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Abstract

During the latest years, downsizing in internal combustion engines has
moved the operating conditions of the compressor closer the surge limit.
Surge onset depends on the geometry of the compressor inlet and is difficult
to predict. Unfortunately, the determination of the surge line is essential for
engine design and calibration, since surge is an oscillating phenomenon that
endangers the turbocharger integrity. This work is addressed to study the
impact of placing different geometries, namely a tapered duct, a convergent-
divergent nozzle and a divergent nozzle in the compressor inlet on different
compressor parameters such as stability, efficiency and noise emission. 3D-
CFD simulations are performed using the commercial code STAR-CCM+
at both near-surge conditions and high mass flow rate, focusing on the flow
structures generated by each configuration. The results are compared with
corresponding experimental tests and show a meaningful sensitivity of geom-
etry to the performance, indicating potential benefits of using some of these
geometries in turbocharger configurations.
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1. Introduction

In the recent years, internal combustion engines have evolved due to the
technological development usually driven by steady restriction on pollutant
emissions [I, 2]. A technique that introduces an enhancement in both pol-
lutant emission reduction and increased performance is the turbocharging of
the engines [3,[4]. The increase in flow density and specific power is employed
to reduce the engine size (spread trend known as downsizing), boosting the
request of low-end torque [5]. In order to achieve stable conditions at the
compressor when lowering the requested mass flow rate, the operating limit
(surge) needs to be clearly defined, being as low as possible. When the com-
pressor operating point crosses this limit, often during transient evolutions
[6], undesirable phenomena appear, such as violent axial oscillations of the
compressor wheel, drop in compression rate, oil leaks, turbocharger damage
[7], ete.

Considering this, great effort has been made developing different tech-
niques that allow avoiding an early entrance of the operating point into the
surge. There are active control techniques that vary a reservoir volume up-
stream or downstream of the compressor, canceling the pulsations generated
by the surge phenomenon [§]. According to Zhang and Zheng [9], the piping
design of the intake system can be tuned to neutralize the distortions that
appear, slightly increasing the efficiency peak. Some authors observed an
increase of the surge margin by placing different geometries at the compres-
sor inlet [10, 1], 12]. Desantes el al. [13] studied how the compressor map
was shifted towards lower mass flow rates by placing a Convergent-Divergent
(C-D) nozzle very close to the inducer. Sharma et al. [14], Minyang et al.
[15] and Semlitsch and Mih&aescu [16] studied the influence of using bleed
slots, technique also known as ported shroud or casing treatment. Galindo
et al. [10] and Tomita et al. [I7] used a pre-whirl or IGV device to modify
the incidence of the flow at the inducer, improving the compressor map. The
impact of using realistic inlet geometries has also been studied by different
authors [18], [19].

Nevertheless, each configuration, in addition of introducing a benefit in
the surge margin, may have a positive or negative impact on other compres-
sor global variables. The efficiency and compression ratio are often linked
with the pressure loss introduced by a given geometry. On the other hand,
the characteristiques of the emitted noise depend on several aspects, both
geometrical |20, 21] and operational ones [22], 23].



Although the impact of each geometry can be assessed by comparing com-
pressor experimental measurements (i.e., efficiency, compression ratio and
noise emission [24]), only a better understanding of the flow behavior allow
researchers to extract design guidelines. Due to the complex geometry of the
compressor and packaging constraints, it is hard to perform non-intrusive
flow measurements near the compressor mouth, neither it is possible to have
local measurements along the impeller passages. Experimental measurements
can be made with, for example, optical techniques such as LDV or PIV [25].
However, in order to have a complete solution of the flow field, CFD cal-
culations provide results that have proven to be meaningful in the past for
studying other compressor inlet geometries [26] and noise emissions [27, 2§].

In this work, the influence of different promising compressor inlet geome-
tries in its performance is analyzed using the 3D-CFD software StarCCM+[29],
allowing a fundamental analysis of the flow structures that appear within
each configuration. In Section [2], the geometries selected are introduced and
described. The methodology and the numerical setup is noted in Section [3]
The discussion of the results is written in Section [ and finally, the concluding
remarks are shown in Section [Bl

2. Selection of geometries

The geometries selected for this work are inspired on the ones that have
been experimentally analyzed by Galindo et al. in a previous study [24].
Steady and transient measurements were made in that work using an engine
test bench in order to simulate real pulsating conditions. A straight duct
will be used as the reference case. This geometry is shown in Fig. with
the impeller on the bottom part.

