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Abstract

Paper presents the numerical investigation of inlet recirculation in a centrifugal blower. This
phenomenon is known as a local flow instability that is not too harmful in centrifugal com-
pressors compared to centrifugal pumps. However recent findings have shown that it can be
regarded as a surge predecessor, and hence very significant for compressors. Therefore there is
strong need to understand its physics. One of ways to understand it to apply computational
fluid dynamic (CFD) simulations. Therefore in this study the transient numerical simulations
were conducted and results were related to the experimental data presented in other papers.
Simulation confirmed that the inlet recirculation structure can be resolved by means of CFD and
the results are in agreement with some available models. Inlet recirculation structure built up
gradually along the circumference increasing the power loss. Obtained structure also explained
pressure variations observed in experiments. This has shown that CFD can bring significant
improvement in existing antisurge systems and recirculation bleeds that extend the machine
operating range.
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1 Introduction

1.1 Inlet recirculation in centrifugal compressors

Inlet recirculation is a phenomenon that has been initially discovered and exam-
ined for low specific speed centrifugal pumps in late 70’s and early 80’s. Main
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contributions at this time were done by Breugelmans, Sen, and Schiavello [1-3],
Tanaka [4], and Fraser [5]. Yet, it was not examined widely in centrifugal com-
pressors. This is perhaps due to the fact that inlet recirculation is regarded as
relatively harmless to machines operating with low density fluids. This is true,
but recently some attention was drawn to the fact, that this phenomenon can be
treated as a crucial pre-surge indicator [6-9].

In Fig. 1 meridional cross-section of centrifugal compressor affected by the inlet
recirculation phenomenon is presented [10]. It can be clearly seen that the effective
channel intake is considerably smaller than that in the nominal conditions. Inlet
recirculation takes the form of three dimensional self-contained toroidal structure.
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Figure 1: Meridional cross-section with the streamlines in presence of inlet recirculation.

Most commonly, the effect of inlet recirculation is included in compressor design
together with outlet recirculation as a loss coefficient or slip factor that depends
on mass flow rate [10-13]. At design and over-design conditions it is normally
neglected whereas at under-design condition it depends on mass flow rate. The
character of this dependency has not been definitely established, however, most
of above mentioned models agree that the losses increase dramatically around
0.3-0.5 of design mass flow rate.

Another question considers the inlet recirculation inception conditions and
mechanism. Some general statements concerning pumps were drawn by Gulich [14]
and could be suspected to be valid also for compressors. He postulated that the
inlet recirculation onset is possible when two conditions are fulfilled:

e the flow must separate, locally,

e strong pressure gradients must develop perpendicular to the direction of the

main flow.
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1.2 Should inlet recirculation be suppressed?

Inlet recirculation can be passively suppressed by application of casing bleed or
casing system tested among others by Hunziker et al. [15], Tamaki et al. [6,16] or
Yang et al. [17]. They examined different recirculation channels that direct recir-
culated flow out of the impeller eye and allow to obtain considerable broadening
of the compressor map without big efficiency cost.

Inlet recirculation was also proven to have great potential in antisurge sys-
tems applications. McKee et al. [18] used a drag probe introduced to the impeller
intake to collect axial strain signals. As the compressor approached surge, the
negative force acting on the probe was increasing. Constructing antisurge sys-
tem based on this force signal allowed to obtain up to 35.5% increase in operat-
ing range comparing to different controllers [19]. Furthermore, it was concluded
that the aforementioned changes in the flow pattern are repeatable under various
conditions and can be standardized for the application across multiple types of
centrifugal compressors.

Both abovementioned inlet recirculation based concepts have still much room
for improvement. The main reason lies in fact, that still not much is known about
the IR flow physics and inception mechanism. One of ways of achieving this aim
may include use of computational fluid dynamics (CFD). This method was not
exhaustively employed for this purpose. It is not known, if it would be possible
to obtain CFD model of the inlet recirculation with confidence and resolution
allowing for further progress.

1.3 Aim of study

The aim of this study is to validate whether it is possible to resolve a 3D rep-
resentation of the inlet recirculation flow physics by means of CFD. If yes, then
the initial statements will be drawn about possible conclusions and ways in which
this method can be used for antisurge devices.

