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Abstract

This paper describes an experimental study carried out with the objective of characterizing flow instabilities in turbocharger
compressors, specially the distribution of the high-temperature compressed backflow that appears upstream of the impeller at
marginal surge conditions. The inlet of a test compressor was fitted with linear and circumferential thermocouple arrays in order to
measure the temperature distribution caused by this backflow, whose independence of duct wall temperature was validated through
thermographic imaging. Miniaturized pressure probes at the inducer and diffuser showed how pressure spectra varied during the
different operating conditions. In-duct acoustic intensity was measured in both the inlet and the outlet to investigate the correlation
between a known super-synchronous broadband issue known as whoosh noise and the backflow behaviour as characterized by local
pressure and temperature. Analysis of the results points to inlet whoosh noise being boosted by this reversed flow but not caused by
it, the source probably being located at or downstream of the compressor impeller.
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1. Introduction

As pressure grows on automotive internal combustion en-
gines to meet ever increasing efficiency and sustainability re-
quirements, engine manufacturers are resorting to further down-
sizing, with three-cylinder engines quickly replacing four-cylinder
engines in many market segments.

Such a high reduction in the displacement due to environ-
mental and efficiency concerns, implies the necessity of more
aggressive turbocharging strategies in order to keep the engine
power output at the value demanded by the vehicle [1]. These
increased turbocharging requirements, together with strict pack-
aging restrictions, have led to small turbocharger compressors
operating at more demanding conditions, away from their stable
operating points and closer to their surge limit [2].

Thoroughly studied for almost a century [3], deep surge is
a destructive condition caused by airflow completely detaching
from the compressor impeller blades, so that the compressed
air reverses its direction and flows back from the diffuser to
the inlet duct of the compressor. There, the momentum as-
sociated with the incoming fresh air motion forces the high
temperature, reversed flow back into the compressor, and the
detachment and reversing cycle starts again. This self-sustained
cyclic phenomenon creates extreme pressure gradients that can
compromise the structural integrity of the compressor. Hence,
it is very important to avoid reaching such extreme operating
conditions.

Different deep surge mitigation strategies have been pro-
posed, either based on the modification of the inlet line and
the compressor inducer [4, 5], or by introducing swirling [6]
or pulsations [7] into the flow. These have been successful in
delaying the onset of deep surge, thus expanding the useful air
flow range of the compressor.

However, deep surge does not usually happen all of a sudden,
especially in centrifugal compressors [3]. Before conditions be-
come so critical that flow completely separates from the blades,
partial detachments along the external edges of the blades begin
to occur, leading to high temperature flow reversing along the
periphery of the inducer and into the first portion of the inlet
line.

Since turbocharger compressors keep decreasing in size to fit
to smaller engines, their rotating speed further increases, while
the minimum mass flow demanded by the engines keeps decreas-
ing. As a result, operation in these partially stalled conditions is
becoming increasingly common.

While the effect of partial blade stall on compressor per-
formance and efficiency is well known (specially in axial flow
compressors) since at least the 1950s [8, 9], pressure distur-
bances caused by these “marginal surge” conditions have also
been linked to increased noise generation in the turbocharging
system. These Noise, Vibration and Harshness (NVH) issues are
specially challenging in the development of modern downsized
engines [10].

Regarding noise issues, not only an increase in the overall
acoustic level is adversely perceived by the end-user, but also
the subjective perception of noise quality is influenced by the
frequency content of the acoustical emission. High speed tur-
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Nomenclature

+ Forward-travelling variable
− Backward-travelling variable
α Significance level (–)
P̄ RMS averaged pressure (Pa)
X Pressure wave spectrum (Pa)
ρ Ambient density (kg m−3)
a speed of sound (m s−1)
B Greitzer–Moore B parameter (–)
D compressor inlet diameter (m)
f1 1st symmetric acoustic mode onset frequency (Hz)
f2 2nd symmetric acoustic mode onset frequency (Hz)
I Sound intensity (W m−2)
I0 Reference sound intensity (W m−2)

M Mach number (–)
p0 Reference pressure (Pa)
AMF Corrected Air Mass Flow (kg s−1)
BPF Blade Passing Frequency (Hz)
CAD Computer Aided Design
CFD Computer Fluid Dynamics
LCMV Linearly Constrained Minimum Variance
NVH Noise, Vibration and Harshness
RMS Root Mean Square
SIL Sound Intensity Level (dB)
SPL Sound Pressure Level (dB)
TCN Tip Clearance Noise

bomachinery can add high frequency components to the usual
low frequency sounds of piston engines, and thus negatively
impact the customers’ perception of the vehicle noise quality
and performance [11].