The first of the proposed geometries is the tapered duct. It is created
by reducing the inlet duct diameter approximately from 2 times to 1 time
the impeller diameter in the direction of the incoming flow. Previous studies
[30], found a surge margin increase when using this intake of about 20%. A
detailed view of this geometry is shown in Fig. [Ib]

The next intake line is composed by a nozzle with a convergent part
that reaches a throat and then a divergent part that recovers the upstream
diameter and discharges close to the inducer. The potential benefits of this
geometry were described by Desantes et al. [I3] in a study where a surge
margin improvement of 30% and a slight efficiency rise was observed on the
whole compressor map. Alas, at high mass flow rates a worsening of the



(a) Straight duct (d) Convergent
(baseline) (b) Tapered duct  (c) C-D nozzle nozzle

Figure 1: Inlet geometries outline and cross-section of mesh.

compressor performance appeared. A section of the Convergent-Divergent
(C-D) nozzle designed for this work can be seen in Fig.

Finally, the previous configuration is modified by removing the divergent
part from the throat, so that it discharges directly on the inducer. The inlet
section is apparently reduced, virtually modifying the trim of the compressor
and greatly affecting on its performance. In Fig. is depicted a detailed
view of this convergent nozzle.

The 3D model of the compressor used in this work and the compressor
used by Galindo et al. [24] in the aforementioned experimental work are much
alike (same number of blades and splitters, similar trim...), which allows
a comparison between results to analyze the consistency of the trends. A
slight difference in impeller diameter is corrected scaling the inlet geometries
accordingly.

3. CFD setup and methodology

Broatch et al. [22] 27] proposed a numerical setup and validated it
through an experimental assessment using a continuous flow turbocharger
test cell. The validation covered global variables (thermal efficiency, com-
pression ratio) and acoustic emission. An analogous numerical setup is se-
lected for the current work. Considering that the geometry of the compressor
and the operating conditions employed in this work are also similar to the
ones used by Broatch et al. [22] 27], an equivalent validity of the predicted
results is expected.



Concerning the numerical domain, all the cases share the housing, the
rotor, the volute and the outlet duct, differing only in their specific inlet
geometry. In Fig. [2]is depicted a close-up view of the geometry and the mesh
of the compressor wheel. It can be appreciated that the full 360°-resolved
rotor is considered, including the tip clearance between the blade tips and
the housing in CAD-like conditions, since Galindo et al. [31] proved that
the actual tip profile in working conditions does not affect noise prediction
and only increases slightly pressure ratio and compressor efficiency. The
mesh settings were previously used by Navarro [32] for a similar compressor
showing grid independence. The complete mesh is composed by about 10
million polyhedral cells, distributed among the different regions as seen in
Table (1] The wall resolution is increased by reducing the cell size and adding
prism layers, producing y* values below 5 on the surfaces, thus assuring
these cells are in the viscous sub-layer zone and properly solving the flow
[28]. For a better solution of the flow structures in the inlet ducts near the
impeller, a finer meshing is applied in these areas, specifically two inducer
diameters upstream from the inducer planes, a distance in which backflows
are expected to be confined [22], as can be observed in Figure

Figure 2: Rotor geometry and mesh.

Region | Cells (M) Intake Cells (M)
Rotor 4.1 Straight 1.9
Diff.,volute 1.6 Tapered 4.3
Outlet 0.7 C-D nozzle 3.9
Intake 1.9-4.4 Conv. nozzle 4.4

Table 1: Millions of cells in each region, distinguishing between intake geometries.

Regarding the numerical setup, the StarCCM+ [29] segregated flow solver
with ideal gas properties for the air is employed. The turbulent approach is



addressed using Detached Eddy Simulation, with £—w SST submodel “which
functions as a sub-grid-scale model in regions where the grid density is fine
enough for a large-eddy simulation, and as a Reynolds-averaged model in
regions where it is not” [33]. Several researchers [34} [35, [36] have satisfactorily
used this same approach with similar compressor simulations. The problem
is solved using a 2"¢ order transient solver, with a time step equivalent to a
compressor wheel spin of 4°. This time-step size allows a proper prediction
of noise emission in plane wave range, enough to allow the proposed noise
assessment [32].