2 Method

A centrifugal blower DP1.12 was investigated, where inlet recirculation was ob-
served in experimental study [20,21]. While the stand geometry is fully described
in abovementioned paper, this section is devoted to numerical method that was
chosen to assure best reproduction of physical conditions met in the experimental
study.
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2.1 Blower description

Full description of the DP1.12 blower can be found in [20,21] together with its per-
formance curve. The inlet pipe of diameter 300 mm is followed by the Witoszynski
nozzle and the impeller with 23 blades, vaneless diffuser and circular volute. The
rotor inlet diameter at the hub and the inlet span equals 86.3 mm and 38.9 mm,
respectively. At the outlet those values changed to 330 mm and 14.5 mm. The
diffuser outlet diameter is equal to 476 mm. The volute radius in experimental
stand is gradually increasing streamwise from the volute tongue gap of 5 mm to-
wards the outlet pipe of diameter 150 mm. Due to the fact, that this simulation
was focused on impeller inlet, the volute was not included in this study. How-
ever, it is known that volute performance can have little influence even on inlet
zone [22|. Therefore, after obtaining satisfactory CFD representation of the inlet
recirculation, the next approach could include examination of the volute influence.

2.2 Computational domain

Computational domain included Witoszynski nozzle inlet (Fig. 2) and full annulus
of 23-bladed impeller (Fig. 3) with vaneless diffuser. The number of nodes and
elements for each domain is presented in Tab. 1. It is conspicuous that elements
number in case of the impeller domain is dozens of times bigger than in inlet
nozzle domain although the absolute volume of the first one is smaller. This is
due to the fact that instable phenomena were expected to appear at the impeller
inlet, where mesh was most refined as well as in the blades boundary layers.
Inlet nozzle mesh, on the other hand, has been mainly used to move away inlet
boundary conditions from the examined region thus making the simulations less
stiff. All mesh elements had skewness over 0.38 and aspect ratio below 0.91.
With exclusion of boundary layer cells the maximum aspect ratio was below 0.5.
Both domains utilized hexagonal cells. Stretching of the hexahedral elements has
been aligned with the flow direction which usually produces smaller numerical

diffusion [23].

2.3 Simulation setup

Both domains have been defined with similar domain setup. The fluid was set to
air ideal gas and the domain motion was set to rotating with the angular velocity
of 100 Hz. This required application of counter rotating wall in inlet nozzle. It
was selected as better tradeoff allowing to avoid interface with sliding mesh on
boundary located close to the inlet recirculation zone. The reference pressure
was set to 1 atmosphere and turbulence model was set to k-¢ which is typical
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Figure 2: Inlet nozzle domain overview.
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Figure 3: Blower and diffuser domain overview.

Table 1: Mesh overview.

Overall
Number of nodes 2.7 x 106
Number of elements | 2.9 x 10°

Inlet nozzle
Number of nodes 0.2 x 108
Number of elements | 0.2 x 106

Impeller
Number of nodes 2.5 x 109
Number of elements | 2.7 x 106

turbulence model applied for studies of unstable flows in centrifugal compressors
[24-26].
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Figure 4: Boundary conditions overview.

In Fig. 4 overview of the boundary conditions applied to the simulated compressor
is presented. Since presurge instabilities that appear in the compressor are inher-
ently three dimensional, no symmetry condition has been applied; all 23 passages
have been simulated.

2.4 Boundary conditions
Inlet nozzle

Static frame total pressure was placed with the relative pressure value of 0 Pa.
A flow direction has been defined as normal to boundary condition and heat
transfer option was set to static frame total temperature of 20 °C. The incoming
turbulence level was set to 5%. On the outer walls of the domain a rotating wall
boundary was placed with wall velocity defined as counter rotating wall. Hub
tip was set as an ordinary wall. Both walls were considered adiabatic throughout
simulations. At the outlet of the inlet nozzle domain an interface was placed,
transferring results to the inlet section domain.
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Inlet section

Inlet section domain — being a subdomain of the blower — was defined from both
sides with the interfaces transferring results from the inlet nozzle domain and to
the compressor domain, respectively. Outer wall was set as a counter-rotating
wall, whereas hub was set as a static wall in mesh domain. Both walls were
considered adiabatic throughout the simulation.

