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ABSTRACT
Centrifugal compressors are widely spread throughout the industry, with important
applications in the transportation (aircraft engines, auxiliary power units), fuel cell systems,
etc. All dynamic compressors are prone to instabilities at significantly lower mass flow rates
than nominal, which restricts the useable operating range. In order to increase efficiency,
stability and operational life, utilization requires finding solutions that are able to meet the
requirements of the supplied downstream system while maintaining the compressor within the
stable zone.
Historically, the surge avoidance systems have been operated far from the surge margin, due
to the lack of the possibilities for sensing the onset of surge and reacting on the conditions. As
in electronics more sophisticated developments have been reached, the actively controlled
surge suppression has been introduced in the late 1980’s. Over the past more than twenty
years, most researches have focused on the improvement of existing systems, equipping them
with more effective regulators, etc.
The aim of the present dissertation is to find methods, which are not currently used as active
surge suppression, but can meet the requirement of such application. The decision on the
devices to be developed has to be based on a comprehensive analysis of the literature, in order
to get familiarized with the up-to-date solutions in this field. With the selected methods, the
investigation has to include a preliminary survey based on one-dimensional mathematical
model, which is able to supply relevant information about the general behavior of the present
devices. The software is written in MATLAB in order to extend the possibilities of
calculations and visual interpretation. This has to be followed by detailed numerical
simulations in three dimensions, in order to get information about the flow field in full
particulars. For the CFD simulations, the ANSYS commercial software is selected, which is
available at the Department. Another important step in the research is the design of a control
system. Based on thorough survey of the related literature, a linear quadratic (LQ) optimal
regulator has been chosen to develop and investigate. The simulation of compression system
dynamic behavior with the investigated surge suppression device is realized in MATLAB
Simulink environment as it offers extensive mathematical apparatus to solve similar problems
in engineering. The previously mentioned parts of the work should also be supported by
experimental research; hence a compressor test bench has been developed and equipped with
a sophisticated data acquisition system.
As a conclusion to the investigation, the achieved results are detailed and evaluated in order to
ascertain the applicability of the chosen devices, draw consequences from the CFD
simulations and find the possible ways of further improvement of the topic.
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Introduction
Industrial background of the problem
The utilization of turbomachines, which can be found throughout the transportation and other
important industrial applications, is constantly emerging, hence the design and operation of
these units poses a persistently challenging environment. The user systems present a very
wide range of operational circumstances which can result in the instability of a dynamic
compressor. Based on the system configuration, these phenomena can be rotating stall, surge
or the combination of these two. Both of them yield severe restrictions on the avoidance and,
when they still occur, their consequences are serious, though, due to the involved energy of
the oscillating mass flow, surge can be considered as more harmful.
Because of the impact on both instantaneous performance and long-term service life of the
unit and receptive system, the onset, behavior and possible avoidance of the instabilities has
been of emphasized importance among theoretical and experimental investigations. As the
results of researches have presented an increasing detail of the phenomena, so could the
evasive solutions offer better efficiency while providing a more robust stabilization. In the
late 1980’s besides the conventional passive avoidance methods [74] actively controlled
suppression systems have been introduced, which yield a stronger support against instabilities
involving their capability to dynamically adapt the system to the different load conditions in
comparably shorter time than the previous methods.
The strict regulations and other design requirements make the fast acting, low energy
consumption active surge suppression inevitable. Hence the available and currently utilized
methods have to be refined and also new approaches have to be developed. It is also possible
that under certain circumstances conventional passive solutions can be used as the basis for
new active systems.

Aims of the thesis
The above mentioned requirements of the surge suppression necessitate systems, which are
able to rapidly react, in order to cope with the highly dynamic phenomenon, while consuming
as little energy as possible resulting in an optimal efficacy of the system.
In the present thesis, the main goal is to find, design and evaluate alternative methods for
active surge suppression, which has not been utilized before but may meet the aforementioned
requisites. This can be classified in details as follows:
1. Based on an extensive, literature-based comparison of the widely-spread possibilities
of passive surge avoidance and active surge suppression methods, decision has to be
made for the selection of the appropriate solutions. The main interest is in such passive
opportunities, which have not been realized yet as an active system.
2. The selected principles have to be examined in the first step with the help of a onedimensional mathematic model especially developed for this purpose. In order to
provide the ability of comparing results to other models, the realized one must offer
the potential for investigating conventional solutions also.
3. The one-dimensional approach has to be broadened and a thorough, three-dimensional
numerical simulation has to be accomplished using commercial CFD software.
4. The results of mathematical model and CFD simulation both are to be validated with
the help of a compressor test rig, consequently the design and development of such a
system with up-to-date data acquisition is an emphasized goal of the present work.
1

5. After the validation of the mathematical models, the final investigation covers the
establishment of a control system.
The main hypothesis of the present work is that new active surge suppression solutions can be
derived from conventional passive methods, which have not been utilized before as
controllable systems. Also important assumptions are that a possibility can be found to
convert passive devices into active ones and the control system may be based on an LQR
approach, regarding that the compressor model can be linearized in the vicinity of a selected
stable operating point.
The expected results are that the selected passive methods can be realized with up-to-date
methods including devices based on MEMS technology resulting in a fast response, low
power requirement, highly efficient surge suppression system, which can be controlled
optimally in a linear quadratic sense. Additional outcome of the work should be the
characterization of the investigated methods, applicability, potential limits, feasibility, etc.

Method of the investigation
In order to determine the applicability or limits of possible utilization of a potential surge
suppression device, an intensive investigation involving several aspects of survey has to be
carried out. The research shall exhibit the necessary steps of detail deepness, i.e. the
examination should first be focus on a simplified approach of the problem ascertaining
general features of the system. This can be accomplished with a special mathematical model
derived from conventional compressor calculations, focusing on the effect of the integrated
surge suppression devices.
Following the simplified model, a detailed investigation on the fluid dynamic problem based
on CFD simulations has to be accomplished focusing on the static and dynamic behavior of
the studied surge suppression devices. In the preliminary part of the research the effect of the
given method on the compressor’s steady state characteristic should be focused, succeeded by
the detailed exploration of the transient operational modes including up- and downstream
system components from the environment of the compressor.
In order to ascertain matching results with reality, the output of the CFD simulation has to be
validated with data acquired in measurements. The development of the validation hardware,
which incorporated a compressor test bench including the necessary data acquisition and
control system, has an emphasized importance. In order to accelerate hardware and software
development for the measurement system, flexible USB-based data acquisition tools for
personal computers can be applied with the operating software realized in LabVIEW for userfriendly and seamless integration of the system.
As the previous researches have been concluded, the results can be used for the design of a
possible control system that will provide the expected stability, robustness and effectiveness
of the surge suppression. The dynamic model of the system and the development of the
controller can be realized in a MATLAB environment, which offers powerful tools in the
related field of engineering.

Organization of the thesis
In the first chapter the global background of the centrifugal compressor surge control is
outlined along with the goals of the present thesis in order to conduct the development of
active surge suppression devices.
In the second chapter the centrifugal compressors and their instable operational modes are
detailed whereas the possible applications of these turbomachines are also particularized. The
2

phenomenon and effects of surge, along with the methods for conventional avoidance and
state-of-the-art suppression are also specified.
The third chapter describes the circumstances of surge onset, whereas also detailing the
mathematical approach of the problem. In the following sections the model is introduced and
the principles are discussed what kind of requirements the devices to be developed have to
meet.
The fourth chapter specifies the selection of the methods, then the extensive details of the
computational fluid dynamics (CFD) simulations, linear quadratic (LQ) control synthesis are
shown. Finally, a very important part of any investigation, the development and utilization of
the validation technology is discussed.
The fifth chapter summarizes the results of the CFD simulations; evaluates the possibilities
and effects of the application of the investigated surge suppression methods. Details are
announced about the results of validation; and finally an overview of the future development
opportunities is given.
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1. Phenomena and Possible
Compressor Surge
1.1.

Control

of

Centrifugal

Centrifugal Compressors and Their Applications

1.1.1. General introduction
Turbomachines are devices which are designed to convert and transfer energy between
working fluid and mechanical parts of the unit like blades and shafts. The two basic types of
are compressors and turbines. Dynamic compressors form a subspecies of the aforementioned
machines that are used for supplying high pressure working medium to various user systems.
Their common and most important applications are gas turbines for vehicle propulsion ([46]
and [131]), power generation in transportation as well as in ground appliances (see [1] or [3]),
turbochargers in reciprocating engines ([111] or [124]) or industry like compressor stations in
natural gas transportation [147]. In this thesis the main focus is on aircraft gas turbines and
active suppression of the most dangerous instability, the surge.
The two main types are the axial and the centrifugal compressor, the axial and centrifugal
constructions. One can also find devices, which are a combination of the aforementioned two;
these are called mixed flow or sometimes semi-axial types.

Figure 1 Axial (left) and centrifugal (right) compressor designs
The axial flow configuration allows relatively higher mass flow rates while supplying lower
pressure ratio in one stage. The reason is simply that the inlet and outlet blade speeds u1 and
u2 are the same and cannot be increased freely due to material strength limits. On the other
hand the difference between tangential components of absolute velocities is also to be kept at
moderate levels to prevent flow separation in the device. Typical pressure ratios range for
axial compressor stages is 1.2…1.3. This value can be increased up to 2.5…4 with up-to-date
technologies using transonic flow in the stage where high efficiency weak oblique shock
waves are also part of the compression. Axial compressors are sensitive to manufacturing
tolerances, clearances, and one has to increase the number of stages to achieve the necessary
output pressure resulting in high number of component, unit complexity and rising costs. A
typical axial flow compressor is shown on the left side of Figure 1.
When the quantity of working medium to be handled by the device decreases (practical limit
lies between 10…20kg/s mass flow rate depending on the overall pressure ratio [21]) the
relative clearances start to rise that has an adverse effect on the efficiency of the unit. The
drop of efficiency is due to the significant amount of working medium that can bypass from
4

the compressor discharge back to the inlet through the gap between the rotor blade tip and
casing, after having received substantial work input. Efficiency is a key parameter of
economical operation of a unit therefore in low mass flow rate applications one rather can find
centrifugal flow compressor instead of axial devices. The advantage of the centrifugal
compressor is that it can create higher pressure ratio in a single stage, which will result in the
smaller number of stages to achieve a specified output. The decreasing number of components
helps to enhance system reliability, robustness and on the other hand it also leads to moderate
weight of the unit, which is also a very important feature if one considers application
especially in aviation industry. In contrast to the axial devices both velocities of Equation (1)
change significantly from the inlet of the unit to its discharge cross section allowing the
product to be higher. The typical pressure ratio of a conventional centrifugal compressor is
about 3…5 while using transonic flow it can be increased to 8…10. On the other hand, it is
important to note that the increasing mass flow rate results in the growth of the frontal area
due to excessive diffuser diameters which makes the centrifugal compressor at higher nominal
deliveries impractical to the aerospace applications. The centrifugal compressor, which is part
of the investigations of this thesis, can be seen on the right side of Figure 1.
In Hungary, there have been numerous researches conducted in the field of aerospace
sciences. When taking a broader look it is also worth of mentioning that intensive
investigation is in progress in UAV’s, a flexible platform which is able to serve both civil or
military purposes, where significant results have been achieved concerning the optimal
tracking of the vehicle [13], application for educational aims [48], or utilization in the field of
military intelligence services [132] as well as target drone for practice-firing [81]. The latter,
although it could seem not to be in a close relationship with the main subject of the present
work, is emphasized, as they are often equipped with turbojet engines, with an extent in which
only centrifugal compressor is affordable.
The closer scope of gas turbine engine science covers significant past and present researches
also. Beginning from the mathematical models for different engine configurations and
abnormal situations, a wide variety of applications has been presented, e.g. dynamic
simulation of a dual shaft turbojet and turbofan engine ([31] and [120]), operation of a
turboprop engine under water ingestion conditions [121], or the seizure of rotors in a twospool turbojet [122]. These models have been utilized also as a basis for decisions in oncondition maintenance activities [116]. In the late nineties relevant investigations have been
carried out in the field of engine control systems, showing impressive results in the synthesis
of both LQ servo control as well as Lyapunov-based nonlinear control [1]. The considered
small scale (micro-) gas turbine in this study was also equipped with a centrifugal compressor.
The research of axial compressors is also of high interest, both in the field of modeling
transonic flow in cascades using inviscid [140] and viscous approach [141] and subsonic
regime [142]. The analysis of axial compressors by mathematical models is also an important
field [123]. Another interesting investigation, which also concerned fatigue failure of
compressor blades due to prolonged instable operation, has been carried out on the stator
vanes and subsequent rotor blades of an ALSTOM GT10B2 PG industrial gas turbine, on
which during an overhaul the 6th stage stator vane segments have been installed in the reverse
direction, leading to severe instabilities. The thorough study included preliminary aerothermodynamic calculations [109] as well as detailed CFD simulations [49].
In the aspect of centrifugal compressors, there were also important studies, beginning with
university doctoral theses concerning instabilities [82] and the effects of inlet guide vanes
[29]. From the more recent projects one has to emphasize the optimization of return channel
in multistage centrifugal compressors [143] and the numerical investigation of deswirl vanes
between the stages [144], which have been realized in an international cooperation with von
5

Kármán Institute of Belgium. In 2011, a common European research has been initiated with
several international participants, in order to develop efficient systems and propulsion for
small aircraft (ESPOSA) [112], typically in the 2-5 and 5-9 seat range, where the Department
has an important role in the optimization of air intake duct of a small turboprop engine
(Baseline Engine 2 – BE2) having an approximate power of 400kW [117].

1.1.2. Operation principle of centrifugal compressors
Both axial and centrifugal designs operate on the same basic principle; one stage of a
compressor is composed of a rotor and a stator. The compression process takes place as fluid
momentum change in the rotor followed by diffusion in the stator to convert kinetic energy
into static pressure [63]. The designation stator in the case of centrifugal compressors can
stand for a vaneless or a vaned diffuser and a volute. The section view of a typical aircraft
engine centrifugal compressor is shown on Figure 2.
Diffuser
Impeller

Inducer

Figure 2 Front view [63] and longitudinal section (adapted from [B11a]) of a centrifugal
compressor
The energy transfer, which is realized by the impeller, can be described by the Euler turbine
equation that can be derived from the impulse moment equation (1):

  (r2  c2u  r1  c1u )
(1)
M m
The Euler turbine equation can be used to calculate the power related to the operation of a
turbomachine. As power is simply the product of moment and angular velocity, the equation
yields:
 
  (r2  c2u  r1  c1u )    m
  (u 2  c2u  u1  c1u )
(2)
P  M   m
Examining Eq. (2) it is evident that the velocities play an important role in the operation of a
compressor. The generated speeds depend on blade geometry, so the evaluation is possible
using so called velocity triangles, which are presented on Figure 3 with the three blade
curvature configurations.
w2

c2

u2

c2

w2

u2

w2

c2

u2

Figure 3 Velocity triangles of forward curved, radial, backward curved blades (based on [41])
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The most important operational parameters of a centrifugal compressor are the delivered mass
flow rate, the realized discharge pressure and the rotational speed at which these are
obtainable. It can be proven that the physical values are subject to changes due to variation in
ambient conditions. This change is also important in ground based applications, but in
aviation, where ambient temperature and pressure have an extremely wide range, taking their
effect into consideration is essential. Therefore, based on the similitude theory, dimensionless
parameters are used to describe compressor operation [8]. Two groups are widely spread;
these are shortly introduced in the following paragraphs.
Pressure ratio against corrected or dimensionless mass flow
The most widely used compressor map is the pressure ratio curves at constant corrected speed
as a function of dimensionless mass flow rate.
Normally, two of the four parameters are dimensional (the rotational speed and mass flow)
and two others are non-dimensional (the pressure ratio and efficiency). It is important to
convert the two dimensional values into non-dimensional ones because this provides the
comparability between operations under different ambient conditions. As one investigates in
details the operation of turbomachinery, one can detect an impact of ambient parameters on
the operation of the device. Therefore it is important to approach the question from the
aspects of similarity.
Under the concept of similarity one understands the geometric, physical analogy, similitude in
initial and boundary conditions. Physical analogy means that the processes are described by
equations that are conformal in form and physical contents. Using this theory the nondimensional parameters can be determined, which are the basis for the analogy.
If one considers the rotational speed of a turbomachine, it is the number of revolutions within
the time unit. This can be written also as the ratio of circumferential speed u and perimeter of
the circle described as the product of diameter D and . Afterwards, it can be expanded with
absolute velocity c and speed of sound a, which is equal to the square root of product of the
adiabatic constant , specific gas constant R and temperature T.

n

u
u c   R T
1 u
c
n

 

 
  R  T 
 const (3)
D   D   c   R  T D    c  

 R

T
T
M


const

The mass flow rate can be expanded and regrouped forming similarity criteria the same way.
First one has to substitute the terms known as the law of continuity, or in other words the
product of density , velocity c and area A. Then we can expand the equation by the adiabatic
constant . It is obvious that after rearrangement only the pressure and square root of
temperature remain as variables on the right side of Eq. (4) and after a division with the
mentioned quantities one gets a corrected mass flow, which has a dimension of m  s  K

m    c  A 

p

 p
c  A  M  A

R T

R T



m  T
 const.
p

(4)

In many sources the non-dimensional mass flow q() is used as similarity parameter, which is
a gas dynamics function. The non-dimensional speed  is the ratio of the actual velocity c and
critical speed ccr. Thus the non-dimensional mass flow is defined as:

q  

 c
 cr  ccr




 *
 


 cr
 cr  *
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(5)

After some simple conversion using basic principles of gas dynamics found in several text
books (see e.g. references [150] or [57])
1

1

   1 2   1    1   1
q     1 
  

  1

 2 

(6)

Finally, organizing the equation based on the method in [57], arranging the non-dimensional
mass flow to the right side, all other factors to the left, swapping the two sides one can obtain:

q  

m  T *
 const.
p *A  

(7)

It is almost the same compared to Eq. (4), the difference is the cross section A and medium
property factor , i.e. the constant value for a given regime of operation will differ from the
one that can be calculated using Eq. (4) but they cover the same conditions.
A typical subsonic centrifugal compressor map is shown on Figure 4, measured at the
Department Laboratory with the data acquisition system developed for the investigation of the
surge suppression system.

Figure 4: A typical centrifugal compressor map
Pressure rise coefficient against flow coefficient
This map is derived from the pump literature (e.g. [137]). Centrifugal pumps are similar to
compressors with the exception that the medium, which they handle, is incompressible.
For mass flow analogy they rely on the flow factor, which is defined as the inlet mass flow
rate divided by the product of density measured at the inlet, the area of the intake and the
blade speed (mostly blade tip speed is used). If the mass flow rate is split according to the law
of continuity, the flow factor is equal to the ratio of inlet velocity and blade (tip) speed.
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(8)

The pressure ratio is in these sources replaced by the pressure rise factor that is based on the
observation that the difference between input and output pressures increases in the second
degree if one raises the rotational speed, or in other words, the blade speed.

 

p 2  p1

0
2

u

(9)

2

The compressor map constructed by these two parameters is widely used although it cannot
provide the dimensionless properties, which is ensured in the other q()–c* map. In the –
map all the different speed curves should overlap each other, resulting in a single
characteristic curve. During the experimental investigation of the present work, the quickly
warming driving motor of the compressor prevented measuring all the data in one part.
Therefore the map of the examined compressor has been established by three measurements
on three different occasions with various ambient parameters. The problem is evident on
Figure 5, where only one curve should be seen. Although the data show converging to one
curve, but no exact match is provided due to small deviations caused by changing ambient
conditions.

Figure 5 Compressor map based on flow factor and pressure rise factor

1.1.3. Determination of operational parameters of centrifugal compressors
Importance of models on compressor performance computation
In the process of the synthesis of engineering objects like centrifugal compressors, the usage
of mathematical models is of very high importance. In each field of science, there are models
of different details applicable for various purposes. Regarding fluid dynamics-related
problems, which also include the computation of turbomachinery, the simplest approach can
be the one-dimensional description of the given unit. In most of the cases, this model can
supply accurate results on the global behavior of the compressor. Therefore, the investigation
of the active surge suppression methods should be based on this method.
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If the study requires local details of the flow field rather than only a global scope, numerous
possibilities can be found to model a fluid flow. In case of axial machines also twodimensional approaches can be applied (as presented by references [103], [105], [118] or
[140]) that utilizes a cylindrical section, in which the problem is solved, due to the negligible
or relatively small radial distances between inlet and outlet stations. The aforementioned
section can be further simplified as the cascade of blades or vanes exhibit rotational
periodicity, hence only a reduced number of blade channels are also able to constitute the
domain of investigation. Unlike axial machines, the flow direction suffers significant change
through the passage of a centrifugal impeller, thus three-dimensional analysis is the sole
possibility to capture the essential properties of the physical process behind the model. The
most inauspicious disadvantage is the complexity of the solution that has become vanishing
with the rise of computer technology, which has led to an overall spread of computer aided
engineering throughout the industry including computational fluid dynamics (CFD) as well as
other finite element method-based mechanical analysis applications.
One-dimensional model describing the operation of a centrifugal compressor
In the analysis of a centrifugal compressor, it is assumed being driven at a given rotational
speed delivering a determined amount of mass flow. The goal of the model is to ascertain the
major parameters of the operation such as pressure rise through the unit, drive torque required
to maintain the operational regime under the circumstances, and many more inherited
attributes like efficiency or thermodynamic properties.
For this purpose, the compressor has to be divided into major units that affect the flow and
result in a change in state of the working medium. These units or domains of flow field are the
optional inlet guide vanes (IGV), the impeller and the diffuser. In the buildup of a model the
following important considerations have to be done:
 the impeller is the sole device that is able to introduce energy transfer towards the
fluid, the other parts of the system are stationary, hence only conversion of energy
(from kinetic into potential) can be realized within them;
 diffusers can be configured in several ways. They can comprise vaneless space, radial
and axial vaned device, or even a volute for collecting the discharged medium
depending on the application. As the outlet scroll in most of the cases result in large
outer dimensions it is omitted in aviation engines, while in small turbochargers it is
almost exclusively used to decrease the discharge velocity of the compressor
converting kinetic energy into static pressure. The compressor, which comprises the
basis for the present investigation, includes all three devices, from which the vaneless
and vaned diffusers can be viewed on Figure 1. The removed scroll is depicted on
Figure 27.
The operation of the compressor comprises different principles as energy is added to the
working medium within the impeller solely, while the remaining components of the system
perform only conversion between different forms of energy. The static pressure rise in
diffusers can be described also in unique ways depending on the type of the device.
The energy addition in the impeller is described by the Euler turbine equation shown as total
power requirement in Eq. (2). This approach is dealing with the change of flow momentum
caused by a power input, but the total energy introduced into the medium has to be equal with
the total enthalpy change, which, in case the working fluid is a gas, can be written as the
product of isobaric specific heat and difference achieved in total temperatures. Based on the
first law of thermodynamics, the energy can be transferred to the system in the form of heat or
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technical work. Assuming adiabatic compression process, the system is regarded as perfectly
heat insulated, as shown in Eq. (10).
12 0
h2*  h1*  q12  wt12 q
 h2*  h1*  wt12

(10)

Thus the relationship between the aerodynamic and thermodynamic state changes can be
written for a unit mass flow rate as in Eq. (11):





 C  u 2  c2u  u1  c1u   m C  h2*  h1*  m C  c p
PC ,id  m

T2*
T1*



 T2*  T1*



(11)

It is important to note when evaluating Eq. (11) that even in a single centrifugal compressor
stage the temperature difference is significant, thus the isobaric specific heat has to be
computed as a function of temperature, due to its non-negligible dependency on absolute
temperature. Dependencies of the isobaric specific heat on other parameters, such as pressure,
can be considered as negligible in engineering problems. The symbol c p

T2*
T1*

stands for the

average isobaric specific heat between the shown temperature levels.
The deduction of parameters has to be based on Eq. (11).
 The peripheral velocity components at the discharge and inlet cross sections u2 and u1,
respectively, can be calculated simply using the rotation speed and geometric data of
the impeller.
 The tangential component of the inlet absolute velocity is defined by the IGV, if
present. In several cases IGV is omitted (also the compressor involved in the present
investigation), resulting in the vanishing of the u1  c1u product.
 The tangential component of the absolute velocity at the impeller discharge is
depending on the blade exit angle. Ideally, one can assume that the direction of the
discharged flow is tangential to the blade surface. In reality, due to inevitable Coriolisforces arising within the rotating frame of the impeller, which will result in a deviation
between ideal and real flow directions as the medium is surpassing the blade channels.
This effect is characterized by the slip factor  that is defined as the ratio of tangential
component of absolute velocity under real and ideal conditions [29]. Thus the real
outlet velocity tangential component can be obtained as the product of the slip factor
and the ideal outlet absolute velocity tangential component, which depends only on the
geometry. The slip factor can be defined in several ways regarding to numerous
investigators, who have created different formulae using various input parameters. A
simple approach is originated by Stanitz [41], who assumed the slip factor to depend
only on the number of blades as follows:

  1

2
z

(12)

Finally, the formula of the product of peripheral and tangential velocities at the outlet takes
the form of:

u 2  c2u    u 2  cot  2 g  c2m  u 2

(13)

If the impeller comprises radial blades, where the 2g blade angle equals to 90 degrees, the
expression within the parenthesis simplifies to:

u 2  c2u    u 22
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(14)

 As mentioned above, the isobaric specific heat is considered as a function of
temperature. Thus, in order to eliminate the need for computing integral expressions,
we have to consider the average isobaric specific heat measured between the limits of
the given process. The only problem is that we have to approximate the final
temperature with an iterative calculation refining the specific heat in every step
resulting in a convergence to the real value. The logic of the iteration is shown on
Figure 6.

