriate number of sensors should be used or as Marigorta did in [41] where he conducted
a stall test with a hot-wire probe attached to a rotating rotor. It is possible to use probes and a
traverse system to create a full map of air velocity in a given measuring cross-section, however,
in stall conditions it may lead to destruction of the measuring sensor or damage to the fan.

Figure 2-9. Hot-wire probe mounted in the traverse system
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MULTI-HOLE PRESSURE PROBES

The five-hole probes from Vectoflow were used to precisely determine mass flow rate, velocity
profile, and airflow angles. The use of five-hole probes was dictated by the asymmetrical flow in
the case of the BLI configuration and the incidence angle in the vicinity of the stator and rotor
determined by CFD up to 70⁰. The probes were made in the L-shaped configuration with a 3.2mm
conical head tip. To increase the precision of the probe measurement, external calibration in
range +/- 60⁰ at 6 airspeeds was subjected. The probes were placed in the traverse's linear guides
in a way enabling traverse deeper into the channel. The probes were installed perpendicularly to
the direction of the longitudinal axis of the station, with the exception of section 4 in which the
largest incidence angles of the airflow were present. A detailed method of measuring using fivehole probes is described in chapter 2.1.3.

Figure 2-10. 5-hole low frequency pressure probes (source right figure: Vectoflow)
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TRAVERSE SYSTEM

For measuring the pressure distribution necessary to determine MFR (in the BLI
configuration) and for measuring flow turbulence level, a traverse ring with the possibility of
automatic rotation and automatic change of the position of probes located in 4 linear guides was
used. The traverse positioning system consisted of 5 independently controlled, motorized axes
(traverses) allowing angular and linear positioning of the measuring probes inside a cylindrical
test object with an inside diameter of 580mm. The principle of the system was based on the idea
of automatic rotation of the inner ring without rotation of the outer rings of the traverse. The
system consisted of one traverse with a rotating ring, 4 single-axis linear traverses, a system for
setting, reading and registering the position of measuring probes and a Linear Drive Systems with
cable routes.

Figure 2-11. Autonomous traverse system

Linear traverses introduced the probes inside the channel through guide holes with an outer
diameter of 10mm / inner diameter of 6mm. Each of the linear traverses was equipped with a
fastening enabling a rigid, detachable mounting of the measuring probe and with cable routes
enabling the routing of pneumatic pipes and electric conduits without the risk of excessive
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bending of the conduits. The design of the linear traverses allowed for frontal attachment at 4
symmetrical points along the circumferential positions. The angle traverse provided the
possibility of assembly and rotation of 4 linear traverses with measuring probes in the range of
+/- 180 degrees. The actual position of the probes was controlled by additional independent
digital encoder systems. Communication with the external mSAD data acquisition system was via
the ETHERNET port. The installation of measuring sensors in the traverse was carried out using a
special universal mounting bracket located inside each traverse.
The traverse system included an electronic system controlling all traverse axes. This system
allowed free movement of each axis independently and had the ability to implement motion
programs with predefined measuring point matrices. It allowed to define up to 20500
measurement points, where flow measurement was made using multi-hole probes and CTA
probes. The measurement procedure provided for each position of the radial position of the
probe (from 9 to 45 positions) angular rotation of the traverse with a resolution of up to 700
measuring points along the circumference. The traverse system enabled switching to a predefined
position with a time not exceeding 2 seconds for switching and 4 seconds for a measurement
carried out automatically.

LOW FREQUENCY PRESSURE DATA SYSTEM

For measurements of low-frequency static pressure distribution on the casing and pressure
measurements from multi-hole probes placed in the traverse, the Measurement Specialties DTC
Initium System was used Figure 2-12.
The configuration of the system for investigating the stall phenomenon on an axial fan was
composed of:
- DTC Initium central unit,
- A set of 3 -32-channel pressure scanners, 2x 10"H20 and 1x1PSId, respectively
- A 9IFC interface system for connecting power supply and data transmission
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Figure 2-12. DTC Initium Pressure System

Three ESP-32HD scanners were used in the study. Scanners with a measuring range up to
10”H2O to acquire static pressures at the inlet section and static pressure at the traverse ring
were used. The 1Psig range scanner was used to measure pressure from 5-hole probes. Based on
the collected static pressures at the inlet in section 2, a rough measurement of the mass flow of
air flowing through the fan was determined.
From the pressure measurement using multi-hole probes, the flow angles, total and static
pressure at individual points of the measurement cross-sections, and the velocity and mass flow
rate of air were determined.

SOUND LEVEL MEASUREMENT

The GRAS 40PH microphone was mounted on the support frame of the test stand at a
distance of about 80cm from the fan casing. The microphone was used for acoustic stall detection.
The microphone was calibrated using the GRAS 42AB calibrator and unit conversion to dB was
used.
Attempts to mount the microphone in the blades rotation plane in one of the measuring
holes from the Light Probe system did not bring the intended result, due to exceeding the
maximum measuring range of the sound pressure. The 40PH microphone has a wide frequency
range up to 20 kHz and maximum dynamic range close to 135dB, however the measurement
frequency in the data recording was 50kHz.

32

Figure 2-13. GRAS 40PH Free-field Array Microphone

Figure 2-14. GRAS 40PH Microphone Typical response (source: GRAS Sound & Vibration)
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DATA ACQUISITION SYSTEM

For data acquisition, a special, dedicated mSAD program was created in the LabView
environment. The program enabled the real-time display of selected measurement data on 2
monitors and independently saved to the file all measured measurement parameters.
Measurement data were saved in a format dedicated to the LabView environment, i.e. TDMS.
TDMS files were divided into packages of a specific length, which were merged into one large file
in post-processing.
Such data saving allowed to reduce the buffer and load on the computer's processor and in
the event of a hardware failure allowed for a partial saving of the file. An additional function of
the program was the ability to present and save calculated data in real-time. Thanks to this, it was
possible to determine corrected flow parameters and set the fan speed allowing for taking into
account changing environmental conditions.
The user interface was divided into 2 monitors, with each of the monitors being able to
present 4 groups of channels of 16 channels each Figure 2-15.

Figure 2-15. Data Acquisition System mSAD.

The mSAD system made it possible to save to one file all devices and measuring systems
used in the test. Owing to the time synchronization used, the devices and individual channel
groups could be recorded with different frequencies and the same time base.
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Measurement of the stall phenomenon on the fan required a high-frequency measurement
of static pressure from Kulite sensors (35 kHz), a high-frequency measurement from the Hot-wire
CTA system (6 kHz), and equally fast recording of data from the acoustic sensor (50 kHz). The
measurement data recorded in TDMS files to determine the angles of the stream, airflow velocity,
mass flow, and fan performance parameters were processed using algorithms developed in the
LABVIEW environment and the programming language PYTHON.
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METHODOLOGY FOR MEASURING STALL PHENOMENON

The phenomenon of a stall on the axial fan occurs very quickly and rapidly. Stall phenomena
on BLI fan experimental tests are particularly dangerous due to the innovative nature of the
research and very limited information available in the literature. Detection of the stall
phenomenon involves the need to use high-frequency sensors capable of working with a sampling
of tens of thousands of samples per second. Stall detection methods described in the introduction
required the author to use specialized miniature Kulite XCQ-062 pressure sensors with a sampling
frequency of up to several dozen kHz. Mounting sensors in the vicinity of the fan blades passage
and measuring the static pressure on the fan casing allows to detect the circumferential location
of the appearance of pressure peaks indicating the first signs of flow disturbances. The
manufacturer's recommendations of Kulite measuring sensors regarding their installation in the
fan casing required precise drilling of measuring holes. Due to manufacturing inaccuracies, an
original method of placing sensors in the housing was used for assembly. The sensors were placed
in silicone tubes, and the remaining gap around the sensor was filled with plastic sealant. The
developed method allowed the sensors to be removed and placed in another location, as well as
to precisely determine their position and depth of immersion in the housing. From the point of
measurement correctness, the sensors were facing the wall surface. Considering the blade tip
clearance and taking into account the safety of the fan operation, it is allowed to slightly hide the
sensors in the fan housing. It was required that despite the vibrations of the test rig and the cyclic
pressure load, the position of the sensors would not change. Due to the necessity of changing the
configuration of the measuring station repeatedly and thus the requirement for the detachable
connection of all 11 Kulite sensors (each 4-wire with 36AWG cable diameter - 0.127mm),
miniature sliding connectors on a 50-wire tape were used.
All experimental tests of stall were carried out after the completion of basic research and
determining the fan operation characteristics.
The method of introducing the fan in the stall conditions can be described as follows: at a
specified rotational speed, the fan was throttled up to its stability limit. High-frequency
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measurement data were recorded continuously. The throttle cone was opened afterwards to take
the fan out from the stall state.
The rotating stall phenomenon is accompanied by the appearance of variable cyclical flow
separation on the blades and a significant increase in the level of flow turbulence. Operating
conditions near the limit and after the appearance of preliminary signs of stall phenomenon are
challenging in CFD and require experimental validation.
The experimental measurements of fan efficiency and stall occurrence were carried out for the
fan in the Baseline test rig configuration (without flow disturbance) and for two OGV’s versions
in case of fan operating in the asymmetrical BLI state.
In all configurations, fan mapping, i.e. obtaining a response with flow parameters at different
PR and for different RPM, consisted of determining the pressure distribution taking into account
the distribution of flow temperature and variable ambient conditions (temperature and
humidity).
The fan efficiency was determined by analyzing the necessary power supplied to the fan
power supply system and by monitoring the mass flow and temperature of the cooling medium
just in front and behind the electric motor constituting the fan drive (heat balance). The ratio
total-to-total pressure necessary to determine the fan map was measured between sections 2
(for Baseline) or 3 (for BLI) and section 5 (for both cases) Figure 2-16.