In this paper, an experimental campaign is carried out with
the double objective of characterizing the aforementioned hot
backflow, from its inception at nearly stable conditions to its
evolution until just before deep surge is reached, and studying
its influence on noise generation.

Compressor instrumentation is described, with indication of
the different sensors used and their locations. Selected results
from the experimental campaign are presented and discussed,
focusing on how the different thermodynamic results can be
useful to characterize the evolution of stall and its relation to
acoustical phenomena.

2. Experimental setup

The experiments were carried out in a large anechoic cham-
ber available at Instituto CMT – Motores Térmicos. More de-
tails about the characteristics of this facility and its use for tur-
bocharger research can be found in [12] and [13], respectively.

2.1. Turbocharger
For this investigation, a production automotive turbocharger

was chosen. However, prior to its installation in the gas stand,
modifications were made to accommodate the required local
temperature and pressure sensors.

The compressor housing was modified by removing the orig-
inal inducer up to the plane of the blade leading edges and
substituting it by a removable adapter piece which incorporates
guides for a circumferential array of thermocouples and a minia-
turized pressure probe. This adapter is depicted in red in Figs. 1
and 2.

A detachable straight pipe section with a linear thermocouple
guide was affixed to this adapter. This configuration offers the
possibility of easily substituting the straight section for other
ones with different geometries such as elbows or tapered ducts.

Thermocouple

RPM sensor

Adaptor

O-ring

Inducer
pressure
probe

Difusser
pressure

probe

Figure 1: CAD view of the proposed local temperature and pressure measure-
ment instrumentation, showing the distribution of thermocouple arrays and
pressure probes.

2.2. Temperature

It is well established in the literature [14, 15] that flow re-
versing from downstream of the impeller is one of the most
significant phenomena indicating compressor instability and
stall inception. Since these backflows coming from downstream
of the wheel have undergone the non-isentropic compression
process, they are at high temperature. Consequently, not only
pressure but also temperature measurements should be consid-
ered for characterizing both the inception of these backflows and
their upstream extension. Indeed, Liu et al. [16] for instance
showed how the standard deviations of temperature and pressure
measurements are good indicators of deep surge.
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Two thermocouple arrays were thus installed at the compres-
sor inlet in order to characterize the temperature distribution
associated with this backflow. A circumferential array covers a
cross section of the pipe just at 1/3 inlet diameters, or 14 mm
from the compressor wheel plane, providing temperature mea-
surements every 45◦. The second array is linear, extending in
the longitudinal direction of the pipe up to approximately 2 inlet
diameters. Both arrays can be seen in Fig. 1 and especially in
Fig. 2.

The first array was devised to determine if there existed
angular variations of temperature distribution indicating thus
the presence of some backflow, and the second one was used to
characterize the length of the recirculating backflows for each
compressor operating condition.
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Figure 2: Annotated views of the pressure probes (purple) and thermocouples
(green) locations, forming the circumferential and linear arrays.

Numerical simulations performed by Lang [17] suggest that
backflows extend up to 2 – 3 diameters in length, and may
occupy over half of the duct radius area. In order to characterize
the backflow, Andersen et al. [18] selected a distance of half the
duct radius for placing several thermocouples in the inlet pipe of
the compressor, whereas Figurella et al [19] used thermocouples
located in the centre of the pipes and an additional one 14 mm
away from the blade tips and protruding 4 mm into the duct.

Further temperature measurements were taken in order to
provide reference points for the two arrays. The ambient temper-
ature of the test chamber was recorded, as this is the temperature
of the ingested flow. A surface thermocouple was also affixed to
the external wall of the aforementioned circular array adapter.
All the thermocouple measurements were acquired with a Yoko-
gawa oscilloscope, and were averaged over one second.

Additionally, a thermographic camera was installed onto the
turbocharger assembly, so that its view frame covered both the
compressor volute and the inlet duct. This provided a measure-
ment of the external distribution of temperature, that proved
useful to confirm that the temperature profiles measured by the
linear thermocouple array were not affected by heat transfer
from the inlet pipe walls.

2.3. Pressure

Pressure measurements are usually taken in both the inlet and
the outlet ducts of the compressor. Within this work, an effort
was made to characterize the spectral signature of the pressure
at two additional critical locations: in the inducer, upstream of
the compressor wheel, and in the diffuser, downstream of the
wheel. Miniaturized piezoelectric pressure probes from Kistler
were used in both locations.