Due to the high computational effort that each simulation implies, it is
decided to analyze two operating conditions per geometry along the 160 krpm
isospeed line, one point at 30 g/s close to the surge line to study the flow
structures that appear at these conditions, and one at operating point at 100
g/s to determine the impact of the inlet geometries on the global variables
of the compressor. Additionally to the mass flow rate, it is imposed the
compressor outlet pressure at 2 bar and the compressor speed at 160 krpm.

Once the relevant signals have reached periodicity (after ~100 compressor
rotations), the simulation is run for 130 additional rotations at least to record
time history of variables. Time-averaged values of pressure, temperature and
velocity at the whole domain can be then obtained for post processing, creat-
ing scalar scenes as well as global variables, namely the compressor efficiency
and the compression ratio, defined in Equations [I] and [2] respectively.
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Concerning the noise emission analysis, surface average monitors are set
in two cross-sections close both to inlet and outlet corresponding boundaries.
Then, using the Method of Characteristics (MoC) as defined in Eq. [3| [37],

the forward and backward pressure waves are obtained.



1 » \ & 1 o
Pforw = Pref [5 <1+ (p f) (1+TM)>] <3>
| = 1 P
2~ J—
DPvack = Pref [5 <1 + (ppf> (1 - ’YT ))]

Broatch et al. [27] showed that these MoC-decomposed pressure signals
obtained at cross-section were comparable to that measured experimentally
at plane-wave range. According to Eriksson [38], the threshold of this range
is set by the onset of the first asymmetric mode, which occurs at a frequency
of:

a
fea =184—(1 = M?*)Y/2, (4)

This expression predicts the onset of the asymmetric modes at 3.8 kHz
and 6 kHz for inlet and outlet ducts, respectively. The Power Spectral Den-
sity (PSD) of these pressure traces is calculated using Welch’s overlapped
segmented averaged [39] approach. The Hamming function is selected for
defining the window length of the blocks, setting the frequency resolution
in 150 Hz for inlet and outlet PSD at both operating points. Addition-
ally, the sound intensity is calculated using equation [5] according to Holland
and Davies [40]. A frequency range from 300 Hz to the corresponding first
asymmetric mode onset frequencies is considered for computing the Sound
Intensity Level (SIL). Low-end frequencies are not taken into account for
the calculation of this parameter due to their reduced impact on the human
subjective noise perception. A reference sound intensity of 1072 W/m? is
used the SIL calculation (Eq. [6)).
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4. Results and discussion

The experimental tests conducted by Galindo et al. [24] showed an advan-
tageous influence on the compressor parameters for all the proposed config-
urations against the baseline straight duct, highlighting the increased surge
margin. A qualitative summary of the surge margin improvements found in
different researches is shown in Table 2] Each plus sign (+) represents a
surge improvement of 10%.

Auth./Geom. | Tap. duct | C-D Nozzle | C. Nozzle
Galindo et al. [41] ++

Desantes et al. [13] +4+

Galindo et al. [24] + + 4+

Table 2: Summary table of the impact of different inlet geometries from different studies
on the compressor surge margin.

In the case of the tapered duct and the C-D nozzle, the compression ratio
at high mass flow rates was kept without detriment and the efficiency was
also kept or slightly increased with the C-D nozzle through all the compressor
map. Conversely, the convergent nozzle showed an efficiency decrease and
worse compression ratio at high mass flow rates but lower noise emission, both
phenomena possibly caused by the cross-section restriction of the throat.

It would be desirable to find the actual surge limit of each configuration
at a given compressor speed, however with the current methodology it would
require an excessive computational effort. Instead, this work is mainly de-
voted to the phenomena involved with the inception of surge appearance,
studying, as aforementioned, different quantitative and qualitative param-
eters that may point out the closeness of this stability limit. However, to
analyze the behavior of the compressor at other operating conditions, in sec-
tion the compressor performance is assessed as well at same compressor
speed but much greater mass flow rate.

4.1. Points of low mass flow rate

Focusing the attention on the low mass flow rate operating points, Fig.
depicts the streamlines upstream the compressor for different intake ge-
ometries. Streamlines in blue represent the downstream flow coming from
the inlet boundary and red streamlines highlight the backflow that is being
recirculated from the inducer plane of the compressor.
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(a) Straight duct (d) Convergent
(baseline) (b) Tapered duct  (c) C-D nozzle nozzle

Figure 3: Inlet (blue) and recirculated (red) streamlines for the different inlet geometries
at low mass flow rate.

