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Abstract:

Contemporary high pressure ratio centrifugal congs@s have a narrow stable
operating. In order to achieve a wider stable op#grmg region, some anti-surge
measures can be used, such as an internal rectionlachannel (IRC). This article
presents a study of the airflow in IRC of a ceng#l compressor. A model of such
channel was designed and manufactured in ordenvestigate the influence of various
IRC inlet slot geometry on air flow parameters. Mwical simulation of the airflow for
selected variants was also performed. Results efiimulation together with results of
the experiment enable us to analyse the airflothearea of the inlet slot and to find
out its most suitable geometry.
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1. Introduction

In the aviation, centrifugal compressors find th@ace in gas turbine engines operating
at low air mass flow rate like low-power turboshaftgines, auxiliary power units
(APU’s) or special turbojet engines. They are alsed as turbochargers in aircraft
piston engines. Such compressors are simple, kgsty to manufacture and thus fairly
inexpensive.

A schematic view of a centrifugal compressor isegivn Fig. 1. The compressor
consists of an intake duct (0-1), an impeller (1v&neless diffuser (2-3), vaned diffuser
(3-4) and an outlet duct (4-5) [1].
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Fig. 1 Scheme of centrifugal compressor [1] anavfkeparation in impeller

An analysis of the thermodynamic cycle of a gadihg engine [2] shows that high
values of compressor pressure ratio are needediar to achieve the necessary power
of the engine, especially for high temperatureramf of the turbine. However, such high
pressure ratio compressors have a narrow stablatomeregion. This region is defined
by the difference of the air mass flow rate from furge line to the aerodynamic choke.
Due to the narrow stable operating region, thesieart behaviour is negatively affected,
which can cause decrease in the operability of gashturbine engines.

Compressor pressure ratig, is defined by the total pressure at the compressor
outletps; and the total pressure in front of the impefig(see Fig. 1):

_ Pst
= st 1
o (1)

Compressor isentropic efficienay is calculated from total temperatures, whéte is
an isentropic temperature at the compressor outlet:
o=l @)
Ts =Ty
Unstable operating states of the compressor argedaloy a rapid drop of the pressure
ratio. The compressor pressure ratio drops asrdsspre loss rises due to the separation
of the flow at the impeller or diffuser vanes.

As the air mass flow rate through the compre§sochanges, the absolute velocity
of the airflow in the inlet duct; changes as well. Supposing that the rotor speed is
constant (i.e. tangential velocity at given radius is constant), the incidence angle
the relative streamy; changes with respect to the axial velocity

At the design point (Fig. 1a), the incidence anigle close to zero, there is no
separation of the airflow in the impeller and thregsure ratio and the efficiency will
come up to the highest values for the given ropaes. In case of decreased air mass
flow rate Q,, through the compressor (Fig. 1b) the incidenceleangeaches positive
values and the flow begins to separate. At highueslof the incidence anglethe
separation rapidly spreads along the flow chanwbich causes a significant pressure
loss and can lead to the unstable operation ofn&rifteyal compressor [1]. There is a
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similar flow separation caused by the change of itteédence angle in the vaned
diffuser. This means that the stable operatingoregif a centrifugal compressor can be
extended by appropriate modification of the floeldiin front of the impeller in order to
achieve lower values of the incidence angle orirtipeller vanes.

One of the methods how to extend the stable operagigion is to use an internal
recirculation channel (IRC) that allows partialirealation of the compressed air. Using
this channel, part of the compressed air flows Hagk the inducer to the inlet duct,
where it influences the flow field in front of thpeller in order to suppress stall at the
inducer vanes. Such recirculation channel doesowiplicate the compressor design, it
is easy to manufacture and it can partially impriineecompressor characteristics.

Outlet slot Inlet slot

impeller

x [mm]

Fig. 2 Scheme of internal recirculation channel

The internal recirculation channel (see Fig. 2)sists of an inlet slot (A) above the
impeller, an outlet slot (B) in the inlet duct asd annular channel connecting them. The
flow through the IRC is conditioned by static pragsgradieni\p between the inlet slot
and the outlet slot. The position of the inlet stotd the outlet slot has significant
influence on the pressure gradiaq, as shown in Fig. 2, where a typical static pressu
distribution along the compressor casing is sholtris important to note that the
pressure distribution is generally variable andemhes on the actual operating point of
the compressorlnternal recirculation channel partially extend® tbtable operating
region of the compressor (see Fig. 3) as it wagqatdy many experiments.