Impeller

Blades in the impeller domain were defined as a static, no slip, adiabatic walls.
Hub and shroud were defined as static and counter-rotating wall, respectively. The
clearance between blade tips and shroud was implemented by means of interface.

Diffuser

Both walls of the vaneless diffuser were defined as counter-rotating, smooth walls
with no heat transfer. At the outlet of the diffuser a fixed mass flow rate was set
adequately to analyzed case.

3 Solver control

The convergence criteria for average momentum and mass flow rate residuals of
all of the simulations have been set on the level of 107, Such solutions are
good enough to reveal general trends and flow structures that arise within the
compressor during presurge stages.

Based on results of [21,27] it was expected that the inlet recirculation may
appear for mass flow rate between 0.5 kg/s and 0.1 kg/s, hence several cases were
examined in this region. However, at mass flow rates smaller than 0.25 kg/s the
simulation did not converge to assumed level and hence all of the simulations have
been set as steady state at first. In case of high fluctuations a transient simulation
have been set, using steady state results as an input initial condition. The time
step for the nonsteady simulations has been fixed with the value of 0.000088 s.
Given nominal rotational speed of the blower one time step corresponded to the
impeller rotation by 1/5 of the passage.
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4 Results

4.1 Before inlet recirculation (0.5 kg/s and 0.4 kg/s)

[Pa]

Figure 5: Top view of the compressor intake for mass flow rate of 0.5 kg/s: a) normal velocity;
b) gauge pressure and mass flow rate 0.4 kg/s; ¢) normal velocity; d) gauge pressure.

In Fig. 5 contour plots of the cross-section placed in the proximity of the inlet have
been shown. In terms of both velocity and pressure field some irregularities can
be observed on the intakes for both mass flow rates. For mass flow rate 0.5 kg/s,
in case of the velocity field there exist four zones of higher in-flow velocity of
about 30 m/s whereas at any other place normal in-flow velocity does not exceed
25-27 m/s. For mass flow rate 0.4 kg/s flow structures are very similar but the
velocity values attain about 25 m/s for the high speed zones and about 17 m/s
for the low speed ones, respectively.
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The aforementioned flow structure is also expressed at the pressure plot — four
high-pressure zones and four low-pressure zones are observed. The gauge pressure
is higher where the inlet velocity is lower.

4.2 Inlet recirculation onset (0.35 kg/s and 0.3 kg/s)

Since previous simulations have shown irregular intake velocity patterns it was sus-
pected that inlet recirculation phenomenon could arise at mass flow rates higher
than 0.3 kg/s. Therefore, it was decided to introduce a middle value of the flow
to catch structures associated with origins of the inlet recirculation. A simulation
with the outflow value from the diffuser of 0.35 kg/s has been thus set. Due
to high residuals in steady simulation, a computation was changed to transient
scheme.

Velocity

Contowr

Figure 6: Top view of the compressor intake for mass flow rate of 0.35 kg/s at times: 7 (a), and
74 0.0044 s (b), and for mass flow rate of 0.3 kg/s at times 7 (c¢), and 7 + 0.0044 s

(d).

ISSN 0079-3205 Transactions IFFM 134(2016) 2944



38 J. Chmielecki, G. Liskiewicz and W. Kryltowicz

In Fig. 6 normal velocity field at the cross section close to the impeller intake is
presented at times 7, and 74 0.0044 s for mass flow rate of 0.35 kg /s (Figs. 6a and
6b) and 0.3 kg /s (Figs. 6¢ and 6d), respectively. Solid lines in the figures represent
region where inlet normal velocity equals to 0; flow behind these lines is therefore
recirculating, having direction opposite to the bulk flow. As it was mentioned
earlier both flow conditions presents very similar normal velocity intake pattern.
It can be seen that in every case recirculation zone encirculates about half of the
inlet circumference; it is also observable that it is slightly more noticeable in case
of the 0.3 kg/s mass flow rate. Furthermore, in each case high-velocity zone can be
observed ahead of the recirculating zone, where the intake velocity reaches up to
45 m/s and 37 m/s values for mass flow rate of 0.35 kg /s and 0.3 kg/s, respectively.
These values are much higher than those within other intake regions.