As can be seen in Fig. [3] each configuration produces a different recircu-
lation pattern. In the reference straight duct, the recirculation reaches about
two inducer diameters upstream of the wheel, but for the C-D nozzle, this
region is contained in the divergent part, with a length of about an inducer
diameter. With the convergent nozzle, the recirculation is only produced
within the free space between the throat and the wheel. Conversely, the
tapered geometry offers a sudden increase of the diameter to the backflows
that travel upstream, where lower inlet velocities are found, reducing the
momentum and swirl transmission between both flows and causing a recircu-
lation region larger than five inducer diameters. It is worth mentioning that
this recirculation phenomenon appears at low mass flow rates, positively im-
pacting on the stability of the compressor [42]. It generates a rise of the
incoming mass flow rate and thus, an increase in momentum. In addition,
the available cross-section the flow has to enter through the inducer plane is
reduced, implying a further rise in velocity and momentum.

Using the time-averaged flow parameters at the inducer plane, the incom-
ing and outgoing (recirculation) mass flow rates and the incoming momen-
tum relative to the momentum of the straight configuration are calculated.
In Table 3| a quantitative evaluation of these indicators is provided.

Compared with the reference configuration, the results show that higher
recirculation mass flow rates are obtained with the tapered duct and lower
with the nozzles. Although this is consistent with the length of the recir-



‘ Str. ‘ Tap. ‘ CD-N ‘ C-N
Upstream (g/s) 8.2 8.5 7.0 6.3
Downstream (g/s) | 38.2 | 38.5 37.0 | 36.3
Momentum (%) 100 | 100.87 | 91.82 | 91.48

Table 3: Recirculated mass flow ratios at low mass flow rate.

culations, it does not imply a direct correlation with the improvements of
surge margin obtained on the experimental tests carried out by Galindo et
al. [24]. A similar reasoning can be drawn from the incoming momentum
results. Thus, in spite of being interesting indicators of the state of the flow
at the compressor inlet, these parameters cannot be directly used to predict
the surge appearance.

As can be observed in Fig. [3 due to the rotation of the wheel, the tangen-
tial velocity of the recirculated flow is high and has a swirl component that
is transferred to the incoming flow as it is redirected towards the compressor
[42], acting like a pre-swirl device and increasing the pre-rotation of the flow
[10, 16], 17]. Notice that the incoming flow presents an increase of angular
momentum caused by the recirculation, which rotates in the same direction
as the compressor wheel (see arrow in Fig. |3)). The increase of axial momen-
tum and reduction of incidence angle due to those backflows delay onset of
surge.

Other parameters that can be extracted from the state of the flow at the
compressor inducer are the angles of the velocity triangle of the compressor
inducer, defined in Fig[dl Using a cylindrical coordinate system, the axial
and tangential time-averaged components of the velocity are considered in an
annulus-shape region in the inducer plane. The annulus is defined between
the spans 0.3 and 0.7 of the impeller passage, representing a characteristic
incoming flow region (the recirculation area is skipped, as well as the area
very close to the hub). The inducer plane is moved an offset of 2 mm upstream
of the leading edge, avoiding the perturbations of the leading edges on the
averaged velocity components. Additionally, between the aforementioned
spans where the annulus is defined, the blade angle at the leading edge (f,...)
is also averaged. Then, using equations[7], [§| and [9] « and 8 angles and the
incidence are respectively obtained.

Cu
tana = — 7
ana == (7)
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Incidence = 8 — fy.e. 9)

The results of the velocity triangle angles and incidence for the low mass
flow rate operating points are shown in Table [4]

Angle [°] | Str. | Tap. | CD-N | C-N

Q 36.8 | 36.9 39.6 | 45.1
B 55.6 | 56.0 57.0 54.4
i 8.6 9.0 10.0 7.4

Table 4: o and 3 angles and incidence at low mass flow rate.

The first feature that outstands when analyzing Table [4] is the non-null
values of the « terms for all cases, even though there are no pre-swirling
devices mounted on the compressor inlet. This is only explained by a swirl
transmission of the recirculated flow to the incoming stream. This mechanism
is produced due to the rotation of the wheel, which sets a high tangential
component of the flow that exits the inducer in an upward direction. Then,
depending on different factors, such as the available recirculation region, the
recirculated mass flow rate and the outgoing swirl, the transmission of swirl
may vary and a different alpha angle will be produced. On the other side,
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Figure 5: Axial section of linear integral convolution of mean velocity, scalar of mean
temperature, mean velocity vectors and black solid line indicates null axial velocity for the
low mass flow rates simulations.

the beta angle depends on the alpha angle, the speed of the compressor
wheel (which is constant in this case for all the configurations), and the
axial component of the incoming flow. It is worth mentioning that a higher
recirculation imply higher axial velocities, which affects these angles (see
Table [3)).