The use of IRC in a centrifugal compressor withiglegressure ratia, = 4.2 [3]
caused an extension of the stable operating regiog. 3), however a drop of
compressor pressure ratio and efficiency occurtethe high rotation speed. Similar
results were obtained for turbocharger with a Yyaitbw design pressure ratio
7 = 3.2 [4]. Six different IRC geometries were intigated in [5]. The results were
similar to those described in [3]. MeasurementsCammins turbocharger [6, 7] were
carried out for 3 rotation speeds (68 %, 87 % ab@l %). This experiment was focused
on the influence of the inlet slot position relatiw the inducer leading edge and the inlet
slot width on the compressor map. In the followgeriment [8, 9] the influence of
vanes inside the IRC was investigated. Resulthefridividual reports mentioned above
indicate how the compressor map is affected bylR@: stable operating region is
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enhanced, but usually there is some compressosyesatio and efficiency drop,
especially at high rotation speed.

Tc* ) y B
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4.0
3.0
2.0
0.4
1.0
0.0 0.5 1.0 1.5 2.0
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Fig. 3 Compressor map [3]

However, in the available references there is k tdaheoretical basis for IRC design.
Often, centrifugal compressor is manufactured witfounded dimensions and position
of the IRC. Such recirculation channel designsvarfied only by an experiment on a
real compressor, which makes it impossible to patpited attention to the airflow in the
recirculation channel itself. An influence of thetlet slot geometry on the flow field in

front of the impeller was investigated both expenmally and by simulation in [10]. The
above mentioned research works do not concernritheence of the IRC inlet slot

geometry on the energy losses of the airflow thhothhg IRC.

2. Physical Model of Internal Recirculation Channel

In order to investigate the airflow in the IRC ofcantrifugal compressor, a physical
model of one was designed and manufactured as taopa research work at the
University of Defence [11].

A concept of the model is shown in Fig. 4. The niatdn be divided into three
main areas: the IRC itself (A-B), the main duct ER-which corresponds to the inlet
duct of a centrifugal compressor, and the annulgrply duct (C-F), which the
compressed air is delivered through.

Compressed air from an external supflyis delivered to the model using nine
inlet pipes attached to the threaded holes (erréar cover. The holes in the cover are
skewed to the axis of the model in order to giwedlr the highest possible swirl, which
is present on real centrifugal compressors. ThioairQ; runs through the annular
supply duct to the place of the inlet s{@&), where it is divided into two stream,
which enters theecirculation channel an@; which reverses its direction and flows out
into the atmosphere (F).
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Fig. 4 Concept of IRC model

This approach should imitate the airflow along tasing wall of a real centrifugal
compressor in place of its inlet slot, where theflaivs through the impeller and only its
small amount (most likely from the near-wall areasders the recirculation channel. The
airflow Q, exits the recirculation channel through the outlet (B) and mixes up with
the airflowQyy in the main duct. Therefore, the air mass flove idirough the internal
recirculation channeD, can be determined by the difference between thmass flow
rateQout at the model outflow an@,y at the model inlet.

Based on the previous concept, the IRC model wagyded and manufactured.
The model is shown in Fig. 5 and consists of oassing (1), front cover (2), rear cover
with skewed air supply tubes (3), inner part (€ntcal tube (5), exchangeable rings "A”
(6), "B” (7), "C” (8) and "D" (9), front pipe flang (10), front pipe (11) and output pipe
(12). The inlet slot of IRC is formed by exchandeabngs "C” and "D”, while the
outlet slot is formed by rings "A” and "B”. Thes@ags can be removed, adjusted and
mounted again. This allows us to modify the geoyetithe input and output slots quite
easily without making any irreversible changestmnIRC model.

Fig. 5 Design of IRC model
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Figure 6 shows locations of pressure probes arslitegtalled on the IRC model.
The temperature of air entering the model is memkshy thermocouple. In section "1” -
in front of the inlet slot formed by "C” and "D” mgs - there is a 3-hole yaw probe
allowing us to measure total and static pressurevels as the velocity angle of the
swirled flow. In the same section there are foul weessure taps uniformly distributed
along the circumference, which enables us to meathar static pressure in this section.
At the end of the recirculation channel there asaics pressure taps and a 3-hole
cylindrical probe, which is due to its size sitihfew millimetres further - inside the
outlet slot. Static pressure taps in section "4 lacated in the main duct in front of the
IRC outlet slot.