Figure 2-16. Measuring cross-sections of the fan test rig
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Fan efficiency measurements were conducted for speed lines from 2250 to 2750 RPM for
various positions of the throttle cone. Measurements of the stall phenomenon were determined
for RPM range between 1750 to 2750RPM. Reference fan speed equal 2500RPM = 1.0Nref.
The position of the throttle cone was changed until the required pressure ratios and the
required MFR were achieved or until the stall occurred. Throttling the flow with the throttle cone
causes an increase in pressure behind the fan and a gradual decrease of MFR, and as a result, the
fan enters the NS states and then into a full stall.
As a result of the CFD calculations carried out at the Aerodynamics Department of the
Łukasiewicz Research Network- Institute of Aviation, three measurement cases requiring
experimental verification were selected [36].
In the selected planes, a special traverse ring with possibilities of mounting alternately the
pressure, temperature and turbulence level probes was used. The experimental validation was to
confirm the correctness of the analysis carried out and to serve as a contribution to further CFD
computation of the new OGV version.
Near-stall operating conditions of the fan, and especially the condition after stall, are very
difficult to model using CFD techniques. Confirmation of the test results obtained numerically is
an important element from the point of view of the fan operation safety.
Due to the long duration of the measurements (several weeks of measurements of the BLI
fan mapping) and changing environmental conditions, to determine the efficiency of the fan and
its operating limits, values corrected to normal conditions and taking into account fluctuations in
temperature, pressure and humidity during the tests were introduced. The method of
determining flow equations and fan operating parameters is described in the following chapters.
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THE MATHEMATICAL MODEL OF DETERMINING FAN PERFORMANCE AND STALL
MARGIN

In the case of axisymmetric flows, the measurement of the flow field or mass of the medium
flowing through the fan can be made using various types of Venturi flowmeters, measuring orifice
plates, anemometers, and impact pressure tubes or using non-invasive measurement methods
based on the Doppler method.
Most of the above-mentioned methods work well for laminar flow in a non-disturbed flow
duct and are applicable when there is sufficient space for the installation of special flowmeters.
For axisymmetric flows, the most advantageous and accurate method is to use standardized
Venturi tubes.
However, due to the size of items mentioned above, non-axisymmetrical flow (in the case of
a fan operating in BLI distortion), as well as the inability to install in the system of the test rig, two
alternative measurement methods were used to determine the fan performance - inlet pressure
measurement used the lemniscate theory and precise measurement of flowfield obtained from
traversed multi-hole probes.
The combination of the two above measurements made it possible to determine the
expenditure at the fan inlet for both symmetrical and disturbed flow conditions. The inclusion of
variable ambient conditions in the measurements and the introduction of correction factors
allowed for bringing the measurements to normal conditions and making the results independent
of weather fluctuations.

METHOD OF MEASURING AIR MASS FLOW RATE ON THE FAN INTAKE

To determine the mass flow rate in the fan inlet section the method of measuring the flow
rate on a lemniscate was used. At the early stage of designing the test rig, the possibility of
applying the above-mentioned solution was additionally verified in terms of the impact of flow
straightener and distortion grid on the measurement.
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It should be noted that the method is applicable when the flow modifiers are placed below
the measuring plane, and their impact on the quality of the measurement has been verified.
According to the theory of lemniscate, mass flow rate of air at the bell mouth intake can be
determined using "the specific property of a constant velocity field (static pressure) in the
measuring channel at a distance of 0.3 ÷ 0.5 diameter measured from the end of the curvilinear
inlet section" [42].

Figure 2-17. Velocity magnitude contours and streamlines at the designed intake (CFD-A. Sieradzki)

The above velocity profiles presented in Figure 2-17 were obtained using a transitional
turbulence model (4 equation SST) in ANSYS Fluent solver and in next step used to calculate the
fan performance in FINE/Turbo software [36].
Knowing the diameter of the fan duct and measuring the difference between static and total
pressures, we can determine the mass flow of air flowing through the channel from gasodynamic
dependences related to normal conditions.
Using the below equations, the MFR as well as air velocity at the inlet to the lemniscate was
determined. The velocity was calculated assuming that the total pressure in the tested crosssection at the inlet equals the atmospheric pressure 𝑝𝑇 = 𝑝𝑎𝑡𝑚 . The static pressure 𝑝𝑠 in the
tested cross-section at the inlet was measured at 8 points located circumferentially every 45⁰ and
reduced to the time-average value.
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Figure 2-18. Static pressure points at the inlet section

𝑉𝐼𝑛𝑙𝑒𝑡 = √

2(𝑝𝑇 − 𝑝̅𝑠 )
𝜌

(5)

Due to large fluctuations in air humidity during the several-month test campaign (despite
placing the stand inside the hall) and amounting to RH=50% in the formula for air velocity, air
density was determined from the formula:
𝑏𝑇

𝑏𝑇

100 ∙ 𝑝𝑎𝑡𝑚 − 𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐 )
𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐)
𝜌=
+
𝑟𝑑𝑟𝑦 ∙ (𝑇 + 273.15)
𝑟𝑣𝑎𝑝 ∙ (𝑇 + 273.15)

(6)

The roughly estimated inlet flow velocity was corrected with the coefficient C=1.0068 [-], the
value of which was determined based on velocity measurement using multi-hole probes.
𝑉𝑐𝑜𝑟𝑟 = 𝑉𝐼𝑛𝑙𝑒𝑡 ∙ 𝐶

(7)

The MFR at the inlet to the test rig was determined based on the corrected flow velocity and
taking into account the varying air humidity and for the known cross-sectional area.
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2 ∙ 100 ∙ (𝑝𝑎𝑡𝑚 − 𝑝̅𝑠 )
𝑀𝐹𝑅𝑖𝑛𝑙𝑒𝑡 = 𝜌 ∙ 𝐴 ∙ 𝑉𝑐𝑜𝑟𝑟 = 𝜌 ∙ 𝐴 ∙ √
∙ 𝐶 = 𝐴 ∙ 𝐶 ∙ √2 ∙ 100 ∙ (𝑝𝑎𝑡𝑚 − 𝑝̅𝑠 ) ∙ 𝜌
𝜌

𝑏𝑇

(8)

𝑏𝑇

100 ∙ 𝑝𝑎𝑡𝑚 − 𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐)
𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐)
𝑀𝐹𝑅𝑖𝑛𝑙𝑒𝑡 = 𝐴 ∙ 𝐶 ∙ √2 ∙ 100 ∙ (𝑝𝑎𝑡𝑚 − 𝑝̅𝑠 ) ∙ (
+
)
𝑟𝑑𝑟𝑦 ∙ (𝑇 + 273.15)
𝑟𝑣𝑎𝑝 ∙ (𝑇 + 273.15)

(9)

The MFR value was transformed to normal conditions using the correction factor θ [-]
described by equation (10). The introduction of the factor θ (largely dependent on changes in
ambient temperature) and bringing the atmospheric pressure to normal conditions (11) was
aimed at maintaining the dynamic similarity of the flow.
The fulfillment of dynamic flow similarity and, for the blade tip speed, taking into account the
Mach number criterion, allowed the measurement of aerodynamic phenomena regardless of
changing ambient conditions. Normal conditions for air pressure and temperature are conditions
for experimental measurements, which need to be established to allow comparisons to be made
between different series of data. More information on similarity criteria can be found in the
publication of the author of this study [43].
𝑏𝑇

(1 +
𝜃=

𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐 )

) ∙ (𝑇 + 273.15)
𝑏𝑇
(100 ∙ 𝑝𝑎𝑡𝑚 − 𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐 ) )
𝑏𝑇

𝑟𝑑𝑟𝑦 ∙ 𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐)

288.15 ∙ (1 +

𝑟𝑣𝑎𝑝 ∙ (100 ∙ 𝑝𝑎𝑡𝑚 − 𝑅𝐻 ∙

𝛿=

𝑝𝑎𝑡𝑚
1013.25

)
𝑏𝑇
𝑎𝑒 (𝑇+𝑐) )

(10)

(11)

Finally, the formulas for air mass flow rate corrected to normal conditions (12) and corrected
fan rotor speed (13) were obtained.
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𝑏𝑇

(1 +

𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐)

) ∙ (𝑇 + 273.15)
𝑏𝑇
(100 ∙ 𝑝𝑎𝑡𝑚 − 𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐) )
𝑏𝑇

288.15 ∙ (1 +
𝑀𝐹𝑅𝑐𝑜𝑟𝑟 = 𝑀𝐹𝑅 ∙

√𝜃
= 𝑀𝐹𝑅 ∙ √
𝛿

𝑟𝑑𝑟𝑦𝑎𝑖𝑟 ∙ 𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐)

)
𝑏𝑇
𝑟𝑣𝑎𝑝 ∙ (100 ∙ 𝑝𝑎𝑡𝑚 − 𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐) )

(12)

𝑝𝑎𝑡𝑚
1013.25

𝑏𝑇

(1 +
𝑅𝑃𝑀𝑐𝑜𝑟𝑟 = 𝑅𝑃𝑀 ⁄√𝜃 = 𝑅𝑃𝑀/

𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐)

𝑏𝑇

(100 ∙ 𝑝𝑎𝑡𝑚 − 𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐) )

) ∙ (𝑇 + 273.15)
𝑏𝑇

𝑟𝑑𝑟𝑦 ∙ 𝑅𝐻 ∙ 𝑎𝑒 (𝑇+𝑐 )

288.15 ∙ (1 +
√

𝑟𝑣𝑎𝑝 ∙ (100 ∙ 𝑝𝑎𝑡𝑚 − 𝑅𝐻 ∙

)
𝑏𝑇
𝑎𝑒 (𝑇+𝑐 ) )

(13)

In the above equations, the coefficient *100 results from the value of atmospheric pressure
were read from the measuring instruments in hPa. In the case of data collected in Pa, the factor
*100 should be omitted.
Solving the above formulas allowed to determine coarse reduced mass airflow at the inlet to
the fan duct. The above equations have been implemented in the algorithms for calculating
measurement data both in real-time and in subsequent analysis.

METHOD OF MEASURING AIR MASS FLOW RATE USING 5-HOLE PRESSURE PROBES

Multi-hole pressure probes mounted in the traverse were used to study the velocity profile
and precisely calculate mass flow rate, as well as the airflow angles. The probes were
pneumatically connected to the multi-channel Initium data acquisition system. The maximum
measurement frequency of the Initium system of 500Hz has been reduced to 100Hz due test
duration, especially for disturbed flow conditions. All test cases were performed using two probes
mounted in the opposite positions, which allowed to significantly shorten the measurement time.
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The measurement of pressure distribution in the disturbed flow was determined by placing
5-hole probes at each of the measuring points constituting the apex of the triangles.
Measurement using 5-hole probes was carried out at each node of the presented mesh
Figure 2-19. Depending on the tested measuring section in the BLI configuration, the number of
points ranged from about 1000 in section 3 to about 3200 in section 5.