Analyzing the results obtained for the simulations of low mass flow rates
displayed in Table[d], it is observed that a similar velocity triangle is obtained
with the straight and tapered ducts. This is consistent with the results
obtained in Table |3, where similar values of backflows were obtained with
these two intake geometries. Conversely, with both nozzles is obtained a
higher o angle, implying that more swirl transfer is being produced. However,
the lower recirculation of the C-D nozzle produce a higher incoming area
and lower axial average velocities on the annular section where the angles
are calculated, producing a slightly higher § angle and incidence. Finally,
the combination of the acceleration of the flow due to the throat restriction
and the reduced recirculation flow produce an increased swirl transfer and «
angle, which produce in this case a lower § angle and incidence, improving
the flow attachment in the suction face of the blades and thus, the stability
increases. Again, in spite of being interesting parameters of the behavior of
the flow at the compressor inlet, these angles cannot be taken independently
as unique indicators of the closeness of the surge limit.

The reach of the recirculation and its impact on the incoming flow may
also be graphically analyzed thanks to the longitudinal sections shown in Fig.
. In these figures, combinations of linear integral convolutions [43] of the
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time-averaged velocity are used with the mean temperature in the color field.
In addition, average velocity vectors and a null axial velocity line are added
to the figures, highlighting backflow region. The location of the inducer plane
is marked in each geometry.

The solutions of the reference case and the tapered duct are shown in Figs.
and where the backflows freely traveling upstream can be seen, trans-
ferring swirl and enthalpy to the incoming flow. Notice the non-axisymmetry
of the time-averaged flow, particularly at the tapered duct (Fig. . This
is due to the non-axisymmetric shape of the volute. On the other side, in
Figs. [bd and [5d] it can be observed how the nozzles confine this region, lim-
iting that transfer. As aforementioned, higher confinement of the backflows
implies lower meridional momentum transfer and thus, a different velocity
triangle configuration.

.375

w
&
8

(a) Straight duct
(baseline) (b) Tapered duct  (c¢) C-D nozzle (d) Convergent nozzle

Figure 6: Inducer cross-section of linear integral convolution of mean velocity, scalar of
mean temperature, mean velocity vectors and white solid line indicates null axial velocity
for the low mass flow rates simulations.

The same variables used in Fig. [f] are depicted in Fig. [6] on the inducer
plane sections of all the configurations, seeking an understanding of sec-
ondary flows. However, the pre-rotation of the flow (high « values in Table
4)) produced by the tangential momentum transfer from the backflows to the
incoming flow dominates over other secondary flows. Higher temperatures
can be seen in the inducer plane of the tapered configuration , not only
across the incoming boundary but also the backflows are hotter compared
with the results of the nozzles. The explanation resides in the backflows that
start in a region where the gas is partially compressed and heated, implying
that the higher the incoming temperature the higher the temperature of the
outgoing backflows, what increases, additionally, the incoming flow temper-
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ature. This is a problem that feeds itself back and produces an amplified
solution, which should be considered for the selection of materials that can
bear such temperatures. On the other side, the velocity vectors and the
backflow contour delimitation is similar across all the configurations.

A different approach to analyze the momentum distribution may be done
performing a meridional averaging of the axial momentum parameter, as
seen in Fig. [} The solid line indicates the region of null meridional averaged
momentum, and thus null meridional averaged velocity.

(a) Straight ductJ h_ ‘

(baseline) b) Tapered duct  (c) C-D nozzle (d) Convergent nozzle

Figure 7: Axial section of meridian average of momentum and line of null momentum.