The inducer probe was mounted flush to the wall, at a dis-
tance of 6 mm from the wheel leading edge to the centreline of
the sensor. The diffuser probe was mounted at 5 mm from its
inlet section and 34.5 mm away from the turbocharger axis line.
Both probes can be seen in Fig. 1 and Fig. 2.

2.4. Noise

In addition to the local measurements near the compressor
inlet, sound intensity was measured in both the inlet and the
outlet ducts, in order to relate the evolution of the local inlet
flow field to the sound emission. Specifically, a broadband noise
known in the literature [20, 21, 22] as “whoosh noise” was
targeted, since it has been associated with local instabilities near
the impeller.

The methodology chosen for measuring sound intensity is
based on pressure wave decomposition, so that the effect of
mean flow velocity on sound propagation is accounted for. A
detailed step-by-step explanation can be found in [23].

Decomposition of the pressure into forward- and backward-
propagating waves was performed using a Linearly Constrained
Minimum Variance (LCMV) beamforming algorithm on the data
recorded by two linear arrays of three flush-mounted piezoelec-
tric pressure transducers installed in both the inlet and the outlet
pipes.
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Figure 3: Compressor map showing the operating conditions covered during
the measurement campaign and the slope of the characteristic speed curves that
indicate the onset of stall where the slope changes its sign. From top to bottom,
shaft speeds were 160, 140, 120, 100 and 80 krpm.

The three sensor arrays were installed at suitable distances
from the compressor where the flow could be considered fully
developed and where it should be possible to avoid 1/3 and 1/5
standing wave nodes as recommended by Piñero et al. [24].
The distance between sensors was chosen so as to provide a
measurement range of up to 3 kHz, consistent with previous
experience of whoosh noise results [25, 26, 27].

3. Results and discussion

Using this setup, data was captured at several turbocharger
operating conditions. Different shaft speeds were kept constant
while air mass flow was progressively reduced, from a stable
operating point close to the compressor maximum efficiency
region to an unstable point very close to the compressor deep
surge limit. Figure 3 shows the recorded points.

In order to prevent the appearance of deep surge, with its in-
herent danger to the integrity of the compressor, pressure signals
were closely monitored to detect the onset of very low frequency
components (5 to 20 Hz) which were shown by Galindo et al.
[28] to be significant indicators of deep surge. It should be
noted however that the precise frequencies vary with the com-
pressor and inlet geometry and should be either measured or
estimated through the Helmholtz frequency and the B parameter
as discussed by Fink et al. [29].

3.1. Temperature

3.1.1. Radial profile
Prior to the measurements of the whole compressor chart, a

sweep of temperature measurements along the inlet radius was
performed for both the thermocouple located at 1/3 × D and
the thermocouple located at 2 × D from the leading edge. For
these measurements, the turbocharger compressor was brought
to conditions close to deep surge at 80 krpm.

The results can be seen in Fig. 4. As expected, the overall
temperature profile is higher at 1/3 × D from the leading edge
plane than at 2×D. The temperature appears to be approximately
constant up to a distance of 1/8 diameters (5 mm) from the in-
ternal wall, then decaying up to a distance of approximately 1/4
diameters (10.5 mm) from the centreline, which is at 1/2 diame-
ters or 21 mm from the wall. From there onwards, temperature
is again approximately constant.

Ambient temperature and surface temperature of the adapter
(seen in Figs. 1 and 2 in red) can also be seen in Fig. 4. As
expected, the centreline temperature at the most upstream point
is almost coincident with that of the ambient, while the fluid
temperatures near the wall at the most downstream point (at
just 1/3 × D from the wheel) are almost equal to those of the
adapter external wall, save for a small initial difference due to
heat losses.

From these results it is apparent that measuring the fluid
temperature in the vicinity of the wall is not practical due to
heat transfer from the wall to the thermocouple. Standardized
procedures for the characterization of flow temperature call for
measurements at 1/4 and 1/6 of the diameter. In this case, this
would correspond to distances of 7 mm and 10.5 mm away from
the wall. It is indeed clear on Fig. 4 that at these distances
the temperature values differ significantly from wall-influenced
temperature values. Ultimately, a distance of 1/4 of the diameter
(10.5 mm) was chosen for this study in accordance with the work
of Andersen et al. [18].
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Figure 4: Evolution of temperature measured by the first and last thermocouples
of the linear array for different distances from the wall, including measurements
of ambient temperature of the chamber and surface temperature of the adapter.
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Figure 4 also shows that even at the core of the flow there is
a rise in temperature of about 8 degrees between the upstream
and the downstream profiles. Even though the hot backflow
is expelled towards the walls, its high rotational speed favours
mixing with the cold core flow and thus heat diffusion, which
explains the core flow temperature increase observed along the
whole profile.