Figure 6 Iteration of the isobaric specific heat and outlet temperature
Unfortunately, the work supplied through the shaft of the compressor will not completely be
converted into the expected form of energy, some losses are inevitable. Thus the total pressure
output of the unit will differ from the ideal. In the following, a detailed overview of the
various losses is given.
There are three major losses that affect the operation of a common centrifugal compressor
while one can identify one additional type of loss regarding to the inducer shroud bleed.
1. Friction losses. This inevitable loss is calculated taking into account the fact that three
faces of the channel (the impeller blade surfaces and hub) are in contact with the
relative velocity w and the shroud is the only one for which the absolute velocity c is
to be used. These are noted in Eq. (15) as ∆pw and ∆pc. As detailed in [44], the friction
coefficient λ, hydraulic diameter dhyd, absolute and relative velocities (c and w,
respectively) and the density ρ can be taken as average value (distinguished with an
overline) computed from inlet and outlet data without considerable inaccuracy.

p fric,imp 

L fric
L fric,imp
1
3
1
c2 3
w2
 pc*   p w*   c 
 
  w 
 
4
4
4
Dhyd
2 4
Dhyd ,imp
2

(15)

Converting the above expression into the form of enthalpy loss, one can find that the
friction loss is proportional to the square of the mass flow rate through the unit:
h *fric,imp  K fric,imp  m 2

(16)

2. Curvature loss is also an important factor in the realization of the real pressure rise in
the compressor. As centrifugal machines introduce a significant change in flow
direction while delivering the working medium from their inlet to the discharge, the
curvature loss is relatively high compared to axial compressors. The calculation for
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pressure loss is provided in Eq. (17), while its transformed expression to enthalpy loss
can be found in Eq. (18):

pcurv
  curv   

c2
2

i
hi,curv  K curv  m

2

(17)
(18)

3. Incidence losses are probably the most hard to implement. Many significantly different
theories are describing the phenomenon of the loss related to sudden change in flow
path direction when the medium approaches the blade row under an incidence angle
other than zero. This angle of attack is vanishing when the flow enters the blade
passage and it is exerting an increasing back force on the blades proportional to the
difference in the ideal and actual angles. Let us consider the possible variations on
computing this loss.
a. The most simple approach
It takes only the difference between flow and blade angles into account, as shown in Eq. (19).
This approach lacks the difference between positive and negative angle-of-attack separations,
which form a different steepness of the shock loss on the two opposite sides of the operation
point with zero incidence.

p shock
 cos 2    geom 

(19)

b. Experimental refinement
There is an experimental refinement of the above mentioned theoretical model that takes into
account the effect of the difference between the extents of stall regions on the suction or
pressure side of the blades [41]. It is evidence that the dimension of the stalled blade section is
wider at the same absolute value of the incidence angle when the angle of attack is positive
(suction side stall) compared to the situation when the stall is located on the pressure side.
This theory is also presented on Figure 11, which can be incorporated in the computation as a
factor that is defined as two different coefficients in the two regions of incidence angle:

p shock
   cos 2    geom 

0,6...0,9 if    geom
 6..12 if   geom

(20)

 

(21)

c. NASA shock loss theory
The most widely used theory is presented e.g. in [52] or [77], which is treating this loss as a
result of tangential kinetic energy “destruction”. The amount of energy required to change the
tangential velocity to the direction that complies with the blade angle is not creating effective
pressure, yet it has to be supplied by the compressor drive, hence it can be considered as a
loss. It is also important to note, that the original description calls this loss “shock”, although
nothing akin to shock occurs [52], therefore the proper identification should be “incidence
loss”.
The gas velocity, as the medium contacts the inducer, changes instantaneously its direction
from 1 to 1g, resulting in the vanishing w1u velocity component, i.e. the shock loss itself is
the kinetic energy which is associated to this tangential speed component:
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inc,imp

h

w
 1u
2

2

(22)

In the following steps, one has to determine the velocity component with other members of
the velocity triangle depicted on Figure 7.

Figure 7 Arbitrary velocity triangle at the inducer inlet (from [77])
The vanishing relative velocity tangential component is the remainder of the subtraction of:

w1u  u1  c1u  cot 1g  c1a

(23)

Therefore, if one substitutes the mass flow instead of axial velocity component, the resulting
expression for incidence loss shows:
cot 1g  m 
1 

   u1  c1u 
2 
1  A1 

h

*
inc,imp

2

(24)

Thus the total enthalpy change throughout the compressor under ideal circumstances is equal
to the momentum change in the tangential direction expressed by the Euler turbine equation,
which, referring to the specific work done on unit mass flow of medium in an arbitrary
situation with IGV and optional backward curved blade geometry can be written as:

hid*    u 2  cot  2 g  c2m  u 2  u1  c1u

(25)

Based on relevant investigations as [52] or [77] the losses of the diffuser can be calculated in
a similar manner compared to the impeller, i.e. it consists of an incidence loss at the leading
edge resulting from the deviation of the flow direction and blade geometry detailed in Eq.
(26); and a friction loss term computed as shown in Eq. (27).
h

*
inc, diff

cot  2 g  m 
1 

     u 2 
2 
 2  A2 

2

h *fric,diff  K fric,diff  m 2

(26)
(27)

The real power consumption based on [29] can be achieved as the sum of the ideal power
requirement and the losses:



*
  hid*  hloss
PC  m



(28)

where the enthalpy change concerning the losses consists of incidence and friction losses
throughout the impeller and diffuser:
*
*
*
*
*
hloss
 hinc
,imp  h fric,imp  hinc, diff  h fric, diff
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(29)

Consequently the efficiency of the compressor can be expressed as the ratio of the ideal and
real power requirements:

C 

hid*
*
hid*  hloss

(30)

In case of more detailed investigation of the centrifugal compressor operation, one can
identify additional issues that lead to increasing losses. The most important terms are the
following:
 Clearance loss takes place due to axial gap between the impeller and its housing. It can
be approximated by the ratio of the clearance and the impeller tip width as follows
[52]:

l
 cl  0,3   cl
 b2





(31)

 Backflow loss occurs due to the pressure gradient across the impeller which leads to a
reverse flow at the impeller tip region.
 Volute loss arises when a volute-type diffuser is utilized, as the volute cannot
efficiently convert the radial kinetic energy of the medium. This loss, based on the
geometry of the diffuser, is approximated as:
0,02   vol  0,05

(32)

 The source of diffusion loss is the inadequate diffusion process, which is dependent on
the pressure recovery factor, but can be assumed to be constant.
Summarizing the above mentioned modifiers, the final efficiency of the centrifugal
compressor stage can be calculated as:

C 

hid*
  cl   bf   vol   diff
*
hid*  hloss

(33)

The Equations (10)-(33) are forming the basis for the one-dimensional calculation developed
especially for the investigation of active surge suppression devices as detailed in Chapter 2.3.

1.1.4. Major applications of centrifugal compressors
Centrifugal compressors are most commonly used in gas turbine engines, turbochargers of
internal combustion engines [79] and several other applications. They are widely spread
throughout the industry for natural gas transportation (detailed in [20], [51] or [99]); their
utilization with electric drive in fuel cell power systems is also emerging (as presented in [76],
[17], [45] or [149]); but their key application can be found in aviation. Gas turbines provide a
very high specific power compared to other air breathing internal combustion engines like
piston engines, therefore they could spread after World War II as manufacturing technology
and engineering sciences had reached the necessary level. The work process of gas turbines
follow the Brayton cycle, which consists of an adiabatic compression, an isobaric heat
addition, an adiabatic expansion and an isobaric heat removal to the ambient.
A key parameter of a thermodynamic cycle is thermal efficiency. It is defined by the
difference in heat added and removed (the energy which can be converted into work) divided
by the heat added. The thermal efficiency in general and substituted for the idealized Brayton
cycle can be examined in Eq. 10. It is obvious that the pressure ratio of the cycle is ideally one
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of the two parameters besides the adiabatic exponent of the given medium that influence the
thermal efficiency of the process. As the exponent function is monotonic the thermal
efficiency is increasing if one raises the pressure ratio. Figure 8 shows the ideal thermal
efficiency versus pressure ratio of the Brayton cycle with air as working medium ( = 1.4).
Due to the properties of the exponent function the increment in thermal efficiency slowly
reduces causing the effect to diminish when the pressure ratio is rising. This explains the
reason of small, simple designs with pressure ratios of about 6 to 10, medium complexity
units at about 20, and cutting edge technology with pressure ratio over 40.

 th,id 

Qin  Qout
Qin

 1

Qout
Qin

 1

c p  T4  T1 

c p  T3  T2 

1

 1



 1


(34)

Approximate range of single stage centrifugal compressors

Figure 8 Thermal efficiency of the ideal Brayton cycle versus pressure ratio
It is an easy to observe tendency in gas turbine design that newer constructions are mostly
utilizing higher pressure ratio compressors as it is shown on Figure 9.
Another interesting aspect of the increasing overall pressure ratio can be found in the design
of medium and small mass flow engines. Although Figure 9 shows mostly engines with high
mass flow rates falling in the range of more than 100 kg/s, one can find also engines in the
medium mass flow rate class. A typical representative of this medium size class is the
Lycoming ALF 502 bypass engine used on BAe 146 (currently called as Avro RJ85/100)
medium sized commercial airliner. In the mentioned design and many similar engines the
high overall pressure ratio (over 13:1) and the comparably small mass flow in the core engine
(approx. 15-20kg/s) would result in very short and therefore inefficient blades in the last
compressor stages (data from [136]). Therefore the solution is to substitute the last axial
stages with one centrifugal stage that prevents the low volumetric efficiency caused by
relatively high clearances. This is an important possibility for the usage of centrifugal
compressors in up-to-date gas turbine engines. The section view of the gas turbine is shown
on Figure 10 with other comparable designs.
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Figure 9 Change of overall pressure ratio of various gas turbine engines [9]
As one further decreases the amount of mass flow to be handled by the compressor, so does
the number of axial stages approach even smaller values. In the lower region of the medium
sized airliners (e.g. Bombardier Dash 8 Q400), where the nominal mass flow of the gas
turbine is about 10 kg/s only 2-3 axial stages are used, or instead of the axial ones rather a
double stage centrifugal construction is designed (TPE331 in Figure 10). In mini or micro
turbines, such as auxiliary power units (APU’s), engines of unmanned aerial vehicles
(UAV’s) or turbochargers of internal combustion piston engines, in almost all cases one can
find a single stage centrifugal compressor, which, using transonic inlet flow regime, itself is
capable of producing a pressure ratio of 6…8 or slightly above (as published in aircraft
maintenance manual [2] and research papers [25] also).

Figure 10 Section views of ALF 502 high bypass ratio turbofan engine and TPE331 turboprop
including centrifugal compressors (sources:
http://www.enginehistory.org/Gallery/KCollenge/ALF502R.JPG and
http://www.seattleturbine.com/index2.shtml, both accessed on 12-03-2013)
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1.2.

Centrifugal Compressor Surge

1.2.1. Introduction to Instabilities
Compressors are sporadically utilized alone; they normally are a component of a compression
system, which is always presenting a wide range of different conditions to its units. These
conditions cannot be ensured to fall under all circumstances within the prescribed limitations.
If the necessary requirements are not met some deterioration will occur compared to normal
operation of the system. Mostly, these phenomena are instabilities of a given unit or the
system as a whole.
The stability can be defined following [108] as the response of the compressor to disturbances
that are superposed to normal operation. If the response is such that the system returns to its
original operating equilibrium condition, the system is considered stable. On the contrary, an
unstable system is driven rather further from the original point of operation leading to
completely changed conditions, which also can represent periodic processes of increasing
amplitude.
Whichever compressor map is used from the aforementioned two, there is an evidence of
unstable operational region of the compressor. On Figure 4, there is a red curve drawn
connecting the approximate points of transition where the onset of instabilities can be
observed as the divergence in the measured points at a given constant speed.
As Figure 5 would show ideally only one curve, there was no need to create a boundary,
because it should collapse into a single point. Using the real measured data presented on
Figure 5, it can be stated, that the limit of the stable operation is at a flow factor value about 
≈ 0,14. The small deviation between different speed lines is originated from the change in
ambient conditions at the measurement facility due to repeated cooldown cycles of the driving
electric motor between each set of data.
The presence of instabilities in the operation of a centrifugal compressor is very important.
These abnormal modes of operation limit the usable range of mass flow rate due to various
severe consequences that present an effect on the compressor itself or other system
components. In the following paragraphs the most important information is gathered about the
instabilities [46].

1.2.2. Classification of instabilities
The compressor instabilities can be derived from the decrement in mass flow rate through the
device. The lowering mass flow – regarding to Figure 4 – results in increasing pressure ratio
that would be advantageous for user systems that normally require a specified level of the
delivered pressure. One can find that the efficiency often reaches peak values in the vicinity
of the boundary of stable and unstable regions [98].
If one investigates the change in velocity triangles can detect the adverse effect of increasing
angle of attack of the blade leading edges with decreasing amount of medium to be handled.
This can be observed on Figure 11 that shows three cylindrical sections of the same
centrifugal compressor wheel with velocity triangles belonging to various mass flows.
According to this figure, the increasing mass flow rate causes minor flow separation on the
pressure side of the blades that is eliminated quickly by the flow itself, thus it does not have
severe effect on the characteristics of the compressor. The problem of increasing mass flow
can imply the high relative Mach number in the flow passages. If somewhere Mw reaches
unity the mass flow rate cannot be increased further, the stage operates in the regime called
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“choke”. This is characterized by a vertical speed line on the compressor map as shown on
Figure 4 [29].
The reduction of mass flow is not as negligible as the former one. As it can be examined on
Figure 11, severe flow separation takes place on the suction side of the blades that cannot be
suppressed easily and can lead to a general stall of the whole compressor stage. Another
problem is appearing inside the impeller flow channel, where the small mass flow can result
in channel separation.
As it was stated, the reduction of mass flow rate leads to the distortion of the velocity triangle
to the increasing incidence angle at the inducer leading edge. Another consequence of this
condition is – in accordance with the path of the process on the compressor map – the
increasing pressure ratio due to the raising difference in inlet and outlet velocities. This will
result in an increasing density that adversely affects the outlet velocity, which decreases thus
exponentially. This can easily lead to diffuser stall, which can be a trigger for the instability of
all system components, as it was detailed in [70].
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w1

c1

u1

w1
m < mopt
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Figure 11 Velocity triangles of a centrifugal compressor inlet at mass flow rate of optimal
(m
 m
 m
 m
 opt ), below optimal ( m
 opt ) and above optimal ( m
 opt )
Two major species of compressor instabilities can be distinguished from each other based on
their specific properties and expectable effects on the device and its surrounding components;
however, their possible triggering events are the same, as it was proved by many
investigations [28].
The first instability can be derived from the operation of compressor blades as a grid of wings.
As wings can suffer flow separation under specific conditions so do the compressors. Mostly
linked to the high inlet angle of attack and the reduced mass flow rate the stall of some or all
blades can take place. Figure 11 shows an ideal situation where the row of blades is
considered uniform, without damages or any geometric defect. That means the flow
separation is only depending on the actual inlet angle of attack and the whole inducer stalls at
19

the same moment causing an abrupt stall pattern. Under real circumstances, after shorter or
longer operation time there is a likelihood of some minor or major damage to the inlet section
of the compressor blades. That results in a preceding stall of the affected blade prior to
reaching the ultimate limit of separation. The flow in the blade channel the inlet of which is
now stalled will partially blocked by the separation and part of the flow will enter the
oncoming blade channel, but with an increased angle of attack, resulting in a stall. The cycle
repeats and the stall cell is propagating in the opposite direction as the rotation of the
compressor. This is called rotating stall, due to the perceptible symptom of the stall cells that
are moving in the relative (rotating) coordinate frame with an angular speed about 20 – 80%
of the impeller backwards causing an outer observer to detect a straight, slowly rotating
phenomenon [134]. The mechanism of rotating stall and its consequences on compressor
performance can be reviewed in Figure 12. The type of abrupt or progressive stall depends on
the extents of the blade length that is covered by the stall, namely, if the stall occurs over the
whole blade, abrupt stall is the result; if stall only covers part of the blade span, it leads to
progressive stall [33].

Rotor velocity
Blade
relieved
of stall

Blade
stalled

Blade
beginning
to stall

Figure 12 Inception of rotating stall (adapted from [71]) and effect on compressor
performance (based on [33] and [108])
Summarizing the phenomenon of rotating stall, it can be stated, that this instability is initiated
by compressor imperfectness, roughly affects only the compressor itself, manifests in
relatively small and high frequency pressure fluctuations. Another important feature of this
rotating stall is that the mass flow distribution is not axisymmetric, in other words, it is a two
dimensional phenomenon, as the regions, where the flow separation takes place, spoil the
symmetry [98].
The second type of instability is surge, which has a triggering cause similar to the one of the
rotating stall, namely its indispensable condition to occur is the reducing mass flow through
the compressor. From this point, one can state that the surge completely differs from the
rotating stall in other aspects; however it may happen under specific circumstances that they
may arise at nearly the same time in one device and they are continuing their presence besides
each other.
Examining its extents, surge covers a branch of high amplitude, relatively low frequency
pressure and mass flow oscillation that affects not only the operation of the compressor but
the up- and downstream components also. While during a pure rotating stall the other units in
the system bear only indirect effects, which are relatively small in extent, if the system enters
surge none of the components can continue the normal operation. The magnitude of the
oscillation can overcome the actual averaged mass flow rate creating a backward flow
direction called deep surge (details in Chapter 2).
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This phenomenon differs from rotating stall in the mechanism of its onset. While in the other
case small defects and the increasing angle of attack are the two main triggering factors, surge
is initiated by the low mass flow rate and its aftermath of decreasing delivery pressure at the
compressor outlet, which can be examined on Figure 4 at non-dimensional flow rates just
above the red curve symbolizing the stability margin and Figure 5 at flow factor value of
 ≈ 0,14. The reduction in compressor discharge pressure itself might not lead to flow
reversal at all circumstances, the effect of other system components is a key parameter to
result in a given surge characteristics. To enter surge it is necessary to provide a relatively
high volume plenum downstream of the compressor that can store the high pressure medium
before it leaves the system through a symbolic throttle, which can be e.g. the turbine and jet
pipe in a turbojet engine. The simplified schematic of a compression system, which is
applicable for investigating surge, can be seen on Figure 13.

Figure 13 Turbojet engine as an example for compression system (based on [69])
The efforts to clarify compressor instabilities always were of major research interest from the
early gas turbine designs in the late 1940’s. The first remarkable results about rotating stall
were presented by Huppert (1952) [71] and subsequently, by extending the scope of
investigation by Emmons (1955). Focusing on surge, in the late 1970’s Greitzer has
established such a model that could describe the behavior of surge [55]. Although this model
is originally established for axial compressors, it has been proven in [62] that it is also
applicable for centrifugal compressors [50]. It is also important to mention, the model is of a
low order while the phenomenon, which is modeled, is more complex, though it has been
shown experimentally in independent researches ([56], [62]), that the model is capable of
giving both qualitative and quantitative description of surge. This model has been further
improved with the introduction of the rotating stall in the following years resulting in the
more advanced Moore-Greitzer model [97]. The most important simplification of the
aforementioned models is that they assume a constant compressor speed. Consequently, in the
following years after publication several authors have improved these models in order to
implement variable rotor speed (e.g. [32], [52], [86]).
As it was emphasized above all components of the whole system is involved in the surge
behavior. Therefore it is obligatory to investigate the oscillations in the system, their
determinative parameters which influence the onset of compressor surge.
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First of all, it is important to recognize the possible resonance frequency of a subsystem
composed of a duct and a plenum. This can be described by the Helmholtz frequency, defined
as:

H  a p 

AC
VP  LC

(35)

Equation (35) neglects the volume of the compressor as an alternative storage of the medium
in the system, but one can easily confirm its reasonability based on the geometric parameters
of system components.
Using the Helmholtz frequency of the system, one can create a non-dimensional behavior
parameter of the device using the blade tip speed u and length of compressor ducting LC:

B

u

(36)

2   H  LC

This parameter is used in the Greitzer-Moore model to describe the system behavior and is the
most important measure of surge in a centrifugal compressor system. Based on Cumpsty’s
work [30] it also contains a physical meaning. For this purpose let Equation (36) be rewritten
in the following form expand with tip speed u, cross-sectional area of compressor ducting AC
and by a reference density :
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(37)

mC

In the numerator of Eq. (37) one can find the pressure rise capability of the compressor in the
parentheses multiplied by the cross-sectional area of the compressor ducting AC yielding a
force that is produced by the device due to increasing pressure. Meanwhile the denominator of
the fraction contains the mass incorporated in the compressor ducting mC, the blade tip speed
u and the Helmholtz frequency H. To enable interpreting a correct physical meaning the
blade tip speed has to be replaced by the cm meridional velocity of the medium that is
proportional to the blade tip speed. The product in the denominator then yields the force that
is required to initiate oscillations of the flow in the ducting at its natural frequency.
Should the dimensionless behavior parameter B increase, so the severity of instabilities
emerge from pure rotating stall through mild surge till deep surge causing complete flow
reversal. Evaluating Eq. (37) it is evidence that this increment can be due to higher rotational
speed, large air collecting plenum volume downstream of the compressor or small connecting
duct length. These factors are investigated in the next chapter in detail.

1.3.
Effects of Surge on the Operation of the Centrifugal
Compressor
1.3.1. Classifying species of surge
Based on the far-reaching and intensive investigations of the past decades conducted by
Greitzer [55], [56], and Moore [97] the response of a given compressor system can be
determined using the dimensionless Greitzer behavior parameter B as noted above. Its final
form, considering equations (35) and (36) can be written as:
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Let the factors of dimensionless behavior parameter B be investigated in details. The blade tip
speed u is constantly increasing from the early constructions to the up-to-date devices as
technology, metallurgy develops. This is the key of high specific power that is indispensable
if the gas turbine is intended to be operated in aircraft. As it was detailed in Chapter 1.1 the
pressure ratio is also showing a growing tendency resulting in an increasing speed of sound in
the plenum. This has an advantageous effect on the dimensionless behavior parameter, but its
influence is quite moderate if one takes into consideration the Poisson equation about the
connection between pressure and temperature ratios, it is obvious that temperature ratio, thus
the compressor discharge and plenum temperatures affecting the speed of sound in the plenum
rise with a moderate intensity, as it is shown in Figure 8. Early constructions with a pressure
ratio around 4 produced a compressor discharge temperature of about 430K while a modern
centrifugal compressor discharge temperature reaches 520K with a pressure ratio of
approximately 8. Therefore the ratio of speed of sound in these cases is about 1.1 that is fairly
moderate compared to blade tip speed increment.
The last considerable effect can be linked to the geometric properties of the compression
system. In gas turbines, the plenum is the combustion chamber, which has a very limited
possibility to diminish its volume, and due to mass constraints the length of the ducting is
fairly small that connects the compressor and the downstream components. As a conclusion,
one can declare that usual design solutions concerning geometry in up-to-date gas turbines
easily can lead to adverse surge behavior.
After the investigation of the dimensionless behavior parameter B and its components it is
important to get know with the possible results of various B values. During the intensive
experimental investigation of compressor instabilities by Greitzer in the late 1970’s the
measurement values showed that the increasing B parameter results in more severe
oscillations. Therefore one can differentiate the species of surge, as listed below, based on
[34] and [146]:
 Mild surge is the least severe instability. It only causes a small fluctuation in annulus
averaged mass flow rate which is small enough to be unable to provide excitation for
other oscillations or phenomena, e.g. stall due to the locally and temporarily
decreasing mass flow rate in the compressor (see Figure 11). The frequency is
determined by the geometry of the system, i.e. the Helmholtz-frequency will be
dominant.
 Classic surge covers a moderate mass flow oscillation that is not enough to result in a
net backflow but also creating higher harmonic components. The frequency of
oscillations is lower than the Helmholtz-frequency.
 Modified surge: the periodic change in mass flow rate increases the angle of attack on
the blade leading edges so leads to rotating stall also.
 Deep surge is the most severe form of mass flow rate fluctuations. During the whole
surge cycle there is a part of the process when the flow completely reverses.
Other sources (e.g. [98], [50]) may use another aspect of distinguishing the species of surge.
For example, for a less detailed investigation the distinguishing between the two major forms
of surge can be satisfactory, based on the presence or absence of backflow.
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The listed species of surge as a function of mass flow coefficient and dimensionless behavior
parameter can be evaluated using Figure 14. The chart shows different separated regions of 
– B map where given surge behavior is found. It is obvious that above a limit of flow
coefficient stable uniform flow can be developed in the impeller. When decreasing the mass
flow and the mass flow coefficient different instabilities can emerge depending on
dimensionless behavior parameter B value. If mass flow coefficient barely drops below the
stable limit, rotating stall can evolve if B is low or the compressor enters classic surge if B is
higher. Further decreasing the mass flow coefficient the region of classic surge begins to
shrink: rotating stall gains area against classic surge at moderate B values and deep surge also
can occur at high B. At particularly low mass flow coefficient the pure deep surge vanishes as
rotating stall will also be present at the same time with the mass flow rate oscillations.