Cylindrical probe
Q> Yaw probe Thermocouple

- i E%// . , fl/l Ol/lte“as"“g \
\\{g‘/ - sl /// [ f Qi ;

Qs

Qouj N

Qin

Inner part Central tube

Fig. 6 Scheme of IRC model with pressure probesapsilocation

3. Experiment

Series of measurements were carried out on themiB@el to determine the dependency
of the air mass flow rate through the IRC chanmel anergy losses of the airflow for
various pressure gradients and for various geoecadtdonfigurations of the inlet slot.
The air mass flow rate through the recirculatiorarotel Q, is determined by the
difference of mass flow rat®qyr andQ,y measured by two orifices (see Chapter 3.1).
Pressure gradient on the recirculation champel is defined by the difference of static
pressure in front of the inlet slgy and static pressure in front of the outlet gigt
Energy losses of the airflow in the recirculatidraonel are evaluated by total pressure
conservation coefficientirc = ps;/ py and plotted against the Mach numidéy. The
Mach number is evaluated using the total and spaBssures measured in section "1”.
Geometrical configuration of the inlet slot can\zied by adjusting the exchangeable
rings "C” and "D".

3.1 Description of Experimental Stand

The experimental stand is shown in Fig. 7. The IR@del (1) is on its both sides
attached to orifices (2, 3) using plastic pipes [3je orifices are used to measure the air
mass flow rate entering the modeQ,() and exiting the model Qoyr). The
measurements were performed in accordance withdatds [12]. The system is
connected to the inlet of the industrial fan (7)ngsa flexible tube (6). A neck (4)
prevents from separation of the airflow on a stextge of the pipe. Compressed &¥)(

is delivered to the IRC model from a pressure Veddere detailed description of the
experiment and the data acquisition system is givghl].
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Fig. 7 Scheme of experimental stand

3.2 Inlet Slot Configuration
Combining different values of the inlet slot widthhe inlet slot leading edge
modification and the depth of the cavity (see Big.seven variants of the IRC inlet slot
were considered:

e angle 90°, width 2 mm, sharp leading edge (90-2SE)

e angle 90°, width 2 mm, bevel leading edge (90-BE)

e angle 90°, width 2.5 mm, bevel leading edge (9BEp

e angle 60°, width 2 mm (60-2)

e angle 60°, width 2.5 mm (60-2.5)

e angle 45°, width 2 mm (45-2)

e angle 45°, width 2.5 mm (45-2.5)

auxiliary rings cavity depth

slot width

Fig. 8 IRC geometry configuration

Moreover, each of these variants was measured waitiable cavity depth. The cavity
depth was adjusted by inserting the auxiliary rimdgss mm and 10 mm width (see
Fig. 8). In this way, the cavity depth could beeedtd to 0 mm (C0), 5 mm (C5), 10 mm
(C10) or 15 mm (C15).
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3.3 Results of the Experiment

First series of measurements were carried out €riflet slot angle variants. The
resulting diagrams in Fig. 9 and Fig. 10 show thatvariant with 2 mm slot width and
sharp leading edge (90-2SE) gives the pooresttsesulterms of the lowest air mass
flow rate Q, trough the IRC at given pressure gradieffs, and the highest energy
losses at give;.
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Fig. 9 Measurement results of variants with 90&irdlot angle, IRC air mass flow rate
vs. pressure gradient
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Fig. 10 Measurement results of variants with 908&tislot angle, pressure losses vs.
inlet Mach number
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Effect of variable cavity depth was also discoverEde CO variant (without any
cavity, i.e. with both auxiliary rings installedh®wved better results than all the other
variants. The remaining three cavity depths vasig@5, C10 and C15) gave slightly
worse results than CO. Moreover, variants C10 abdl €howed almost identical results.
In terms of this fact, the C10 variant was excluffedh all the following measurements.

The results of variant 90-2BE with bevel leadingesi of the inlet slot showed that
even a slight modification of the slot leading edge increase th@, at givenApy4 and
decrease the energy losses of the flow (see Rigd9-ig. 10). For the inlet slot width of
2.5 mm, the results are even better. The impaetdbus cavity depths is the same as
described above for all 90° variants (90-2SE, 9&2Bd 90-2.5BE).

Next, variants with skewed inlet slot (angles 6ad &5°) were tested. In this article,
only the results of 45°variant are presented, s differences between 45° and
60° variants were found fairly insignificant [11].