3.1.2. Backflow growth
By analyzing the evolution of the temperature results in the

inlet duct for different operating conditions (speed and air mass
flow) it is possible to estimate the growth of the recirculating
backflow.

Figure 5 shows different profiles of temperature difference
with respect to the ambient, measured by the linear thermocouple
array for the same rotating speed and different mass flows. They
show that at higher mass flows the temperature along the inlet
pipe is approximately equal to that of the ambient.

At low mass flow rates, the flow instabilities inside the wheel
channels cause the reversal of the air heated by the compression
process, so that a temperature increase coming from the com-
pressor wheel starts to be noticeable. The backflow onset seems
to occur at an operating condition corresponding approximately
to that of maximum pressure ratio at each rotating speed, as seen
in Fig. 3.

The temperature evolution along the inlet duct differs clearly
depending on the rotating speed. At low rotating speeds, the
backflow reaches farther upstream than 2 diameters from the
wheel, especially at low air mass flow rates, but the maximum
temperature difference is lower. Conversely, at high rotating
speeds the maximum temperature difference is larger (due to the
higher pressure ratio) but the extension of the backflow along
the inlet pipe is more limited.

The shrinkage of the backflow length at high rotating speed
can probably be attributed to higher inlet flow momentum at
these operating conditions. Reduced inlet flow momentum at low
shaft speeds would instead allow the compressed hot backflow
to reach farther upstream into the inlet line.

In order to ensure that the temperature increase along the
inlet pipe measured with the thermocouples is effectively caused
by backflow-convected heat and not by thermal diffusion from
the heated compressor housing to the metallic inlet pipe, an
additional test was performed whereby thermographic images
of the compressor were captured during the measurements, as
shown in Fig. 6.

These snapshots were synchronized with the operating condi-
tions at which flow temperatures were measured inside the duct.
Inlet pipe radiated wall temperature profiles were extracted to
compare the temperature rise to that of the internal flow. Figure
7 shows this comparison.

Considering first the highest mass flow operating condition
(blue lines) where there is no backflow exiting from the com-
pressor, it is apparent that while the wall temperature follows a
typical heat diffusion process, i.e. the external wall temperature
profile (dotted line) decays continuously, the flow temperature
measured by the thermocouples (solid line) remains constant
along the pipe.
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Figure 5: Evolution of temperature rise measured by the linear array thermocou-
ples for different mass flow settings and different shaft speeds, taking the most
upstream temperature as reference.
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Figure 7: Comparison of the temperature rise measured by the thermographic
camera (dotted line) and the internal thermocouples (solid line) for different
mass flow settings, taking the most upstream temperature as reference.

At lower mass flow rate (orange lines) the effect of the back-
flow can be clearly observed, as the internal thermocouples reg-
ister a temperature rise up to an upstream distance of 1 diameter.
Further upstream of this point however, the flow temperature
remains constant and equal to that of the most upstream point,
whereas the external wall profile shows a rather continuous de-
cay up to a distance of over 1.5 diameters.

As for the lowest mass flow condition (red lines) the tem-
perature increase measured by the internal thermocouples is
higher than the temperature registered by the thermographic
camera, and so in this case heat would be transferred from the
hot backflow to the walls and not the other way round.

3.1.3. Circumferential profile
As previously described, temperature measurements were

also recorded using the circumferential thermocouple array sit-
uated 1/3 × D away from the compressor leading edge. The
objective in this case was to characterize the angular distribu-
tion of temperature near the impeller for different operating
conditions.

The result of this study can be seen in Fig. 8, where the
circumferential temperature profiles at each measured air mass
flow value are plotted for the different rotating speeds considered.
These air mass flow values were the same as those previously
shown in Fig. 5 (where the linear array temperatures were
plotted).

It can be observed that the skewness of the circumferential
profile increases when the mass flow is reduced. At high flows,
the skewness is practically zero, the profile being completely
regular as the temperatures are similar for all angular positions.
However, at the point of higher pressure ratio some skewness
starts to appear along with an increase in temperature due to the
hot backflow.

As the air mass flow is further decreased towards the com-
pressor surge limit, an increase of both the overall temperature
and the profile skewness may be observed. The pattern of the
increased skewness appears to be similar for all the conditions
considered: the temperature is higher at angles corresponding to
the tongue and the end of the volute, where its cross-section is
larger, and smaller at the angles where the volute cross-section
is still small.