Figure 2-19. Distribution of 5-hole probes measuring points for section 3

The value of static pressure, total pressure, and airflow angles for each of the measuring
points were determined according to the procedure described in detail by Ruchała, Grabowska at
all in [44]. Based on the determined pressure distribution, the flow velocity was determined
independently for each of the triangle areas.
𝑉5ℎ𝑝 = √

2 ∙ 100 (𝑝 𝑇 5ℎ𝑝 − 𝑝𝑠 5ℎ𝑝 )
𝜌
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(14)

Knowing the surface area of the triangles, the mass flow rate was determined for each
triangle. Through adding up mass flows for all half surfaces the total mass flow of the fan was
determined.
Due to the inability to measure with 5-hole probes near the wall, a hybrid method of
determining the full mass expenditure was used. The hybrid method was based on the addition
of a 30mm thick Boundary Layer determined using CFD tools to experimental data in the post-
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Figure 2-20. Velocity profile obtained by 5-Hole probes

𝐴 (𝐶𝐹𝐷)𝑛

𝐴𝑛

𝑀𝐹𝑅 = 𝑀𝐹𝑅5ℎ𝑝 + 𝑀𝐹𝑅𝐵𝐿_𝐶𝐹𝐷 = ∑(𝜌 ∙ 𝐴 ∙ 𝑉5ℎ𝑝) +
𝐴1

∑ (𝜌 ∙ 𝐴 ∙ 𝑉𝐶𝐹𝐷 𝑠𝑐𝑎𝑙𝑒𝑑)
𝐴 (𝐶𝐹𝐷)1

(15)

Thanks to the determined velocity distribution and mass expenditure, it was possible to enter
a correction factor for the measurement of expenditure measured from static pressure at the
inlet to the fan duct. Finally, excellent accuracy of real-time MFR measurement for BLI cases of >
0.1% was obtained.
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METHOD FOR DETERMINING FAN EFFICIENCY

Determination of performance parameters of the fan working in disturbed and clean flow
allowed to determine its operating limit states and the stall margin.
The method used was based on the energy balance of the system. The mathematical model
described by the equation was used to determine the isentropic efficiency of the fan:
𝜂=

𝑃𝑎𝑖𝑟
𝑃𝑠ℎ𝑎𝑓𝑡

(16)

Isentropic efficiency 𝜂 is understood as the ratio of the power applied to the system to the
power received on the shaft, where:

𝑃𝑎𝑖𝑟 = Δ𝑃𝑡 ∙ 𝑉𝐹𝑅5ℎ𝑝

(17)

For the air density ρ described by equation (6), the Volumetric Flow Ratio was determined
from the MFR equation for multi-hole probes:
𝑉𝐹𝑅5ℎ𝑝 =

𝑀𝐹𝑅5ℎ𝑝
𝜌

(18)

Due to the lack of necessity to precisely determine the actual efficiency of the fan, and guided
by the desire to determine the impact of the disturbed inlet velocity profile on the fan
performance parameters, simplifications were made in determining the power received from the
system. Among others, the heat losses due to heat conduction and radiation on the motor casing
and fan casing were omitted. The electric power measured in the inverter was taken for analysis
and the losses on motor cooling were taken into account.
𝑃𝑆ℎ𝑎𝑓𝑡 = 𝑃𝐸𝑀 − 𝑄𝑐𝑜𝑜𝑙𝑖𝑔
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(19)

Electric motor cooling losses were determined using the equation:
𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = 𝑚̇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ∙ 𝐶𝑝𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ∙ 𝛥𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡

(20)

Finally, taking into account all of the above transformations, the formula for isentropic
efficiency of the fan could be written:
𝑀𝐹𝑅5ℎ𝑝
𝜌
𝜂=
𝑃𝐸𝑀 − ((𝑀𝐹𝑅𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ) ∙ 𝐶𝑝𝑐𝑜𝑜𝑙𝑎𝑛𝑡 ∙ 𝛥𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡 )
Δ𝑃𝑡 ∙

(21)

Due to simplifications made, the obtained efficiency of the fan was lower than the efficiency
determined by the method of numerical CFD calculations. However, the difference in the ratio of
efficiency determined experimentally and numerically was constant, which confirms the
consistency of the results (see Figure 3-40).
The above equations allowed to determine the efficiency of the fan working in clean and
disturbed flow. Determining the effect of the disturbance on the efficiency of the fan and its
moment of entering into the stall condition, enabled the author to directly compile the fan
performance parameters in its operating limits.

RESEARCH PROGRAM

The presented test program applies exclusively to fan stall studies and does not include the
full test campaign. Research on the impact of the disturbed velocity profile at the inlet by BLI
phenomenon was carried out for 4 fan speeds. Initial researches were conducted without
damping cloth. However, due to the detection of interference from the hall walls for the
measurement, all preliminary tests were repeated taking into account the cloth. It should be
noted that in the case of BLI distortion, both gauze and flow honeycomb were introduced into
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the flow. The stall phenomenon testing program, due to the danger of damaging the fan, was
implemented after the completion of the main test campaign.
Table 2-3. Experimental test plan
Test rig configuration
RPM CORR

Throttle cone

[rpm]

Position

Run No.

Damping Cloth Flow Straightener Dist. Gauze

Microphone
GRAS

151_2019

BASELINE

1750

variable

-

-

-

-

152_2019

BASELINE

2250

variable

-

-

-

-

153_2019

BASELINE

2500

variable

-

-

-

-

164_2019

BASELINE

2250

variable



-

-

-

165_2019

BASELINE

2500

variable



-

-

-

166_2019

BASELINE

2750

variable



-

-

-

167_2019

BASELINE

2500

variable



-

-



168_2019

BASELINE

2250

variable



-

-



169_2019

BASELINE

2750

variable



-

-



170_2019

BLI

2500

variable









171_2019

BLI

2750

variable









172_2019

BLI

2500

variable









173_2019

BLI

2250

variable









175_2019

BLI

1750

variable









176_2019

BLI

2250

variable









177_2019

BLI

2500

variable









178_2019

BLI

2750

variable









222_2019

BLI_OGV2

1750

variable









223_2019

BLI_OGV2

2250

variable









224_2019

BLI_OGV2

2500

variable









225_2019

BLI_OGV2

2750

variable
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3 -- CHAPTER 3. ANALYSIS OF EXPERIMENTAL RESULTS

The research technique described in the above chapter allowed the collection of steady-state
and unsteady measurement data and analysis of the test results.
In this chapter, the author of the dissertation conducted data analysis to confirm the thesis
made initially.
The steady-state analysis of the test results includes basic graphs presenting the fan
performance map, efficiency map, and the determined stall margin for axial-symmetrical flow, as
well as for the fan with the velocity profile at the inlet with the BLI disturbance. Thanks to the
analysis carried out, the author proves the thesis presented at the beginning of the dissertation.
It clearly shows the differences in fan performance and its behavior in the area of critical
operating conditions.
The author presents differences in fan behavior taking into account the impact of the
disturbed velocity profile at the rotor inlet.
According to the thesis, there are premises that the fan behavior in near-stall conditions and
in the stall condition will be quite different for the fan operated in clean flow and with the BLI
flow distortion.
It is clear that a fan operating in BLI conditions will have lower efficiency and will have a
smaller Stall Margin [31]. However, determining the above performance parameters, using CFD
techniques, especially in the near-stall area needing very high computing power, is timeconsuming, and requires experimental validation.
According to the author, disturbance of the velocity profile at the fan inlet may cause
different stall characteristics, and the use of high-frequency static pressure measurement in the
gap between the blade tip and rotor casing will allow determining the type of stall phenomena.
A complete analysis of the unitability onset was investigated based on Fourier transforms of
high-frequency pressure signals recorded by Kulite sensors. Such analysis of the high-frequency
signal allowed detection of stall angular location, its character, and determination of stall
rotational speeds.
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Through comparative analysis, it was possible to determine the effect of BLI disturbances on
the propagation of nonstationary phenomena in the NS and fan stall. Using unsteady analysis of
the pressure signal in the tip clearance, we are able to determine the characteristic pressure peaks
preceding flow separation and constituting the "embryo if the developing instability, which
jeopardizes the chance of a control system to damp the perturbation" [45].
High-frequency measurements are applicable in laboratory conditions. Alternatively,
circumferential low-frequency static pressure sensors can be used to detect stall phenomena
alone. The very location of the cross-section of the duct in which static pressure sensors can be
placed is of less importance.
The above formulation is correct if the sensors are to be used for stall detection, and the
signal recorded by the above-mentioned sensors is to be used as an input for the anti-stall system
operation. Based on the analysis of measurement data it can be stated that in each of the
measuring sections of the test stand, in the case of RS, there was a radical change in static
pressure at the casing.
The frequency of measurement of such sensors, unlike high-frequency sensors, may be
limited to approx. 100 Hz. This frequency is sufficient to detect the moment of flow separation.
However, low-frequency sensors are not applicable for testing the nature of pressure
fluctuations, e.g. using signal spectral analysis.
It should be borne in mind that the volume of the pneumatic averaging tube, the measured
pressure, and unsteady phenomena will be imperceptible to them. The sensors will work to
capture the moment the RS appears, but e.g. determination of its character will no longer be
possible.
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INFLUENCE OF VELOCITY PROFILE ON THE APPEARANCE OF STALL ON THE AXIAL
FAN

In this dissertation, the tests were carried out for the air velocity profiles at the fan inlet
indicated in plots Figure 3-2 and Figure 3-6.
The first, base profile corresponded to the airflow without flow disturbance. Tests of the base
profile corresponded to the configuration of the test stand with the intake cloth, but without the
screen and the honeycomb. This configuration has been called the "Baseline" configuration and
the flow was named as "Clean Flow".
The symmetry of the profile in the Baseline configuration was affected by the location of the
test stand. Due to the fear of additional undesirable distortion of flow at the inlet, the test stand
was placed in a possibly large and high room, and the impact of the room shape was checked
using CFD computer techniques Figure 3-1.
As a result of the CFD analysis, it was necessary to use intake dumping cloth, which allowed
to stabilize the flow and minimize swirl and radial angles (see Figure 3-4 and Figure 3-5).

Figure 3-1. Inlet flow distortions caused by limited room space (A. Sieradzki)

Finally, the dumping cloth was used for all fan performance measurements as well as stall
measurements.
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CLEAN FLOW VELOCITY PROFILE FOR BASELINE TEST RIG CONFIGURATION

In the Baseline configuration, due to the symmetry of the flow, the tests of the velocity
profile, turbulence level, and flow angles were performed for 2 cross-circular sectors in the 2nd
section of the test stand. Measurements were made for azimuths 0⁰and 180⁰ for measurement
of velocity and flow angles and 90⁰ and 240⁰ azimuths for measurement of turbulence level.

Figure 3-2. Inlet air velocity profiles in Baseline configuration for 0.9, 1.0, 1.1 Nref. Section 2

Two five-hole probes placed in opposite traverses were used to determine the velocity profile
and flow angles. For the Baseline configuration, the turbulence level was determined based on
the analysis of the signal collected from one CTA1 probe. The measurement with the CTA1 probe
was made at 90⁰azimuth, after which the probe was turned to 240⁰ azimuth.
For the above configuration, the level of Clean Flow turbulence oscillated at Tu=0.8% on a
radius of up to 180mm, Tu=2% between 180mm and 260mm, and increased accordingly to
Tu=17% when approaching the casing Figure 3-3. The turbulence level distribution in the Baseline
configuration was similar for all tested flow rates in the range from 0.9Nref to 1.1Nref.
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Figure 3-3. Clean flow turbulence level at 0.9Nref, 1.0 Nref, 1.1 Nref in Baseline test rig configuration. Section 2

Swirl angle (Pitch), and Radial Angle (Yaw) were calculated from multi-hole probes. The
measurement was made simultaneously with the measurement of the airflow velocity. The
accuracy of the measurement of flow angles for multi-hole probes according to the
manufacturer's calibration was 0.1⁰. This corresponded to the values indicated in the literature
[44], [46], [47]. According to the manufacturer's specification, the correct measurement with 5hole probes could be performed at a distance not shorter than 2 diameters of the size of the
probe tip, which in the case of used probes with a head diameter of 3mm, allowed measurements
at a distance of 6mm from the tunnel wall.
As a result of the measurement Figure 3-4, Figure 3-5 presenting swirl and Radial angles for
clean flow in a Baseline configuration were obtained. It is possible to see that the radial angle
values are not very dependent on the tested flow rates and range from -0.5⁰to 0.25⁰ for an area
with a radius of up to 250mm. It is clear that due to the roughness of the casing surface and the
occurring friction forces, the value of the angle measured near the walls of the test rig increases.
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Figure 3-4. Radial angle distribution for clean flow at 0.9N ref, 1.0Nref, 1.1Nref

Swirl angle measurements showed an average flow pitch of about 1⁰ for all ranges of the
tested RPM. Similarly to the radial angle, this value increased around the tunnel wall. This increase
is explained by the flow physics itself, as well as the accuracy of the measurement with multi-hole
probes in the area close to the wall.