The measurements were carried out for 2 mm ananthSinlet slot width (45-2
and 45-2.5) and for different cavity depth CO, @8 &£15 (see Fig. 11 and Fig. 12). It is
obvious that an increase of the inlet slot widthnfr2 mm to 2.5 mm causes a higher
IRC air mass flow rate at given pressure gradiedt lawer pressure losses. In case of
the 2 mm inlet slot width, the variant without tbevity (CO) gives slightly worse results
than C5 and C15, which is the opposite to previmegasurements with 90° inlet slot
angle. The difference between results of particatiity depths gets less noticeable as
the inlet slot width is increased. Comparing theuhess of variants with inlet slot angle
90° and 45°, it is possible to state that the iglet angle makes only a little difference.
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Fig. 11 Measurement results of variants with 43&tislot angle, IRC air mass flow rate
VS. pressure gradient
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Fig. 12 Measurement results of variants with 498&tislot angle, pressure losses vs.
inlet Mach number

4. CFD Simulation

The numerical simulation was performed in ANSYSdriuin order to obtain a detailed
picture of the flow field inside the IRC which canable us to determine the origin of
pressure losses for particular IRC geometry vasiant

Tab. 1 Summary of simulated variants

90-2SE 90-2BE 60-2 45-2
Co, C5, C10, C15 Co, C5, C15 CO, C5, C15 Co, C5, C1

As the IRC model is axisymmetric and the flow fidliide it can be considered
axisymmetric too, the simulation was based on #implifying condition. For the
purpose of simulation, only the variants with thené inlet slotwidth were chosen (see
Tab. 1).

4.1 Simulation Results in General

Numerical simulation was performed for 13 chosenavias of IRC geometry. Each
variant was solved for three pressure gradientsoappately in the same range as
pressure gradients that were reached during theriexent. This allows us to compare
the simulation results with the results of the eipent. Following paragraph provides a
description of the resultant flow field for one thfe simulated variants (90-2SE-C15,
Ap14: 3.3 kPa)

Figure 13 shows streamlines which can visualiz€ltve field character and reveal
areas where vortices are present. Attention wilphiel mostly to the vortex "A” which
is formed in the IRC cavity and to the flow sep@mtinside the inlet slot "B". Air
flowing through the inlet slot bends in the direatiof its further flow and attaches to the
upper wall of the channel. This generates a vastexoin area "C” which covers
approximately 80 % of channel length. Another voiie present in area "D” which is
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typical only of narrow supply duct of the IRC model area "E”, where the air exits the
IRC and mixes up with the flow in the main ductptier vortex is generated, but this
area is not an object of our investigation.

The numerical simulation revealed that the vorteR” "does not change
significantly for particular solutions, that is wiaydetailed attention was paid mainly to
the areas "A” and "B".

The axial component of the velocity increases §icamtly in the IRC as a result of
the reduced effective cross-section due to theexdrt area "C”. At the end of this area
the flow expands to the whole cross-section of ¢channel and the axial velocity
component substantially decreases. The radial coemgoof the flow velocity reaches
higher values only in the inlet and the outlet sibthe IRC.

In the supply duct (see Fig. 4) the tangential ¢i&yocomponent is rather high
which corresponds to highly swirled flow (swirl dag = 75° was defined in boundary
conditions at the inlet). As the flow enters the&lRlet slot, the tangential component of
the velocity decreases in compliance with the aargmomentum conservation law. The
decrease of both axial and tangential componentheof/elocity at the end of the IRC
can lead to rather insignificant change of the Isairgle o of the flow. Particular
simulated variants vary only by the inlet slot gedm and the cavity depth.

G
N

‘ l—B

Fig. 13 Streamlines of simulated flow

Attention is primarily paid to the flow field in i region. Simulation results show that
the flow field in other IRC regions has approxinhatdhe same character in all solved
variants.