In Fig. 6 propagation of this structure after 0.0044 s (that corresponds to
50 timesteps and 44% of full impeller rotation) is presented for the 0.35 kg/s and
0.3 kg/s mass flow rate conditions. It is observable that the inlet recirculation cell
has slightly different position in each case. It is also visible that high-velocity zone
is propagating behind the inlet recirculation in the same direction. What differs
those two cases is the size and the regularity of the recirculated flow. In case of
the smaller mass flow rate the size of inlet recirculation is bigger and it seems to
fluctuate more strongly from time step to time step. It also splits and merges into
two inlet recirculation zones as the simulation progress. Hence, smaller mass flow
rate case appears to be less stable although the inlet pattern is very similar.

In order to examine the root of the phenomenon that occurs at the inlet, flow
through the impeller and diffuser have been investigated. In the Fig. 7 blade-to-
blade view of the mid section between hub and shroud is shown for time steps
splitted by 0.0044 s interval for 0.35 kg/s mass flow rate. Mass flow rate of 0.3 kg/s
is not exposed since the general flow pattern appears the same; differences lays
in smaller velocity absolute values which can be attributed to smaller mass flow
rate. Velocity field is strongly irregular from channel to channel. It can be seen
that in channels 1-5 (Fig. a) and 2-6 (Fig. b) are not affected by secondary flows.
In the next consecutive channels there exist transient state; channels are getting
more and more stagnated with the stagnation zones extending closer to the blade
tip. Finally in case of the 13-22 (Fig. 7a) and 13-21 (Fig. 7b) stagnation zones
cover almost totally suction side of the blade.
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Figure 7: Blade-to-blade at the half way between hub and shroud velocity field for mass flow
rate of 0.35 kg/s at times: a) 7 s, and b) 7 + 0.0044 s.

4.3 Developed inlet recirculation (0.25 kg/s)

In this case the obtained inlet recirculation structure was highly time-dependent.
Going through the different time steps it was noticed that what at first appeared
as a stationary instability begins to change after a few impeller rotations.

At the beginning of the simulation regular pattern of the inlet recirculation
could be observed (Fig. 8a) on the circumference of the compressor intake. This
pattern can be regarded as approximately axis-symmetric with the normal inlet
velocity values varying from the —21 m/s in the proximity of the hub to 13 m/s
at the intake outer circumference. In the further time steps observable intake
velocity distribution begins to shift towards less stable one. In Fig. 8b inlet
velocity field is presented for the time 7, after the time step exposed at Fig. 8a.
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Observable velocity profile is strongly irregular and far from being axis-symmetric.
Recirculation zones occupy major part of the outer ring, though there exist places
where the bulk flow remains unaffected. Velocity ranges from —30 m/s to 28 m/s
with the peak values located very close to each other. At the time step 7+0.0044 s
(Fig. 8c) velocity profile is very different. Although the general pattern appear the
same, inlet recirculation distribution differs strongly, i.e., the observed behavior is
changing with the high frequency. In order to check flow structures in the impeller
and diffuser again, blade-to-blade view has been examined.

‘aloaity w
Contour 1

C) [man-1]

Figure 8: Top view of the compressor intake for mass flow rate of 0.25 kg/s at times: a) 0; b) 7 s;
c) 7+ 0.0044 s.

In Fig. 9 blade-to-blade views of the midsections between hub and shroud have
been exposed for three different time steps: 0, 7, and 7+0.0044 s (7 > 0). Initially,
at time 0 s (Fig. 9a), velocity distribution is regular from channel-to-channel with
the stagnation zones appearing in the middle part of the suction side of the blade.
In each channel inlet a smooth shade behind the tip exists, i.e., leading edge flow
separation occurring due to nonnominal angle of attack.
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Figure 9: Blade-to-blade velocity distribution for mass flow rate of 0.25 kg/s at times: a) 0 s,
b) 7, and ¢) 7+ 0.0044 s.