Figure 3-5. Swirl angle distribution for clean flow at 0.9Nref, 1.0Nref, 1.Nref
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DISTORTED FLOW VELOCITY PROFILE FOR BLI TEST RIG CONFIGURATION

Study of the velocity profile with the BLI disturbances required a full cross-sectional scan in
section 3. The traverse system described in Chapter 2 was used for the measurement (see Figure
2-11). The traverse linear guides had two five-hole probes installed for measuring velocity and
flow angles, and two miniCTA sets for measuring the flow turbulence level.
The distorted inlet flow velocity profile for the BLI test rig configuration used for this
investigation was taken from the SAX-40 Initiative aircraft Figure 3-6 [2], [48].
The mapping of the SAX-40 Initiative Aircraft profile was developed using the CFD tools in the
Aerodynamics Department by Sieradzki [36].
Implementation of the flow disturbance in the experimental conditions was made using a
special construction of a distortion screen with variable mesh geometry (see Figure 2-3). The
screen was placed between sections 1 and 2 of the test stand at a distance of 0.7m upstream
rotor, with the lowest flow velocity corresponding to 90⁰ azimuth (X = 0, Y = -298).
Very good velocity profile compliance was obtained, both in relation to the SAX-40 aircraft
profile and in comparison with the CFD calculation data. Figure 3-7.

Figure 3-6. Input velocity profile in BLI configuration, CFD (left) [2] and experimental data (right)
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Figure 3-7. Nondimensionalized velocity profile [-] of the BLI configuration [36], [48]

The measurement of flow angles for the BLI configuration was carried out using the same
calculation algorithm as in the Baseline configuration. Due to the availability of full flow area data,
the measurement results are presented in the form of below plots Figure 3-8.

(SWIRL ANGLE)

(RADIAL ANGLE)

Figure 3-8. Experimental results of velocity angles in BLI configuration at Nref, section 2.[36]
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UNSTEADY MEASUREMENTS IN THE NEAR STALL AND STALL CONDITIONS FOR
CLEAN AND DISTORTED FLOW

Using the circumferential pressure Kulite sensors located at the gap between the blades tip
and the test rig casing, unsteady static pressure measurements were conducted at a constant
rotational speed. For speeds 1750, 2250, 2500, 2750RPM (0.7Nref, 0.9Nref, 1.0Nref, 1.1Nref)
several records were conducted to ensure the ratability of stall phenomena. At all rotational
speeds, the flow was throttled up to fan stability limit and then the throttle was opened afterward
to bring the fan out of damaging conditions. It should be noted that throttle cone position was
not automatically saved to a file, and the following analysis does not take into account the shape
of the throttle ramp.
As an example taken to study, the Figure 3-9 depicts the results of pressure traces acquired
from Kulite sensors 01-812 placed at azimuth 0deg in 10%c upstream rotor blade chord at 1.0Nref
(see Figure 2-7). Fourier raw signal power spectral analysis was determined for stable flow, NS
and stall flow conditions for both distorted and clean flows.
On the static pressure signal, both for clean flow conditions and disturbed flow, one can
observe areas in which there characteristic peaks are preceding the stall, called "SWS - Surge
Warning Shots" in the literature. Importantly, the appearance of SWS peaks depends on the
speed of fan achieving stall conditions, i.e. directly dependent on throttling ramp. This was
confirmed by Godard in [45]: “In the case of rapid throttling ramp, an increase then a decrease of
the frequency of the instabilities are observed in the unsteady static pressure signals. These
variations are directly linked to the transient motion of the throttling valve, whatever the
rotational speed”.
Additionally, in the BLI configuration in the b) range, the local flow separation region has been
indicated. These were named by the author as the Local Stall Region (LSR), which is described
later in the chapter (see Figure 3-28 and Figure 3-29).
During one measurement run, the fan entered stall conditions several times. Entering the
stall conditions was achieved manually with a different throttle ramp. As a result, the acquired
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files differ in the length of the intervals a), b) and c), as well as the time of occurrence of individual
phenomena. In the case of high-frequency analysis of the pressure signal, the following analysis
does not take into account the pressure itself, but the change in its amplitude and the frequency
of the phenomenon of the same energy.

Figure 3-9. Unsteady analyzes of static pressure fluctuation, sensor 01-812-5D at 1.0Nref for BLI flow conditions, a)
stable flow, b) NS flow, c) RS conditions

Fourier Power Spectra analysis of the entire high-frequency static pressure signal at sensor
placed in azimuth 0⁰ and for each of three indicated parts are given in Figure 3-10.
The analysis was carried out for RAW signals without any filtering. The characteristic
frequency of BPF blades transition can be seen on all graphs. Graph b) shows the frequency
spectrum in the NS region. Despite the appearance of the first SWS peaks which are the origin of
the first sign of flow separation, no characteristic frequency of their occurrence was noted. SWS
peaks appear randomly and are not visible in spectral analysis. An important note is that the
analyzed case concerns the measurement of static pressure in azimuth 0⁰, i.e. 90⁰ before the
disturbance occurs. However, the lack of RS-specific frequencies in the case of b) does not mean
that other forms of critical flow can be excluded, e.g. local separations or surge phenomena.
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Although, in the case of these low-pressure fan tests, no surge phenomenon has been reported.
Surge phenomena would be expected for higher fan speeds and/or higher pressure ratio [45].

Figure 3-10. Characteristic frequencies for flow conditions a) stable flow, b) NS flow, c) RS conditions

In azimuth 0, the characteristic peak indicating the occurrence of RS appears only for the
interval c). Based on the above, for the determination of the RS to BFP frequency ratio, the
following graphs present the FFT analysis of the signal only for the interval c).
In the BSL configuration and for 0.7Nref conditions no peak indicating RS was observed.
Despite a strong stopping of the throttle cone, the fan could not be put into the RS state. On the
other hand, the occurrence of the "hill" around 6-8 Hz indicates the occurrence of flow instability
and is defined as the origin of RS formation. The point is marked in this study as RSB Rotating Stall
Beginning Figure 3-11.
Importantly, in the case of further development and formation of a full RS, a significant
increase in frequency should be expected: from approx. 6-8 Hz for RSB to approx. 16.8Hz (RS value
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for 0.7 Nref in BLI conditions) and further 22-27Hz for RS (value for revolutions 0.9 to 1.1Nref for
both Baseline and BLI configurations) (see Figure 3-12 to Figure 3-14).

Figure 3-11. Fourier power spectra for BSL configuration (left) and BLI configuration (right) at 0.7Nref, azimuth 0⁰.

In the case of measurement for the 0.9Nref velocity, the stall phenomenon was characterized
by rotational frequencies of 22.7Hz and 21.5Hz for disturbed and disturbed flow, respectively.

Figure 3-12. Fourier power spectra for BSL configuration (left) and BLI configuration (right) at 0.9Nref, azimuth 0⁰.

At 1.0Nref for BSL configuration the spectrum highlights a dominate frequency 23.7Hz and
its harmonics far below BPF (630.1Hz). Moreover, the frequency between pressure spikes in the
BLI configuration is very similar (24.6Hz) Figure 3-13.

60

Figure 3-13. Fourier power spectra for baseline configuration (left) and BLI configuration (right) at 1.0Nref ,
azimuth 0⁰.

For the highest fan speeds of 1.1Nref, the frequency of the RS phenomenon is also
significantly lower than the BPF frequency. The characteristic peak indicating RS appears both in
the configuration with and without flow disturbance.

Figure 3-14. Fourier power spectra for BSL configuration (left) and BLI configuration (right) at 1.1Nref,
azimuth 0⁰.

The presented analysis of RAW signal with BPF frequency corresponds to the actual fan
speed. It can be noticed that the BPF frequency is slightly different from the fan's corrected RPM.
This difference is dictated by obtaining the same blade tip speed and depends on ambient
conditions. The BPF frequency corresponds to the fan speed without RPM correction.
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Analyzing the above frequency charts, it can be stated that the RS phenomenon occurs both
in the fan operating in clean flow and distorted flow. The flow disturbance alone does not cause
a significant change in the RS cell speed. As the fan speed increases, the RS frequency also
increases. The summary of determined values is presented in Figure 3-15.

Figure 3-15. RS frequency at 0.7Nref – 1.1Nref in BSL and BLI configurations

However, the ratio of RS to BPF frequency is almost constant for all measured fan speeds,
which proves the thesis Figure 3-16.
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Figure 3-16. The percentage ratio of RSF to BPF in BSL and BLI configuration
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2700

2900

As demonstrated, the disturbance of the velocity profile at the fan inlet had no significant
impact on the RS speed. Both for the non-disturbed and disturbed flow configurations RS
frequencies fluctuated between 3.8% and 4.0% of the BPF blade passage frequency Figure 3-16.
The measured frequency ratio for the conditions without flow disturbance coincides with the
literature data, which proves the correctness of the measurement [49].

COMPARISON OF UNSTEADY MEASUREMENTS OF THE CIRCUMFERENTIAL FLOW
SEPARATION FOR CLEAN AND DISTORTED FLOW CONDITIONS

The thesis stated in the introduction, that the type of the velocity profile at the fan inlet
affects the phenomenon of flow separation is clearly visible in the way the fan getting in the stall
condition.
As a reference for the analysis of flow with disturbance, an analysis of angular detection of
flow separation was carried out for the velocity 1.0Nref and for the Baseline velocity profile. Static
pressure signals from sensors placed circumferentially in the test rig casing, in the rotor plane,
were analyzed (see Figure 2-7). The sensors were placed at an interval of 60⁰, in the position 10%
chord blade upstream rotor. According to the author, such placement of sensors should allow to
detect the stall location, determine the propagation time of the phenomenon itself, as well as to
determine its character.
The study results were prepared for the raw static pressure signal, as well as for the signal
after filtration. For filtration of high-frequency pressure signal a Low-pass Chebyshev filter, 16
filter order, ripple 0.01 [dB] at 90% BPF was used. The application of such signal filtration
concerned both velocity profiles and allowed to display interesting fragments of the measured
signal. In order to characterize the type of flow instability, the rotating speed of the perturbations
is determined from Figure 3-17 which shows the first perturbations of the pressure signals at
circumferential sensors.
According to the energy spectrum graph (see Figure 3-13 –left), no characteristic RS prefrequencies were found for azimuth 0⁰. However, thanks to the angular detection of the signal on
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other azimuths, SWS peaks occurring in the near-stall area can be observed. Time was set to “0
revs” when a full rotating stall cell spreading around the full annulus forms. In addition, the graph
shows that the first symptoms of entry in RS. The first sign of RS appears at time = - 3 revs, when
a spike at point "I" appears. In area “I” between azimuth 0⁰ and 180⁰ the power of the
perturbations is growing and then decaying.