First, a local maximums of axial velocity are found upstream the impeller
nut for the straight and tapered ducts. Incoming velocity contours show a
C-D nozzle-like pattern due to the backflows. This effect is more clear for the
straight duct (see dashed line, made just for remarking this effect). In fact,
the divergent part of this “nozzle” may reach an angle that the flow cannot
withstand without detachment with lower mass flow rate. Contradictorily,
the acceleration of the flow in the throat and thus, the momentum on the
inducer plane, is lower for the C-D nozzle. This is due to the lower room
occupied by the backflows in the latter configuration which in the end sets the
effective throat. Finally, the acceleration produced in the convergent nozzle
is moved downstream, closer to the impeller and reducing the deflection
produced by the nut. Again, due to the confinement of the backflows the
momentum in the inducer plane is lower than the baseline, as already seen
in Table [3]

Regarding the global variables obtained for the points of low mass flow
rate, Equations |1| and [2| are used to calculate the compression ratio and the
isentropic efficiency and showed in Table [5. The average incoming tempera-
ture in the inducer plane of each intake geometry is written as well.
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‘ Str. ‘ Tap. ‘ CD-N ‘ C-N
1., 212 | 211 | 2.13 | 2.15
s 56.3 | 56.1 58.5 | 59.2
Tina [°C] | 46.3 | 49.1 41.6 | 39.1

Table 5: Results of compression ratio, efficiency and average incoming temperature for
the low mass flow rate points.

Higher efficiencies are found for both nozzles, which correlates with lower
recirculation ratios, as seen in Table Moreover, considering the values
of incoming temperature, it can be concluded that confining the backflows
reduces their interaction with the incoming flow and thus, friction losses de-
crease as well, what translates into an isentropic efficiency rise. However, it
is worth noticing that the different friction losses are not the only responsible
of different efficiencies, an alteration of the flow pattern on the inducer may
also affect the resulting efficiency, as a different compressor trim would do.
Conversely, similar results of momentum and recirculation between the ta-
pered duct and the baseline straight duct also produce similar friction losses
and thus, efficiencies. The compression ratio is marginally influenced by any
intake geometry.

The efficiency rise obtained for both nozzles at low mass flow rate cannot
be directly extrapolated to different regions of the compressor map, since the
flow structures would be quite different. Nevertheless, previously, Desantes
et al. [13] and Galindo et al. [24] tested a similar C-D nozzle obtaining an
efficiency increase not only at points close to surge also at mid mass flow
rates, even increasing by 6 percentage points the maximum efficiency of the
COMPressor.

Concerning the noise assessment, the PSD is calculated using the Method
of Characteristics wave decomposition defined in Eq. and the Welch’s
averaging introduced in section [3] Figure [§] shows the PSD results at the
inlet and outlet ducts.

It is noticeable that each case presents a different PSD profile for fre-
quencies between 800 and 2500 Hz, coinciding with the common range of the
whoosh noise [5, 44], [45]. Nevertheless, except the straight duct, that presents
a flat and noisy spectra at very-low frequencies, the rest of the configurations
show a noticeable peak in the aforementioned whoosh noise range possibly
responsible of this characteristic noise. Also, all PSD show an important
peak at very low frequencies, nearly about 100 Hz or RO=0.04, which ac-
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Figure 8: Inlet and outlet PSD of low mass flow rate points.

cording to Sundstrém et al. [42] is due to the dominant surge oscillation.
Using Equations [5] and [6] the SIL are computed and the results are shown
in Table [6 It can be seen that, in average, the straight duct produces a
significantly higher noise emission, which according to Evans et al. [5], may
suggest that the compressor is operating very close to surge, as would be
consistent with the experimental campaign.

SIL (dB) | Str. | Tap. | CD-N | C-N
Inlet 131 | 126 | 126 | 122
Outlet 151 | 152 | 154 | 149

Table 6: Inlet and outlet SIL of low mass flow rate points in a frequency window from 300
to corresponding cut-off frequency.

Broatch et al. [30] stated that the whoosh noise is affected by inducer
rotating stall, which in turn, can be enhanced by the onset of low-pressure
bubbles that appear at low mass flow rates [22]. In Fig. [J] the low-pressure
bubbles at the straight inlet duct are shown, displaying the region whose
pressure is below 90 kPa. The bubbles rotate in the same direction as the
wheel, due to the angular momentum transfer from the recirculations to the
intake mass flow, but at a lower speed rate. The rotating speed was assessed
and resulted to be spinning nearly at RO=0.5, this is, at around 1333 Hz,
which coincide with the aforementioned peaks found within the whoosh noise
range [46]. Conversely, from 3500 Hz to higher frequencies, the inlet geometry
appears to have no impact on the PSD, except for the convergent nozzle. The
PSD spectra profile of this geometry is strongly modified due to the partial
blockage of the inducer area. Actually, the convergent nozzle case produce, in
average, a lower noise emission (see table @ The experimental tests carried
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out by Galindo et al. [24] showed a lower SIL emission of the convergent
nozzle inlet as well.