Figure 14 Development of various surge species as presented in [69]
The discussion of Figure 14 can be concluded with the statement that a given construction
with fixed geometry – considering the volume of plenum, length and area of ducting – has an
increasing severity surge behavior when the unit rotational speed is increased.
Nevertheless, one has to design and operate turbomachines at high rotational speed due to
their common operating principle, the Euler turbine equation (Eq. 1). Therefore it is very
likely to enter deep surge at around nominal operating speed with high throttling. It is crucial
therefore to understand the altered operation of the compressor from the least deviation from
the normal to the backflow mode in order to evaluate the effects of surge on the operation of
the unit.
It is important to investigate the effects of surge in two major ways of centrifugal compressor
applications.
The first should be the gas turbines mostly used widely spread in aviation for propulsion and
auxiliary power generation. Surge can occur e.g. when the unit is intended to be accelerated.
The process can be followed on Figure 15. This can be established by increasing the fuel
supply, which results in a raising turbine inlet temperature. The turbine, which can be
considered to be working at its maximal dimensionless mass flow rate in almost all of the
cases, will decrease its throughput that results in an initial movement towards the surge line
with minor increase in rotational speed. If the process is too quick, the surge margin may be
passed. As the centrifugal compressor enters surge the mass flow rate begins to fluctuate. This
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leads to periodic enrichment and leaning of the air-fuel mixture in the combustion chamber. It
may happen that the air-fuel ratio drops below the minimum, which is necessary to maintain
the continuous flame, so the flame is extinguished and the engine is stopping due to flameout.
This is very dangerous in flight, and can be fatal if the required acceleration of the gas turbine
is a part of the landing maneuver. In the proximity of terrain it has a very little chance to have
enough time to restart a failed engine. On the other hand, such a situation can degrade crew
performance in such a severe way that they might not bear correct decision even if they were
able to manage the problem.

Figure 15 Acceleration process of a gas turbine engine (adapted from [108])
The other application that has to be considered in surge investigation, as another species of
results occurs during the developing instability. This is the industrial compressor station used
in e.g. natural gas transportation, which has a load compressor that is responsible for
increasing the pressure of the delivered medium while it is driven at a constant speed with a
gas turbine called power section. This configuration, the separated load compressor is also
similar on airborne auxiliary power units of aircraft of modern designs. Here the major
problem is that the power section is independent from the driven compressor, which is subject
to operate under wide range of mass flow rates including low flow conditions also. Therefore,
if the load compressor enters surge this situation will not have any significant effect on the
gas generator which will continue to drive the load compressor resulting in a long residence
time under adverse oscillations. The periodic change in mass flow rate also involves pressure
fluctuation therefore the forces acting on impeller blades exert a highly dynamic loading. This
will shorten the lifetime of the components due to the fatigue loads during the prolonged
surge cycles resulting in severe damages to the unit or other related equipment.
As a conclusion of the two evaluated cases one can state that the phenomena related to surge
are very dangerous on safe operation of the compressor and the whole system, therefore the
evolution of surge has to be suppressed on time by enabling the measurement system to gather
data about surge inception and provide an adequately quick reaction control unit to avoid
entering surge.
After this short theoretical train of thoughts it is necessary to go into the details of effects of
various species of surge on the operation of the centrifugal compressor. This investigation can
be provided by evaluating the arising processes in the compressor map, beginning with the
deep surge and then acquainting the differences with mild surge.
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1.3.2. Investigation of Effects of Deep Surge
During the deep surge cycles the flow direction is completely reversed for a part of the period.
It is very interesting to investigate how the system components can cooperate in such a
situation. Let the evaluation to be carried out in a reversed direction just as the flow passes the
various components during the deep surge.
The diffuser is now operating as a nozzle with decreasing cross-sectional area in the direction
of the reversed flow. This means that the backwards flowing medium is accelerated through
this item and it also gets a high prewhirl before it can enter the impeller, which can be
considered as negative angle, as the direction of tangential velocity component points against
the blade tip speed. Negative prewhirl causes a raising characteristic curve based on the Euler
turbine equation. This effect is amplified by the fact that the inducer in the reversed direction
operates as a forward curved compressor blade as its angle is pointing in the direction of the
rotation. The resulting characteristic curves on the expanded compressor map are shown on
Figure 16, where the theoretical pressure coefficients in the normal and backflow operating
modes are presented with black dashed lines, the forward characteristic curves are shown with
green and the reversed flow is plotted with red lines.
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Figure 16 Extended compressor map with backflow region (adapted from [8])
The differences between theoretical and practical curves can be explained by the appearance
and presence of various losses (incidence, shock losses, flow separation etc.), therefore the
realization of backflow results in a slightly smaller steepness in the low negative mass flow
rate region and can also lead to a decreasing pressure coefficient when the backward mass
flow rate is relatively high (below  = – 0.5 on Figure 16)
The complete deep surge cycle can be described as follows and is shown on Figure 17. Let the
cycle begin from point A, where the compressor operates at the surge margin with peak
pressure ratio. If a small disturbance is injected with a result of momentarily decreasing mass
flow the system will begin to move towards point B. From the point where the compressor
passes its peak pressure ratio it delivers lower pressure than the one which fills in the
downstream plenum, thus at a given point, where the forces resulting from the impeller acting
on the flow become smaller than the plenum pressure forces, the mass flow continues
excitedly to decrease to point B, where the deceleration of the medium reaches the limit of
flow reversal. In this moment the flow rapidly changes its direction in the system, passes point
D and arrives at point E. In the initial process of the reversal (path D-E) an increasing
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backflow is generated and the mass of medium stored in the plenum begins to decrease in a
constantly accelerating amount until point E is reached. This point lies on the backward
characteristic of the compressor at the given corrected rotational speed. As the operation is
maintained in point E the plenum pressure is decreasing as its content is discharged through
the compressor that results in a diminishing mass flow rate. The operating point on the same
speed line begins to tend towards point F. At a given point the compressor outlet pressure
becomes higher than the plenum pressure and therefore the flow returns to normal direction
and the compressor begins to fill up the plenum again, the operating point suddenly jumps to
point H from where it returns to point A.
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Figure 17 Complete deep surge cycle in compressor map (based on [8])

1.3.3. Investigation of Effects of Mild and Classic Surge
The effects of the aforementioned two species of centrifugal compressor surge are handled
together in this paragraph as both result in a mass flow rate remaining in the positive supply
area, i.e. they do not manifest in backflow. As it was mentioned above the distinguishing can
be made based on the presence or absence of rotating stall. As rotating stall requires the
incidence angle to be increased beyond the stall margin the classic surge, which includes also
rotating stall, can be considered as instability of medium severity and mild surge as the
weakest possible form of surge.
Their effects can be summarized – based on the previous thoughts about deep surge – as
follows:
The periodic change in mass flow rate and consequent incidence angle oscillation will affect
the operation of the downstream components, mostly in gas turbine applications, where the
stable operation of the combustion chamber is disturbed possibly leading to engine flameout.
The similar cause can result in component vibration and subsequent fatigue failure of
involved elements.
The mild or classic surge cycle is similar to the one that was investigated at deep surge with
the most important difference that the trajectory of the system operational conditions does not
cross the zero delivery line on the compressor characteristic map.
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1.4.
Possibilities of Active Surge Control on Centrifugal
Compressors
There are very wide possibilities to avoid surge and provide a stable operation under various
downstream mass flow rates. As it was stated above, surge itself is a problem that occurs at
low flow conditions. The other important mark is the flow separation that is a precursor of
onset of surge. The surge control methods, should they be passive or active, try to act upon at
least one of these two triggering effects.
The measures used to cope with surge can be differentiated as follows (based on [74]):
 Surge protection or surge avoidance covers passive methods, which can ensure that the
compressor is prevented to operate near or beyond the surge line. This fair surge
margin can be achieved using open loop controls.
 Surge detection and avoidance necessitates a closed loop control to operate the
avoidance system when the onset of surge is detected.
 Surge suppression or active surge control is also utilizing a closed loop control, where
the controller gets the appropriate information about approaching instable operational
conditions and reacts using at least one effector, which has the role of stabilizing the
flow throughout the compression system.
In the following subchapters the widely spread methods are detailed.

1.4.1. Short Introduction into Passive Methods of Surge Avoidance
Before investigating the active surge control methods it is important to give a short overview
of the other side, the passive surge avoidance methods, as they are also very widely used and
also they can be the basis for active control systems.
Bleed to atmosphere or closed chamber
It is very common in turbocharger centrifugal
compressors to provide an atmospheric bleed
from near to the inducer outlet cross section, as
it is detailed e.g. in [75] and [108]. Figure 18
shows an implementation with recirculation of
the bled airflow to the inducer eye. Although
the principle is originated from the past,
extensive researches were being carried out
Figure 18 Shroud bleed concept [75]
recently [37], [127], [133]. The other
implementation of the same principle is the
closed chamber, which is commonly used on Russian starter turbines (TS-21, GTDE-117,
etc.) [B10d].
This method strongly alters the compressor performance, therefore if used the high delivery
efficiency is reduced. This problem could be solved by developing it into an active system
with closing capability during normal operation and only opening in the vicinity of the surge
margin. This is detailed in the following sections.
If one analyzes the equations describing the operation of an air collecting plenum, it can be
stated, that the major parameters are the total temperature T* and total pressure p* which are
to be monitored. It is proven in Chapter 2.3 that the same equations can be used to describe a
bleed to the atmosphere and usage of a surge suppression air collecting plenum, which makes
the developed mathematical model more universal.
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Alternative blade load distribution
In an evaluation of a design concept in the late 1970’s Flynn
and Weber showed in their investigation that the combination
of inducer and impeller passage stalls leads to stage stall and
surge, as reported in [75]. They created a unique impeller
design with novel blade load distribution. In the radial passage
of the impeller a short converging section has been developed
thus the impeller itself is not a monotonic diffuser passage.
This section can separate the two instability regions
preventing the combination of them thus radically extending
the usable range of the compressor. The design also presented Figure 19 Modified impeller
some disadvantages, as the redesigned blades connote a for separation control [75]
significant inertia. The active blade load distribution control
based on this concept is also a part of the present work as it may combine the effectiveness of
the original concept with small weight penalty due to up-to-date components available for
similar functions and can be realized as a controllable active suppression system.
Tandem rotor
It has been shown also with using high lift devices such
as trailing edge flaps on aircraft wings that the
application of detached, so-called slotted flaps leads to
lift increment due to favorable aerodynamic interaction
of the flow regions and boundary layers around the
individual parts [145]. The same effect can be found in
the background of the operation of tandem rotor
compressors, where the inducer and the impeller blades
are separated. Intensive research has been carried out in
the late 1980’s, early 1990’s to clarify the effect of
Figure 20 Tandem rotor [78]
inducer-impeller offset distance and other important
parameters [78]. It has been proven that this solution improves stage efficiency and results in
a balanced flow field that has an advantageous effect on stability.
Rotating vaneless diffuser
The concept is basically found in [8] where it is emphasized
that its advantage is the decreased wall shear that would lead
to vaneless diffuser stall. Its most beneficial form is the
combination of a pre-inducer and rotating diffuser as a unit.
The schematic of its construction is shown on Figure 21 and
its operation is detailed in [8]. The most impressive
advantage of this solution is that the pre-inducer rotates at a
lower speed compared to the main impeller therefore the
relative Mach number here is reduced. This increases the
mass flow rate that can be admitted during choke condition
while on the other hand, due to decreasing incidence losses
on the pre-inducer the surge line is moved to lower Figure 21 Rotating diffuser
and pre-inducer [8]
quantities, thus enhancing the operating map in both
directions. Although it can show up advantages, it is not used in aviation gas turbines, because
the problem can be solved with less complexity and additional weight by other concurrent
designs.
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Moveable plenum wall
Where it is possible, the plenum can be constructed so
that its wall is moveable and it forms a spring-massdamper system. This structural motion is capable of
absorbing the unsteady energy perturbations that are
produced by the compressor. Its greatest advantage is that
it can suppress instabilities at the initial stage therefore
presenting practically no performance drop compared to
steady state characteristics. Despite the simple theoretical
construction the realization in practice raise several
questions which unfortunately cannot be solved in
aviation engines so this method has not been spread in
aerospace applications [59].
Inducer wall treatment
It has been proven that the treatment of shroud, i.e.
implementing grooves in the compressor wall has a
favorable effect on system stability and therefore is
widely used, mostly in axial compressors [108], but
also centrifugal compressor applications and researches
have been made formerly [19] and in recent years it has
been focused by several authors (e.g. [12], [68], [110]).
This field is the most widely investigated among
passive surge suppression methods.

Figure 22 Moveable plenum
wall [59]

Figure 23 Inducer wall
treatment [68]

1.4.2. Active Surge Control Methods
As it has been stated in this work surge is a highly dynamic instability, whose inception
depends on system components and compressor cooperation. Therefore it is reasonable that a
passive suppression system cannot adapt itself to a wide operational range.
It is summarized in [50], how the passive surge avoidance implies different disadvantages to
the compression system:
1. bleeding or recycling part of the compressed flow decreases the efficiency of the
system
2. as maximum efficiency and peak pressure rise are usually close to the surge line they
cannot be approached
3. during transient the performance is strongly limited by the surge margin in order to
avoid surge.
To further improve stability, efficiency it is indispensable to change to active surge control,
where the system constantly monitors the compressor and system performance and
immediately interacts when necessary. In the following paragraphs the most important active
surge suppression methods are detailed.
Variable Inlet Guide Vanes (IGV)
Probably the most widely spread method of active surge suppression is the variable inlet
guide vane. It has been used before the theory of surge control existed and provides such an
intensive effect on compressor operation that it can be found in almost every application
[114].
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Inlet guide vanes almost without exception generate
positive prewhirl, that is, the generated tangential
component of absolute velocity points in the
direction of blade speed [96]. Considering the Euler
turbine equation under ideal conditions (see Eq. 5)
the power of the compressor will decrease if the inlet
tangential velocity component is increased. If one
combines the kinetic and thermodynamic parts of the
process, it can be stated that this condition leads to
falling discharge pressure and the whole
characteristic map is moved towards the lower mass
flow rates. In other words, the operation of the IGV
modifies the compressor characteristics, thus tuning
the compressor towards lower deliveries, but will
not result in an overall stability at any circumstance
consequently it cannot be utilized solely.

Figure 24 Inlet Guide Vanes [96]

Variable Geometry Diffuser (VGD)
When the mass flow rate changes, not only inlet but outlet velocity triangles will distort from
the nominal condition. If one takes into consideration the compressor map, it can be seen that
the pressure ratio also increases with the reduced mass flow (refer to Figure 4), hence the
discharge density will rise. This, in turn, causes a decreasing effect on the outlet velocity, so
the incidence of the diffuser exponentially
increases with diminishing flow. Therefore
the usage of variable geometry diffuser is
also a possible and effective way to control
surge [70]. The construction is, on the
contrary, more complicated compared to a
variable inlet guide vane so this method was
implemented only on some gas turbines, e.g.
GTCP36-150 [18] or in industrial
applications (see Figure 25). An additional
disadvantage is the higher operating Figure 25 Variable geometry diffuser (Demag
temperature at the compressor discharge, Delaval Turbomachinery, adapted from [75])
which does not favor to the moveable
components.
Compressor Discharge Bleed / Recycling
It has been stated above that the compressor instabilities take place at low mass flow rate
conditions. The easiest way to avoid surge and stall to provide an atmospheric bypass ([45],
[102], [126]), or recycling to the inlet (as shown in [20], [27], [60] and [99]); with air or
natural gas as working medium, respectively. The opening of an independent channel, which
is parallel to the user system, helps to maintain the amount of mass flow through the
compressor at a safe level, while the bypass lines discharge the “unnecessary” amount back to
the ambient or recycle it to the compressor inlet. This can be recognized as the most widely
used method, which is able to cope with instabilities throughout the whole range of possible
delivery situations, therefore, in order to increase overall system efficiency this method is
often accompanied with variable geometry such as IGV or VGD.
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On older constructions it can be
found also with very primitive
controls. On the GTCP-85-129H
gas turbine, which is the auxiliary
power unit of the Boeing 7372/3/4/500 aircraft, the bleed control
schedule opened the anti-surge
bleed valve in flight, independently
of the real situation.
Nowadays the modern control
systems are based on the principle
to discharge only the minimum Figure 26 Schematic of surge control system using IGV,
amount of airflow that is necessary
close coupled valve (CCV) and bypass (TCV) [126]
to avoid surge by reaching the
stable operating limit. A separated load compressor is responsible for generating the
compressed air for pneumatic system, while under idle conditions a variable inlet guide vane
system controls the airflow through the load compressor to a sustainable minimum and the
surge bleed maintains the constant airflow. The implementation of such a system can be seen
on Figure 26.
Close coupled valves (resistances, CCV)
When investigating Eq. (37) about the Greitzer behavior parameter it has been proven that the
numerator of the fraction contains the pressure forces that can be generated by the
compressor. It has been also shown that the decreasing values of B parameter result in milder
responses of the system. That means, if the pressure is throttled just downstream of the
compressor (i.e. the system uses a close coupled resistance) the instabilities can be suppressed
([40], [50]).

Figure 27 Result of close coupled resistance in compressor map and close coupled throttle
valve at the volute discharge of the investigated compressor
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If one combines the effect of compressor and resistance in the characteristic map the resulting
cooperation exhibits a negative slope branch (i.e. stable operation) at lower mass flow rates
than the original. Its effect can be evaluated on Figure 27 where there is a series of measured
data (red crosses), on which a third order polynomial is fit (blue line). When increasing the
close coupled throttle the characteristic curve moves towards lower mass flow rates and in the
same time towards lower pressure ratios. The four green lines with various styles show the
effect of increasing throttle (dash-dot → dot → dashed → solid). Figure 27 shows the
implementation of close coupled throttle valve on the compressor under investigation.
Compressor
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at high incidence angles (low mass flow rates) on the blade leading edge tip resulting in
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various instabilities. Another prosperous effect that can suppress surge is that the injected
r
flow energizes the low-momentum flow regions thus helps avoiding separation [130].
Also a significant number of investigations have been carried out recently focusing on various
diffuser injection methods including reverse tangent direction resulting in fair stabilizing
effect ([128], [129]).

Figure 29 Axial schematic of reverse tangent injection (adapted from [128])
Speed control (drive torque actuation)
If the compressor map is investigated it is obvious that the points on the surge line have an
increasing mass flow rate with increasing rotational speed. Therefore, if it is possible, altering
the compressor speed can lead to stable operation at lower mass flow rate [53]. Because
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rotational speed control is easy in actuation and sensing, this method has the reason for
existence among others. Extensive research is in progress in this field ([16] and [54]).
Its main disadvantage is that in many situations the basic control law of the system is the
constant speed of the gas turbine (e.g. in airborne auxiliary power units, the turbine has to
maintain its nominal speed under all operating conditions due to the requirement in the
constant generator output frequency).

Figure 30 Result of drive torque control stabilization (adapted from [54])
Active Magnetic Bearings
Recently an emerging innovative technique is investigated by several authors (e.g. [88], [119]
and [148]), which is based on a relatively new concept, namely controlling the axial tip
clearance between the impeller and the shroud. The applied robust H∞ control showed
significant (approx. 50%) decrease in mass flow rate where stable operation of the compressor
is maintained [148].

1.4.3. Concluding remarks
As it can be stated based on the introduced methods of active surge suppression, the widely
spread resolutions are conventional in design, the lack of innovative elements is evident. This
is not surprising if one considers the ultimate safety requirements in aviation industry; but in
the recent decade the electronics and micro devices have reached such level of reliability that
could make possible to develop and operate these up-to-date devices also in safety critical
applications.
Based on the previous statement, in the present work, such methods are taken under
investigation, which may be able to provide rapid reactions in order to stabilize highly
dynamic phenomena while cutting their power consumption to a minimum with the help of
state-of-the-art devices, offering superior robustness and reliability. The methods,
development and results are discussed in the subsequent chapters.
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2. Active Control of Surge
2.1.

Onset of Surge

Engineering science of turbomachinery has been born in the late 19th century as a natural
follower of the steam engines to provide rotary motion. Steam turbines are utilized up to the
present day, with the inevitable development of the past one and half century. In the early
1900’s years the experiments with the technology reached a high level, which was also
supported by several scientists, amongst whom Stodola is to be mentioned regarding his
outstanding work, which has been manifested in the book “Dampf- und Gasturbinen” (Steam
and Gas Turbines). Having carried out extensive investigations in nearly all the fields of
turbomachinery, he also can be referred as one of the pioneering researchers, who laid the
fundamentals for instability investigation based on the positive slope of the compressor
characteristic [108]. In addition to Stodola, Brooke in the early 1930’s and Moss in 1943 has
shown experimentally that the system is instable if the operation occurs on the compressor
positive sloped branch. In other words, instability can be realized if the slope of the
compressor characteristic is algebraically smaller than the slope of the user (throttle)
characteristic. Moreover, Brooke and Moss also provided evidences about the dependence of
pressure pulsation frequency and amplitude on the volume of the compressor and piping.
As the role of turbomachinery has increased in the late 1940’s so the researchers conducted
intensive investigations addressing the behavior of the instabilities. Bullock et al. ([23]) have
proposed a simple theoretical model that included several restrictions and was able only to
determine whether the pulsating flow of the instable system will converge to a new point. It
cannot give details about there will be a stable operation due to the presence of single
progressive or abrupt stall or will the instability initiate a surge cycle.
The first results in the field of compressor instabilities were reported by Huppert ([71]) who
concluded that surge was initiated during their tests by the evolving rotating stall cells. It is
very important that he emphasizes the dominance of other system components, thus pointing
out the main difference between rotating stall and surge.
The complete mathematical description of surge dynamics has been formulated in the mid
1970’s by Greitzer [55] that has been supported with experimental study as well [56]. The
model has been developed later with the combination of rotating stall by Moore and Greitzer
[97]. The former gives the basis of the present work’s dynamic investigation and can be found
in details in the next chapter, where also unique modifications are described in order to
incorporate special features of the developed surge suppression methods.
As it can be concluded from the previous chapters, the onset of surge is mostly depending on
the diminishing mass flow rate through the compressor. As the nominal pressure ratio is
increasing, so reduces the range of stable flow. The effect is more obvious when taking axial
compressors into account, where the comparably low pressure ratio of a single stage results in
several stages to reach the desired output pressure, consequently, in order to achieve the
cooperation of the individual stages, variable geometry and modulating bleed is common in
axial compressor control long since [108]. In centrifugal compressors, the similar problem has
emerged as transonic impellers have been developed. The characteristic map of such units is
similar to axial machines, where the steepness of the constant rotation speed lines is larger;
consequently the stable mass flow range is further limited.
Based on the above thoughts, an up-to-date compressor with competitive pressure ratio is
inherently prone to instabilities, where a relatively small disturbance is also able to lead to
surge. Hence, when proper non-linear models are investigated, the commonly used method is
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bifurcation [87] which is able to describe the behavior of such system that exhibits significant
change in its output also when there is a small disturbance on input conditions. It is also
important to mention, that up-to-date, well-controlled, in-operation engines suffer from
compressor surge when a relatively larger foreign object (e.g. bird) is ingested by the engine
leading to deterioration of the airfoils of the blades, thus reducing the effective cross-section
and consequently mass flow towards the unit leading to instability [5].
Numerous authors have presented results in determining factors of surge onset. Rodgers [114]
has reported an influencing criterion within the impeller: the relative velocity diffusion ratio
should be below 1.6 in backswept blade impellers, which is defined as

Dw  w1, RMS w2

(39)

It is also interesting, whether there is any cross-connection between the two major forms of
instabilities, in other words, can the flow separation itself be a precursor of surge. Although in
many applications surge is originated from a previous rotating stall, but there have been
studies [135] that showed with flush mounted hot wire anemometer located on the surface of
the compressor blade passage that no separation has been initiated prior to entering surge.
Subsequent stationary components downstream of the impeller also play a role in compressor
instability. Several investigations have focused on diffuser performance (e.g. [70] and [113]),
which showed the influence of diffuser inlet Mach number and incidence angle on the
stability of the whole compressor.
The most commonly used approach to describe surge onset in general is to approximate the
surge point at the local maximum of the compressor characteristic [30]. A consecutive
research has showed [146] that the stability limit is defined by the slope of the compressor
characteristic, slope of load line and Greitzer B parameter, as reported by [50] also, leading to
an exact surge point slightly shifted to smaller mass flux from the local maximum.
When taking into consideration the possible detection of surge, the precursors have to be
identified. Several researches have addressed this problem (e.g. [93], [135]), which have
drawn the conclusion that increasing amplitude of fluctuation in pressure and temperature.
Beyond the simple measurement of these conventional parameters, state-of-the-art data
processing techniques are also useful in the detection of surge onset. The most important
methods are Fourier transformation; auto-regression and wavelet transform [93]. The major
problem in real-time detection of surge onset is the dynamically changing operational
parameters, consequently short sampling period. The wavelet method is subject of intensive
research as it has the advantage over classical short-time Fourier transform that it gives better
time-frequency resolution and is computationally more efficient [93]. In this respect, the
frequency analysis is providing information on the onset of surge, as shown in Figure 31.

Figure 31 Wavelet transform results in different operational modes (as presented in [93])
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2.2.

Mathematical Description of Surge Onset

There are various approaches of the description of surge onset depending on the depth
required by the task to be realized related to compressor surge. In the first decades of the
development, with comparably poor possibilities on controlling surge, only a relatively large
margin was defined far enough from the effective inception of instabilities.