5 Discussion

Although it is clear that no recirculation pattern was observed at flow rates
0.5 kg/s and 0.4 kg/s, nonregularity at the impeller inlet can have some cor-
relation to this phenomenon. Typical compressor intake velocity-pressure pattern
is axisymmetrical with the pattern of 23 passages reflected within it. Here, one
could observe a circumferential distortion or pressure and velocity field.

In case of flow rates 0.35 kg/s and 0.3 kg/s the inlet recirculation structure
became visible. Knowing that nominal mass flow rate of this machine is 0.8 kg/s,
one could state that the inlet recirculation onset is located around ratio mﬂp ~ 0.43
which is quite high, but still in the region predicted by most of models used in
meanline modeling [10-13]. It is much earlier that the Augier prediction [13]
(about 0.37), but still in good agreement with Oh et al. or Qiu et al. [11,12]. It
has to be noted that current findings show that the inlet recirculation does build
up gradually along the circumference. This again confirms models of Oh et al. or
Qiu et al. [11,12], where loss factor increases gradually without any critical value.
For 0.35 kg/s and 0.3 kg/s high speed zones appearing behind inlet recirculation
cells are noticeable. By comparing with blade-to-blade plot (Fig. 7) one could see
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that these regions correspond to the clear channels within the impeller. As, cir-
cumferentially, velocity starts to decrease, channels are getting stagnation zones
more and more developed, starting from the blade part closer to the diffuser. For
both presented time steps, channel in which recirculation begins (moving counter
clockwise) corresponds to the first channel (12 and 13 for 7 and 7 + 0.0044 s,
respectively) in which stagnation zone seems to touch the blade tip causing sep-
aration on the suction side of the blade. In the case of 0.25 kg/s there are no
obvious pattern to connect inlet flow conditions with blade-to-blade plot in nei-
ther t = 7 nor t = 7 + 0.0044 s. In this case the impeller flow patterns seem to
be placed randomly independent of the intake structures. As it was noticed, the
changes here occur very quickly, it may therefore be the case that one of the flow
structures is lagging behind the other.

At 0.25 kg/s the inlet recirculation at some time took the form of the toroid,
well-known from the literature [2,5,14]. However, even at this condition this
structure was not permanent and very soon lost its axial symmetricity. This
may confirm the fact observed in [27], that the inlet recirculation was connected
with very large pressure jumps caused by appearance and disappearance of the
recirculation zone at given location. This also explains the random nonperiodic
character of these oscillations observed also beforehand [28].

6 Summary and coclusions

Conducted study examined compressor intake flow patterns in DP1.12 centrifugal
blower for several mass flow rates: 0.5 kg/s, 0.4 kg/s, 0.35 kg/s, 0.3 kg/s, and
0.25 kg/s. All of these were been chosen to find out how the recirculation phe-
nomenon initiated and how it is associated with the flow throughout the impeller.
After analyzing the results, three intake flow structures could be distinguished:

e For flow values of 0.5 kg/s and 0.4 kg/s steady state simulations revealed
no inlet recirculation although some circumferential fluctuations in both
pressure and velocity fields were observed.

e Flow values of 0.35 kg/s and 0.3 kg/s showed intake pattern in which part
of the inlet circumference was affected by the recirculating flow. It is con-
spicuous that as the flow decreased (from 0.35 to 0.3) recirculation zone
affected greater part of the circumference.

e The last inlet flow structure was observed in case of the 0.25 kg/s mass flow
rate where highly unsteady inlet recirculation was noticeable affecting the
whole outer circumference of the intake.
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It can be concluded that inlet recirculation started as the highly dynamic in-
stability. Although it is usually referred as being dynamically stable, computed
simulations showed that inlet recirculation started in form of the recirculation
zone of the parabolic shape located along the portion of the circumference. As
the flow decreased, the phenomenon strengthen and started to affect greater and
greater part of the circumference while simultaneously becoming less stable. Ap-
parently, inlet recirculation can be linked to the flow structures in the impeller.
It can be believed that in simulated cases recirculation took place when the stag-
nation zones present in the impeller touched the tip of the suction side of the
blades. This, could not be observed in case of the 0.25 kg/s outflow, presumably
because of the highly dynamic form of the inlet recirculation instability which
could trigger lagging of inlet flow structure behind the impeller flow or vice versa.

Received in July 2016
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