Pressure (Pa)

.104514

100656

Figure 9: Low-pressure bubble at low mass flow rates for the straight duct.

Although the outlet duct does not directly discharge to the ambient, the
analysis of its spectra is important since the intensity of the noise is greater
than at the inlet ([5], Table [f)) and therefore the compressor housing and
outlet pipe may significantly radiate noise to the surroundings, as described
by Torregrosa et al. [47]. Additionally, being that the engine is placed
downstream of the compressor and it is greatly influenced by the acoustic
signature of its intake flow, special attention needs to be paid when coupling
both thermal machines. Figure[I1b]shows the PSD of the outlet ducts, where
a similar spectral profile is generated by all four configurations, differing only
in the power density of the peaks around 2200 Hz. Analogously to the inlet
PSD, the convergent nozzle case produce the lower peak, whereas the tapered
and the C-D nozzle cases produce higher values.

4.2. Points of high mass flow rate

At high mass flow rates, the effect of the inlet geometry is clear on the
evolution of the static pressure through the intake duct, since the pressure
losses grow with the square of the mass flow rate. Moreover, flow recircula-
tion is not extended upstream the impeller at these conditions [32] because
the higher mass flow rate implies a greater momentum that is able to over-
come the adverse pressure gradient set in the rotor easier, therefore creating
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backflows of lower intensity than near surge (see Fig. . The impact of the
shifting the operating point in the angles of velocity triangle (according to
the definition in Fig. {4) is shown in Table .

Angle [°] | Str. | Tap. | CD-N | C-N

o 0.2 0.2 1.1 4.0
B 50.1 | 49.9 44.9 32.9
) 3.1 2.9 -2.1 | -14.1

Table 7: Alpha and beta angles for the high mass flow cases.

Angles for high mass flow rate (100 g/s) included in Table [7| present
significant differences to their counterparts at 30 g/s, shown in Table .
First, ¢, component is reduced because the recirculation intensity decreases,
as commented before. This entails a reduction in the swirl transfer with
the incoming flow, which is kept almost axial until entering the compressor
inducer, producing « values close to zero. In the case of the Convergent
nozzle, the presence of the throat near of the inducer generates a sudden
expansion. This “backward facing step” for the incoming flow results in flow
detachment, promoting recirculation in the fashion of a rotating bubble that
covers the backside of the step and the inducer region close to the shroud,
as can be seen in Fig. |10l Great swirl transfer is produced there, slightly
increasing ¢, component and thus the averaged alpha angle of the Convergent
nozzle in Table [

Besides, the higher axial velocity component compared with the low mass
flow rate points also contributes to reducing a and S values, according to
Fig. [ Notice the shift from positive incidence in Table [ to close-to-zero
incidence in Table [1 due to the combination of the aforementioned factors.

When the cross-section of the incoming flow is reduced, which happens
with both nozzles, axial velocity is even higher, which further reduces 5 and
1. The throat created by the Convergent nozzle decreases the incidence angle
down to -14° and generates the pressure losses that strongly worsens the
compressor efficiency. The results of the global variables for the high mass
flow rates are written in Table 8l

The higher pressure losses of the Convergent nozzles worsen both the
compression ratio and the efficiency. A different point of view to approach
this would be assessing the Mach number at the inducer plane. In Fig.
it can be seen how the Mach number reaches supersonic velocities in some
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Mach Number

B

1.04

Figure 10: LIC of mean absolute velocity with color field of Mach number of convergent
nozzle at high mass flow rates.

| Str. | Tap. | CD-N | C-N
1.65| 1.64 | 1.56 | 1.11

I,

s 63.0 | 62.3 95.1 14.1

Table 8: Results of compression ration and efficiency for the high mass flow rate points.

regions of the impeller. First, the throat appears to be partially blocked
and even producing supersonic flows. The presence of shock waves and su-
personic flow imply important losses of the total conditions, responsible of
the efficiency decrease. The same effect would be found for the rest of the
configurations at higher mass flow rates or at the same conditions with a
smaller compressor (or with a compressor with a lower trim). It is worth
mentioning that this effect is also noticeable with the C-D nozzle, but not as
importantly. On the contrary, the tapered duct does not have any worse or
better influence on the compression ratio or on the efficiency compared with
the straight duct.