2.2.1. Stability of a Compression System
The most simple though most widely used implementation is that instabilities occur on the
positive slope branch of the characteristic curve for a given constant speed. In other words, on
a mathematical basis one can consider that the surge-free operation is obtained on the branch
where the first derivative of the function is negative. The control algorithm can use this
assumption and decide when and how much the suppression should be operated.
This theory can be extended and visualized with the help of a combined compressor map
where the characteristics of the downstream components are also indicated. With the help of
Figure 32, which shows the three possible cases, one can investigate stability based on [108]:
 Point A is a stable operating point, because a decrease in mass flow will result in
increasing pressure from the compressor and reduction of the throttle pressure. The
appearing difference will increase the mass flow restoring original equilibrium.
 Point B behaves as an instable operational point. If mass flow is decreasing, the
compressor produces less pressure to maintain the throughput of the throttle, in other
words, even the reduced mass flow will overcome the capability of the compressor, so
the mass flow will further decrease and diverge from the equilibrium.
 Point C is located on the positive slope branch of the characteristic curve though it can
be proven similarly to point A that it is a stable operating point. Therefore the
aforementioned simplest approach might be inaccurate in such a case when the tangent
of tangent of throttle characteristic curve slope is higher than the tangent of
compressor slope, but in practice only low pressure ratio units might have steady state
operation on the positive branch of the characteristics. This is due to point C is
dynamically unstable, although (as mentioned above) exhibits static stability.
Summarizing the above thoughts, stable operation of a compressor can be achieved when the
rate of change of compressor pressure rise with mass flow is algebraically less than the rate of
change of throttle pressure drop with mass flow, as detailed in [108].

c*

c*

c*
B

A

C

q( 1)

q( 1)

q( 1)

Figure 32 Possible cases of compression system stability (adapted from [108])
The simplest approach in practice is a method based on the characteristics of the given unit
used. One can define a steepness of the peak pressure ratio with the help of the compressor
map, which is increasing from the maximum possible mass flow rate towards the instability
margin monotonous, thus it is easy to use for a basis of decision. By measuring the developed
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pressure ratio and delivered mass flow rate one can obtain the current value of the given ratio
and can compare to the limit that is defined as a level what is located in a safe distance away
from the actual point where surge would occur. This is illustrated in Figure 33 and described
in Eq. (40).
  K* 


 q1   surge  surge
Ky 

1
 op
  K* 


 q1   op

The most widely used mathematical model for
surge onset and dynamics has been developed
by E. M. Greitzer in the 1970’s (summarized in
[55] and [56]). It has been used and developed
extensively by many investigators for various
system setups found in the industry. This
model was the first to include the system as a
whole resulting in a better understanding of the
phenomena encountered during the research.
As it has been detailed in Chapter 1.2, it is a
simple approach to instabilities regarding the
low order of the model, though it captures the
essential physical problem.

(40)

Figure 33 Definition of stability margin

Originally, the surge model developed by Greitzer has described only a constant speed
operation of the compressor system. Many researches have been conducted in order to
determine a possible description of rotor dynamics to extend the model for varying speeds.
Here, a novel approach is presented whose result can be used in the design of the control
system later.
Extended Greitzer surge model for variable speed
The basic equations of motion can be written as momentum equations for the compressor and
throttle ducting, continuity for the plenum and transient compressor response. The rotor
dynamics contain information about torque available for acceleration or torque deficiency
which results in deceleration, and angular momentum of the compressor rotor. The basic
equations are detailed as follows.
The momentum equation for the compressor ducting describes the acceleration of the fluid in
the compressor duct due to the difference that can be found between compressor discharge
pressure and plenum pressure:
p p  pc     Lc 

dc x
dt

(41)

If Eq. (41) is converted to mass flow, we obtain

p p  pc  

Lc dm x

Ac dt

(42)

The negative sign of the right side shows that there is a deceleration taking place in the
compressor ducting if the plenum pressure is higher than the compressor discharge pressure.
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The expression of momentum through the throttle ducting is similar, including the pressure
drop across the throttle pt:

p

p

 p0   pt 

Lt dm t

At dt

(43)

Calculating the continuity for the plenum one can make the following assumptions. The
velocities of the medium inside the plenum are negligible, plenum volume is constant, and
static pressure can be considered uniform [55], resulting in the following expression:

m c  m t 

dm p
dt



d V p   p 
dt

 Vp 

d p
dt

(44)

The final equation is the description of kinetic energy conservation in the rotor of the
compressor. If there is a difference between the drive torque Md (which can be an electrical
motor or a turbine) and the torque Mc required by the compressor to maintain the given
regime of operation, the result will be a changing angular speed of the rotor that is reversely
proportional to the rotational inertia c of the compressor:

c 

d c
 Md  Mc
dt

(45)

As it is noted in [55], it helps the understanding the dynamics of a general compression
system if one brings the above system of equations to a dimensionless form. Many
investigators developed different final forms of this problem, using a wide variety of factors
bringing the equations to a certain non-dimensional representation. The most widely used
approaches of Leonessa [86], Daroogheh [32], Uddin and Gravdahl [138] have developed
different dimensionless forms, which was the best to fit their respective goals. The only part,
which is described here, is Eq. (45), because none of authors in the open literature provided
such form of that equation, which would fit the final requirements of the present thesis. For
this purpose, the factors used in the present work are the following regarding pressure, mass
flow rate, torque and time:

 

p  p0

 2
u
2
m

  u  Ac
M

2
  u  Ac  r
  t H

(46)

Using these conventions to form the non-dimensional equations one can get the following
expressions for dimensionless plenum pressure change, compressor mass flow rate change
and angular speed change, respectively:

 p 

1
 c  t 
B

c  B   c  p 
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(47)
(48)

In Equations (47) and (48) the (˙) operator stands for a derivative over the non-dimensional
time .
As the next step, the dimensionless form of the change in angular speed is expressed.
 2  u  H
   Ac  u 2  r   d   c 

d
 r  

c  d

(49)

1 dt

Rearranging (49) to express the peripheral velocity u, substituting into (36), we get:
 4  B  Lc   H   H
   Ac  u 2  r   d   c 

r

 d

c  d

(50)

In the parenthesis on the left side, the only variable is the Greitzer behavior parameter B, the
rest are constant and therefore can be relieved as factors:

4   c  Lc   H2 dB

   Ac  u 2  r   d   c 
r
d

(51)

Arranging the equation in order to express the dB/d differential, one can obtain the following
form:

dB   Ac  r 2
u2


  d   c 
d
c
4  Lc   H2


(52)

B 2  Lc

Finding that the second fractional on the right side equals to the product of the square of B
and Lc, one can define the final form of the equation:

  Lc  Ac  r 2 2
B 
 B   d   c 
c

(53)

Summarizing the above thoughts, the differential equation system that describes the dynamic
behavior of a compression system, with the possibility of variable rotational speed is
consisting of Equations (47), (48) and (53).

1
 c  t 
B

(47)

c  B   c  p 

(48)

  Lc  Ac  r 2 2

B
 B   d   c 

(53)

 p 

c

Deduction of members of equations
In order to realize a dynamic model for simulation of surge, the variables are c, c and p;
while the remaining parameters should be computed as described as follows. The torque
required by the compressor to realize the actual operation is determined by the formula [53]:
 c  r2    u 2
Mc  m

(54)

Taking into account the non-dimensional factor from Eq. (46), substituting the impeller tip
values for the peripheral velocity and radius, one can obtain:
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c 

m c  r2    u 2

  u 2 2  Ac  r2

   c

(55)

The dimensionless mass flow rate through the throttle can be derived from the simple
relationship between pressure difference and mass flow for a general orifice:

 t    At  2   p   p p  p0 
m

(56)

In Eq. (56), the cross-sectional area At is the actual opening of the throttle, which can be
changed over time. Introducing the factors from Eq. (46), we get:

t 

  At  2   p   p p  p0 
  Ac  u

 

p
p p  p0
At

2
Ac
 
u2


(57)

p

Based on [54], the ratio of plenum and ambient densities can be considered as nearly constant,
so Eq. (57) can be rewritten as:

p
At

  p  t   p
Ac


 


t   

(58)

t

The next parameter to be determined is the non-dimensional compressor pressure rise c. It
can be modeled as a third-order polynomial having the following form [97]:
3
 3 
 1 
 
 c   c 0  H  1     1     1 
 2 W
 
 2  W

(59)

The dimensionless pressure rise at zero delivery c0, semi-height factor H and semi-width
factor W are represented in Figure 34. If the compressor exhibits abrupt stall (it is shown on
Figure 34 with brown dashed line) the model has to include a stalled branch with the limits of
0    2  W , where the dimensionless pressure rise is defined as:



3
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(60)

Figure 34 Cubic model of compressor characteristics with annotation of respective factors
(adapted from [97], shown with own measurement data)
The last parameter, the drive torque is more complicated. It can be part of the surge control
law as described in [53], [54], [32], or [138]; it can be supplied by either a turbine or an
electric motor; or the speed of the rotor may be maintained at a constant level (e.g. in
auxiliary power units – APU’s – of aircraft), which will rise requirements for the drive torque.
In the present work, two major assumptions were made, namely:
1. Centrifugal compressors are most widely spread in aviation in small APU engines.
These maintain constant rotational speed throughout their full operational envelope.
Therefore one aspect is when the third equation (53) about the rotor dynamics can be
neglected. Besides the compressor test bench especially developed for the present
work, also in-field measurements have been conducted on Boeing 737NG APU
engines. The details can be found in the Appendix, along with the information (shown
on Figure 74) which demonstrates the effect of control: the rotation speed of the APU
is maintained within the [99.8%; 100.1%] range, reaching 0.3% maximum deviation,
that allows the simplification of neglecting rotor dynamics in this particular case.
2. The realized validation hardware includes a three-phase asynchronous induction motor
(IM) for compressor drive. Similar units are utilized in fuel cell applications [17] and
other systems [88], thus the necessary models can be found in the literature for this
second aspect. As the authors in this aspect prefer to include models of higher (e.g.
fifth) order, if the utilization of the IM is considered marginal or the necessary
parameters cannot be determined (e.g. the present work faced both problems), also
reduced (e.g. second) order models can be obtained from experiments as well.
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2.3.

Modeling of the Active Surge Control Methods

2.3.1. General Introduction to Surge Control Models
The model is a simplified description of an object to achieve a given goal. During the building
of mathematic models a specified problem of the real world is converted into an equivalent
mathematical proposition, this is solved, and after solution the results are to be analyzed
([61]).
In the investigation of compressor surge the usage of mathematical models are of extremely
high importance. Due to the dangerous nature of the phenomena it is inevitable to lean on
theoretical analyses. Therefore it is necessary to create models that can describe the occurring
symptoms as precisely as possible, because the number of practical investigations should be
limited.
In the past decades the theoretical investigations were carried out in one of the two major
fields related to compressor surge, namely
1. The examination of system dynamics to model stable and unstable regions of
operation, system response to various excitations. In this category one can find
fundamental researches like Greitzer [55] or mathematical approximation of universal
behavior of compression systems using various complexity (e.g. [98]).
2. The establishing of modified models based on ones found in the first group to describe
a given surge control method. It is general that only one method is included in the
model as the various solutions require completely different description and
comparison rarely can be found.

2.3.2. Overview of the Developed Model
The model for the investigated surge suppression methods is belonging to the second group.
Its major role is to give an overview of the operation of the selected methods and provide a
qualitative and also quantitative comparison between the controlled and uncontrolled states in
the global properties of the compressor. It is not the goal of this simplified model to be able to
calculate the flow and present small scale results. It is also part of this research but it is
understood that this task can be solved efficiently using commercially available computational
fluid dynamics software.
The mathematical model of the compressor is therefore based on conventional onedimensional calculation methods in which the global thermodynamic properties are calculated
using basic conservation laws and simple loss approximation.
The model has been created originally as static parameter calculation software in MATLAB
(presented in [BN08] and [B08a]. These papers introduced the basic concept which is
continuously developed throughout the research called Split Compression Method (SCM). Its
major benefit compared to the classical solutions is that the rotor of the compressor is
logically separated at the cross section of the surge control devices (namely at the inducerimpeller interface) thus enabling the computation to take into consideration the changes in
mass flow when investigating inducer shroud bleed or the effect of reduced cross section
during the calculation of blade load distribution control. The complete schematic of the
concept can be found on Figure 35 with the nomenclature.
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Variable Inducer
Shroud Bleed
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Device #2 - Impeller
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Injection for Blade Load
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Figure 35 Schematic of the Split Compression Method
Connecting to Figure 35, the system setup can be visualized generally as shown on Figure 36.
The major components can be identified here, which have to be modeled in order to reach a
satisfactory understanding of the problem.

Inlet

Optional surge
control chamber
Variable Inducer
Shroud Bleed

Ch

Blade Load
Distribution Control

Device #1
Inducer

Compressor

Optional bypass to
atmosphere

C1

C2

Device #2
Impeller
Discharge

Figure 36 System setup using SCM

2.3.3. Governing Equations of the Model
As it was stated above the developed model is based on conservation laws of energy, mass
flow and impulse. The system under investigation is the compressor, but it can be extended
freely as necessary. In this environment one has to consider the atmosphere also a member of
the subsystems as it can be used as the volume where the surplus airflow is discharged during
the operation of the surge control. In the following paragraphs, during the description of the
equations that build up the model, the introduction is consequently dealing with one unit
(inducer or impeller).
A very important notice has to be considered during the interpretation of the nomenclature of
the governing equations detailed below. The system of the equations was established to be
completely identical to both inducer and impeller, the difference being only hidden in the
specific parameters e.g. slip factor, geometry, etc. Therefore, in the following, while taking all
necessary formulae into consideration, the “i" in the indices shows that the given property is
belonging to the ith unit, “1” being the inducer and “2” the impeller, respectively.
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Conservation of total energy in the system
It is indispensable to note here that the whole compression is considered adiabatic, in other
words it is assumed that the compressor is perfectly heat insulated as well as no heat exchange
can take place during the process, leading to specific technical work be equal to the change in
total enthalpy. Equation (61) shows the relation between the aforementioned variables
regarding the ith unit:

i2


i1




i2


i1

h  h  cp  T T

 w

t ( i )12

ci22  ci21
  vdp 
2
i1
i2

(61)

For each unit one can find that according to the law of energy conservation the shaft power
provided for the given unit is equal to the increase of total energy. This power consumption
for the real compression can be then compared to the one which would be required for an
ideal process creating the efficiency of the unit. The real power requirement for an
infinitesimal compression process is equal to the product of the mass flow rate through the
compressor, the actual specific heat at constant pressure cp and the differential temperature
rise dT, as presented in Equation (62).
  c p  dT 
dP  m

(62)

Because the specific heat is a function of the temperature when investigating the whole
process one obtains the full power by integration from the initial up to the final temperature.
This operation would make the computation overcomplicated therefore it is common to use a
mean specific heat value that can be approximated by polynomial expressions simplifying the
calculations, which is shown in Equation (63).
Ti2

Pi  m i   c p dT   m i  c p
Ti1

Ti2
Ti1



 Ti 2  Ti1



(63)

If there were no losses during an ideal adiabatic process this power would create a change to
the impulse moment in the working fluid (see Eq. (64)), which, in turn, results in a pressure
rise, that will be calculated later.
hi*,id  ui 2  ci 2,u  ui1  ci1,u  c p  Ti*,id

(64)

Supposed that the geometry and the rotational speed of the compressor are known, the inlet
and outlet peripheral velocities ui1 and ui2, respectively are easy to calculate. The two
tangential components of the absolute flow velocity and the remaining two peripheral speeds
at the inducer-impeller interface need a slightly deeper justification.
Let us consider a conventional centrifugal compressor, where the inlet tangential component
of the absolute velocity is defined by the inlet prewhirl, while the outlet is depending on the
blade geometry (i.e. discharge blade angle) and slip factor.
 The inducer is the first component that may have an inlet guide vane so geometry is
enough to define the components of the velocity triangle.
 The inlet of the impeller is the interface with the inducer discharge cross section. One
can consider that the inducer shroud bleed resulting in a mass flow drop at this point
will not affect the tangential velocity components.
 When considering blade load distribution control, the mass flow change covers an
opposite direction: the injected flow increases the amount of medium inside the
impeller. It seems to be an affordable idea to handle the basic and the injected flow
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separated at this cross-section. On the other hand, the effects of the injected flow at the
impeller inlet can be divided into two groups based on the source surface of injection:
o If the BLDC injection is assumed to be intruding into the basic flow from the
hub, it will lift the base flow off from the hub resulting in an elevated mean
radius, i.e. the u21 impeller inlet tangential speed is increased in comparison to
the u12 inducer outlet tangential velocity. This increment leads to a reduced
difference between the impeller inlet and outlet momentum yielding a
declining load on the impeller. The change in base flow peripheral velocity is
proportional to the modification of the radius. To create a useable model it is
crucial to find the relationship between injection rate and intrusion height that
will affect the position of the base flow. The establishment of the
aforementioned correlation can be found in Chapter 4.1. Nevertheless, the
development of such validation equipment, which is capable of providing
information about this question, is extraordinarily difficult. The only possible
way to get the required connection between the parameters is to conduct
computational fluid dynamics investigations, which might replace the high cost
measurements. On the other hand, in this situation it is inevitable to validate
the computation with data from other similar solutions.

u 12 u 11

u 12 u 11

w12
c 12

w 12,ave
c 12

Without
BLDC

With
BLDC
u 11
w11a,ns
w 11a,dp

c 11a,ns
c 11a,dp

Figure 37 Change in velocities using BLDC injection from the blade suction side in a
cylindrical section of the inducer
o It is also interesting to mention, what would happen, if the injection would be
possible to realize through the blade material into the suction surface of the
blade, as it has been proposed by other authors (e.g. [66]). In this case, due to
the notably larger extent of the blade height compared to the arc on the hub,
this source of injection is to be expected to create more significant effect. The
basic flow changes direction and if this difference is evaluated, it can be seen
that the tangential component of the absolute velocity is increasing.
Substituting into Eq. 1, it is evident that the rise in this velocity results in a
decreasing drive torque, finally a diminishing power requirement. The concept
is depicted on Figure 37.
Assuming that the compressor is radial (refer to Figure 3), the ideal tangential velocity
component equals to the peripheral speed. Therefore, the actual tangential velocity component
can be determined as follows using the slip factor in the ith unit:
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ci 2 ,u   i  u i 2

(65)

 The outlet of the inducer is a continuous channel that will proceed to the impeller
blade passage. Therefore, as the slip effect prevails at the exit of the solid wall channel
the slip factor for the inducer equals to unity, 1 = 1.
 The impeller exit tangential velocity is considered to be calculated as a simple
centrifugal compressor property based on blade exit angle i2g and slip factor 2 < 1. If
BLDC injection is used, the two airflows can be assumed as fully merged and mixed
so the sum of the two mass flows is taken into account.
In order to establish a flexible model, which is able to compute both inducer and impeller with
a set of equations that are exactly the same, the classical slip factor calculation should be
expanded with a specific exponent. Here, the Stanitz-formula is used for basis, raised to the
(i-1)th power resulting in the required 1 = 1 and 2 < 1 condition:




2
z

i 1

 i  1  

(66)

Real flows cannot produce the pressure rise calculated using the ideal method due to various
losses, which occur during the process and have to be taken into consideration, which have
been detailed in Chapter 1. All loss formulae have to implement the specific geometric
parameters of the given unit based on the original expression. The only exception is the
equation for shock loss, which is implemented in the SCM, in order to provide uniform
calculation procedure, as follows:
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(67)

The factor, which precedes the expression in parenthesis, is responsible for creating the
required incidence loss for the inducer while resulting in a zero loss for the impeller, due to
the continuous channel interface between the two units of the compressor.
Taking into consideration the above detailed assumptions, the model is able to calculate
properly the two units of the compressor with the same set of equations, resulting in a highly
flexible model.
Conservation of mass in plenums
For modeling the VISB it might be important to get a usable description of plenums that can
hold temporarily a part of the mass flow thus leading to a decreasing output of the compressor
(as described in [B10d]). It is also inevitable to develop a flexible computation that is also
capable of producing results with atmospheric connection. Below a short proof of this
possibility is given as well, based on [1].
Let us consider a plenum, which is indexed p, having a volume Vp that holds an amount of
medium mp. It should have an input and an output with mass flow rates m j and m j 1 ,
respectively. In order to model the behavior of such a device the changes in mass, pressure
and temperature of the contained medium have to be calculated. The intensive parameters are
assumed to have a uniform distribution throughout the plenum. This consideration will lead to
a steady content in the plenum resulting in the equality of total and static parameters, e.g.
pressures:
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p *p  p p

(68)

Changes in mass contained within the plenum can be described easily as detailed in Eq. (68).
If necessary, both sides can be expanded in number of sources or sinks freely.

dm p
dt

 m j  m j 1

(69)

In order to obtain the change in total temperature, the energy balance should be written as
follows in Eq. (69), where the left side contains the differential energy change of the mass
contained within the plenum while the right side enumerates the total enthalpies of the
incoming and exiting flows during an infinitesimal time step dt.



 



 j  c p, j  T j*  m
 j 1  c p, j 1  T j*1  dt
d m  cv  T p*  m

(70)

Assuming the temperature changes to be small the modification of constant volume and
constant pressure specific heats is negligible, so differential on the left side will contain only
two factors coming from mass and temperature change:
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(71)

The change during the time unit can be obtained with a division by dt, after which the
dT p*
equation can be rearranged to get the required differential
(see Eq (72)):
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It is very easy to assume that if the plenum is namely the atmosphere, substituting an mp = ∞
in Eq. (72), the infinite value coming into the denominator will result in a temperature rise of
zero. The effect is evident, so it can be stated that the given model can describe closed
chambers of finite volumes and also the atmosphere with its infinite extents respecting the
temperature.
As the next step, the change in total pressure is detailed. For this purpose, the differential form
of state equation for ideal gases is used, with the total pressure expressed:

 m p  R  T p* 

dp  d 
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p

(73)

Assuming the volume of the plenum is constant and dividing by the infinitesimal time step dt
one can obtain Eq. (74) describing the pressure rise derivative:
R  T p* dm p m p  R dT p* R  T p* dm p p *p dT p*
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Vp
dt
Vp
dt
T p dt


dp *p

(74)

p *p T p*

When substituting Vp = ∞ and from Eq. (72) with the condition of mp = ∞ it is evident that
both members of the sum yield zero, so the total pressure of the atmosphere will not change,
as it can be awaited. Consequently, finding all equations to be compatible with both closed
volume with finite extents and atmosphere, we can state that the model described above can
handle any arbitrary plenum.
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Approximation of bypass mass flow through VISB orifices
The VISB opening system can be considered as a set of parallel orifices, which are connected
to the atmosphere through an optional chamber (refer to Figure 36). Using the SCM, two
basic configurations have been implemented:
1. system with closed chamber as a possible reference for future validation through
measurement of existing compressors. In this case, the chamber has its own timedependent temperature and pressure, which can be calculated using Eq. (72) and (74).
During a transient process, the initial pressure value will be

pVISB  p12

(75)

2. system without chamber (Vch = ∞), where the atmosphere is replacing the chamber.
This configuration is used for simulation and it has been realized for validation
purposes also (refer to Chapter 3.4, where the details of the hardware can be found).
The pressure and temperature calculation is performed, but, as it has been proven, it
will yield the invariant atmospheric values:

pVISB  p0

(76)

The SCM has the main goal to supply information about the variables in the aerodynamic
station of the VISB (and BLDC, too). After the calculation of back pressure from the chamber
(either closed or open), the pressure difference is ready to compute the mass flow through the
orifices.

 VISB  VISB  AVISB   VISB  2  12   p12  pVISB 
m

(77)

In Eq. (77), the flow coefficient VISB has to be determined by extensive experimental
research (measurements) and theoretical investigation (CFD simulations). The relative
opening rate VISB is a number having a value between zero and unity, representing the actual
opening of the orifices compared to the possible maximum. The cross-sectional area AVISB is
covering all the orifices, i.e. it is the product of the number of orifices and the area of a single
orifice:

AVISB  nVISB  AVISB,1

(78)

Calculation of BLDC inflow
The BLDC injection is considered in this research as being supplied by the compressor
discharge pressure, regulated with a valve in the stationary frame, re-entering the impeller
through a set of capillary holes. On the other hand, this assumption means that the given
amount of working fluid is not simply discharged to the atmosphere or recycled to the inlet of
the compressor but it is utilized in a way it gives a possible stabilizing effect on the flow. An
increased efficiency is awaited in comparison with the commonly used inlet injection, where
an amount of 10 percent of the compressor flow is recirculated in order to achieve a
significant stabilization [42]. That means, only a few percent of BLDC inflow is predicted,
which can be described with a similar expression to the VISB flow, as the BLDC also
comprises a set of orifices in order to supply the injected medium, as shown in Eq. (79). The
capillary holes are assumed to be always open and the control of inflow is performed
upstream, possibly in the stationary frame. This condition means that the pressure available
for driving the injection is to be modulated. As mentioned above, the source of the injected
flow can practically be the compressor discharge, which implies a natural upper limit for the
BLDC system pressure and injection rate.
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 BLDC  BLDC  ABLDC  2   BLDC   p BLDC  p12 
m

(79)

The SCM uses the assumption on mass flow rates in the system as presented on Figure 38.

m22 = m11

m12 = m11

m21= m12+ mBLDC
mBLDC

m11

Figure 38 Mass flows through the compressor using BLDC
Deflection height of injected flow
As it was stated in Chapter 1.4, the BLDC concept could result in efficient surge suppression
if it could be realized as an actively controllable system. For these purposes, the flow injection
is considered as a possibility.
Mentioned above, the control flow injected from the hub affects the base flow in such a
manner that its mean radius is increasing within the blade passage. According to Euler’s
turbine equation, Eq. (1), this modification results in a higher load of the inducer and a
diminishing load of the impeller, just the change that is required for surge suppression.
To obtain the deflection of the base flow due to the injection a significant number of related
articles were compared. There is an extensive domain of general experimental and theoretical
investigations of jets in a crossflow ranging from the basic researches dealing with the
problem ([35]) to more specified effects on the injection pattern ([64]). This is also a common
configuration in aviation e.g. for turbine cooling (e.g. [36] and [85]), or modeling
impingement of jets of VTOL aircraft ([10]), etc., therefore wide literature is accessible for
similar problems.
The jet in a crossflow problem can be visualized as shown in [35] (see Figure 39). The most
important parameters that characterize the behavior of the interaction between the base flow
and the jet are:
 the momentum flux ratio J, which is the only useable parameter if the densities of the
interacting flows significantly differ, i.e. fluid is injected into a gaseous medium.
J

 jet  v jet 2
 cf  vcf 2

(80)

 or the jet-to-crossflow velocity ratio R (Eq. (81)), when the difference between jet and
base flow densities are not significantly different. If the two interacting media are
gases (e.g. the situation with the BLDC), the ratio of densities is near to unity, hence
the momentum flux ratio can be replaced by the velocity ratio:
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R

v jet

(81)

vcf

Subsequent effects of jet angle j, and, in multiple jets, the normalized spacing S/D have to be
considered.