While minimum temperatures (corresponding to high air
mass flows) remain similar for all rotating speeds and approxi-
mately equal to the ambient temperature, the maximum temper-
atures increase with rotating speed. This is consistent with the
fact that the backflow is hotter due to the increased compression
ratio.

However, the increased angular differences exhibited by
these maximum temperatures are noticeable, with a difference
between the 90◦ and the 270◦ angular positions of almost 20◦C
for the lowest air mass flow at 160 krpm (red line in the rightmost
plot of Fig. 8).

3.1.4. Temperature compressor charts
In order to visualize the variation of the previously presented

temperature results with the compressor operating condition,
selected results have been mapped onto the compressor chart
presented in Fig. 3 by means of an interpolation procedure. The
result of these mappings can be seen in Fig. 9.

20
Temperature [ºC]

40 60 80 100

Comparison profile

Figure 6: Thermographic (IR) measurement of the compressor at a rotating speed of 140 krpm and different air mass flows, showing the progressive rise of wall
temperature as air flow decreases. From left to right: 111, 71 and 57 g/s. White line indicates the temperature profile used for comparison in Fig. 7.
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Figure 9: Maps summarizing the results obtained through temperature measurements across the different operating conditions. From left to right: circumferential
temperature skewness, maximum temperature and estimated backflow length.

The leftmost chart shows that the skewness of the circum-
ferential temperature distribution depends on the operating con-
ditions. The standard deviation has been chosen as a metric to
quantify the magnitude of the skewness. It can be seen that the
skewness increases with rotating speed and the instability caused
by low air mass flows.

In the centre chart of Fig. 9 the overall maximum tempera-
ture measured by the thermocouples is shown. The distribution
along the chart is similar to that of the skewness albeit less pro-
nounced at high speeds. At higher mass flows, temperature is
very close to the ambient temperature (∼ 20◦C or 293 K) of the
chamber. Maximum temperature in the array starts to increase
once the slope of the iso-speed lines approaches zero. This tem-
perature rise can reach up to 80◦C at 160 krpm and conditions
close to surge.

Finally, an estimation of the backflow upstream extension
is provided in the rightmost chart of Fig. 9. This was done by
post-processing the raw data from the linear array displayed in
Fig. 5. The temperature profile for each measurement point
(rotating speed and air mas flow) was automatically processed
with the procedure described below.

Starting from the thermocouple closest to the impeller, the
reading of each thermocouple in the linear array is compared
with the ambient temperature; the first that reads less than 3◦C
above the ambient is assumed to indicate the backflow spatial
extension.

If this is not achieved, it could be due to the temperature
profile being uniform. In order to check this condition, maxi-
mum temperature difference between all linear thermocouples is
calculated. If this difference is smaller than 3◦C a constant tem-
perature profile has been detected. If the maximum temperature
of the profile is less than 10◦C above the ambient temperature,
the backflow length is assumed to be minimum (1/3 × D), the
deviation in temperature being attributed to prolonged previous
operation at high temperature points. Else, the length is assumed
to be maximum (2 × D), implying a very large backflow region.
This situation only occurred when the compressor entered deep
surge conditions.
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Figure 10: Top row: pressure spectra at the inducer (left) and diffuser (right) measured by the local pressure probes at different air mass flows while the shaft speed
was kept constant. Bottom row: pressure spectra at the inlet (left) and outlet (right) ducts, including the onset of the first and second acoustic modes.

If the profile still does not satisfy the previous criteria, this
means that the backflow is extending beyond the length of the
linear thermocouple array, but still has a distinguishable slope.
In this case a linear-log extrapolation of the measured profile
was performed. The backflow maximum length is assumed to
be located where the extrapolated profile reaches a value of 3◦C
above the ambient temperature.

The resulting chart plotted in Fig. 9 shows that no backflow
is apparent at high mass flows, with its length only reaching the
thermocouple array near the point of zero slope of the iso-speed
line. However, contrary to the case of the previous two charts,
the backflow length is higher at low rotating speeds, as lower
mass flows provide less momentum to counteract the backflow.

3.2. Pressure

3.2.1. Local pressure
As shown in Figs. 1 and 2, miniature pressure probes were

fitted in both the inducer and the diffuser of the compressor
in order to characterize the behaviour of the pressure as the
operating conditions change. In Fig. 10, the top row shows the
sound pressure level spectra for both inducer and diffuser probes
at a constant rotation speed of 160 krpm and different air mass
flows. The frequency range is from 0 to 35 kHz, an upper bound
which is well beyond the human hearing range but nonetheless
shows relevant information. As the behaviour for the rest of
the tested rotational speeds was similar, the discussion will be
presented only for this condition.