Figure 3-17. RS inception in BSL configuration at 1.0Nref: Raw signal (above), Low pass filtered signal at 90% BPF
(below)

In the point marked "II" the RS becomes fully formed. The pressure peaks become developed
and are clearly visible on the entire circumference of the fan. The RS speed equals
𝜔 = 0.564Ω, which is a typical RS speed for clean flow. For the BSL configuration, at rotor speed
1.0Nref, the time to full development of RS is 3 revs. Clear and regular BPF peaks are still visible
on each pressure line between stall cells, which means that between RS stall cells there are still
areas, where the flow is sucked to the fan blades. This indicated that, despite the RS phenomenon,
the fan is still operating, however with unstable RPM and reduced mass rate compared to the
area before the RS.
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It should be noted that the rotor used to the experimental test was oversized in terms of the
expected loads, and in the case of a real fan, such work could cause its complete damage.
Detection of additional pressure signal perturbations occurring outside of the azimuth 0⁰,
prompted the author to perform detailed calculations and determine the FFT for the next sensor.
It was no accident, that the sensor placed in azimuth 120⁰ had been chosen. Due to the placement
of the flow disturbance in the 90⁰ of angular position, and the significantly lowered profile of
velocity in the range of azimuth 60⁰-90⁰ (in case of the BLI configuration), it was where the first
signs of fan stall were expected to be detected.
Considering the above, the signal from circumferential sensors located in azimuth 0⁰ and
120⁰ was thoroughly analyzed. The results are presented in below figures Figure 3-18 - Figure
3-21 in the form of three-dimensional spectral analysis of the pressure signal in time domain.

Figure 3-18. Power spectra of high-frequency static pressure at 1.0Nref in BSL configuration, Azimuth 0.
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The analyzed measuring case was divided into a series of 1-second time intervals. For each
of the selected time intervals, the FFT transformation of the static pressure signal was carried out.
The results were presented in the form of three-dimensional graphs.
The graph Figure 3-18 demonstrates the spectral energy density of unsteady pressure signal
at azimuth 0⁰, with 1s time interval. The spectral energy distribution graph presents the
appearance of the characteristic RS frequency of 23.7 Hz in the 38th second of the measurement.
This frequency is the same frequency as the one indicated in Figure 3-13

for the BSL

configuration. Importantly, no significant frequencies close to RS can be seen for the azimuth
analyzed. The narrowing of the graph observation field in the RS area is shown in Figure 3-19.

Figure 3-19. Power Spectrum of RS area at 1.0Nref in BSL configuration, Azimuth 0⁰

According to the above graphic, it could be concluded, that the fan enters the RS state
without additional signals with a frequency similar to RS. The development of the RS phenomenon
in less than 1 second and the lack of additional, preceding energy peaks could indicate the validity
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of the conclusion. However, it should be considered, that the analysis was carried out in points
and one azimuth. As shown in Figure 3-17, in the NS area, however, as we know, perturbations
proceed the rotor’s entry into the RS state.
These perturbations are perfectly visible in azimuth 120⁰ Figure 3-20. However, the energy
of these perturbations is relatively low and its value is 2 orders of magnitude lower than the RS
energy. The frequency of occurring perturbations is scattered evenly throughout the entire
frequency spectrum below 600 Hz. A decisive increase in energy occurs in the 38th second of the
measurement when the fan enters the RS state. The peak of 42Hz along the entire duration of
the measurement is not a sign of flow separation, but only one of the harmonics of the fan blade
spinning frequency. This peak is also visible, more or less strongly, for other fan speeds. It should
be noted, that the discussed graph was cut off above the frequency of 600Hz to emphasize the
phenomena associated with the stall.

Figure 3-20. Power Spectrum of RS area at 1.0Nref in BSL configuration. Azimuth 120⁰
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As it can be observed in the graph, despite the fairly large number of points with low
amplitude, the entry in the RS is rapid. In addition to the dominant frequency for RS of 23.7Hz,
during the occurrence of RS, there are a number of perturbations with lower energy and having
frequencies from several Hz up to 10 successive RS harmonics. The significant visible effect of the
RS phenomenon can be seen up to a frequency of about 240 Hz. The energy of perturbations
preceding RS for the Clean Flow is shown in Figure 3-21. The graph shows all signal spectra from
the pressure sensor located in 120⁰ azimuth and preceding the RS occurrence. The graph was cut
off in the 36th second of the measurement, i.e. 2 seconds before the occurrence of RS. It can be
seen, that the energy spectrum of perturbation in the area between about 20 to 250 Hz (i.e. where
we expect the influence of RS) oscillates around 0.001psi2 and does not exceed 0.002 psi2.

Figure 3-21. Power Spectrum of NS area before RS at 1.0Nref in BSL configuration. Azimuth 120⁰

Due to the location of high-pressure pressure sensors in the fan blade centrifugation plane
along the blades axial chord, it was possible to carry out the analysis of flow separation detection
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on the blade chord Figure 3-22. The graph below presents the propagation of stall along the chord
of a fan blade. The frequency of fan blades is clearly visible in the pressure charts from 0% to 75%
chord length. Point 100%c is located in the trailing edge spin plane.
At this point, the transitions of individual blades are still visible, however, the signal is very
blurred. The signal blur increases the closer we get to the 0 revs point called Rotating Stall
Inception Point (RISP). The first signs of a full flow separation can be observed between the first
and second full fan velocity preceding the RISP point (see points A-E). The jagged character of the
pressure graphs, indicates the appearance of flow disturbances much earlier than the RS itself
occurs, which coincides with previous high-frequency peripheral pressure analyzes.

Figure 3-22. RS inception in axial flow direction at 1.0Nref. Azimuth 0⁰, BSL configuration
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The same analysis was carried out for the fan working in an asymmetrical velocity profile at
the inlet Figure 3-23. The analysis studied the case in which the fan was working at the corrected
rotational speed, such as in the BSL configuration, i.e. 1.0Nref Figure 3-23. The fan in the BLI
configuration also entered the full RS state, and the RS rotation frequency was close to half the
fan speed ω=0.584Ω. The length of the measurement file in this case was 120s, with the RS
phenomenon appearing in the 84th second of the measurement and having a characteristic
frequency of 24.6Hz.

Figure 3-23. Power Spectral Density at 1.0Nref in BLI configuration, Azimuth 0

The BLI fan entry in RS took place very quickly, the entry time was less than 1s. At the 84th
second of the measurement, RS building up could be observed and stabilization began. The entry
into stable RS was indicated by one dominant frequency of 24.6Hz and a lack of additional spectral
frequencies. It should be noted, that the exit ramp from RS for each case was as similar as
possible.
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Figure 3-24. RS developing at BLI configuration at 1.0 Nref. Azimuth 0⁰.

Exiting the RS took place with the highest possible constant speed of the throttle cone
displacement of 7.6s per 1cm of displacement. At the same time, the exit from the RS state
occurred as instantly as it was initiated. As in the case of the BSL configuration in azimuth 0⁰,
there were no significant preceding frequencies or occurring after the cessation of the RS
phenomenon.
Figure Figure 3-25 is a projection of the 3D graph presented above on a plane as a function
of time and pressure energy spectrum. In addition, the graph is juxtaposed with the raw pressure
signal from sensor 01-812-5D located in azimuth 0⁰. The occurrence of flow oscillations can be
seen on the raw pressure signal, and thanks to the spectral analysis used it is also possible to
define their character.
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Figure 3-25. RS Power Spectrum analysis at 1.0Nref for BLI flow conditions. Azimuth 0⁰.

For the above-described case of putting the fan in a stall condition and recovering it from the
RS conditions as soon as possible (without bleed tabs and other anti-stall systems), the exit time
was 12s (from the 87th to the 99th second of the measurement). This time was calculated from
the moment of the maximum frequency peak occurrence, until the disappearance of frequencies
characteristic for RS.
As in the previous case, the calculations were also carried out for 120⁰ azimuth. The results for
the sensor located at the exit from the area with a slower air flow are presented in Figure 3-28.
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Figure 3-26

ref

for BLI configuration. Azimuth 120⁰

The graph presents the energy spectrum of the area around the RS frequency and is cut off
by a frequency of 600Hz to emphasize interesting fragments. In the case of the BLI configuration,
the graph at an angular position of 120⁰ indicates that, in addition to the dominant frequency for
RS, in the area before the RS occurs and, similarly to the case of BSL, additional lower energy
frequencies appear.
The energy of the perturbations preceding RS for the distorted flow is shown in Figure 3-27
Figure 3-27. Power Spectrum of NS area before RS at 1.0Nref for BLI configuration. Azimuth 120⁰.

. The graph presents all spectra of the signal from the pressure sensor located in azimuth 120⁰
and preceding the occurrence of RS. The chart was cut off at the 83rd second of the measurement,
i.e. 1s before the occurrence of RS. It can be observed, that the energy spectrum of perturbation
in the area between about 20 to 250Hz (i.e. where we expect the influence of RS) is almost twice
as high as for the BSL configuration.
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Figure 3-27. Power Spectrum of NS area before RS at 1.0Nref for BLI configuration. Azimuth 120⁰.