Figure 39 General measures of jet entering a crossflow (based on [35])
According to the theory and empirical models, the trajectory of the jet can be described as
follows:
y
x
 a  J b  
d
d 

c

(82)

Here, the following relations should be met:
0,7  a  1,3
0,36  b  0,52

(83)

0,28  c  0,4

The model uses the injected airflow as an input parameter for the calculations. Based on this
variable, considering the injection system as a set of orifices, the pressure difference between
the reservoir (essentially downstream of the compressor), from where the injected flow
originates, and the cross-section of the injection inside the blade passage. The computation
process should check the validity of this difference as the source is assumed to be the
compressor discharge which has naturally a limited pressure that cannot be overtaken. If the
pressure is reasonable the selected injection rate can be realized and calculation can be
continued.
The next step is the determination of momentum flux J value that is indispensable to achieve
displacement height for the base flow.
An important part of the numerical analysis has been the approximation of coefficients in Eq.
(82) based on the various simulation results, which can be found detailed in Chapter 3.2
(process of simulation) and Chapter 4.1 (evaluation of results).
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2.4.

Operational Concept of Investigated Methods

The world-wide spread of commercial aviation resulted in extensive research, which is
continuously growing in depth and details in order to achieve economy as well as minimized
environmental impact. As all other species of transportation, aerospace industry is situated
similarly within an extremely strong global competition among suppliers that relies the
always expanding requirements originated from the demand side or the local or global
regulations concerning environment protection.
Regarding the above mentioned facts, a significant role is played by the power plant suppliers,
as the effects of their products can dominate during the operation of a given aircraft from
simple fuel economy to the complex reliability of the engine system. On the latter, one has to
provide stable operation over the widest possible range of various conditions regarding
ambient as well as load parameters. It is very important to emphasize that due to the highly
dynamic nature of the instabilities, the countermeasures also are inevitable to solve the
problem with the maximum possible flexibility and accuracy. For these reasons, an up-to-date
surge suppression system has to be based on the fastest sensors and actuators controlled by the
most robust electronic device, with the deepest understanding of the phenomenon to be
cancelled and the effect of the chosen methods to reach the desired optimum.
As it is emphasized in [39], engineering is a complex job with the goal of understanding and
controlling materials, forces and laws of nature for the benefit of mankind. In this respect
engineering science had to undergo a significant paradigm change in order to create products
being perfect not only functionally and economically, but also in other views, including
environmental concerns. This approach of the design process can completely alter the
methods to be involved or the result of the development.
A very interesting example in aviation is investigation of candidate fire extinguishing agents
in order to replace the almost solely used different halons due to their strong ozone depletion
effect. The alternatives do not provide the same level of fire suppression, i.e. an increased
amount of the new agent has to be carried for the given purpose with a significantly larger
volume requiring often major structural changes to the aircraft. This, in turn, results in higher
weight of the system to be carried on each flight, leading to ascending fuel burn, which has a
consequence of releasing more carbon-dioxide. Finally, the necessary change considering
global extents surely will lead to an increase of pollution with greenhouse effect gases.
Therefore the optimum of the two contradicting requirements should be investigated
thoroughly to minimize the disadvantageous impact on the environment. This chain of
thoughts can be found in [72]. It is inevitable to focus on similar possibilities in developing
surge suppression methods, namely the methods should not result in increase of weight.
Concluding the above mentioned ideas, the surge suppression system for a centrifugal
compressor should fulfill the following requirements:
 provide the possibility of active surge suppression
 provide full functionality over a wide range of operating conditions, i.e. to be able to
suppress surge under various circumstances
 ability of “hot standby” – during normal operation it should not disturb the operation
of the compressor leading to efficiency penalty while allowing fast recovery to active
mode if necessary
 failsafe design of the devices are inevitable, i.e. should any member of the control
system fail, the compression system must remain in the safe operational range.
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 reliability and robustness – two requisites which have to be considered also very
strictly as the normal operational life of recent gas turbine engines between overhauls
lies at around 20000 hours [66].
 fast response to react as soon as possible to prevent not only the instable operation but
also the off-design conditions leading to efficiency loss
 increase the efficiency of the suppression, i.e. should consume less energy to achieve
the same effect on surge compared to concurrent designs
 the weight of the system should be below the similar units used currently in similar
applications
 simple fabrication can be also a key parameter when examining a given product. If
manufacture costs are high, even a good-working, reliable system can fail to gain
significant market share.
 in case of electric / electronic operation or control, which is supposed, low voltage
levels are also desirable in order to minimize EMI possibilities.
When summarizing the above listed demands, the conclusion can be that state-of-the-art surge
suppression systems should be at least partially based on MEMS in order to fulfill all
requirements. This means, e.g. if the sensors can be realized with MEMS devices, both
quantity and quality of available data for the control system can be increased, realizing
distributed sensor nets, etc. [4]. If the actuator is also a MEMS unit, as proposed in [66], the
system can achieve better overall performance compared to conventional realizations.
Finally, it is important to give a short overview about the possibilities in MEMS actuators.
Based on [139], the four different possibilities are electrostatic, thermal, piezoelectric and
magnetic actuators. Reference [90] gives a comprehensive comparison between them,
substituted on a well-founded requirement list, which is shown on Table 1, where the green
tick stands for a satisfied condition, amber tilde shows a more or less fulfillment, and the red
cross determines an assumption that cannot be granted.
When evaluating Table 1, one can
conclude that issues of robustness,
inability of high force exertion, lack
of large travel make electrostatic
devices inauspicious for surge
suppression purposes. From the
remaining
three,
unfortunately
thermal and magnetic actuators
consume high power. Despite this
fact, they both provide large force
and travel, which may allow the Table 1 Comparison of different MEMS actuators (as
presented in [90])
utilization as proposed in [BN08] as
well. The average switching frequency of thermal MEMS units lies around 100Hz, while
magnetic devices perform well around 1 kHz, both of which can be considered as enough for
a macroscopic flow control purpose. The maximum travel of piezoelectric units lies in the
range of 10-4m, which can be increased with more devices connected in series, that means
distributed actuator is realized [90].
As a conclusion, one can state, that the most promising MEMS actuators of the close future
surge suppression devices may be the thermal, piezoelectric and magnetic units.
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3. Developed Methods and Devices
3.1.

Choosing the Methods for Development

Based on the requirements ascertained in the previous chapter, one can determine the
methods, which will form the basis for the investigation.
The major assumption of the present work is that passive methods can be used for
development of actively controlled surge suppression, therefore two of the passive surge
avoidance solutions introduced in Chapter 1.4 have been selected, namely the variable inducer
shroud bleed (VISB) and the blade load distribution control (BLDC), shown on Figure 40.

Figure 40 Schematic of the chosen methods on a longitudinal section view of a centrifugal
compressor
With the help of a valve system the actual outlet of the inducer shroud bleed orifices can be
controlled; as well as the BLDC using a variable injected airflow at the inducer-impeller
interface meets the requirements of the active surge suppression. In details, the operation of
both can be based on measurements, which can be realized with conventional speed, mass
flow rate, pressure and temperature signals obtained by widely spread solutions. Volumetric
or mass flow rate can be obtained using orifice plates or venture tubes upstream of the
compressor, which is a common solution in natural gas transportation [102]. The mass flow of
the compressor also can be estimated using inlet and discharge total and static pressure
probes, which can be the solution in such environments, where the requirements for the
aforementioned measurements cannot be met, e.g. fuel cell applications [17]. It is also
important to obtain the surge line, which has to be compared with the actual delivery and
depends on the corrected speed and IGV position if utilized. For this reason the rotation speed
of the unit and inlet temperature sensing is required as well as an electrical feedback from a
component of the IGV system which contains relevant information about the actual position,
such as actuator displacement, rotation around a selected axis, etc., which also can be easily
converted into a proportional electrical signal (e.g. with potentiometers, resolvers, LVDT or
RVDT).
The other possibility, which is important to mention, covers a basically new approach. As the
surge suppression devices are located in the inducer-impeller interface, it is also favorable to
install the sensing elements in the same location. Based on the own and other measurements
shown in [75] the wall static pressure at the inducer outlet is also showing significant changes
prior to surge, consequently this signal can be the basis of the suppression algorithm. In this
case, state-of-the-art MEMS sensors can also be installed in order to give high reliability, fast
response time, both of which are crucial in a surge suppression system [4]. It is important to
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mention, that in both ways of solution the feedback signal from the utilized suppression
devices is essential as they both have a strong influence on the compressor characteristics.
The possible suppression range, in other words, the enhancement of the compressor map
width using the selected devices are subject to detailed investigations particularized in the
subsequent chapters.
The hot standby capability is an inherent feature of all active surge suppression systems;
therefore no special care has to be taken in order to realize such ability. It is an advantage over
the original passive surge avoidance devices.
In most of the fields of engineering the design of a good working system is not satisfactory.
The developer has to pay extreme attention to those conditions, which arise, when the given
object fails. The possibilities are to provide safe-life, damage (or fault) tolerant or fail-safe
devices [73]. The mechanical approach of designing fail-safe products is, if a breakage occurs
the system should remain within the safe operating region, which is provided by backup
elements taking the role of the failed component until a regular inspection is carried out. On
the other hand, up-to-date mechatronic systems (e.g. the surge suppression is not realized with
a single mechanical valve but involves extensive electronic sensing, signal processing, and
control) may fail in several ways, which leads to the inability to intervene on the system. This
can cover sensor failure, actuator failure, or loss of electrical power to the whole system, as
well. All of them share a common property, namely the system will not be able to control the
surge suppression devices. Consequently, when mechanically designing such a system, the
surge suppression devices have to be a fully opened fail-safe position in order to provide a
slightly lower efficiency during a fault but avoid surge at all. If the control is operative it will
normally exert a force to close the devices until a surge condition is sensed.
The requirement of fast response depends of several factors. The first condition has been
mentioned above; the rapid data acquisition is indispensable. On the other hand, the measured
signals have to be processed also in a short time to allow quick reaction of the actuators
creating the intervention of the suppression devices. This can be done easily with the help of
microcontroller units (MCU’s), programmable logic controllers (PLC’s) or even with
conventional personal computers. The decision between the above mentioned possibilities
only depends on the complexity of the control algorithm to be realized. The last but not least
member of the system, the actuator is also necessary to meet the requirements. Conventional
surge suppression systems consume large power requiring hydraulic or pneumatic operation.
This can be realized also with the present devices, but it seems to be more reasonable to be
based on MEMS as it offers low power consumption, smaller mass of the devices and fast
acting simultaneously. With this assumption we already have satisfied the subsequent phrases
of better efficiency of the control and weight reduction of the system [139].
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3.2.

CFD Simulation of Developed Surge Control Devices

3.2.1. Introduction
Both selected methods of active surge suppression have been investigated in two major steps.
First a simplified geometry has been created which covers a single blade channel in order to
allow relatively short simulation time. The second step was the examination of the full flow
domain from the inlet duct through the compressor under research equipped with the
developed surge suppression devices to the discharge of the volute.

3.2.2. Variable Inducer Shroud Bleed
Simplified Geometry
The CFD simulation of the simplified geometry was the preliminary investigation of the
method to visualize and provide detailed evaluation possibilities of the operation of VISB
orifices that were manufactured for validation (detailed in Chapter 3.4). The adverse geometry
of holes (refer to Figure 57 below, in Chapter 3.4) has not produced the surge suppression
effect that has been predicted by the Split Compression Model. The origin and mechanism of
the problem has been clear; throughout the manufacturing process the results have been
beyond question, only the extents have required further investigation.
As noted above in the introduction of the present chapter the first important point of view has
been the relatively short time requirement of the simulation. For this purpose, one blade
channel of the compressor has been taken out with short introductory and output flow
passages to be able to distinguish stationary and rotary domains. Nevertheless, the VISB
orifice with a respective part of the atmosphere forms also a part of the model. The geometry
is shown on Figure 41.

Figure 41 Geometry and flow domains of the simplified VISB model
The domains can be summarized as follows:
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 Inlet: stationary domain for minimizing the effect of rotor inlet on streamlines leading
to the impeller.
 Blade passage: rotating domain including a single blade channel.
 Outlet: stationary domain to organize streamlines downstream of the blade channel.
 Atmosphere: Stationary domain to which the VISB outflow is directed.
o Symmetry: neglecting possible cross-flow effects between adjacent shroud
bleed outlets the two sides of the atmosphere can be modeled as symmetry.
Simulation of the Full Flow Domain
The full flow domain is intended to provide detailed information about the entire compressor
from the inlet to the discharge, including not only the impeller but also the vaneless and vaned
diffuser, the volute augmented by an inlet and outlet domain, where the respective flow can
stabilize canceling repercussion on the simulation of the main domains. There are several
stationary subdomains including the inlet, atmospheric connection of the VISB, diffuser and
scroll of the compressor and the outlet; while the only rotating domain is the impeller which is
modeled as a frozen rotor. The overview of the model can be evaluated on Figure 42.
There are three major boundary conditions, namely the inlet, outlet and the opening towards
the free atmosphere over the VISB orifices. The neighboring domains include interfaces, from
which three are including a transition from a stationary to a rotating domain, namely the
interfaces between inlet and impeller, impeller and diffuser, and impeller and atmosphere.
As the outlet is the measurement plane of the compressor discharge pressure on the test
bench, this model is particularly suitable for validation with measurement data.

Figure 42 Full flow domain of VISB system
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3.2.3. Blade Load Distribution Control
Simplified Model
Simplified geometry model for the BLDC simulations was created using the same guidelines
compared to the VISB detailed in the previous paragraphs. A single blade passage with inlet
and outlet parts and the injection elements have been included. The most important role of
these preliminary simulations was to upgrade SCM with the results. The geometry is shown
on Figure 43, which contains the following domains:
 Inlet: stationary domain allowing the organization of streamlines as affected by the
rotor;
 Blade passage: rotary domain around x axis (see Figure 43) including simplified
BLDC inflow channel and capillary tube bundle for injection from the hub. The
shroud is realized with a 0.5mm clearance to enable cross-flow between adjacent blade
passages and the shroud itself is defined as a counter-rotating wall.
 Outlet: stationary domain to arrange regular outflow from the blade passage.

Figure 43 Simplified BLDC model – geometry and domains
Full Flow Domain
The model, which has been intended for the simulation of the BLDC injection effects exerted
on the whole compressor, has been realized with similar guidelines compared to the VISB
counterpart. It contains of five domains (one rotating and four stationary) as detailed below:
 an inlet in order to allow flow rearrangement due to the rotor effects in the upstream
flow field;
 the impeller including the BLDC injection capillary tubes as they were machined into
the hub of the impeller. This is the only rotating domain;
 the vaned diffuser along with the vaneless space;
 the volute of the compressor; and
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 the outlet domain.
The model can be evaluated on Figure 44.

Figure 44 Full flow domain model of the BLDC investigation
Common features of various CFD simulations
All models have been constructed to be able to investigate the effects of rotor clearance, shear
force effects on the shroud surface surrounding the rotor. The shroud of the impeller is
modeled as a counter-rotating wall in order to include the effects of this high shear region
over the blade tips. It is also important to note, that the clearance between the blade tip and
shroud has been also modeled as a 0.5mm gap.
The major boundary conditions for all (simplified and full) VISB simulations have been the
following:
 Inlet: stable total pressure which is equal to the atmospheric (assuming negligible loss
over the inlet duct;
 Discharge: expected mass flow is defined.
 Openings to the free atmosphere: as no other predetermined assumptions can be
applied to the front and top boundaries of the atmosphere, they had to be considered as
openings, where either inflow or outflow can be realized.
The following important boundary conditions have been defined for all BLDC (simplified and
full) simulations:
 Inlet – stable, uniform total pressure has been set that is equal to the atmospheric.
 Outlet – mass flow has been prescribed, which is the sum of the inlet and the BLDC
injection (here the details of off-take for the injection has not been investigated; the
evaluation has been performed on the output data as described later in Chapter 4.1).
 BLDC injection – mass flow has been selected as a percentage of the total delivered
mass flow through the compressor.
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The simplified methods (both VISB and BLDC) required special boundary conditions in order
to take into account the effect of flow fields adjacent to the modeled blade passage. This can
be realized in different ways throughout the domains regarding to various assumptions.
 As the simplified model is only a part of the whole impeller, which could be obtained
with periodical repetition of the investigated domains, one has to make assumptions on
the interfaces towards the non-modeled regions. One can suppose parallel inflow
conditions, i.e. symmetry on the two “sidewalls” of the inlet domain can be defined.
 Rotational periodicity in the blade clearance and outlet: here the above mentioned
assumption cannot be held, as there is a flow across the boundary.
In all variations, the rotating domain has been defined as “Frozen Rotor”. That means, the
impeller is fixed in the position determined by the geometric model, but the solver defines
velocities on the surface as it was moving with the selected speed around the allotted rotation
axis. In the present work, the selected speed has been 17803 revolutions per minute, which
equals the nominal speed of the compressor when the asynchronous motor is driven with
50Hz AC, and the axis is the “X” with positive direction, which can be evaluated using the
right-hand law on all previous related figures. The frozen rotor approximation has an
important advantage, namely, it allows the simplification of the flow domain thus the single
blade channel simulations could also be based on this technique. The method has also a
disadvantage: as the rotor is fixed in a given angular position, the down-washing wake regions
from the blade trailing edge will always reach the leading edge of the diffuser vanes in a given
position. Hence, the small perturbations created by this effect cannot be taken into account
and the adverse conditions (e.g. flow separation) are generated at fixed locations, in given
passages only, instead of periodically running through the blade row.
Turbulence modeling is another important question of flow simulation in turbomachinery. All
models have used SST turbulence model, which provides good results in both viscous sublayers (near-wall problems) and in free stream flows. It is a two-equation eddy-viscosity
model that describes the transport of turbulent kinetic energy k and specific dissipation . It
can be considered as a special k- model as its behavior in the free-stream regions is similar
to k- model, i.e. it is not sensitive to the inlet free-stream turbulence properties, which is a
common problem of standard k- models [94].
All steps of the CFD analysis were including an investigation of mesh independency in order
to validate the results. An important study of the boundary layer can be performed based on
the dimensionless wall distance y+ that is defined as follows:
y 

y  u



(84)

In Eq. (84), the physical distance measured from the wall is y, the u stands for the friction
velocity and  is the kinematic viscosity of the fluid. Its value should remain below 300 in
order to give a satisfactory approximation of the boundary layer in the modeled process [83].
The boundary conditions have been similar in all setups as well. On the inlet total pressure is
defined, while on the outlet the required mass flow is selected. This condition, based on [82],
results in a stable convergence. In the VISB, the atmosphere is determined as an opening, as
both flow directions can be realized under different modes of operation. In the BLDC, the
injection is supplied with a constant total pressure that is considered to be delivered by the
compressor discharge.
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3.3.

Control Synthesis for Active Surge Control

3.3.1. Introduction
The synthesis of a control system covers the procedure of designing a regulator of a chosen
type to intervene the original (uncontrolled) system to meet predetermined stability criteria.
Regardless of the type of control (either linear or nonlinear), similar conditions have to be met
in order to accept the given solution. Prior to introducing the widely spread possibilities on
the control of surge suppression systems, one has to take into consideration those criteria on
which the operation of the controller can be qualified.
Criteria of control
Based on the comprehensive presentation in [39], the following stability and quality criteria
can be defined in the classical control theory:
 Stability
The response of stable systems is bounded if the input applied to the system is also bounded.
This property is called as BIBO stability. If one evaluates Figure 17, it can be stated, that the
compression system meets the requirements of BIBO stability even after entering deep surge.
Nevertheless, it can be proven that stability is strictly connected to the characteristic
polynomial of the system, which can be achieved from the denominator of the system’s
transfer function. If the real part of the roots is positive the system is instable, while the
negative real parts are stable, depending on the presence of imaginary parts that are
responsible for periodic behavior. One can state that the compression system exhibits periodic
of various strength based on the Greitzer behavior parameter below the surge point.
Quality of system properties: one can distinguish two major groups of criteria based on the
approach utilized, i.e. there are several time and frequency domain criteria. The major
instances of the former group are the following:
 Response time
Response time is defined as the time required increasing the output from 10% to 90% of the
final value.
 Overshoot
The difference between peak value reached during the transient and final value is divided with
the final value, this ratio is corresponding to the overshoot. It should be kept in most of the
cases at a considerably low limit.
 Settling time
It corresponds to the amount of time required to reach and stay within a range of determined
percentage of the final value, usually 1-2%. Fast rise time generally leads to periodic response
and severe overshoot.
The frequency domain criteria cover the following important properties:
 Gain margin
Gain margin (GM) is defined as the gain, which has to be applied to the closed loop system in
order to reach unity gain at the frequency, where the phase shift equals to -180°. It is shown in
the present chapter that neither the open loop compression system nor the closed loop
controlled system reach the above mentioned phase angle consequently gain margin cannot be
defined as well.
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 Phase margin
Phase margin (PM) is the difference of actual phase shift and -180° at the angular frequency
where the loop gain equals to unity. This is due to the negative feedback of the system output
towards the input, which leads to an amplified input when the phase shift is just equal to –.
 Bandwidth
Bandwidth is the angular frequency at which the system gain equals to -3dB that corresponds
to an amplitude attenuation of 1 2 or a power attenuation of one half of the input power.

3.3.2. Realized Control Systems for Surge Suppression
The intervention on suppressing surge counts several control methods ranging from linear
techniques to the more difficult nonlinear algorithms. The utilized schemes are detailed
below, based on the general overview given in [126].
 If the characteristic can be linearized in the vicinity of a selected working point, also
linear controllers can result in stable operating system. These controllers can be
proportional (P-type) [43], proportional-integral (PI) [102], [149], proportionalderivative (PD) [6], or combining all the three term into PID (as presented in [95] and
[100]). A general disadvantage of all is the relatively narrow operating range due to
nonlinearities in the real plant dynamics, which can be partially eliminated using gain
scheduling, thus their spread is essential throughout the industry [58].
 Based on the state space representation one can design regulators that are optimal in a
linear quadratic sense, called LQR [14]. This well-known and widely spread optimal
control can be applied to linear systems, and guarantees optimality through the state
feedback gains. In the field of compressor control there were numerous
implementations ([15], [17], [138]), the second including induction motor (IM) as
drive, similar to the investigated compressor. Based on this information, for the
control to be developed, the LQR has been chosen.
 Recently, an emerging utilization can be found of linear parameter varying (LPV)
technique in aerospace engineering, e.g. in aircraft engine control [7]. This method is
approximating the nonlinear characteristic with variation of linear parameters, while
the stability during rapid changes in scheduling variables should be kept also.
 In order to create accurate models they should follow a nonlinear nature. In this field,
the most relevant researches have dealt with sliding mode control [11], backstepping
[84] and bifurcation [69].
o Sliding mode control (SMC) is a variable structure algorithm which supplies a
discrete control signal in order to force the plant to reach the required operating
point on a predetermined surface of system variables. Its advantage is that the
plant model is not necessary to be fully described [58].
o Backstepping control can be used in compex systems. If the internal plant is
stable, the stability of outer units can be derived recursively.
o Methods based on bifurcation (e.g. [69] and [87]) take into consideration the
hysteresis of the compressor characteristic that means the state of the machine
at a given delivery can significantly differ depending on the history of the
previous states.
o H∞ control [24] is also demonstrated where the control is optimal over a
specified cost function and robustness can be achieved as well. This type of
control enables effective handling of multivariable systems which exhibit
significant cross-coupling between their outputs. An important drawback of
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this technique is that an accurate model of the plant has to be available. Studies
of AMB [148] have been including this control also.
Intensive investigations have also been carried out in the field of fuzzy logic controllers (e.g.
[95], [126]) and situational control including neural networks ([47], [92] and [95]).