It can be seen in these two plots that the pressure spectra in
the diffuser (right) are very similar, regardless of the different
air mass flows considered, with a marked increase only for fre-
quencies below 5 kHz and above 15 Hz, which will be explained
below.

A broadband noise centered around 2 kHz becomes apparent
at low flow conditions, with two side lobes. A characteristic
Blade Passing Frequency (BPF) can be clearly seen as a peak at
16 kHz, along with higher and lower frequency harmonics. This
could be related to the generation of whoosh noise, which often
identified in this frequency range.

Another very noticeable broadband noise is also present at
higher frequencies, peaking at around 23 kHz, which is a higher
frequency than BPF. This other broadband content could be re-
lated to the so-called Tip Clearance Noise (TCN) mentioned by
Raitor and Neise [30] based on a model for axial turbomachin-
ery presented by Kameier and Neise [31], and which was also
reported by Tiikoja et at. [32]. Numerical studies by Galindo et
al. [33] however do not appear to support the hypothesis of tip
clearance being the leading mechanism.

Data from the inducer pressure probe on the left top plot
shows very different spectra depending on the compressor oper-
ating condition. At high flow conditions, the frequency content
below 5 kHz is lower than the rest of the audible content between
5 kHz and 22 kHz. A slight broadband can be seen peaking
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around 20 kHz. As the flow is reduced from 120 to 115 and 111
g/s all the frequency content raises in level but the distribution
is similar, with the broadband being more pronounced, but still
peaking around the same 20 kHz frequency.

As seen in Figs 9 and 5, the next measurement point at
101 g/s is the first where the hot backflow reaches the first
thermocouple at 1/3 diameters from the impeller. Recall from
Fig. 2 that the inducer pressure probe was located between this
thermocouple and the impeller. Hence the fact that the backflow
is reaching the thermocouple implies that the probe readings are
starting to be affected by this backflow.

The backflow arrival causes a radical change in the pressure
spectrum: in contrast with the previous operating point, at 101
g/s (teal coloured line) the highest level is now located at and
below 5 kHz with a steady decrease up to 10 kHz and a more or
less constant content until the level starts to fall at 28 kHz and
above.

As the air mass flow was further decreased to 90 g/s, the
backflow extended upstream to at least the second thermocouple
at 1 diameter distance from the impeller leading edges.

Again, this changes the spectrum, with the higher levels now
descending from 0 to 8 kHz, a constant level from 8 to approx-
imately 25 kHz and a broadband peaking at approximately 30
kHz.

The following two operating points, where the air mass flow
was still further reduced (to 78 and 72 g/s) and the backflow
keeps extending upstream (as seen in the thermocouple readings
presented in Fig. 5) exhibit spectra similar to those previously
described, but with the high frequency broadband slightly shift-
ing to reach approximately 32 kHz.

As in the case of the measurements from the diffuser pressure
probe, the Blade Passing Frequency peak at 16 kHz and its lower
and higher frequency harmonics can be clearly distinguished at
all operating points.

Lastly, the lower frequency broadband at around 1 – 3 kHz
that is usually associated with whoosh noise can be clearly
distinguished at all mass flow conditions, specially in the inducer
spectra, even at the highest mass flow rate for which the backflow
has not yet reached the probe location.

This could be related to the phenomena previously observed
by Liśkiewicz [34] where some frequencies characteristic of un-
stable fluid structures were shown to be present in damped form
even at stable conditions, indicating in this case that whoosh is
still being produced at more stable operating conditions.

3.2.2. In-duct pressure
In addition to the miniature pressure probes at the inducer

and the diffuser of the compressor, pressure was also measured
with piezoelectric transducer arrays in the straight inlet and
outlet ducts. While these arrays were mainly used to compute
plane wave sound intensity, in addition the spectrum of the first
sensor of each array was plotted in the bottom row of Fig. 10 to
compare the pressure signature in the ducts with those measured
by the probes.

Comparing the pressure spectra measured in the outlet duct
(bottom right plot) with the previously described spectra mea-
sured in the diffuser (top right plot) it can be seen that the results
are similar except for the shifting of the high frequency broad-
band, from approximately 23 kHz to 14 kHz. Again, when
reducing the mass flow the levels rise at low frequencies and
decrease at high frequencies, in this case the turning point being
around 8 kHz. BPF peaks are still clearly visible except for the
lowest frequency harmonic.

In contrast with the noticeable differences found between the
spectra at different air mass flow conditions that were recorded
by the inducer probe, the inlet sensor shows an evolution similar
to that of the outlet. A clear increase in levels can be seen for
frequencies below 5 kHz as the mass flow is reduced, whereas
the levels at high frequencies remain similar or even diminish
slightly with respect to the high mass flow cases.