In order to verify the circumferential flow separation, the measurement included highfrequency analysis of signals from all static pressure sensors placed on the housing in the fan spin
plane.
Importantly, and in line with the dissertation's thesis, the RS frequency for a fan operating in
both BLI and BSL conditions is similar. However, the embryo of RS formation is quite different and
depends on the shape of the velocity profile at the fan inlet.
The drawing below is an excellent example, in which the author proves the thesis Figure 3-28.
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Figure 3-28. RS inception in BLI configuration at 1.0Nref. Raw signal (above), low pass filtered signal at 90% BPF
(below)

In the area immediately before the fan entering the RS conditions, unlike the flow in the BSL
configuration, the SWS peaks are very sporadic. A large area, located between 120⁰ and 180⁰
degrees azimuth, occurs, which has been named by the author as the Local Stall Region (LSR).
Local flow separation is caused directly by the type of the velocity profile and the disturbance at
the fan inlet.
Taking into account, that the area with the low-momentum flow is located in azimuth 90⁰, it
is correct to state that the shape of the inlet velocity profile determines the nature of the flow
separation development. Between the second and third rotation before RS, in the LSR separation
area at the point marked "I", additional peaks appear developing with the direction of rotation of
the fan. These peaks propagate from 120⁰ azimuth towards point "II", and after 2 revolutions
transform into a fully circumferentially formed RS. This type of stall in the nomenclature is named
the Spike –type stall and is “most commonly observed route in aero- engines”[14], [50]
Equally interesting is the very development of the LSR area. The area develops as early as in
the 67th second of the measurement, and therefore, 17s before the occurrence of RS Figure 3-28.
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First signal disturbances indicated by pressure measurement sensors, being a precursor of
local flow separation, have been called Local Stall Warning Shoots (LSWS). They appear on
azimuth 120⁰ and further propagate to position 180⁰, where peak development is inhibited.
In azimuth 300⁰ they are practically invisible. Subsequently, the LSWS peaks pass into the
area of local LSR flow occurring between the 120⁰-180⁰ azimuths, until they enter at the RSIP
point into full separation with rotational characteristics. LSWS spikes appear at a
MFRcorr= 7.36 kg/s, and what is important, local flow separation in the above-mentioned area
does not cause a radical decrease in mass airflow.

Figure 3-29. Local Stall Region developing in BLI configuration at 1.0Nref. Raw signal (above), Low pass filtered
signal at 90% BPF (middle), MFR (below).
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The LSWS peaks build up initially with a variable time interval, then after about 0.5s from the
frequency of their occurrence is 10Hz. The area where LSWS peaks appear passes to LSR after 4.2s
since its occurrence.
The nature of LSWS peaks indicates, that these peaks result in the formation of a single full
span stall cell, which later passes into the LSR area. The physics of stall inception and stall-cell
development was well described by Hickman and Moris in [51], who investigated a different
speed between the leading edge and trailing edge of the stall cell.

Figure 3-30. Local Stall Warning Shots Region. BLI configuration at 1.0Nref. Azimuth 120⁰.

From the viewpoint of exploitation and fan’s operation safety, it allows detection of flow
separation even before the critical point, in which a radical decrease in the efficiency of the fan
occurs. This is particularly important for axial fans used in aircraft engines and allows the use of
point pressure sensors operating in a feedback loop with a surge protection system.
The same as for BSL conditions, the analysis of axial detection of the RS phenomenon was
carried out for the BLI configuration. Figure 3-31 graph shows the propagation of stall along the
chord of a fan blade. When the fan is operating at a locally disturbed airspeed at the inlet,
measured at azimuth 0⁰, the frequency of the fan blades is clearly visible. Distortion of the
pressure signal, just like in case of the BSL fan, occurs at 100%c. As a reminder, the 100%c point
is in the trailing edge. The blur of the signal increases the closer we get to the fan's entry to the
RS. The first, slight signs of flow separation can be observed between the first and second fan
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rotation preceding the RISP point, i.e. t ≈ -2 revs. (see points A-E). However, these perturbations
have a definitely lower character than in the case of a fan operating in the clean flow.

Figure 3-31.Axial developing of RS in BLI configuration at 1.0Nref. Azimuth 0⁰

The above results proved that the BLI phenomenon has a significant impact on the way the
flow separation develops on the axial fan. Asymmetric load on the fan causes the appearance of
local flow separation in the area of the fan blades exiting the area of reduced flow velocity.
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The results of the high-frequency tests presented below concern the next stage of the
project, i.e. the determination of the influence of the OGV shape optimization on the flow
separation phenomenon on the axial fan operating in BLI conditions. The process of aerodynamic
design of the new OGV2, optimized in terms of improving the performance parameters of the fan
operating at BLI, was carried out in the Numerical Aerodynamics Department and did not
constitute the doctoral dissertation.

Figure 3-32. Fourier power spectra of the pressure signal for BLI_OGV2 configuration at 1.0Nref. Azimuth 120⁰

On the basis of the high-frequency analysis of the pressure signal spectrum from the sensors
placed circumferentially in the rotor tip-path plane Figure 3-32, the author concludes that for the
modified OGV2, the BLI fan enters the RS state. The very entry of the BLI fan into the RS state is
also preceded by the LSR area. Unlike the BLI fan with the OGV base version optimized for
symmetrical flow conditions, the LSR area on the BLI fan with OGV2 only appears near the azimuth
of 120⁰. On the azimuth of 180⁰, the SWS and LSWS peaks appear preceding the fan entering the
fully developed state RS Figure 3-33 and Figure 3-34. After the fan is put into the full RS stall state,
it can be seen that the RSF frequency ratio for the BLI fan configuration with the new OGV2 to
BPF is close to the BLI value of 3.8% and the RS speed in relation to the rotor speed equal 0.57.
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Figure 3-33. Rotating Stall inception in BLI_OGV2 configuration at 1.0Nref. Raw signal (above), Low pass filtered
signal at 90% BPF (below)

Figure 3-34. Local Stall Region developing in BLI_OGV2 configuration at 1.0Nref. Raw signal (above), Low pass
filtered signal at 90% BPF (middle), MFR (below).
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The character of the axial development of RS, measured using sensors placed axially in
azimuth 0⁰ after the pressure signal measured in the separation axis in azimuth 0, shows a very
similar picture of the flow separation as for the BLI fan in the basic OGV version. The noticeable
difference in the signal compared to the rotor image in the BLI configuration is for the sensor
positioned at 100% c (area E). In contrast to the BLI configuration, in this position, up to the RISP
point, the individual blade transitions are clearly visible.

Figure 3-35. Axial developing of RS in BLI_OGV2 configuration at 1.0Nref. Azimuth 0⁰
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STEADY STATE ANALYSIS OF IMPACT OF VELOCITY PROFILE ON THE FAN
PERFORMANCE

In the chapter, the author presents the impact of the disturbed speed profile at the fan inlet
on the measured parameters of its work. The tests were carried out using low-frequency pressure
measurements, temperature, humidity, and other measurements of physical and electrical
quantities. The scope of the fan operation is limited on one hand by the occurrence of transonic
phenomena, on the other by the zone in which the fan undergoes the stall/surge phenomenon.
On the basis of the summary presented in this point, the next part of the work, a fan
performance map will be developed and the Stall Margin investigated. As a supplement to the
unsteady analysis described in detail in the previous chapter, the very appearance of flow
separation can be perfectly observed on the indications of other measuring sensors, also those
with low frequency.
As an excellent example, the author presents the summary results of all measurement cases
and graphs for the BSL, BLI and BLI_OGV2 with new configuration for the reference airflow
velocity 1.0Nref = 2500 RPM. As it can be observed, the appearance of the flow separation, in all
cases of the fan operating in clean flow Figure 3-36, fan with the BLI Figure 3-37 , as well as the
BLI fan with the new version of OGV Figure 3-38, also has a significant impact on time-averaged
parameters. When the fan with a distortion enters a near-stall state, it increases the oscillation of
the average static pressure measured on the casing, which is caused by local flow separation. The
increase in the amplitude of the average static pressure is also seen in the mass airflow
fluctuations.
Distorted flow at the fan inlet, when reaching the RS point, causes:
-

smaller fan RPM change, i.e. by 21revs, compared to 69revs for the BSL configuration;

-

larger standard deviation, but a smaller difference in the arithmetic mean of the mass
airflow signal, i.e. 0.03kg / s for BLI and 0.45kg / s for BSL;

-

a similar increase in sound level, i.e. by 4.3dB for the BLI configuration and 4.5dB for the
BSL configuration;

-

dramatically smaller decrease of the arithmetic mean of the static pressure by 35Pa for
the BLI configuration, compared to 336 Pa for the BSL configuration. However, it should
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be noted that the appearance of a local separation in the BLI configuration resulted in a
significant increase in the standard deviation of the signal from the average value.

Figure 3-36. Influence of stall phenomena on the clean flow parameters at 1.0 Nref, BSL configuration
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Figure 3-37.Influence of stall phenomena on the distorted flow parameters at 1.0Nref, BLI configuration
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Figure 3-38.Influence of stall phenomena on the distorted flow parameters at 1.0 Nref, BLI_OGV2 configuration.
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Table 3-1. Impact of BLI phenomenon on the level of flow turbulence at SF, NS, LSR and RS conditions at 1.0Nref.
Section5, Probe CTA_2, Azimuth 90⁰, L=100mm.

CONFIGURATION

BSL

BLI

BLI_OGV2

𝑉̅

𝜎

𝑇𝑢

[m/s]

[-]

[%]

SF

40.3

2.21

5.5

NS

37.4

5.72

15.3

RS

39.7

11.27

28.4

SF

36.3

2.23

6.1

LSR

18.7

11.35

60.6

RS

33.41

7.52

22.5

SF

18.1

0.85

4.7

LSR

9.2

6.00

65.1

RS

17.8

2.8

16.0

FLOW CONDITIONS

In addition to the above graphs, an analysis of the level of flow turbulence was performed in
section 5 and azimuth 90⁰. A CTA2 hot-wire probe was used for the measurement. The algorithm
for calculating the voltages registered by the probe is described in the Chapter 2.1.2.
As a result of the analysis, the results of which are summarized in Table 3-1, it can be stated
that the BLI disorder causes clear changes in the level of flow turbulence depending on the flow
conditions. In the area before separation called Stable Flow (SF), the turbulence level is 5.5% for
the BSL configuration, 6.1% for the BLI and 4.7% in BLI_OGV2 version. A radical difference in
turbulence level indication appears in the near-stall area. The analysis carried out in the previous
chapters proves the appearance of the local LSR flow barrier before both BLI fan configurations
enters the RS state. In this area, the level of turbulence of airflow increases to over 60% and is 4
times higher than for the BSL configuration. After the fan enters the RS state, this level drops to
22.5%. Interestingly, the turbulence level in the RS state for the fan without distortion is 28.4%
and is higher than in the case of the BLI configuration.
It is worth noting that the arithmetic mean of the flow velocity determined in points in section
5 and in the azimuth in which the flow disturbance occurs, is lower than in the case of the local
flow separation in the BLI configuration. Disturbance of the inlet velocity profile caused by the BLI
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phenomenon causes the appearance of the LSR region and thus a sharp decrease in the average
air velocity from 36.3m/s to 18.7m/s and an additional increase in flow turbulence.
It is worth noting that the measurement of turbulence in the boundary conditions of the fan
operation was made pointwise, without traversing the CTA2 probe. The CTA2 probe was placed
in azimuth 90⁰ and at a distance of 100mm from the wall. The explanation of the difference in the
indication of the flow velocity for the BLI and BLI_OGV2 conditions can be found in the velocity
measurement in the trail of the OGV wake.