3.3.3. The Linear Quadratic (LQ) Control of VISB and BLDC
The control system for the present methods under investigation might be the Linear Quadratic
(LQ) control due to the following considerations:
1. in the constant speed aspect, when one has to consider only Equations (47) and (48)
and can omit Eq. (53), the most severe source of nonlinearity vanishes. The remainder
can be easily linearized in the vicinity of the working point as both VISB and BLDC
causes moderate changes in compressor airflow.
2. it has been realized in several other surge suppression systems with success where
rotor speed is also subject to change (e.g. in fuel-cell applications [17] or [138]).
Let us consider a linear system, whose state space representation can be written as follows:

x t   Ax t   bu t 
y t   c T xt 

(85)

The theory of linear quadratic regulator has been founded by Bellman, who has derived the
mathematical approach of the optimal control in a linear quadratic sense [14]. The optimality
is acquired with the introduction of a specific “cost” function, which depends not solely on
the system and its relevant states but also on the applied control. The cost function can be
defined for a dynamic system over the time interval [t0, T] as
I t 0 , xt 0 , ut 0 , T     xt , ut , t dt   xt , t 
T

t0

(86)

In this case the optimal control can be found in the form of the following expression for the
linear model described in Eq. (85) [14]:
u~   K~
x
(87)
where K is the optimal feedback gain described by the following equation:
K  R 1 B T P

(88)

Here, P is the solution for the algebraic Ricatti equation (ARE) obtained as follows:
AT P  P A  P B R 1 B T P  Q  0

(89)

3.3.4. Simulation of the Surge Control System
Determination of the AC induction motor model for the simulation
The investigated compressor includes a variable speed drive utilizing a three-phase AC
induction motor (IM), which is a common type in fuel cell solutions [17] and has an emerging
application in more-electric aircraft (e.g. Boeing B787) [106]. The details of IM behavior
points far beyond the limits of the present research (compare e.g. [80], [107]), thus the rotor
speed–torque correlation has been empirically derived. During the experiment, only a small
scale deviation in speed has been detected due to load variation, therefore the implementation
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of the commonly used fifth order model (e.g. [89]) has been considered superfluous and a
second order system has been construed based on the acquired data.
The measurement has been carried out with operating a close coupled valve between its two
extreme positions. The frequency has been increased through the measurement, leading to
dynamic correlation between the rotor speed and drive torque, which has been measured using
a magnetic speed pickup and thermodynamic properties of the compressor.
The evaluation of the acquired data and the realization of the approximate model have been
carried out in MATLAB. The transfer function between speed and IM torque has been
determined by Output-Error model. There have been more similar measurements, from which
two has been selected to show the fit of computed model on the original data. Figure 45 and
Figure 46 show the data as deviation from the nominal operating point, where unit of the
horizontal axis for the diagrams on the left is raw data count, on the right it is time in seconds.
Both series have been performed with an increasing throttle opening frequency in order to
exhibit dynamic reaction of the system in the expected range.

Figure 45 First series of measurement data for induction motor model identification

Figure 46 Second series of measurement data for induction motor model identification
The measurement and consequently the approximate model is discrete time, therefore a
conversion using the MATLAB command d2c into continuous time was required. Here a
bilinear (Tustin) setting has been used, to ensure sufficient numeric stability. The transfer
function of the continuous time system is as follows:

Gmot s  

 19,17
s  11,15s  102,7
2
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(90)

The numerator of Eq. (80) shows the increasing speed results in reduced output torque as
expected. Because this formula creates the connection between dimensional values, there is an
additional conversion using Eq. (46) required to bring it to a non-dimensional form in order to
be used in the final model.
Summarizing the efforts to determine a simplified model for IM drive, one can state that the
resulted second order model gives sufficient accuracy which satisfies considerably the
requirements of the investigation focusing on compressor dynamics.
Linearized compressor model
When designing control, the fact, that surge suppression has to be operated near to the surge
margin, has to be taken into account. Therefore the nominal operating point has to be selected
at a stable delivery just above the critical.
As the first step the nonlinear system has to be linearized near to the selected operating point.
Based on measurement data, one can declare the rotor speed is not significantly changed when
entering rotating stall or surge, therefore the system of Equations (47)-(48) will be only used
with an approximation of B  0 . Thus one can write the state space representation of the
system as follows.
The following assumptions have to be made:
 The states of the system are the dimensionless plenum pressure and compressor flow.
 The intervention – in contrast to conventional systems – is realized through the
altering of the compressor characteristics.
One has to determine the deviation from the selected operating point:
~
(91)
~   
   
p

p

p 0,

c

c

c0

where the sign ( ˜ ) stands for the deviation. Thus Equations (47)-(48) can be rewritten as:
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The compressor characteristics transformed to the new coordinates based on [138]:
~
~
~
~
~c c ,  VISB  k3  VISB  c3  k 2  VISB  c2  k1  VISB  c



where k1  VISB  
and k 3 
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 c 0  2  W  VISB , k 2  VISB  

H  VISB 

3  H  VISB 

2  W  VISB 

3

(94)

 c 0  W  VISB 

. Neglecting the second and third order small values the final
3
2  W  VISB 
compressor characteristics around the operating point reduces to the first order member:
~
~
~c c ,  VISB  k1   VISB   c
(95)





When evaluating Eq. (95) it is important to declare the input is the VISB relative opening,
~
VISB. Investigating the binary function ~c c ,  VISB around the operating point yields:
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c

As (96) shows the derivative over dimensionless compressor flow is more than one magnitude
~
less than the derivative over relative VISB opening, therefore the function ~c c ,  VISB can be
~
approximated as an unary function, substituting c 0 instead of c :





~c   VISB   k1   VISB  c 0

(97)

The state space representation of the equation system (92)-(93) can be written as:

~
x  A~
x  bu~



~
x  ~ p c
where ~
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(98)

t



is the state vector, A 
 2  B0   p 0
 B0


1
B0  is the state matrix,

0 

0


~
b
 is the input vector, u  k1  VISB  is the input of the system.

B


 0 c0 
As there is a static correlation between k1 and VISB, consequently the calculation of VISB is
simple, although the state feedback results in a k1, inverting the k1  f   VISB  function the
relative opening of the VISB can be acquired. The only important moment is to investigate
the behavior of the original k1  f   VISB  function on the useable VISB range. If a graphical
solution is presented, one can state that in the operating range it practically can be
approximated using a linear correlation, as it can be evaluated on Figure 47.

Figure 47

k1  f   VISB 

plotted in the range of

0   VISB  1

and the applied linear fit

The linear expression for the approximation of k1 over the operational range of relative VISB
opening:

k1,lin  0,6019   VISB  0,5197

(99)

Thus the inverse function, which calculates the necessary relative VISB opening in order to
realize the model-computed k1 is found as:
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 VISB 

k1  0,5197
0,6019

(100)

It is important to note, that the function k1  f   VISB  does not exhibit singularity in the range
implemented in the model, consequently its inverse within these boundaries can be
ascertained. Furthermore, the settling time of the VISB system must be at least one magnitude
less than the similar value of the compressor. This condition can be met consuming less
energy and providing higher efficiency than conventional solutions if realized with MEMSbased components.
Setup of MATLAB Simulink model
The simulation of the determined control law has been performed using a MATLAB Simulink
model, where the dynamic differential equation system of Eq. (47), (48) and (53) has been
implemented. It is important to mention, that the Simulink model includes the third equation,
only the state space representation has omitted it in order to find a less complex control
algorithm. The overview of the model is shown on Figure 48.

Figure 48 Dynamic MATLAB Simulink model
The important logical blocks are the following: the compressor subsystem (with green), the
elements of state feedback (colored yellow), the  VISB  f k1  function (using gray
background), the elements related to the output throttle (colored orange), moreover the
displays which played a role in the creation and tuning of the model are shown in blue.
The implementation of Equations (47), (48) and (53) is realized within this unit, in the green,
blue and orange blocks, respectively, as shown on Figure 49. The brown rectangle is the
compressor characteristic calculation based on Equations (59) and (60). The inputs are the
relative throttle opening t and VISB relative opening VISB. It is important to note, the first is
not under the control of the regulator, it is depending on the actual state of the system (e.g.
throttling effect of turbine in an aircraft engine). The sole intervention is realized using VISB.
The important outputs (p, c, B) are highlighted with yellow.
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The K feedback gain vector described in Eq. (88) has been determined using MATLAB
during the design of the LQ regulator for the two state variables in the linearized model (98).
The controller computes a required k1 value, which will result in stabilization. This, in turn is
converted into a relative VISB opening VISB which is the control input of the compressor
block. The elements of the K feedback gain vector are deviations from the operating point,
thus a subtraction is also required. The block labeled “Step1” is responsible for enabling the
controller during the investigation resulting in the simulation of such adverse conditions,
when the controller has to recover the system after it has entered surge. The related blocks are
shown in yellow on Figure 48 in the left bottom corner.
The inverse function in Eq. (100) is a simple linear expression therefore a single Function
Block was satisfactory in its realization. Downstream saturation was required for maintaining
the opening signal within its physical boundaries.
The throttle can be controlled with a Slider Gain in order to provide the possibility of
intervention. It can be considered as a condition and not as a control. Therefore a sudden step
in throttle opening towards the closed position has been also realized with a Step block in
order to be able to investigate the behavior of the closed loop. The related blocks can be seen
on Figure 48 highlighted with orange color.

Figure 49 Schematic of the compressor subsystem in Simulink
Simulation of the VISB system
The parameters of the simulation, including geometric and thermodynamic properties, along
with the values of the nominal operating point, can be found in Table 2.
Parameter
Vp
Ac
Lc
ap

H

Value
0,07216
0,01767
3,08
360,25
101,58

Unit
m3
m2
m
m/s
1/s

Parameter
u
B0

c0
p0
t0

Value
179,44
0,2867
0,1548
1,235
0,14

Table 2 Parameters for the simulation
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Unit
m/s
-

Taking into account Eq. (46), the real time step equal to the increment of the non-dimensional
time:

t 

  1

H



1
 0,009845s 10ms
101,58 1 s

(101)

The first simulation covered a sudden closure of the outlet throttle, which, if the regulator is
switched off, results in the compressor entering surge, while in the case of activated control,
opening the VISB to a sufficient position leads to stabilization of the flow. The relative
throttle opening at the operating point is t0 = 0.14, the step block implements at
dimensionless time  = 50 a sudden step of value -0.025, which represents a significant
closure of the valve.
The members of the LQR cost function have been first determined using the Bryson-law [65],
after which a long-lasting heuristic refinement has been conducted, resulting in the following
values:

1 0 
Q
and R  1
4
0
10



(102)

The results of the simulation can be evaluated on Figure 50 and Figure 51, which show the
parameters in the compressor characteristics and as a function of dimensionless time,
respectively. As one follows the process on the former, the beginning point for the simulation
is A, and it is also evident that the controller can retain stability below the original surge
margin after the discharge throttle closes (B point on Figure 50). The oscillations without
controller (shown with red curves) are not realized when the regulator is active shown with
blue trajectory.

Figure 50 Simulation results represented in the compressor characteristics
Figure 51 shows two lines running parallel: when the regulator is switched off (its offsets are
increased in order to have no effect in the required range) is shown with dashed lines, while the solid
lines correspond to the activated regulator. Evaluating the data shown on Figure 51, one can state
that the VISB relative opening is being held at zero until the system encounters surge. In order to
prevent the onset of instability the controller initially commands a high rate of opening, which is set
back to a moderate value as the system is approaching the new equilibrium. The achieved new
operating point is stable and it is at a lower mass flow rate compared to the original operating point,
thus enhancing the usable range of the compressor map.
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Figure 51 Simulation results as a function of dimensionless time
The second simulation was conducted with the same parameters, the only difference was in
the setting of the “Step1” block (found on Figure 48) to disable the regulator at the beginning
of the simulation. Consequently the sudden decrease in throttle opening, which has been
pushed to  = 20, results in the onset of surge. The controller is enabled at  = 50, within the
oscillations of the entered instability. This adverse condition is necessary to investigate
robustness of the regulator, whether it is able to recover the system to a new stable operating
point if the operation at the beginning of the control was instable. The results, which can be
evaluated on Figure 52 and Figure 53, show the beneficial effect of the system, which has
proven the aforementioned statement.

Figure 52 Results of the second simulation presented in compressor map
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The beginning point for the simulation is A, and it is also evident that the system without
controller cannot retain stability below the original surge margin after the discharge throttle
closes (blue dashed line approximately around the corner point of the compressor
characteristic). The system enters surge within a single cycle and reaches the peak of the
oscillation (the dashed lines due to the several crossing the same trajectory are displayed as a
single solid line here). After the controller is switched on, the compressor is about to increase
the mass flow in the actual surge cycle, i.e. the controller is activated in the worst situation,
yet, it is able to modify the system response and the blue dashed line diverges from the surge
cycle trajectory slightly below the stalled branch of the original (VISB = 0) compressor
characteristic at point B. At this moment the system is not stabilized yet, it would enter a new
cycle. From here, the system trajectory is shown with light blue in order to be easier to
distinguish. After the mass flow through the compressor increases beyond the steady state
equilibrium value, the controller closes the VISB (compare with Figure 53 at  ≈ 52). As the
surge cycle is about to be repeated, the controller reacts and opens drastically the VISB
reaching again the saturated region in order to recover from the instability. The effect can be
seen, the light blue dashed line does not return to the oscillatory motion, both mass flow and
pressure decay to a new equilibrium point, where the opening of the VISB is also moderate.
Evaluating the data shown on Figure 53, one can state that the VISB relative opening is being
held at zero until the control system is enabled at dimensionless time  = 50. In order to
overcome the instability the controller initially commands a high rate of opening, which also
saturates first and finally, in the second attempt it is decreasing to a moderate value as the
system is approaching the new equilibrium. The achieved new operating point is stable and it
is at a lower mass flow rate compared to the original operating point, thus enhancing the
usable range of the compressor map.

Figure 53 Results of second simulation over non-dimensional time
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3.3.5. Evaluation of the Surge Control System Properties
The time domain properties of the developed control algorithm can be evaluated on the
previous figures showing the simulation results. In order to achieve the required stabilization
a small overshoot can be seen in non-dimensional pressure (4.54% at R =51.6) and mass flow
(4.11% at R =52.9). Both response and settling times are considerably short, tR = 0.0118s (R
= 1.2, from 50.45 to 51.65) and tS = 0.063s (S = 6.4, from 50 to 56.4), respectively, both of
which lie within one surge cycle, thus the system can react on the dynamically changing
circumstances.
In this investigation, the frequency domain parameters are not considered, as both phase and
gain margins cannot be interpreted because the Bode-plot shows gain does not reach unity
while phase does not reach -180 degrees. Bandwidth is of a value of B = 8.22 rad/s, which
can be considered as

Figure 54 Bode plot of the closed loop system
Nevertheless, it is important to note that no criterion has been established against the
dynamics of the actuators of the control system. It has to be mentioned in advance that its
reaction time must be significantly smaller compared to the compressor. Therefore it could be
an advantageous choice to base the realization on MEMS units as they not only meet the
requirements of dynamics but also ensure low energy consumption and consequently
outstanding efficiency.
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3.4.

Development of the Validation Technology

3.4.1. Introductory concepts
In the development of an engineering object it is very important to be able to conduct
validation tests on the realized system. It is inevitable to evaluate the operation or effects
under real circumstances to acquire a full extent overview of the given concept. Thus the
surge suppression methods under investigation in the present work are also subject to the
required validation for which process the best solution is to develop own equipment. In the
evaluation of the Variable Inducer Shroud Bleed there was a possibility to modify a
compressor that is the property of the Department. The Blade Load Distribution Control
required such intervention that was not possible to accomplish therefore the validation of
BLDC was based on results from other similar researches.
It is also important to mention, although it does not strictly belong to the developed methods,
but several measurements have been carried out on APU’s of Boeing 737-700 aircraft of the
deceased MALÉV Hungarian Airlines in order to establish a basis for comparison of the
newly examined solutions with the existing applications. The brief results can be found in
Chapter 4.3, while the complete description of the APU, measurement and evaluation is
detailed in the Appendix.

3.4.2. Validation Hardware
For evaluating the effects of a candidate surge
suppression system it is inescapable to provide such a
compressor test bench that is suitable to generate various
operational circumstances including the instabilities
under investigation equipped with data acquisition
system that is capable to record the highly dynamic
changes in thermodynamic properties. The measurement
system is also important to incorporate the feature of the
satisfactory storage of the acquired data to enable offline
evaluation of the measurement.
Compressor Test Bench
The compressor test bench that was made suitable for
the surge suppression measurements is a property of the
Department of Aircraft and Ships and was originally
part of an educational system modeling the air
conditioning system of an aircraft including an air cycle
machine and a heat exchanger. The supply compressor
was large enough to be able to implement the necessary
modifications and conduct the required measurements.
The compressor itself incorporates a one-piece cast
aluminum radial design impeller with 16 blades (refer to
Figure 1b). Through a small vaneless space the flow
reaches the vaned diffuser containing 33 vanes of simple
sheet metal construction. The discharged medium is then Figure 55 Air collecting plenum
forwarded to a volute which is also equipped with a
downstream of the compressor
throttle valve acting as close coupled resistance (see
Figure 27), i.e. it is not suitable to generate surge only rotating stall regime can be achieved.
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As it was noted in Chapter 1.2, the onset and extents of surge is highly depending on
downstream components of the compression system, therefore an air collecting plenum had to
be realized with a comparably high volume and a throttle downstream of the plenum to be
able to drive the system into surge. This plenum has been created from a large diameter metal
tube with welded sheet metal plugs on both ends equipped with short duct sections for
interconnection with up- and downstream hardware. It can be viewed on Figure 55. The
diameter of the plenum is 350mm, the total length measures 750mm:

dP 
0.35m2    0.75m  0.07216m 3
 LP 
4
4
2

VP 

(103)

It is also important to know duct length LC and cross-sectional area AC. The used duct
diameter is 120mm while the total length of inlet and outlet ducts measure 3080mm, as both
must be included regarding e.g. [97] or [69]:

AC  d C   4  0.15m   4  0.01767m 2 ; LC  3080mm
2

2

(104)

Assuming a compressor outlet temperature to be approximately 50°C resulting in a speed of
sound 360,25m/s and a maximum tangential speed at the exit at nominal speed of 179.44m/s
one can get the Greitzer-parameter for the investigated equipment:

B

VP
179.44 m s
u
0.07216m 3



 0.2867  0.29
2  aP
AC  LC 2  360.25 m s 0.01767m 2  3.08m

(105)

The original setup of the air cycle machine plenum, with which a preliminary series of
measurement was conducted in 2010 [B11a], produced a B value of Borig ≈ 0.1. The
implementation of improvements resulted in a nearly 3-times larger B of the system. This
difference makes it possible to drive the system into more severe instabilities but is not
enough to initiate deep surge that means the equipment provides a safe investigation of the
phenomena.
The outlet duct downstream of the plenum also incorporates a throttle that can realize the
various instabilities during operation. This butterfly valve is located just upstream of the duct
discharge and is equipped with a dual manual and servo drive also. The servo motor allows
the control of the valve from computer in a semi-manual follower mode or in a preprogrammed automatic mode. The manual lever is normally used for visual position feedback
and can override the servo motor in emergency or during test. These elements can be
observed on Figure 56.

Figure 56 The discharge cross section with the throttle valve and its accessories
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Variable Inducer Shroud Bleed System
Probably the most important part of the validation hardware is the Variable Inducer Shroud
Bleed system, which is a set of orifices milled into the compressor casing provided with a
sliding cylinder that accomplishes the function of closure of the outlets.
During the production of the orifices it was crucial to select the correct cross-sectional area of
the orifices. The compressor case, which also includes the outlet scroll leading to further
difficulties, incorporates six radial ribs on the outer surface to stiffen the material just beneath
the volute. The measure of the resulting arcs between the ribs made it possible to drill two
orifices between each pair of ribs, so a total of twelve holes were manufactured. The total
outlet area was depending on the diameter of the bores. The decision on orifice diameter was
solved using similar construction surge suppression device of the TS-21 turbostarter [B10d].
During the suppressed surge the orifices must pass a predetermined amount of mass flow,
therefore, the area ratio of shroud bleed outlet and compressor inlet is depending on this
discharged airflow. Assuming similar conditions at the compressor under investigation, using
a comparable area ratio may lead to analogous effectiveness of the system. In the above
mentioned gas turbine the ratio of (fixed) inducer shroud bleed orifice total area and
compressor inlet area was determined being approximately 8%. The inlet area of the
investigated compressor can be calculated:

A11  d11m    l11  75mm    40mm  9424,78mm2

(106)

The area of a single VISB orifice and, consequently, the diameter is easy to determine:

AVISB  A  A11  0,08  9424,78mm2  754mm2
dVISB 

1
4
754mm 2 4
 AVISB  
  8,01mm  8mm
12

12


(107)

(108)

As it was mentioned above there was a significant difficulty that was crucial to solve. The
geometry of the compressor case is very adverse, it is first too narrow to be able to create the
orifices with drilling from inside to outside. When accessing the required zone on the outer
surface of the case, the scroll is overlaying making it inaccessible for machining. The only
possibility was to create orifices, which have an axis that is at only 30 degrees angle to the
compressor rotation axis. This adverse geometry resulted several new problems that had to be
answered and solved.
The closing device is a cylindrical sheet metal unit, which can be moved in the axial direction
manually. The sealing of the orifices in the closed state is provided by torsion spring effect of
the base material of the sliding ring, which is biased to cover the orifice discharge effectively.
Unfortunately the bias force does not allow to develop an automatic drive to the present
closing device so this solution is capable only for measurement of static characteristics of the
system and cannot provide such high speed movement, which would be enough for simulating
the whole of an actively controlled surge suppression system.
The construction of the VISB orifices including closing device and a schematic showing the
geometry problem of the compressor scroll can be evaluated on Figure 57.
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Figure 57 Construction and schematic of the realized VISB system
Data Acquisition Electronics
Originally a Spider8 data acquisition device was used for the preliminary measurements as it
was reported in [BN08], but unfortunately its limitations (as noted in [B10a]), mostly due to
its very complicated improvement, made it necessary to change to a more flexible unit.
Although a custom microcontroller-based electronic circuit was developed and built (detailed
in [B10c]), it also was not able to satisfy the always expanding requirements of the
investigation, so after almost two years after realization it was changed also.
Combined with other developments concerning different gas turbine test benches at the
Department, a portable data acquisition unit was necessary to introduce. After long evaluation
of concurrent designs, the USB-6218 from National Instruments [104] has been chosen
[B12b]. This device has 32 multiplexed analog input channels, from which a single 16-bit
A/D converter can provide a maximum of 250kS/s sample rate. The number of analog
channels surpasses properly the present requirements and gives the possibility of significant
developments in the future, if necessary.
The USB-6218 incorporates also two analog outputs (currently unused by the compressor test
bench hardware) and 16 digital I/O lines including two outputs capable of generating PWM
pulse trains, which are used for controlling the servo motors of the throttle valves.
As it was detailed above the chosen device was the optimal solution for high speed data
acquisition purposes supplemented with simple control functions.
Measurement Equipment
The measured parameters that can describe the operation of the compression system consist
mostly of pressures, temperatures of the important thermodynamic stations and some
feedback signals from certain devices like throttle valves etc.
All types of data require different method for measurement.
 For pressure sensing, the Freescale (formerly Motorola) MPX-series, monolithic
silicon piezo-resistive MEMS units with various ranges have been selected based on
price/value ratio [125]. Pressures are not only investigated as stand-alone parameters,
but are used for indirect measurement of mass flows using conventional orifice plates
in the inlet and outlet ducts. The difference of the two mass flow rates is the amount of
bled airflow through the VISB system.