The broadband in this case appears to be centred around
7 kHz but, most interestingly, in all the spectra this TCN-like
broadband collapses with a deep decrease in level at 5 kHz. By
using the expression proposed by Eriksson [35] for the onset
of the first and second symmetric acoustic modes in ducts with
flow:

f1 = 1.84
a
πD

√
1 − M2 f2 = 3.05

a
πD

√
1 − M2 (1)

these limits were estimated for the inlet and outlet ducts, and
have been marked with dotted lines in Fig. 10. As can be seen,
the onset of the first mode, and thus the limit of the plane wave
range, is around 5 kHz with small differences due the change in
temperature, diameter and Mach number from the inlet to the
outlet.

While in the case of the inlet duct f1 appears to coincide
with the abrupt lower bound of the TCN-like broadband and
the start of the gradual increase in the levels, the broadband at
the outlet has shifted enough so that its lower frequency limit
is higher than f1 and thus the broadband content is symmetric,
without the collapse at the plane wave limit observed at the inlet.

No collapse or influence at the second mode onset frequency
can be attested in the outlet case. It becomes thus apparent
that while the TCN-like higher frequency broadband propagates
above plane wave conditions, it does not appear to be related to
the onset of a certain acoustic mode. Apparently, this TCN-like
broadband does not propagate below f1.

Furthermore, large shifts in the frequency of this broadband
noise are demonstrated between the different measurement po-
sitions, probably due to the changes in the speed of sound as
temperature varies. This makes it difficult to ascribe this phe-
nomenon to a particular flow-related mechanism, as its original
frequency is not so clear.

As for the pressure probes, both turning points appear to be
more related to the onset of the first mode at 5 kHz, but specially
in the case of the diffuser it should be taken into account that
the given expression for a circular pipe does not apply, and the
acoustic modes will depend on the particular geometry of the
compressor.
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3.2.3. Noise
A simple metric of sound level, used by most authors when

measuring turbocharger noise, is the Sound Pressure Level (SPL)
[20, 22, 36]. It is a scalar magnitude, and can be calculated from
the aforementioned pressure signals as:

SPLdB = 20 log10

(
P̄
p0

)
(2)

Here, P̄ is the RMS average of the pressure wave amplitude,
restricted to the desired frequency range, and p0 is a reference
pressure value of 2 · 10−5 Pa related to the threshold of human
perception.

While useful for free field sound measurements, local SPL
measurements have disadvantages in the case of ducts with flow,
since as a scalar magnitude it is highly dependent on the trans-
ducer position and thus vulnerable to reflections, standing waves
and other perturbations associated with the precise duct geom-
etry: consider for instance the differences in Fig. 10 between
inducer and inlet duct measurements.

In those cases, it is preferable to compute the Sound Intensity
Level as done by instance by Gaudé et al [37]. This is a vector
magnitude that characterizes the total sound power travelling
along the pipe, which should remain constant save for a small
attenuation. Sound intensity in ducts with flow can be calculated
by means of the equation proposed by Morfey [38] and applied
in [39, 40]:

I = I+ − I− =
1
ρa

(
|X+|2(1 + M)2 − |X−|2(1 − M)2

)
(3)

where X+ and X− are the spectra of forward and backward
pressure waves, ρ and a are the ambient density and sound
speed, respectively, and M is the Mach number of the flow.

Several methods exist for performing the decomposition of
the pressure signal into its forwards and backwards components,
such as the two-microphone method proposed by Seybert [41].
In this work, however, a more sophisticated Linearly Constrained
Minimum Covariance beamforming method [42] was selected,
which takes advantage of the statistical properties of the signals
in order to optimize the signal-to-noise ratio [43, 24].

It should be noted however that while these decomposition
techniques are most robust than simple SPL readings, for a
completely rig-independant result full two-port characterization
should be performed in a rig equipped with active exciters [44].
Also, these methods assume plane wave propagation, so if higher
frequencies are required special weighting factors should be used
to estimate sound intensity [45].

Once that the intensity is calculated, it is trivial to compute
Sound Intensity Level (SIL), using a reference I0 of 10−12 W/m2,
using:

SILdB = 10 log10

(
I
I0

)
(4)

Following the interpolation procedure described in [23] it is
possible to construct “noise charts” that allow for an easy visu-
alization of the variation of the sound intensity level in a given
frequency band with the operating condition of the compressor.
These charts were calculated for the 1 – 3 kHz band, and the
result is shown in Fig. 11.
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Figure 11: Sound intensity level maps for both inlet (top) and outlet (bottom)
ducts in the 1 – 3 kHz frequency band, interpolated from the measured operating
points.