PERFORMANCE MAP

An important aspect when designing a fan is to choose a working point so that it can operate
in the highest efficiency areas, and thus has a safe buffer to stall. The area between the fan
operating line and the line where the stall occurs in the nomenclature is called the Stall Margin
(SM).
The most important parameter characterizing fans are graphs of fan efficiency and
performance called fan performance map. The charts are made for all types of fans, starting from
axial, radial, and compressors constituting individual stages of the compressor. The fan of both
low and high pressure is designed to achieve the highest efficiency and at the same the lowest
energy demand at the operating point, i.e. for specific requirements as to the MFR and the desired
fan PR. A typical fan performance map contains a set of curves that determine the fan's efficiency
at various points of its operation. Mapping is performed for constant speed lines by throttling the
flow of air flowing through the fan (changing the fan PR). This way, for different positions of
throttle cone, while maintaining a constant fan speed, required MFR of the fan was set. It should
be noted that in the case of a fan with the symmetrical flow, determining the pressure ratio
upstream and downstream the fan is relatively simple.
In the case of a fan with flow disturbance, the total pressure ratio both in upstream of the
fan (section 2 and 3) and downstream fan (sections 4 and 5) requires precise measurement of the
pressure distribution using multi-hole probes as well as a traverse system. Due to the highly
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variable nature of the flow downstream the rotor and OGV, the pressure distribution
measurement required traverse with automatic movement. The designed unit is a low-pressure
fan. The total pressure ratio in the case of the Baseline fan was measured between sections 2 and
5. For a BLI fan with a disturbance the measurement was made between sections 3 and 5 (see
Figure 2-16).
The Baseline fan configuration included: fan, OGV, damping cloth. In the Baseline
configuration, there was no distortion gauze and honeycomb.
The configuration with the BLI distortion additionally contained a distortion gauze and a
honeycomb. For all compared cases, the distortion gauze was placed at position 270 deg.
As a result of the analysis carried out in accordance with the procedure described in the
chapter (procedure reference), the fan efficiency in the tested configurations was determined.
The results of experimental studies were compared with the results obtained from CFD
calculations. Experimental validations were carried out for characteristic points of fan operation
NS, LMFR, DP, HMFR.
Due to the test procedure described in the Chapter 2.3.3, the experimental fan mapping was
limited as close as possible to NS points for the selected speed range. Accurate scanning of the
cross-sections in Stall conditions was impossible and dangerous during the experimental test. The
characteristic MFR was determined using CFD calculations and summarized in the table below.
Table 3-2. Characteristic operating points of the fan

RPM_CORR

OPERATING POINT

MFR_CORR_TARGET [kg/s]

2500

NEAR STALL

7.20

2500

LOW MFR

7.70

2500

DESIGN POINT

8.16

2500

HIGH MFR

8.80

HIGHEST MFR

9.60

2750

NEAR STALL

7.92

2750

LOW MFR

8.47

2750

DESIGN POINT

8.98

2750

HIGH MFR

9.68

2500

CONFIGURATION

BASELINE
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2750

HIGHEST MFR

10.56

2250

NEAR STALL

6.48

2250

LOW MFR

6.93

2250

DESIGN POINT

7.34

2250

HIGH MFR

7.92

2250

HIGHEST MFR

8.64

2500

LOW MFR

7.70

DESIGN POINT

8.16

HIGH MFR

8.80

2500
2500

BLI and BLI_OGV2

Figure 3-39 presents fan curves calculated using CFD tools and experimental validation
results. The investigation of the fan efficiency map was carried out for 3 speed lines, i.e. 2250,
2500 and 2750RPM (0.9Nref, 1.0Nref, 1.1Nref) in the BSL configuration and for one rotor speed,
i.e. 2500RPM (1.0 Nref ) for BLI and BLI_OGV2 configurations.

Figure 3-39. Baseline and BLI fans performance map
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For the speed 1.0Nref at BSL configuration, very good similarity was obtained between the
results of experimental tests and CFD.
As demonstrated, the curve for the fan with the distortion reaches its maximum with a higher
air mass flow and a lower pressure ratio. This indicates a smaller stall margin for the fan working
in the distortion. A complete analysis of the stall margin is presented in the Chapter 3.3.2.

Figure 3-40. The impact of BLI flow disturbance on fan efficiency

It can be observed that the experimentally determined fan efficiency for both the BSL and
the BLI conditions differs by a few percentage points compared to CFD calculations. The reason
for this incompatibility is the fact of not including all energy losses of the system related to heat
exchange in the energy balance (see equation (19)). In further analysis, the above- difference of
Δη ≈ 6.5% in the experimental determination of the maximum fan efficiency in relation to CFD
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calculations was intentionally omitted. From the point of view of analyzing the impact of the BLI
distortion on the efficiency of the Baseline fan, the difference mentioned above does not
determine the correctness of the results.
As can be seen, the introduction of the BLI flow distortion at the fan inlet resulted in a 2%
reduction in fan efficiency. This value oscillates around 2% regardless of the set MFR and is 2.1%
in NS, 2.0% in DP and 1.9% in HMFR.
The above experimentally validated fan performance parameters were the input for the
design of a numerically optimized test rig in terms of minimizing the losses caused by the BLI
phenomenon [36]. As a result of the computational work carried out in the Numerical
Department, the new shape of the OGV2 swirl blades was designed, and the results of numerical
flow analyzes were subjected to experimental verification by the author of the doctoral
dissertation. The influence of the modification on the performance parameters of the fan
operating under BLI conditions was determined for the fan speed of 1.0Nref. As a result, the
following graphs were obtained: Figure 3-41 and Figure 3-42.

Figure 3-41. The impact of OGV modification on fan performance at 1.0Nref for BSL and BLI flow conditions
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Figure 3-42. The impact of OGV modification on fan efficiency at 1.0Nref for BSL and BLI flow conditions

The numerical optimization of the stator to work in the conditions of disturbed BLI flow
allowed to minimize the losses on the fan efficiency in relation to the undisturbed flow. At the fan
operating point DP (1.0Nref), this loss decreased from 2% for the original OGV version to 1.1% for
the new OGV2 version.
Analyzing the above, the author states that the experimental validation of the CFD results
confirms the thesis made at the beginning, that owing to the modification of the OGV shape, it is
possible to minimize the adverse impact caused by the BLI phenomenon. The methodology of the
experimental research proposed by the author allowed to prove the above.
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STALL MARGIN ANALYSIS

The Figure 3-43 presents the characteristic areas of fan operating at reference speed
1.0Nref. Using equation (3), the author performed stall analysis for both the fan operating in clean
and disturbed flow, as well as for the BLI configuration with new version of OGV. In addition,
validation of numerical calculations of the moment of fan entering the stall was performed.
Experimental determination of SM was carried out for all tested rotor speeds of the fan from
0.7Nref up to 1.1Nref.

Figure 3-43. Comparison of stall margin for a fan in BSL and BLI configuration at rototr speed 1.0Nref
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The performed analysis indicated a much smaller Stall Margin for the fan working in the
disturbed speed profile. At the same time, the results for the fan with speed distortion confirmed
the numerical calculations. At a speed of 1.0Nref and in the BLI configuration, compliance of 0.7%
was obtained. A larger difference can be observed for the fan running in clean flow. The
experimental tests confirmed the assumptions made at the beginning in the required SM> 14%
and showed a decrease in CFD calculations for SM in the BSL configuration. In addition, Figure
3-44 presents a complete comparison of the SM for all axial fan configurations tested.

Figure 3-44. Stall Margin comparison

The SM value varies depending on the fan speed. For the fan without the flow distortion, it
ranges from 12-17%. However, for the fan in the BLI configuration, the largest SM, equaling nearly
9%, can be observed at a speed of 0.7Nref, after which, as the RPM increases, it decreases to 5.6%
at 1.1Nref
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Stall Margin [%]

30%

25%

20%

15%

10%

5%

0%
1750

2000

2250

2500

2750
RPM_Corr [rpm]

SM_BSL (MFR_NS(exp)/MFR_DP)
SM_BLI (MFR_NS(CFD)/MFR_DP)

SM_BSL (MFR_NS(CFD)/MFR_DP)
SM_BLI_OGV2 (MFR_NS(exp)/MFR_DP)

SM_BLI (MFR_NS(exp)/MFR_DP)

Figure 3-45. Impact of rotor speed on the Stall Margin for BSL and BLI fan

For the reference velocity, the appearance of the BLI-induced flow distortion causes a
significant reduction in SM from 16.5% to 7.4%, i.e. by 9.1%.
Importantly, the optimization of the OGV shape allowed to reduce the SM difference in DP
to 8%, i.e. an improvement of over 1% in relation to the base shape designed for the Baseline
configuration Figure 3-45.
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COMPARATIVE ANALYSIS OF EXPERIMENTAL RESULTS WITH CFD DATA

Experimental tests of fan entry into the NS and stall region, were carried out for all three, the
BSL, BLI and BLI with optimized OGV configurations. The obtained test results were compared
with the calculation data. The comparison of the experimentally obtained measurement results
with the data calculated using basic flow equations, as well as CFD computations, proves
satisfactory convergence of the results obtained.
Validation of the unsteady results was carried out for the speed 1.0Nref in the configuration
of the fan with the BLI distortion. As shown in Figure 3-46 , the fan for the above flow conditions
indicates the first signs of entering near-stall condition at the 120⁰ azimuth position. Experimental
verification using high-frequency measurement confirmed the location of the separation in the
area of the fan blades leave the region with low momentum fluid. Validation of the unsteady
measurement results shows high accuracy of peripheral separation detection in relation to the
CFD calculations.

Figure 3-46. Stall Inception region a) Stall inception region (CFD), b) Axial velocity profile at station 2. BLI
configuration at 1.0Nref [36]
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The largest differences were observed for the BSL configuration at 1.0Nref. In the case of a fan
operating in a clean flow, during the experimental test, the first signs of stall on the fan occurred
at the corrected mass airflow of MFR corr = 6.81kg/s, which significantly differed from the
calculation values of MFR corr NS (CFD) = 7.3kg/s.
Significantly smaller percentage differences in the determination of the corrected MFR, at
which the fan enters the stall, were determined by the author for the version of the fan operating
with disturbance at the inlet. The difference in the results of determining the corrected MFR in
relation to the numerical calculations equal 0.8% for the BLI fan and 0.4% for the BLI fan with the
new OGV version.
The author of the doctoral dissertation also confirmed the high accuracy of the SM
determination obtained by numerical calculations, especially for the case of the fan operating
under BLI conditions. The percentage difference of SM determination between numerical
calculations and experimental test is less than 0.8% for the BLI configuration and 0.4% for the
BLI_OGV2 configuration.
Such similar values of the test results prove the correctness of the adopted research method
and increasingly precise tools for numerical flow analysis. The comparative summary for all
calculation cases is presented in the following Table 3-3.
Table 3-3. CFD and experimental results comparison for clean and distorted flow
F LOW
CON DITION S

BSL CON F IG U RA TION

BLI CON F IG U RA TION

BLI_OG V 2

PA RA METER

TEST

U N IT

RPM_corr

EXP and CFD

rpm

Run No,

EXP

-

-

MFR_corr STALL
(calculated)