76

 Due to the relatively low temperatures (the highest value is approximately 50°C),
silicon temperature sensors have been applied instead of thermocouples. Temperatures
are used for creating dimensionless characteristic map and also for calculating the
efficiency of the compressor. Although the relatively small temperature differences
can make significant errors in the measurement [91], when efficiency is based on
temperature rise across the compressor, therefore power requirement for the
compression should be measured using drive torque and rotation speed, the installation
of a torque meter, which would have enabled more precise data, was not affordable.
 It is important to know at a given moment what kind of throttling was present.
Therefore the feedback signals from the throttle valves are also crucial. In safetycritical applications (like aircraft industry) the usage of rotary differential transformers
is common, however, for the investigated compressor test bench they would have been
too complicated to install, considering the necessary electronics for supply and signal
conditioning. Therefore, the more simple rotary potentiometers were chosen and
applied. The supply is simple DC and the output is ratiometric with the rotation of the
given valve.
 The rotation speed of the AC motor is measured with a Hall sensor IC. The
accessibility of the impeller was rather poor due to the installed inlet duct and VISB
configuration, therefore the open end of the motor shaft has been selected as
measurement location and equipped with the sensor on the motor frame and a magnet
on the shaft end. The compressor speed is increased with an accelerating gearbox,
which has a transmission ratio of 6.1:1 thus the compressor speed can be calculated
with ease.
The measured parameters are shown on Figure 58 and they are detailed in Table 3.
Inlet from
atmosphere
p

Variable inducer
shroud bleed

0

Ch

pmb
T11

Optional surge
control chamber
(not realized)

p

11

Device #2
Impeller

p

12

Device #1
Inducer

Optional bypass to
atmosphere
(always fully open)

C1

n

C2

M

M

th,N

T22 p
22
Compressor
Compressor wheel discharge

P

th,F

pmk

Plenum
"Near" throttle valve

Figure 58 Measurement system locations
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M

"Far"
throttle
valve

Parameter

Sensor type

Sensor range

Ambient pressure

MPXA4115

15…115 kPa

pmb

Inlet orifice pressure drop

MPXV7002DP

-2…+2 kPa

p11

Inducer inlet pressure

MPXV7002DP

-2…+2 kPa

T11

Inducer inlet temperature

KTY82
silicon temp. sensor

-20…+80 °C

p12

Inducer outlet wall
static pressure

MPXV7007DP

-7…+7 kPa

p22

Compressor outlet
pressure

MP3V5050DP

0…50 kPa

T22

Compressor outlet
temperature

KTY82
silicon temp. sensor

-20…+80 °C

th,N

“Near” throttle position

Rotary potentiometer

0…90°

th,F

“Far” throttle position

Rotary potentiometer

0…90°

pmk

Outlet orifice pressure
drop

MPXV7025DP

-25…+25 kPa

pth

Outlet orifice inlet
pressure

MP3V5050DP

0…50 kPa

n

Revolution speed

Magnetic RPM
meter

0…20000 RPM

Short name

Full name

p0

Table 3 Details of measured locations
Validation Software
As the USB-6218 data acquisition device is a product of National Instruments, which is also
the producer of the graphical programming platform LabVIEW, it was evident to develop the
software in this powerful, easy-to-use environment. The user, instead of typing text
instructions, as common in conventional programming languages, places boxes on the screen,
each having its own function and connects them together in the required way to establish the
necessary operations. The units, which are symbolized by icons, are called Virtual
Instruments (VI) and are the basic building blocks of a LabVIEW program ([101]).
Programming in LabVIEW usually requires an iteration of two major steps, namely placing
controls and indicators on the window, which will be shown to the user during run, and
setting up connections between the variables and constants representing the aforementioned
objects. The programmer has to build the software in two separate points of view: the Front
Panel has to be established for user interface as well as the Block Diagram, which contains the
instructions to be executed during run, as discussed above. The main properties of the present
software are detailed in Front Panel and Block Diagram order below.
The basic concept of data acquisition program was already achieved during different works
that were similar to the given problem. In parallel with the present software a complete
turbojet engine control program is under development, which was also offering several
experiences in building the human-to-machine interface. The main goal was to provide such a
graphical environment that is capable of showing settings during an initialization process,
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while during the measurement the user can select between system synoptic and diagram
views. With providing selectable pages, the entire screen can hold information respecting the
given scope and the picture remains easy to understand because of the limited range of
variables occupying a single screen.
The main screen of the software is the system synoptic page, where the gathered information
is shown real-time during measurement with the help of symbolic gauges and rotary valve
symbols giving visual feedback of throttles. A typical view of the software screen can be seen
on Figure 59.

Figure 59 Screenshot of data acquisition software developed on LabVIEW platform
The two other tabs are including the diagram view of the current measurement and the
settings which can be made prior to the startup of the given run.
The Front Panel of a LabVIEW software only gives the interface to the user. The exact
instructions, which have to be executed in order to achieve the required operation, have to be
defined on the Block Diagram, where a high number of icons are connected with each other in
the adequate way.
The program consists of three large steps, the initialization, the measurement and the closeup. The succession of these blocks is ensured using the Stacked Sequence control. An
overview of the Block Diagram with the main data acquisition step is shown on Figure 60.
During the initialization, the physical connection with the measurement hardware is
established and an easy range check is performed in order to filter out the possibility of a
faulty sensor. This step is divided into two set of commands; the first group is responsible for
the preparation of the channels, while the second performs the startup of the predetermined
measurements.
The second group of instructions realizes the measurement itself. For communication with the
hardware, LabVIEW offers built-in VIs, which can be used very quickly, easily and
efficiently. The user effectively does not have to know how to program the necessary
operation, only selections have to be made, which will lead to the requested results. Several
Virtual Instruments are factory programmed as polymorphic, that means, there may exist
different input and output variable sets related to unique functions that are all incorporated in
a single block. Nevertheless, this is not extraordinary, as conventional (not graphical)
programming languages may also offer subroutines or functions to be defined with a variable
parameter list (e.g. a simple C language main() function handling command line parameters).
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When the predefined amount of data has been acquired the program provides also the
conversion of raw binary numbers to physical values. As it is emphasized in [22], the goal of
a measurement should have significant function beyond the gathering of numeric values, i.e.
those numbers own:
 units showing dimensionality and system of units;
 specifier, which provides information to distinguish between different things that use
similar units to measure;
 an origin to identify the test object;
 accuracy, which incorporates the system’s ability to perform precision measurements.
The units, specifiers and origin are attached to the numeric information on the screen when
they are appearing on a given symbolic gauge. Accuracy, as it was noted above, consists also
the precision, which two are often confused. The latter describes only the degree of freedom
of an instrument of random errors [22], i.e. the variation in the output of the instrument when
the input is the same. If a systematic error (e.g. biased output) is present the precise
measurement will be inaccurate, too. Therefore it is important to distinguish the two notions.
Interestingly, in practice the instruments are classified based on uncertainty of measurement
or inaccuracy.
During the last step of the measurement, after all channels have already been scanned, the
software saves the current data set to disk in a bare text format where the variables are
separated with tab characters in each moment, while end-of-line symbols distinguish the data
captured at different times. This format is standard to the spreadsheet manager software
Microsoft Excel, hence it allows easy off-line evaluation of the measurement. The variables
are saved in a predetermined order, which plays an important role to be able to distinguish the
above mentioned information about the pure numbers that are recorded into the file.
Finally, the software closes the communication with the hardware in the event of a manual
stop command received, which is possible to the user by pressing the long red colored
“STOP” button at the bottom of the screen at any time.

Figure 60 Detail of Block Diagram of the data acquisition software
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4. Evaluation of the Development
4.1.

Analysis of the CFD Simulation

4.1.1. Variable Inducer Shroud Bleed
Simplified Model
The simulations utilizing the simplified geometry have focused on the mesh independency
and operation of VISB over a typical range of mass flow rate. In order to determine the
approximate minimum number of mesh elements that supply the required accuracy, several
different grids have been created, ranging from around 500,000 up to 1,650,000 nodes. The
dependency of the major parameters total and static discharge pressure, mass flow rate
through the single VISB orifice and dimensionless wall distance are plotted against node
number in Figure 61. These values have been determined using the Function Calculator tool
in ANSYS CFD Post. Evaluating Figure 61, it is evident that the simplified VISB model has
met the requirement for y+ values formulated in Equation (84). All the monitored variables are
showing a stabilizing tendency over increasing mesh fineness, where the results for meshes
above 1.0-1.5 million nodes can be considered as reaching the required accuracy.

Figure 61 Dependency of selected variables over varying number of mesh nodes
It is observable in Figure 61 that all the selected parameters converge to a given value above
one million nodes. Therefore, for the subsequent investigations with the simplified geometry
this fineness of mesh is used.
The other important validation has been carried out with the mass flow rate through the single
simulated VISB orifice. It is also possible to be evaluated from Figure 61, that this parameter
is approximately -0.0027 kg/s, where the minus sign shows an outflow from the simulated
domain. If a simple multiplication with the number of realized VISB orifices (12) is
performed, one gets a total discharged mass flow rate of 0.0324 kg/s, a value that lies closely
to the measurement results.
Based on the results of the simplified model, the contraction factor of the VISB orifices can
be determined. It is important to note, that this factor includes the effect of the adverse
geometry, which has been emphasized before (refer to Figure 57), consequently a different
arrangement of the orifices surely results in a changing coefficient. The deduction of the
contraction factor is shown in Eq. (109), with the rearrangement of Eq. (77), substituting VISB
= 1 and the values resulted from the simulation. The pressure has been determined as average
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wall static pressure at the VISB cross section, while the density is an area averaged value at
the orifice inlet.

 VISB 

m VISB
AVISB ,1   VISB  2  12  pVISB



0.00265 kg / s
5

5,03  10 m  2  1.19472 kg m 3  3122 Pa

2

 0,6104 (109)

0.0043416 kg / s

The simulation had an important role, namely to provide detailed information about the flow
field in the vicinity of the VISB orifices. The pressure and velocity distribution can be
evaluated on Figure 62. It is evident, that the sharp leading edge of the orifice inlet cannot be
followed by the flow; consequently a separation takes place, restricting the effective area and
hence the discharged mass flow within the channel.

Figure 62 Pressure and velocity distributions in the vicinity of the VISB orifice on the
simplified model
Based on the above mentioned thoughts, the CFD simulations have provided a means for
understanding the flow field behavior in the adverse geometry in the compressor test bench.
The assumption, that the adverse angle of the orifice restricts the airflow through itself
resulting in a decreased effect of the VISB system, which also facilitates in the smaller flow
coefficient of the openings.
Full Flow Domain
The full flow domain simulation has been intended to supply more detailed information about
the compressor internal flows. The increased accuracy is assumed due to the additional
domains which can substantially influence the flow through the impeller. The similar pressure
and velocity distributions in the symmetry plane near to a VISB orifice can be seen on Figure
63. Both pressure and velocity field show slight deterioration from the single passage model,
as the upstream flow perturbances like stagnation effect on the are also included in the full
flow domain simulation, that result in a minor decrease in pressure and velocities. Although
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the clearance has been modeled on the simplified geometry as well, its effect can be only
evaluated on the full flow domain figures.

Figure 63 Pressure and velocity distributions in the vicinity of a VISB orifice on the full flow
domain model
As conclusion of the VISB simulations, the results of CFD investigations have been important
in the development of the one-dimensional model as they supplied such information like wall
static pressure and mass flow through the VISB, and they provided a means of understanding
the flow phenomena of the sharply bent orifice leading edge.

4.1.2. Blade Load Distribution Control
It is important to mention that the BLDC method has not been realized on the compressor test
bench due to insufficient financial background. Consequently, the results of numerical
simulations had to be validated with the help of similar investigations.
Simplified Geometry
The most important role of the simplified geometry investigation using BLDC was to
determine the correlation between injection rate and deflection of the basic airflow.
Nevertheless, the BLDC input pressure is essential as well, because BLDC injection ought to
be driven by the compressor outlet pressure.
There were two major different studies, the first dealing with the mesh independency analysis
and the other aiming at the determination of effects of the injection as a function of the
injected mass flow.
The mesh independency investigations have been performed with a high number of meshes
with different element sizes in order to determine the dependency of the parameters on the
mesh fineness. Four major parameters have been chosen for the comparison, the
dimensionless wall distance y+, the discharge total and static pressures p22* and p22,
respectively, and the total pressure pBLDC required for driving the injection. The results are
presented in Figure 64, which show a good convergence towards a final value of the variables.
This simulation has been performed with an injection rate of 2% of the compressor discharge
mass flow rate, which has been set to 0.01875kg/s in the modeled single blade passage that
corresponds to a mass flow rate of 0.3kg/s through the whole compressor. This value, which
lies slightly above the surge line in the stable range, has been selected in order to cancel the
onset of instability that could spoil the results of the simulation.
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Figure 64 Dependence of variables on the number of mesh nodes
The major part of the analysis contains various injection rates ranging from 0.25 up to 2.5
percent of the compressor discharge mass flow rate in order to determine jet velocity and
momentum flux ratio, which are the most important variables for the description of a jet in a
cross-flow problem [35]. Based on the evaluation of streamline data, the intrusion height is
also determined along with the pressure at the injection inlet boundary.
The compressor involved in the investigation creates a peak total-to-total pressure ratio at
nominal speed of only c* ≈ 1.25 [B11a], therefore the density of the jet and the crossing
basic flow does not differ significantly, i.e. both were in the range of

1,21

kg
  jet ,  cf  1,23
m3

(110)

During the simulations it was also important that the cross flow velocity inside the blade
passage remained almost the same during all cases, therefore it is assumed a constant value
that corresponds to a near surge situation in the given compressor.

vcf  47,15 m s

(111)

For easier reading of the following figures, they represent the maximum of injection rate as it
comprises the highest possible deflection value. The streamlines and the correlation of jet
trajectory is visualized along with a comparison to the model described in [35] on Figure 65.

Figure 65 Streamlines of BLDC injection and correlation between dimensionless streamwise
length and intrusion height
Based on Eq. (82), the correlation between streamwise dimensionless length x/d (where d is
the diameter of the jet orifice) and dimensionless intrusion height y/d was established using
the guidelines found in [35].
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The coefficients of Eq. (82) have been chosen to their respective limits detailed in Eq. (83)
which has led to a slightly higher intrusion height (solid red line on Figure 65) compared to
the simulation results. The latter are shown with discrete points (light blue diamonds on
Figure 65) and if one chooses coefficients slightly beyond the limits, a satisfactory fit can be
achieved (dashed blue line on Figure 65). The difference between simulated and predicted
values reach the 5% limit at approximately x/d = 4 while the maximum difference is about
12.0%.
Taking into account the special conditions of the given problem, it is a realistic assumption
that the comparably sharp bend in a centrifugal compressor impeller can result in a reduced
intrusion capability of the jet having the same velocity or momentum flux ratio compared to
two dimensional arrangements that can be found in the referenced literature. The correlation,
that is found between dimensionless streamwise coordinate x/d and dimensionless intrusion
height y/d can be described as follows:

y
x
 0,7  J 0,55   
d
d 

0, 2

(112)

When compared to Eq. (83), the values of coefficients b and c are slightly exceeding the
experimental limits from other sources. The reason was emphasized and explained above, and
therefore the obtained results are considered applicable.
The simulations resulted in two very important values, the maximum intrusion height
achieved by a given injection rate and the required pressure difference to drive the injection.
These can be evaluated on Figure 66 which shows the dependence of the two above
mentioned variables as a function of injection rate the latter shows the streamlines of the flow
pattern. It is interesting that the high ascend rate of intrusion height at the beginning of the
injection reduces as injection reaches significant values. It is also important to note that the
compressor at the examined revolution speed creates approximately 23kPa pressure rise
[B11b] that is hardly above the pressure that is required to drive the injection at the upper
limit of approximately 3%. The last value with 2.8% injection rate is adapted from the entire
compressor model simulations [B12a].

Figure 66 Dependence of intrusion height and pressure on the relative mass flow of injection
As a consequence of the results, the Euler equation in the Split Compression Method has to be
calculated using Eq. (64) describing the shifting effect of the injected flow. Referring to
Figure 66, the simulations have reached their goal; it is possible to determine an approximate
relationship between the injection rate and the resulting deflection. Taking into account the
shape of the blue curve on Figure 66, an assumed square root function is established:
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r12    K     r12tip  r12hub



(113)

where K is a constant, r12tip and r12hub are the tip and hub radii in the inducer outlet crosssection, respectively. If  is substituted as a percentage of the base flow, K holds a value of
1.23. The final verification of the possibility of a given injection rate is also important when
the BLDC source is the compressor outlet. In such a case, the corresponding correlation
between injection rate and required pressure is the following:
p BLDC     p BLDC  p12    K p 2   2  K p1  

(114)

As it can be evaluated on Figure 66, pBLDC has a second order polynomial relation to the
injection rate, with a constraint of zero injection requires zero pressure difference.
Full Flow Domain
A preliminary investigation of the full flow domain has also been conducted in order to be
able to determine the effects of additional stage components like inlet, diffuser, and volute. It
can be stated evaluating Figure 67, that the mesh for the volute has not been correct, it
produced such dimensionless wall distance values, which are not acceptable, they are far over
the limit of y+max = 300. The refinement of the mesh should be performed as a consequence,
but its benefit can be gained in that case, if a well-founded validation hardware can be
developed especially for this problem. On the left side of Figure 67, the velocity distribution
in the vicinity of a BLDC injector is shown, which indicates a good match with the simplified
geometry results.

Figure 67 Part of the full flow domain simulation for BLDC showing vicinity of injection
Finally, one can state that the CFD simulations of various scopes of geometry have been very
powerful tools to obtain such flow field related information, which are not easy to determine
experimentally.

86

4.2.

Applicability of the Control Devices

4.2.1. Common features
The conducted thorough study of the selected surge control devices has led to be able to draw
the conclusions regarding the applicability of the developed system. Based on the results, one
can state that both investigated methods are susceptible of suppressing compressor
instabilities. Both of them require significantly less shaft power for reaching similar effect
compared to conventional solutions. As it was emphasized also, the possible realization for
both the sensors and actuators may involve state-of-the-art MEMS components; consequently
the power requirement for the execution of control may also be appreciably reduced, while,
on the other hand, this configuration leads to more rapid intervention, which is prosperous
respecting the compressor spends substantially shorter time under adverse circumstances
resulting in both better fuel economy and increased compression system components’ life.
Furthermore, it is also important to mention the limitation of the developed systems. Although
it cannot be surely excluded that these do not represent the ultimate boundaries of the
utilizable range, present examination show that the capability of flow stabilization is only
available in a comparably narrow extent. In comparison with conventional methods like
recirculation / bleed at the compressor discharge, the investigated devices cannot meet the
requirements at zero delivery to the user system. One can state, in the present status of the
research, the VISB and BLDC solutions should be utilized in such applications accordingly,
where the delivery of the user system does not drop significantly below the surge point.
Although this condition could seem to propose severe restriction on the possible utilization,
the majority of the considered user systems do not require significantly broader operational
range. Let us take into account the most important aerospace application, the power section of
a gas turbine engine. The mass flow rate of the hot section (combustion chamber, turbine) is
diminishing but it will not drop to zero under normal operational circumstances. Consequently
one can ascertain the reason for existence of the developed devices.

4.2.2. Applicability of VISB
Due to the available resources, the VISB is considered as primary device in the research. It
was possible to implement a compressor test rig capable to carry out measurements related to
this method, whose results are detailed in the following Chapter 4.3. The possibility of
actively controlled surge suppression and satisfactory wide range have been discussed above;
subsequently let us consider those criteria, which have been formulated in Chapter 2.4.
The VISB has been developed from the beginning to meet the requirement of enabling hot
standby; the main idea was to close the orifices under high delivery conditions canceling the
considerable drop in efficiency. The investigation of control system has pointed out the VISB
is being held closed during normal operation and it is only opened in the case of fast transient
passing below the surge point, i.e. the control circuitry may be forced to a low-power wait
mode, from which it may be woken by an interrupt e.g. scheduled by the approach of the
surge point. A wide variety of these low power modes can be found on in state-of-the-art
MCU’s. The sensor system could provide a wake-up interrupt for the controller when a predetermined level of delivery is crossed in order to take the necessary countermeasures on
time.
The aspects of failsafe design may cover difficulties, as it may interfere with the condition for
lowest possible power requirement. In conventional surge suppression systems, the widely
spread solution is to provide the open position as the default, hence if the control is failed, the
configuration will be able to prevent surge but at the expense of efficiency. The VISB is
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possible to be realized in similar way, but in this case the power required holding the devices
closed under normal circumstances would deteriorate the overall efficiency. If valves or micro
valves are utilized, there might be such a set point which enables the opening by internal air
pressure upon the failure of the control, but the requirement for closing power could be
eliminated or at least significantly reduced.
Reliability and robustness should be evaluated considering the general features of the possible
MEMS realization. Based on literature survey, one can assume that these properties are
similar to the ones of conventional solutions [26]. The mentioned 1.6 million cycles without
failure means approximately 1300 operations/hour for an equal operational life with the life
limited parts of a contemporary APU, based on the comparison found in the Appendix. This
can be considered as being enough.
Unfortunately, the present configuration of the compressor test rig is equipped with such a
device, which only permits the investigation of steady state operational conditions.
Consequently, strictly relying on the results of the present study one cannot ascertain the
answer on the question whether the VISB can be realized as a fast response system, but as
there were several examples demonstrating the rapid reaction of MEMS devices used for flow
control [66], the same assumption for VISB surely will hold.
The efficiency change can be deducted from the difference of the air parameters being bled in
order to stabilize the flow through the compressor. Based on measurement data, this effect can
be calculated as follows. On Figure 68, one can evaluate the two cases. With closed VISB, the
 11  0,25 kg s , which has been modified as m
 11  0,27 kg s
surge onset was measured at m
 22  0,23 kg s . The relative difference in surge margin can be expressed as:
and m

m SM 

m SM _ VISB  m SM _ norm
m SM _ norm



0.23kg / s  0.25kg / s
 0.08
0.25kg / s

(115)

The power required for compression can be expressed, assuming same efficiency throughout
the blade passage and the total pressure at the VISB outlet almost equals to the static pressure,
which is obtained from measurement, furthermore in the possession of compressor outlet
pressure:
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In the above mentioned cases, the ideal power requirement is computed as follows:
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Consequently, the efficiency of the VISB system is calculated in the following way:
 c ,VISB 

Pc ,VISB ,id
Pc ,VISB



4,41kW
 72,9%
6,05kW

(120)

The measurement has shown that there is a negligible efficiency decrease, which can be
regarded only as the effect of uncertainty of the data acquisition system. Therefore no strict
conclusion can be drawn from these measurements on the efficiency. It has to be emphasized
that it is likely due to the efficiency measurement, which has been obtained from compressor
outlet temperature, where the accuracy has been 0.1°C, leading to a percentage accuracy of
the efficiency of ±0.3%.
Mass flow (kg/s)
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Figure 68 Comparison of surge limit with and without VISB

89

Time

15:31:40

Consequently, it is more practical to compare the power required to achieve stability with two
concurrent methods, e.g. compressor discharge bleed (TCV) and VISB. Let us assume a
 22  0,23kg / s , that corresponds the surge margin achieved by the
required delivery of m
VISB system. In this case, the relative efficiency change is obtained as follows. First we have
to calculate the power required to compress the medium, which will be discharged through the
VISB with the above determined mass flow rate in order to maintain the compressor delivery
at the surge limit. In the next step the power required to compress the medium discharged
through a throttle control valve. In this approach, the TCV flow is less than the VISB, as the
inlet flow at TCV surge margin is less than the inlet flow with VISB. The power in the
denominator of Eq. (124) is the power to compress that amount of medium, which is finally
delivered to the system.
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In order to obtain data from an independent source, another measurement has been
accomplished with APU’s on Boeing 737NG aircraft, using real time data obtained from
BITE, as it can be found in the Appendix.
Although exact design has not been realized for the complete integration of the system, one
can establish assumptions on the effect of the VISB on the weight of the device. Compared to
conventional compressor discharge recycle / bleed valves, the most important advantage is
that the VISB operates in a moderate temperature and pressure that may enable the utilization
of composite materials leading to immediate decrease in component weight. This effect can
be further enhanced with small actuators and valves.
As a conclusion, one has to mention, that based on the several different root causes of surge,
if the particular compressor surge is prone to excitation by inducer stall the VISB is an ideal
solution as it increases the delivery through the part of the rotor in question.

90

4.2.3. Applicability of BLDC
The situation about the BLDC surge suppression devices is slightly different in comparison
with the VISB. Unfortunately, the financial possibilities have not allowed the realization of
such system; hence the consequences have to be drawn based on numerical simulations and
computations carried out with simplified mathematical model of the device. Therefore, final
conclusion cannot be presented; the following ascertainments can only be deducted as
preliminary results requiring additional verifications in the future.
The necessity of functionality over a wide range of operating conditions can be met as it has
been presented by the SCM calculations. As it applies a similar internal modification to the
impeller flow structure as the VISB, it is also likely to be able not only to prevent the onset of
instability but also it can recover the compressor from the unwanted operational mode.
The BLDC provides the ability of hot standby as well, regarding the possibility of stopping
the injection at higher deliveries, resulting in an undisturbed flow pattern under normal
circumstances. It is important to mention, that if BLDC is used with high mass flow rates, the
decreased effective cross-section of the blade passage results in rising speed and thus
increasing losses. Nevertheless, if the supply is practically realized from the compressor
discharge, it can be activated immediately when required. If the valve controlling the injection
is fail-safe open, the compressor can be operated over a wider range with a small efficiency
penalty due to the injection, which remains activated without control.
As no mechanical realization has been possible, the reliability and robustness of the BLDC
can be only estimated. As the injection can be controlled within the hub region in the
stationary frame with a common actuator, it is likely to have a moderate weight while offering
reliable operation with better or at least the same efficiency of the suppression. The latter
ascertainment can be deducted from [42] and [67] who have conducted experimental and
analytical studies focusing on inlet recirculation, respectively. The surge margin improvement
of the BLDC is approximately 5% with a total injected percentage of 3% of the delivered
mass flow, while [42] reports a map width increment of 13.5% with 10% of injection. The
recent study of [67] shows better results, with 2% recirculation under the most adverse
conditions also leads to an approximately 7% surge margin improvement, but the injection is
prone to choking at and above 4% injection leading to a 12% increase in surge margin.
As conclusion, the BLDC can be used for surge suppression in the investigated form as well,
but due to the lack of own validation hardware the results can be accepted only as preliminary
values, which require further investigation in the future.
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4.3.

Results of Validation

All numerical simulations have to be compared to real measurement data, this is called
validation. Unfortunately the financial circumstances have not allowed designing and
implementing any variant of BLDC and the possibilities of the VISB have been restricted to
static investigations as well. Therefore the validation of BLDC system has only been
performed with general jet-in-crossflow measurement data found in the literature.