Finally, regarding the noise analysis of the high mass flow rate points,
again the Method of Characteristics wave decomposition (Eq. and the
Welch’s averaging is used to calculate the PSD. In Fig. is depicted the
PSD results at the inlet and outlet ducts. The PSD of these points is lower
compared with the corresponding low mass flow rate ones, which is consistent
with the experimental results obtained by Galindo et al. [24] and the simula-
tions performed by Broatch et al. [22] and Sundstrém et al. [48]. The impact
of the sonic conditions of the flow in the throat of the Convergent nozzle (see
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Fig. is noticeable. Due to the flow being supersonic, the noise gener-
ated downstream the throat, i.e., in the compressor wheel, diffuser, volute
and outlet duct, cannot travel upstream and reach the inlet entry. Since the
rotor is the source the loudest noise of the system, the PSD at the inlet duct
is significantly reduced. The rest of the configurations present a flatter noise
signature, again being the straight duct the flattest. The peaks of the C-N
nozzle points towards some degree of acoustic resonance that is related to
the specific geometry that has been employed. The PSD of the outlet duct
is less critical, however it is interesting how both nozzles present a higher
noise level from 3000 Hz on. This should be considered for the engine gas
exchange design and the radiated noise [47].
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Figure 11: Inlet and outlet PSD of high mass flow rate points.

The SIL has been calculated as well using Eqgs. [f] and [6] and the results
are exposed in Table [0] The results of the straight duct and the nozzles
are consistent with the experimental data obtained by Galindo et al. [24].
However the Tapered configuration presents a lower SIL than in the exper-
imental test. This may be due to its geometrical characterization (different
compressor design, length of the ducts, similar but not identical diameters,
...), which greatly affects noise signature and resonances.

SIL (dB) | Str. | Tap. | CD-N | C-N
Inlet 123 | 113 115 87

Outlet 147 | 148 152 148

Table 9: Inlet and outlet SIL of high mass flow rate points in a frequency window from
300 to corresponding cut-off frequency.
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5. Conclusions

Four compressor inlet geometries were selected and modeled. Compressor
simulations with these geometries were made setting two operating points,
one close to surge at 30 g/s and one at very high mass flow rates at 100
g/s, both at the same compressor speed of 160 krpm. From the converged
simulations, global variables were obtained, local observations in different
section planes were assessed and the noise emission produced in both inlet
and outlet ducts were measured, using the Method of Characteristics for the
wave decomposition.

From the results of each intake geometry in comparison to the baseline
at low mass flow rate can be extracted that:

e Tapered duct: similar results are obtained in all the quantitative pa-
rameters that has been assessed (recirculation, incidence angle, global
variables; etc), in both low and high mass flow rates. The effective
“nozzle” that appears when the recirculation constraints the incoming
flow is less visible than in the straight duct, possibly influencing on the
surge limit.

e Convergent-Divergent nozzle: less incoming momentum and recircula-
tion values resulted from the simulation, but the lower interaction with
the backflows reduced the enthalpy transfer and the friction losses,
which implied a colder incoming flow and an increased compressor ef-
ficiency. The area restriction of the throat worsens the performance at
high mass flow rates.

e Convergent nozzle: the effects found in the C-D nozzle are aggravated
with this intake geometry. Nevertheless, in spite of having the lowest
recirculation and momentum values, the swirl at the inducer plane
produces the highest o and incidence values, increasing the stability
at low mass flow rates. The incoming temperature is lower as well,
producing an increase in efficiency. Drawbacks of this configuration
appear when the mass flow rate increases and the pressure losses of the
cross-section restriction counter-acts the aforementioned benefits.

Finally, concerning the noise analysis, it is concluded that the inlet geom-
etry plays an important role on the characterization of the emitted spectra
at low mass flow rates, not only setting the global intensity but also alter-
ing the noise signature, potentially impacting in the subjective perception of
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the complete engine noise, aspect that has grown in importance in the latter
years. The outlet pressure waves are also influenced by the inlet geometry, so
its study cannot be discarded beforehand for modeling the acoustic response
of the whole gas exchange process of the engine. A slight noise reduction
is found for the tapered and C-D nozzle and a significant reduction is pro-
duced by the convergent nozzle due to the partial blockage of the inlet area,
particularly at high mass flow rates.

For future works, the simulation of even lower mass flow rate points is
proposed, with the objective of both determining if the prediction of surge
onset provided by CFD simulations correspond with the experimental tests
carried out using the same inlet geometries and assessing the phenomena
responsible of its triggering.
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