4.2 Simulation Results of Vertical Inlet Slot Vands

Results of the numerical simulation are presented pair of images, where the left one
represents the velocity magnitude distribution tredright one represents streamlines in
given region. The resultant flow fields of varia®&2SE-C0 and 90-2SE-C5 are shown
in Fig. 14. It is obvious that in the cavity areaatex is generated. For the CO variant,
without the cavity, a restricted vortex is locatadhe upper corner of the recirculation
channel. On the other hand, in case of the C5 narihe vortex fills the whole cavity.
The vortex intensity (corresponding to the speeitsofotation) is the highest for the C5
variant. In case of the C10 and C15 variants, irex fills up the whole area of the
cavity too, but its intensity gets lower.
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If a link is put between the statements mentionbdva and pressure losses,
described in the diagram in Fig. i0is possible to presume that the vortex in thatga

area causes a pressure loss, as it drains theyeneng the airflow exiting the inlet slot.
The pressure losses were lower in case of the G@ntaand more significant in case of
other cavity depths. This corresponds to the sikiatensity of the vortex generated in

the cavity area.

|

90-2SE-CO

I

90-2SE-C5

Fig. 14 Flow field in IRC inlet slot, variants 9BE
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90-2BE-CO

!

90-2BE-C5

Fig. 15 Flow field in IRC inlet slot, variants 9BE

If we compare the sharp edge of the inlet slotZ8&, Fig. 14) with the bevel edge (90-
2BE, Fig. 15), it is obvious that the sharp edgesea a flow separation in the inlet slot.
The effective cross-section area of the inlet isiaignificantly reduced (see Fig. 14). On
the other hand, in case of the edge bevelled jyst$x 45° there is practically no flow
separation.

The influence of the cavity depth is the same aga#g mentioned for the previous
variant. For the variant 90-2BE-CO, without the ibgvthe vortex located in the upper
corner of the channel is even smaller than in casiee sharp inlet slot edge (Fig. 15).
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4.3 Simulation Results of Skewed Inlet Slot Variant

The numerical simulation was performed also folargs with skewed inlet slot at the
angle of 60 and 45 degrees. In this case, theoairfinters the recirculation channel in
the direction given by the skewed inlet slot. Timegans that even in the case of no cavity
(CO0), in the upper corner of the channel therensugh space for intensive vortex to be
generated (see Fig. 16).

45-2-CO

45-2-C15

Fig. 16 Flow field in IRC inlet slgwariants 45-2

For other variants, C5 and C15, the character @fvtirtex forming is similar as it was
described in the previous section. In 5 mm cav@t§)(the vortex is more intensive than
in the case of 15 mm cavity depth (C15). On thedefe of the inlet slot skewed at 45°,
regardless of the bevel edge, a small flow semaraiccurs. This one influences only a
small area and the flow attaches to the wall agpproximately at a half of the inlet slot
height. The overall results are comparable to #selts of the 90-2BE variant, but the
difference between particular cavity depths is a®mnoticeable as it was in case of the
vertical inlet slot.

4.4 Comparison of Experiment and Simulation Results

Figs 17 and 18 show a comparison of the experiraedtthe simulation results for the
vertical inlet slot variants 90-2SE and 90-2BE. T variant gives the best results for
both the experiment and the simulation. The remgirf€5, C10 and C15 variants give
approximately the same results in the experimeotyever in the simulation the C5
variant turned out to be worse than C10 and C15.

On the contrary, for the bevel edge variant (90-RBIE numerical simulation gives
better results than the experiment. In both cdseshe CO variants there is a significant
shift towards higher air mass flow rates and highey coefficients compared to C5 and
C15 variants. The numerical simulation again eveldighe C5 variant as the worst,
although the difference between C5 and C15 varam@sot significant.
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Fig. 18 Experiment and simulation results compatiso

Some discrepancy between the experiment and thelaion in Fig. 17 and
Fig. 18 may be caused by numerous factors, e.guraertainty of the measured
parameters and inaccurate model geometry on théhaneé and a definition of proper
turbulence model and simplified boundary conditiaors the other hand. However,
essential is the fact that the influence of paticunodifications to the inlet slot keeps
the same character in both the experiment anditingation.
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5. Conclusion

The experiment and the simulation have clearly shthat the most significant pressure
losses in the recirculation channel are generatelde inlet slot. The inlet slot width and
its edge modification have a fundamental influeanghe IRC airflow. The inlet slot of
2 mm width caused relatively large pressure los&ier increasing its width just by 0.5
mm the pressure losses significantly decreased.shbgp edge of the inlet slot caused
large pressure losses as well, while the edge leelvplst by 0.5<45° performed much
better.