4.3.1. Validation of VISB
The validation of the VISB devices has been conducted as a determination of the static
compressor map with fully opened orifices. The study of intermediate VISB openings have
been omitted as the preliminary investigations [B11a] showed a reduced efficiency of the
system compared to the predictions of the simplified model [B11b] due to the adverse
geometric arrangement of the orifices located on the compressor housing.
The full flow domain has been utilized, while the decision on the mesh size to be applied the
previous mesh independency investigation has been used. Hence the compressor map had to
be composed of several different mass flow rates at a given speed, an intermediate size with
approximately 1.5 million nodes have been selected, with the following global parameters,
from which the worst conditions all have been realized in the volute domain:
 minimum orthogonality angle of 13.7 degrees found in less than 1 percent of nodes;
 maximum expansion factor is 189, but its spread is limited below 1 percent of the
nodes;
 maximum aspect ratio is 58 which lies in the allowed range.
The validation of the simulation for this method is done with measurements with the data
acquisition hardware detailed in Chapter 3.4. The results are shown on Figure 69 in nondimensional compressor map for opened VISB orifices, where the blue diamond stands for
the measured data, the green squares represent the CFD simulation results, while the red dots
show the absolute value of relative error.

Figure 69 Steady state compressor map with fully opened VISB
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As it can be evaluated on Figure 69, the simulated points lie satisfactorily close to the
measured data, the maximum of the absolute value of relative error has an average of 2.97%,
while the maximum represents a value of 5.89%. Normally, the limit of 5% is considered as
acceptable, which condition is met by 12 of the 14 simulations and only 2 are above the limit.
It is important to mention, that the differences between experimental and numerical results
can arise due to the following conditions:
 small details neglected or improperly modeled in geometry, e.g. the gap between
impeller blades and the shroud, which is also providing a means for surge control
[148] or the volute tongue, whose measures have been particularly hard to determine.
 improperly modeled boundary conditions, mostly in the inlet region, where the intake
duct has been minimized to cut simulation time. The stable total pressure condition
might be disturbed in reality leading to slightly different operation of the compressor.
 although the temperature rise within the impeller is moderate as discharge temperature
reaches a maximum of around 50°C, the assumption made in the simulation, that the
walls are considered adiabatic, implies a small error in the numerical results.
Taking into account the VISB orifices, two major parameters, which have been measured, can
be the basis for validation of the CFD simulations, namely the mass flow through the orifices
and the wall static pressure in the respective cross-section. Both parameters show acceptable
correlation with acquired data, as it can be evaluated on Figure 70.

Figure 70 Validation for wall static pressure and mass flow through VISB orifices
Another important aspect is the reliability of the developed one-dimensional mathematical
model, hence the results of this simplified calculations have to be compared to data acquired
by measurements. Here, having applied the necessary corrections due to the flow coefficient
through the VISB orifices, an acceptable match can be found between computed and
measured data. On Figure 71 one can see two data sets, black line with circular markers show
results obtained with closed VISB orifices, while the blue line with square markers stands for
the fully opened VISB system. The transparent surface is the set of data computed by the
SCM model. It can be stated that the simplified calculation procedure meets the requirements
of the accuracy; this method can be utilized for obtaining preliminary information about the
operation of a compression system fitted with VISB. Nevertheless, it is also important to
mention, that the present realization takes into consideration only a single geometry variant,
consequently the modeling off different configurations should be incorporated in the future.
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Figure 71 Comparison of measured data against SCM results based on [B11a]

4.3.2. Validation of BLDC
For the BLDC validation, the simplified geometry model has been utilized. As it has been
mentioned in the introduction of the present chapter, the BLDC simulation has been validated
with measurement data obtained by other authors. For this purpose, the simulation had to be
slightly modified to ensure similar circumstances compared to the original experimental
setup. This required creating a simulation with the simplified geometry model, in which the
impeller has no rotation to cancel effects of centrifugal force uncommon in general jet-incrossflow problems. For validation, two sources have been selected, a general review of the
field [35] and a specific article [38] dealing where the medium of the injected flow is identical
to the base flow, which is similar to the situation under investigation.
Based on the previous results of mesh independency analysis, the mesh size was chosen to lie
in the range of 2-2.5 million nodes. The realized mesh counted 2259345 nodes, the higher
number of nodes compared to the VISB simulations is due to the capillary injection tubes.
The mesh had minimum orthogonality angle of 15.0 degrees and maximum expansion factor
is 198 (less than 1 percent of nodes), maximum aspect ratio is 104 which lies in the allowed
range. The worst conditions all have been found in the rotating domain.
The simulation results have been compared to the models described in the above mentioned
two references. Both are using similar experimental approach, [35] is based on the momentum
flux ratio J (first model), while [38] uses the R velocity ratio with slightly different
coefficients (second model). On the left side of Figure 72, the velocity contours are shown in
the vicinity of the middle injection orifice, where the effect of the neighboring injector also
can be seen. On the right side, the comparison with the two models can be evaluated, where
relative difference percentages are also plotted.

Figure 72 Results of BLDC simulation with non-moving impeller
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4.4.

Decision on Future Development

As all investigations, the present work also could not answer all possible questions of the
selected topic hence a broad range of future developments can be determined. When one
examines the neglected features also can find the answers of the ways of further improvement.
Related to the scientific theses, which are detailed below in Chapter 6, one can consider the
following.

4.4.1. Improvement of the VISB system
Mechanical development
The VISB system has been implied as a set of relatively small number orifices having
considerable measures. It could be more practical if a large number of small outlets could be
realized based on MEMS actuation resulting in smoother and more accurate control
consuming less power during operation [90].
It is also a very promising possibility to develop a closing device that is able to react in a
considerable short time, equipped with an autonomous control including the necessary
actuation as well, i.e. rotating-translating ring moved with bellcranks.
As the realized geometric configuration (steep angle orifices located in only 30° from the
axial) showed disadvantageous circumstances for outwards directed surge bleed airflow.
Different configuration (with a reproduced compressor shroud) could be also a source of
improvement. Another possibility is increasing the area of orifices that would lead to a
broader range of surge suppression.
Although the one-dimensional mathematical model included the possibility for closed surge
suppression chamber, the validation hardware finally was realized omitting this feature. It is
another field of investigation to explore the effects of such equipment.
Improvement of control
As the field of control has been considered only superficially, a large improvement could be
achieved in this subject. Because in the present work only a single linear approach has been
evaluated, expanding the scope with other solutions, e.g. linear parameter varying (LPV)
control, which is experiencing emerging utilization throughout the aerospace industry [7],
would be beneficial, and, regarding the nonlinear nature of compressor instabilities,
development of various nonlinear approaches could be also feasible.
Another important development has to be mentioned, the installation of electronically
controllable actuators (e.g. DC servo motor) on the VISB apparatus in order to be able to
operate the closing device automatically from an electronic unit, that implements the designed
LQ regulator. With this improvement the compressor test bench will be able to be utilized for
transient measurements as well.

4.4.2. Development of the BLDC system
Mechanical aspects
The alternative surge suppression method, Blade Load Distribution Control has left more
open questions, mostly in the implementation of the system. It can be an emphasized way of
further development to realize the designed BLDC system on a compressor in order to be able
to gain experimental results on the operation of such devices. First it could be a simplified,
macro scale system to obtain general static operational data, while in the far future, as it has
been suggested regarding the VISB, it could be realized using fast response, low power
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consumption MEMS elements, such as micro valves controlling the compressor discharge
recirculation, etc.
Another improvement of the current design concerning different setup of injection could be
investigated, which covers at least two major aspects. Firstly, as there have been proposals for
realize the injection from the blade surface, implicitly on the suction surface where the
separation control should have auspicious effects. Secondly, injection is suggested in the
present work as the solution for controlling the effective cross section of the flow passage;
however, different other methods could be available for reaching the same effect, i.e.
electrically or electromagnetically operated micro flaps resulting in flow direction change,
etc., as it has been proposed in [B08a].
Consideration on control
Although it has been assumed in Chapter 3.3 that the control developed for VISB system can
meet the requirements of the BLDC as well, an intensive study should be conducted in order
to prove this supposal. But as the LQR for VISB has been based on measurement data, first on
has to implement the new surge suppression devices on the compressor test bench.

4.4.3. Improvement of computer aided methods
Both MATLAB computation and LabVIEW data acquisition software have been written to
meet the requirements of the present study, therefore the adaptation to newly defined needs
can be a basis for further development of them. As it has been stated before, the SCM is only
taking into account a single orifice orientation, on which the compressor performance depend,
consequently a routine, which is able to calculate the effect of various orifice angles might
have an importance among the future development possibilities.
Furthermore, both simplified computation and data acquisition can be used also in other
applications, i.e. complete mathematical model or measurement system of a gas turbine
engine, respectively.
The conducted CFD simulations have been incomplete as well, due to the lack of transient
simulations; consequently these investigations could bring a new aspect of the dynamic
behavior of the selected devices. However, the reason for omitting this possibility was the
lack of comprehensive validation mostly in the BLDC variant, which has been mentioned
above as one of the most important improvements.
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5. Conclusions of the Present Work
The aim of the present work has been to find and evaluate methods that are applicable for
centrifugal compressor active surge suppression.
For this reason, a thorough literature survey has been conducted to gather relevant
information about this particular field of industry, in order to be able to compare concurrent
approaches of the same problem in different ways. First of all, the dynamic compressors have
been introduced, focusing on the particulars of centrifugal type machines, including a simple
one-dimensional mathematical model. The types of compressor instabilities have been
detailed, from which the physical outline of this aspect could be drawn, supplemented by the
effects of surge upon the compressor operation. This was followed by an extensive
demonstration of the utilized passive and active methods of surge avoidance, focusing on the
widely spread solutions. At this point also a preliminary selection has been made, outlining
the main part of the present work.
The next step has been the presentation of onset conditions, which highly affect the available
opportunities of countermeasures. The mathematical apparatus for determining surge onset
has been also included, that is containing a new approach based on similar considerations of
several authors in the field. The complete description of the newly developed Split
Compression Model (SCM) has followed in order to be able to supply preliminary
performance calculations of compressor equipped with active surge control by internal flow
field modifications. Also the requirements have been specified, which have to be met by a
candidate surge suppression device.
Followed by the final decision, the Variable Inducer Shroud Bleed (VISB) and Blade Load
Distribution Control (BLDC) have been selected for further detailed development. It is
important to note, that the possibility of realizing the given system with MEMS has been an
essential factor in the resolution. For both selected methods a thorough computational fluid
dynamics (CFD) simulation in ANSYS CFX has been carried out including single blade
channel simplified models as well as full flow domain models including the whole centrifugal
compressor and its surroundings as inlet and outlet ducts. The numerical investigation of the
VISB has been extended with a dynamic simulation realized in MATLAB Simulink that
formed the basis for control synthesis. This resulted in an LQ optimal control of the VISB
showing auspicious properties of the device and regulator.
Nevertheless, no computational method can be considered comprehensive without the
possibilities of validation to experimental data. Therefore a compressor test bench has been
developed with the possibilities of generating and suppressing instabilities, equipped with upto-date data acquisition and control system, with LabVIEW based software. The test bench is
able to perform measurements related to the present research but also provides possibilities to
include similar compressor related investigations.
In the last chapter the results of CFD simulations have been presented in details, followed by
the evaluation of the applicability of the studied devices, along with the validation of the CFD
investigations and simplified one-dimensional SCM results. As a summary to the present
work, the possible improvements and further developments are outlined as well.
Finally, the conclusion can be drawn, that the two investigated methods, which have been
originally realized as passive surge avoidance devices, can be developed and utilized as active
surge suppression units, providing increasing efficiency, LQ optimal controllability, so the
present work has reached its appointed goals.
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6. New Scientific Theses
Thesis 1.
I have developed a method of Variable Inducer Shroud Bleed (VISB) for active
suppression of centrifugal compressor surge, based on the widely spread fixed (passive)
inducer shroud bleed surge avoidance solution.
a.

I have implemented the originally fixed orifices in the method of VISB as
controllable bleed valves in order to achieve active surge suppression capability that
is controllable throughout the whole operational range of the compressor.

b.

The VISB allows the extension of the range of stable operation by approximately 10
percent of the uncontrolled surge mass flow rate, which has been predicted by the
simulations and has been validated through extensive experimental research with a
compressor test bench.

c.

The most important advantage of the VISB over its constant geometry predecessor is
that it allows an efficiency increase at high delivery rates when the orifices are
controlled closed. When compared to realized, active surge suppression systems, it
shows (by use of ANSYS CFX commercial code) a favorable effect on the efficiency
due to the less work done on the part of the medium to be released through the VISB
in order to suppress instabilities.

Publications related to Thesis 1: [BN08], [B08a], [B10b], [B11a], [B12f]
Thesis 2.
I have designed a linear quadratic regulator (LQR) for the optimal control of
the VISB method, based on the modification of the Greitzer model for centrifugal
compressor surge, including rotor dynamics.
a.

For control input I have introduced the dimensionless VISB opening,  VISB , instead of
conventionally applied mass flow rate or compressor discharge pressure. The
linearized state space representation of the compressor model has been derived for
this single input in MATLAB Simulink environment. As changes in rotor speed have
been negligible proven by measurements, finally the model has employed a constant
speed approach.

b.

I designed the present control to be able to operate based on the conventional
measurement of rotor speed, mass flow and compressor discharge pressure, which is
common to realized systems, as well as it can rely on the data yielded by micro
electro-mechanical (MEMS) sensors in the inducer-impeller interface installed on the
shroud of the compressor, where the VISB orifices are located.

c.

The designed control, in spite of current surge suppression systems, achieves lower
power consumption for stabilizing the flow which decreases power requirement by
7.5% leading to an overall efficiency increase under transient operational conditions.
This fact has been validated using measurements carried out on Boeing 737NG
aircraft APU's.

Publications related to Thesis 2: [BN08], [B11b], [B12c], [B12e], [B13b], [B13c], [B13d]
Thesis 3.
In addition to the VISB, I have developed an active method for Blade Load
Distribution Control (BLDC) and investigated extensively with CFD, which is based on
the research of Flynn and Weber [11], where a passive solution has been realized in
order to separate the stall regions of the inducer and impeller.
a.

I assumed in the BLDC method the utilization of perpendicular flow injected from the
hub of the compressor at the inducer-impeller interface within all blade channels to
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create a deflection of the base flow resulting in dynamically adjustable geometry of
the passage. This effect results in the division of stall regions leading to stabilization
of the compressor.
b.

I have performed thorough CFD simulations in ANSYS CFX commercial code and I
have realized the simplified one-dimensional mathematical model of the BLDC. As
the operation of the BLDC is similar to several jet-in-a-crossflow problem, they
provided a basis for validation of the numerical investigation, due to the lack of own
hardware.

c.

As the method of BLDC implies a dynamic internal flow path modification that can
be mathematically described in a similar manner to the effect of the VISB (i.e. it
results in a movement of the compressor characteristics towards lower deliveries), it
is also optimally controllable thus the method described in Thesis 2 is assured.

Publications related to Thesis 3: [BN08], [B11c], [B12a], [B13a]
Thesis 4.
I have developed a small software bundle called Split Compression Model for
data acquisition and control, in order to supply theoretical computation and provide data
acquisition for experimental purposes.
a.

I have written the module for theoretical computation in MATLAB that contains a
one-dimensional approach of the methods VISB and BLDC, which treats the
centrifugal compressor as a pair of two coupled compression units, split to the inducer
and the impeller, respectively.

b.

The developed simplified one-dimensional computation also constitutes the basis for
the designed control system.

c.

I have realized the data acquisition module in LabVIEW that includes the necessary
components to conduct detailed measurement of the investigated method and
provides automatic data storage during the measurement for subsequent off-line
evaluation.

Publications related to Thesis 4: [B08a], [B08b], [B10b], [B10d], [B12b]
Thesis 5.
I have elaborated a measurement principle and I have implemented it on a
compressor test bench in order to provide experimental research capability of the VISB
system. I have used the measurements conducted on the test bench for validation of the
numerical simulations.
a.

I have realized the VISB system on the compressor test bench; and I have developed
a coupled data acquisition system. The measurements provided a basis for validation
of the theoretical results.

b.

With the help of the VISB system, the compressor test bench can be utilized for the
investigation of generation and suppression of various instabilities including rotating
stall and surge due to the throttle valves located in different installations.

c.

The test bench is also capable of the survey of various aero-meteorological
phenomena (icing, high humidity environment, etc.) that can lead to instabilities of
aircraft engines and their components.

Publications related to Thesis 5: [B10a], [B10c], [B11b], [B12b], [B12d]
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Appendix A: Measurement on B737NG APU
Appendix A contains the short introduction of the Honeywell 131-9[B] auxiliary power unit
used on Boeing 737NG aircraft, on which validation measurements have been carried out, as
well as the calculation method to obtain the required information from the measurement data.

The Honeywell 131-9[B] auxiliary power unit (APU)
The Honeywell (formerly Garrett) 131-9 gas turbine family is used as airborne auxiliary
power unit on the Airbus A320 (optional) and Boeing B737NG aircraft. This single spool gas
turbine engine has the purpose of providing electrical and/or pneumatic power, in case of the
related systems of the engines are unavailable for any reason. For the generation of
compressed air, it includes a separate load compressor driven by the power section. As the
three-phase AC generator requires a constant rotational speed in order to deliver correct
output frequency, the basic control logic for the APU is to maintain the constant nominal
speed under all circumstances. This necessitates a control for the load compressor, in order to
reduce the parasitic load if pneumatic supply is not required. The compressor control is
realized with the help of the variable inlet guide vane (IGV) and surge control valve (SCV).
The IGV is responsible for maintaining the flow through the load compressor to the minimum
possible value, while the SCV provides a continuous flow in order to prevent surge. This
solution is commonly used in aviation auxiliary power units. The longitudinal section of the
APU can be evaluated on Figure 73.

Figure 73 Longitudinal section of Honeywell 131-9[B] APU

The measurement of the APU parameters
The Boeing 737NG features a Control Display Unit (CDU) in the flight deck, which is not
only intended as Flight Management Computer interface, but also incorporates sophisticated
support for maintenance activities as fault isolation etc. The APU system also has a possibility
to show real-time data during the operation called Input Monitoring. This feature includes
four consecutive pages where the measured data and other information are sorted in
relevance. The most important numeric values are grouped on the first page, as it is shown on
Figure 74. The measurement has been carried out with the help of a video recorder, and the
results have been evaluated off-line, based on the images recorded.
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Figure 74 The APU Input Monitoring screens on the CDU
It is not strictly connecting to the measurements, but it has been mentioned in Chapter 4.2, a
guideline to determine the approximate correlation between APU operation hours and cycles.
The APU BITE menu in the IDENT/CONFIG page shows the necessary parameters. Based
on the APU’s involved in the measurement, the data can be found in Table 4 and on Figure
75. It is interesting, that two measurements have been conducted on HA-LOB with the same
APU on 27th April 2011, then the second on 7th December 2011, with slightly more than half
year between the two occasions. The APU gathered 717.5 hours and 2253 cycles in 224 days,
i.e. the rate of usage shows 3.2 hours and 10 cycles per day. Consequently, the life-limited
parts in the APU gain the ultimate cycle number of 30000 in approximately 8-10 years while
running 10-12000 hours.
APU Serial Number

APU hours

APU cycles

Hour/cycles

P6414

9291.9

21916

0.424

P6414

10009.4

24169

0.414

AVERAGE

0.419

Table 4 APU hours/cycles comparison

Figure 75 Typical IDENT/CONFIG page of APU
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Calculation of the APU parameters
The calculation is based on the data presented on the first page of the APU input monitoring.
This page contains the following numeric data (see Table 5), from which parameters shown in
bold have been utilized for the evaluation.
APU Input Monitoring
page caption
SPEED
EGT
IGV POSITION
SCV POSITION
DELTA PRESS
TOTAL PRESS
INLET PRESS
INLET TEMP
FUEL TMC
FUEL FLOW

Description

Notation

APU rotor speed, shown as percentage of nominal
Power section turbine discharge temperature
(Exhaust Gas Temperature) in Centigrade
Inlet Guide Vane position in degrees (nominal
15° closed, 115° fully open)
Surge Control Valve position in degrees (nominal
10° fully open, 90° fully closed)
Pressure difference between load compressor
discharge total and static pressures, in PSI
Load compressor discharge total pressure shown
in PSI as absolute pressure (reference: vacuum)
Load compressor inlet pressure in PSI absolute
Load compressor inlet temperature in Centigrade
Torque motor current for fuel metering valve in
milliamps
Fuel flow measured downstream of the metering
valve shown in PPH

-

IGV
SCV
p2
p2*
p1*
T1*
-

Table 5 Measured parameters of B737NG APU
The calculation procedure is the following: using the pressure ratio gas dynamic function ()
one can obtain the value of non-dimensional speed , assuming constant specific heat ratio,:

   

p 2  p 2
*

p2

*



 1
 1 
   1 2   1

 1 
    
 1      
 1 

  1


(125)

The non-dimensional mass flow rate is also found as a gas dynamic function:
1

1

   1   1
   1 2   1
q   
 
    1 
 2 
  1


(126)

In order to determine the mass flow, first we have to determine the LC* pressure ratio of the
load compressor. Because we are looking for such operational points, where the discharge
through the Surge Control Valve is in the range of the VISB, it means that approximately 10%
of the delivered airflow can be discharged. Under these circumstances, we can assume that the
IGV is open enough not to create significant pressure loss. With this simplification the
pressure ratio reduces to the quotient of the total and inlet pressures:
*
 LC


p 2*
p1*

(127)

Consequently an estimated T2* total temperature at the load compressor discharge can be
computed with the help of an approximated isentropic efficiency sC:
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(128)

The load compressor outlet scroll has an approximate inner diameter of 3 inches, so its crosssectional area measures 4.56×10-4m2. Thus the mass flow can finally be obtained from the
definition of the non-dimensional mass flow rate q():

m LC 

  p 2*  A  q 
T2*

(129)

where  is a constant of medium properties defined as:
 1

  2   1



R   1

(130)

In order to determine the above mentioned ratio of surge airflow to total airflow, we have to
ascertain the delivery through the SCV. Regarding its simple butterfly construction, one can
assign an approximation, which describes the mass flow through the valve as a function of
pressure difference across it. As the SCV outlet is directed to the APU exhaust (see Figure
73), the assumption about the latter can be made as follows, considering the pressure
downstream to the SCV to have a value about 1.05 times the atmospheric pressure due to
friction and mixing losses in the subsequent duct sections:
p SCV  p2  1.05 p1

(131)

The SCV is a standard 4-inch butterfly valve having a cross-sectional area of 8.107×10-4m2.
The characteristics of the valve have to be considered also, which has been derived from other
measurements including similar butterfly valves, and can be seen on Figure 76. The flow
coefficient of the valve does not reach hundred percent when the valve opens, as the valve
plate and its shaft forms a blockage, which restricts the flow, but as it can be seen in Table 5,
the valve does not reach this extreme position.

Figure 76 Approximation of SCV characteristics – flow coefficient (percentage) versus
relative closure
As all necessary parameters have calculated or approximated, the mass flow discharged
through the SCV can be determined as follows:

 SCV    ASCV  2   2  p SCV
m
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(132)

where 2 can be determined from the density ratio gas dynamic function:
1

1


p 2*    1 2   1
   1 2   1
    2*  1 
    2 
 1 
 
R  T2*    1
2    1



(133)

The results of the calculation and the comparison with data obtained from VISB model can be
evaluated in Table 6 and Figure 77, respectively.
p2*

p2

p0

IGV

SCV

T0

T2*

2*

(2)

(2)

T2

p2

2

ckrit2

PSIA

PSID

PSIA

DEG

DEG

°C

K

kg/m3

-

-

K

bar

kg/m3

m/s

1

29.2

7.8

14.5

45.7

73.9

11

358.0

1.960

0.733

0.915

327.6

1.476

1.570

346.2

2

56.4

5.6

14.2

61.5

65.9

6

437.5

3.097

0.901

0.971

424.6

3.503

2.874

382.8

3

56.1

5.3

14.2

61.3

68.3

6

436.8

3.086

0.906

0.972

424.6

3.503

2.874

382.4

4

57.9

5.4

14.3

65.2

77.1

7.6

442.7

3.142

0.907

0.972

430.5

3.620

2.930

385.0

5

58.7

5.7

14.3

65.3

71.8

7.7

444.8

3.170

0.903

0.971

432.0

3.654

2.947

385.9

6

58.0

5.7

14.3

65.6

64.5

7.7

443.1

3.144

0.902

0.971

430.2

3.606

2.920

385.2

m SCV %
m 2

PLC
kW

PSCV

Peff

eff

VISB

PVISB

eff

kW

kW

%

-

kW

%

2

c2

q(2)

m2

SCVnorm

mSCV

-

m/s

-

kg/s

-

kg/s

1

0.714

247.2

0.9

1.77

0.821 0.080

4.52

131.5

5.94

106.7

81.2

1.169

1.22

3.76

2

0.420

160.9

0.62

2.11

0.732 0.427

20.25

335.7

68.00

227.6

67.8

1.495

17.15

18.99

3

0.410

156.6

0.6

2.05

0.759 0.354

17.25

325.4

56.15

228.9

70.3

1.492

14.14

15.60

4

0.407

156.6

0.6

2.09

0.857 0.244

11.67

340.8

39.76

255.9

75.1

1.508

10.08

9.86

5

0.415

160.3

0.61

2.15

0.798 0.298

13.81

355.3

49.07

260.3

73.3

1.517

12.49

11.94

6

0.418

161.0

0.61

2.14

0.717 0.494

23.04

349.9

80.60

228.9

65.4

1.509

20.45

22.34

Table 6 Results of APU measurements

Figure 77 Comparison of APU data with VISB calculations
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