CFD

kg/s

NS

-

-

7,3

-

-

-

7,5

-

-

-

7,5

-

MFR_corr at DP

DESIGN

kg/s

DP

5,71

7,34

8,16

8,98

5,71

7,34

8,16

8,98

5,71

7,34

8,16

8,98

MFR_corr (EXP)

EXP

kg/s

NS

4,92

6,43

6,81

7,67

5,2

6,85

7,56

8,48

5,04

6,81

7,47

8,33

MFR (EXP)

EXP

kg/s

NS

4,85

6,25

6,53

7,35

5,07

6,68

7,36

8,25

4,95

6,69

7,33

8,18

MFR_corr (EXP)

EXP

kg/s

RS

4,8

5,97

6,19

7,31

4,68

5,86

6,66

7,46

4,55

5,87

6,62

7,29

MFR (EXP)
MFRcorr (CFD) /
MFRcorr (EXP)

EXP

kg/s

RS

4,73

5,83

5,94

6,71

4,57

5,72

6,49

7,27

4,47

5,76

6,5

7,16

EXP/CFD

%

NS

-

-

6,7%

-

-

-

0,8%

-

-

-

0,4%

-

CFD

%

NS

-

-

10,5%

-

-

-

8,1%

-

-

-

8,1%

-

EXP

%

NS

8,9%

6,7%

7,4%

5,6%

11,7%

7,2%

8,5%

7,2%

EXP/CFD

%

NS

-

-

0,7%

-

-

-

0,4%

-

Stall Margin (CFD)
Stall Margin EXP
(NS/DP)
SM (EXP)/SM (CFD)

1750

2250

2500

2750

1750

2250

2500

2750

1750

2250

2500

2750

151

168

167

169

175

176

177

178

222

223

224

225

13,8% 12,4% 16,5% 14,6%
-

-

6,0%
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-

MEASUREMENT UNCERTAINTY

The estimation of measurement uncertainty of the measured parameters was carried out in
accordance with the guidelines of the EA04 standard and in accordance with the law of
uncertainty propagation and for expanded uncertainty with a coverage factor k = 2. All the
important values obtained during stall phenomena investigation are summarized in the
Table 3-4.
Table 3-4. Relative expended uncertainty
Parameter

Unit

Expanded measurement
uncertainty with k=2
(95% confidence level)

Instrumentation uncertainty
Air humidity
Ambient pressure
Ambient Temperature
Coolant Temperature
MFR cooler
Motor Temperature
Radial flow angle
RPM
Static pressure
Swirl flow angle
Total pressure
Total Temperature
Traverse angular position
Traverse linear position
Air density
Fan Efficiency
MFR_INLET
MFR_5HP
Power input to fan shaft
Power delivered to the airflow
Theta
V_5HP

[%]
[hPa]
[K]
[K]
[kg/s]
[K]
[°]
RPM
[hPa]
[°]
[hPa]
[K]
[°]
[mm]
Calculated values uncertainty
[kg/m^3]
[%]
[kg/s]
[kg/s]
[W]
[W]
[-]
[m/s]
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1.44
0.0230
0.2
0.2
0.01
0.2
0.2
0.02
0.03
0.2
0.083
0.067
0.2
0.2
0.0034
0.65
0.0290
0.025
268.6
0.53
0.0008
0.1307

4 -- CHAPTER 4. CONCLUSIONS, DISCUSSION AND SUMMARY

The in-depth analysis of the literature revealed that the study of critical operating
conditions of axial fans with an inlet distortion caused by the BLI phenomenon required additional
investigation. Despite publicly available modern software for computational flow analysis, highperformance computing is needed to determine the limit ranges of fan operation, and the nonstationary computational process itself is difficult and requires experimental validation.
The extensive research was carried out on the phenomenon of stall development on an axial
low-pressure fan depending on the distortion of the inlet air velocity profile.
A special prototype of axial fan test rig was used in this study, with the distortion screen
designed to reproduce the flow velocity profile of the future SAX-40- Initiative airplane.
In all test cases, the presence of the flow inlet distortion, caused by the BLI phenomenon,
induced some changes in the fan performance, as well as had a considerable impact on the stall
phenomenon development. A significant change in types of flow separation and stall appearance
under the presence of flow distortion occurred.
The analysis of the results of the doctoral dissertation was divided into two main parts.
In the first part of the thesis, an experimental study on unsteady casing pressure
measurements was completed at circumferential locations during stall events. In this part of the
study, the location and stall type depending on the velocity profile shape at the fan inlet were
determined.
The results of this part of investigation allowed the author to draw the following
conclusions:
1) The introduction of flow disturbance caused by the BLI phenomenon does not have a
significant effect on the cells’ spin speed and the number of rotating stall cells. The BLI
phenomenon, which causes a local decrease of velocity at the inlet, does not impact the
direction of rotation of RS, which is the same as the rotor RPM direction.
2) The ratio of Rotating Stall Frequency to Blade Pass Frequency for both configurations
remains constant and oscillates around 4%.
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3) Clear differences in the stall formation were detected. The entering into the stall for the
rotor in the BLI configuration is preceded by a local separation of the flow. That flow
separation occurs in the region where the fan blades exit the region of low-momentum
fluid, creating a local separation area named by the author “Local Stall Region”.
4) With the BLI distortion applied, the region with the local flow separation is preceded by
several static pressure peaks called “Local Stall Warning Shots”, which appear with a
frequency of 10 Hz. Further throttling of the fan causes the region to transform into the
Rotating Stall, with the origin of the RS inception overlapping with the fan exiting the flow
disturbance. The transformation of the local separation into the Rotating Stall occurs
during 2 full revolutions of the fan.
5) It was shown that the BLI distortion leads to 9.1% reduction of the stall margin in relation
to the clean flow conditions for a fan operating at the reference speed.
The second part of the divagations concerns the impact of the flow disturbance on fan
performance parameters and the results of the steady-state time-average measurements. Based
on the results, it can be concluded that:
1) The implementation of the distorted velocity profile at the rotor inlet caused a 2%
reduction in a fan isentropic efficiency compared to the BSL configuration at DP and for
the fan reference speed. For the other MFRs, this difference was almost constant and
amounted to 1.9% for HMFR and 2.1% in the NS conditions.
2) In both test rig configurations, when the stall inception occurred, high fluctuations
appeared in the mass flow rate results. However, with the BLI distortion applied, the
measured MFR fluctuations appeared also in the near-stall flow conditions. The above
proves, that entering into the stall for the rotor with the BLI distortion is preceded by the
local flow separation.
3) The peak of rotor revolution when the RS occurs is lower and equals 0.8% with the BLI
distortion applied, comparing to the BSL configuration where it is 2.7% in relation to the
revolutions before the RS.
4) The implementation of the BLI disorder causes an increase in the level of flow turbulence
and a radical slowdown in the azimuth flow in which the low-momentum fluid is present.
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Under conditions of the local flow separation, the level of flow turbulence increases to
about 60%, which is many times higher than the level of turbulence of about 15%
measured under the NS conditions in the BSL configuration.
5) Under both flow conditions, the fan entry in the stall is accompanied by significant
oscillations of the average static pressure. However, in the BLI configuration these
oscillations occur as early as during the appearance of the local flow separation.
Detection of the LSR region using low-frequency static pressure measurement is
possible.
6) As a result of the experimental validation of the CFD calculation results, good
compatibility of results was obtained regarding the determination of the circumferential
location of the flow separation, as well as the obtained fan performance parameters. The
lowering of the determined fan efficiency value in relation to the CFD calculations was
dictated by the neglect of convective heat losses in energy balance of the whole system.
Through the experimental test, it was confirmed that the fan in the BLI configuration can
operate stably in the NS region despite the occurrence of local flow separation.
An important conclusion from the perspective of exploitation and safety of the use of axial
fans is the fact that the BLI fan, despite the smaller Stall Margin, exhibits the symptoms of the
approaching stall phenomenon in the form of local LSR flow separation. Importantly, the local
flow separation does not significantly reduce the mass flow of air pumped by the fan. The use of
a pressure sensor located in an angular position in which the fan blades leave the disturbance
area will allow the detection of the local separation even before the appearance of the RS itself.
Importantly, the discussion carried out by the author confirmed that thanks to the
modification of the shape of the OGV, it is possible to minimize the impact of the disturbed
velocity profile at the BLI fan inlet, to improve its efficiency by 0.9% and to increase the stall
margin by 1.1%.
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All the findings listed above are of direct practical relevance. This is important especially for
axial fans used in aircraft engines and allows the use of point pressure sensors operating in a
feedback loop with a stall protection system.
The research was concerned with the low-pressure axial fan with particular applications in
the aviation industry; however, the results may also apply to industrial fans, gas turbines and
ventilation systems. The findings suggest that this approach may also be useful in the maritime,
civilian, and military industries.
Considering the ever-increasing requirements in the field of environmental protection,
manufacturers of civil aircrafts focus their attention on innovative design solutions that allow to
lower noise emissions and reduce exhaust emissions. The presented topic of minimizing the
aerodynamic drag of an aircraft by energizing the boundary layer by the aircraft engine fits
perfectly into the current world trends. The BLI phenomenon poses huge challenges for designers
of aircraft engines. Designing a compressor/fan capable of operating in an asymmetrical flow, and
at the same time characterized by an efficiency similar to the conditions of symmetrical flow, is
quite a challenge. The largest research centers and aviation industry giants are looking for better
and better design solutions to improve the efficiency of fans operating in a disturbed flow. The
experimental validation of the new OGV shape, presented by the author, optimized for operation
in BLI conditions, showed not only a significant improvement in the efficiency of the fan working
in BLI, but also an increase in its stall margin.
In his future research work, the author wishes to continue the issues related to the
experimental research on the stall phenomenon, the development of flow separation, both for
fans working in symmetrical and non-symmetrical flow. The challenge for the author of this
dissertation is to be able to visualize flow separation generated on the blades of the rotor
operating under BLI conditions, as well as to conduct a full analysis of separation for a highpressure fan.
The stall inception in a low-pressure axial fan is a rapid phenomenon, however, it should
be noted that due to the low fan compression, the stall consequences, in this case, have a much
lower dimension. Entering the stall state for high-pressure fans and compressors, can lead to
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surge phenomena and is definitely stronger in consequence, which in the case of aircraft engines
can lead to a plane crash.
Thanks to testing the operating limits of the fan, using CFD tools, at the design stage we are
able to determine the safe operating area of the fan and its stall margin. However, it should be
borne in mind that the area where a rapid loss of fan thrust occurs, is very difficult to model with
numerical methods and experimental validation is required.
Taking into account the presented conclusions, the author finally proves the main thesis of
the dissertation stating that: disturbance of the velocity profile caused by the BLI phenomenon at
the inlet to the low-pressure axial fan has a significant impact on the way the stall is formed.
Additionally, the author proved all the points stated at the beginning of the dissertation.
The conducted research introduces a significant improvement in the global knowledge in the
field of the work of fans operating in a distortion caused by the BLI phenomenon.
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