The examined influence of the inlet slot angle sbdvhat the effect of the inlet
slot angle is connected to the cavity depth. Imseof low pressure losses and high IRC
air mass flow rate, the variant 90-2.5BE-CO0 (2.5 mertical inlet slot with bevel edges
and no cavity) can be considered as the most $eitatsiant. The skewed variants 45-
2.5-C15 and 60-2.5- C15 both reached slightly woeseilts, but still good enough. This
documents the fact that both vertical and skewks siots are used by manufacturers in
practice.

Recommendations for IRC design:

« Inlet slot should always have bevel edges.

« Inlet slot width should be greater than 2 mm.

« The lowest pressure losses are reached by a Venlieslot with no cavity.

It is possible to use a skewed inlet slot. In tase, attention must be paid to
the sharp edge of the inlet slot which should Hécsently rounded or beveled
to prevent the flow separation. In case of the gcewlet slot the IRC should
be manufactured with a cavity on its end.

The IRC design is closely connected with the compteesign of a centrifugal
compressor, as the pressure distribution along ctpressor casing significantly
influences the pressure gradient on the IRC, wihécliundamental for its function.
Therefore, this article presents only some gene@mmendations for IRC design. Its
particular form and position in the compressor mgsnust be designed together with the
compressor itself.

Acknowledgement

This research work represents a part of the SpeRiisearch Project of the Department
of Aircraft and Rocket Technologies at UniversifyDefence, Brno.

References

[1] KMOCH, P. Theory of Aircraft Engines, Part (in Czech). Brno: Military
Academy. 2002.

[2] KMOCH, P. and JILEK, A. Extension of High Press@entrifugal Compressor
Steady Operation. IIKOKA 2006 — Almanac of AbstractBraha:CZU v Praze,
2006, p. 32.

[3] HUNZIKER, R., DICKMANN, HP. and ERICH, R. Numericalind Experimental
Investigation of a Centrifugal Compressor Withinladucer Casing Bleed System.
In 4th European Conference on Turbomachinery — ContereProceedings
Padova: SGE, 2001. Alderoceedings of the Institution of Mechanical Engirse
Part A Journal of Power and Energy2001, vol. 215, no. 6, p. 783-791.
DOI: 10.1243/0957650011538910.



76

M. Poledno, P. Kmoch and A. Jilek

(4]

(5]
(6]

[7]

(8]

9]

YMAGUCHI, S., YMAGUCHI, H., GOTO, S., NAKAO, H. anlNAKANUTA, F.
The Development of Effective Casing Treatment farbbcharger Compressots
Proceedings of 7th International Conference on Turbochargerand
Turbocharging IMechE C602/008/2002, 2002, p. 23-32.

BABAK, M. CFD Analysis of a Surge Suppression Devfor High Pressure Ratio
Centrifugal Compressor. IAINSYS ConferencBrymburk: SVS FEM, 2010.

SIVAGNANASUNDARAM, S., SPENCE, S., EARLY,J. and KPOUR, B.
Experimental and numerical analysis of a classigigled slot system for a
turbocharger compressor. 1" International Conference on Turbochargers and
Turbocharging London: Woodhead Publishing, 2012.

SIVAGNANASUNDARAM, S., SPENCE, S., EARLY,J. and KPOUR, B.
An Investigation of Compressor Map Width Enhancememnt the Inducer Flow
Field Using Various Configurations of Shroud Bleskbt. In ASME Turbo Expo
2010 Glasgow: ASME, 2010.

SIVAGNANASUNDARAM, S., SPENCE, S., EARLY,J. and KPOUR, B.
Map Width Enhancement Technique for a Turbocha@empressor. IPASME
Turbo Expo 2012Copenhagen: ASME, 2012.

PARK, C.-Y., CHOI, Y.-S., LEE, K.-Y. and YOON, J.-Wumerical Study on the
Range Enhancement of a Centrifugal Compressor avitRing Groove System.
Journal of Mechanical Science and Technold@§42, vol. 26, no. 5, p. 1371-1378.
DOI 10.1007/s12206-012-0320-z.

[10] JILEK, A. Airflow at Centrifugal Compressor Inlein Czech) [Ph.D. Thesis].

Brno: University of Defence, 2008.

[11] POLEDNO, M. Enhancement of Stable Operating Region of Centlfug

Compressorgin Czech) [Ph.D. Thesis]. Brno: University of Bate, 2014.

[12] CSN EN ISO 5167-Measurement of liquid flow by means of pressuremintial

devices inserted in circular cross-section conduitsning full — Part 1: General
principles and requirementin Czech). PrahaNI, 2003.