This band was chosen since it is associated with “whoosh”
noise [21, 22] typically found in turbocharger compressors. In-
deed, as stated previously, a broadband peaking around 2 kHz
was found, most notably in the spectra measured by the inducer
and diffuser probes at high rotational speeds and low mass flow
conditions.

It can be seen in Fig. 11 that sound intensity is higher in the
outlet duct than in the inlet duct. Also, at high mass flows where
the slope of the iso-speed curve is still changing, low levels are
observed for almost all the rotational speeds. However, whereas
in both cases the noise levels rise when increasing the rotational
speed and decreasing the air mass flow, the distribution is not
the same.

Operating conditions with higher level are more extended in
the inlet duct, both in terms of rotational speed and mass flow.
Except for the maximum rotational speed, rise in noise level
occurs in the inlet at a lower flow rate than in the outlet. Consid-
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Figure 12: Correlation between standard deviation σ at the circumferential
thermocouple array and inlet sound intensity level in the 0.7–3 kHz band. Size
indicates shaft speed from low to high and color indicates mass flow from higher
(blues) to lower (reds).

ering for instance the 140 krpm line, it can be seen that in the
inlet, high levels (red colors) are reached just at approximately
80 g/s whereas in the outlet red contours are not reached until
nearly the deep surge limit at around 60 g/s.

The slope of the sound intensity contours is also different
between inlet and outlet. The level increase is more progressive
in the outlet, whereas in the inlet the increase occurs suddenly
at mass flows just before the point where the backflow reaches
the inlet thermocouples. This suggests that the whoosh broad-
band noise naturally propagates downstream, but the upstream
propagation is promoted only when the backflow extends past
the impeller and into the inlet duct. This points to the source
flow mechanism being located downstream of the impeller rather
than being caused by the instabilities associated with the hot
backflow at the inlet duct.

3.3. Correlations
In order to further corroborate the existence of a relation

between the inlet flow instabilities at marginal surge conditions
and the whoosh broadband noise at super-synchronous frequen-
cies, it is possible to correlate the thermal phenomena described
above with the total sound level in the relevant frequency range.

Figure 12 shows a plot of inlet sound intensity level against
the standard deviation of the temperature in the circumferential
thermocouple array. It can be seen that for high temperature
deviations the sound intensity appears to be correlated follow-
ing an ascending trend. However, below approximately 1.1◦C
of deviation the sound level appears to still increase with rota-
tional speed at low mass flows, even if no hot backflow is being
detected by the circumferential thermocouple array.

A least squares linear fitting was performed, showing that
there is a good correlation between the increase in sound in-
tensity at the selected frequency band and the increase in the
skewness of the inlet circumferential temperature distribution,
thereby suggesting a link between the two phenomena. Together
with the fact that the increase in sound level occurs even at operat-
ing conditions at which the backflow producing the temperature
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Figure 13: Correlation between standard deviation σ at the circumferential
thermocouple array and maximum temperature measured by the thermocouples.
Size indicates shaft speed from low to high and color indicates mass flow from
higher (blues) to lower (reds).

distribution skewness has not yet reached the thermocouples,
this again points to the generation of whoosh occurring in or
downstream of the impeller, with the phenomena being ampli-
fied upstream of the impeller as the backflow extends into the
inlet.

Another linear correlation was performed between the cir-
cumferential standard deviation of temperature and the maxi-
mum temperature of the backflow, as shown in Fig. 13. The
good agreement of this correlation showed that a relative or
dimensionless standard deviation (this is, raw standard deviation
divided by a representative temperature) is approximately con-
stant: the backflow is skewed similarly along the compressor
chart and increases linearly with the increase of temperature
caused by higher pressure ratios.

This skewness in the circumferential distribution of tempera-
ture could be related to the loss of axisymmetry caused by the
presence of the volute tongue of the compressor, and its influ-
ence on the flow behaviour in the diffuser could constitute a
subject worthy of further investigation.

4. Conclusions

In this paper, an experimental study is described with the
objective of accurately characterizing the behaviour of the inlet
flow instability of a turbocharger compressor when marginal
surge conditions are reached. Specifically, focus has been put
on the high-temperature compressed flow that reverses direction
and extends upstream of the impeller and into the final section
of the inlet duct after the partial blade stalling that causes these
marginal surge conditions begins.

The rotation, vortex shedding and reintegration of this back-
flow into the main flow coming through the core of the inlet
duct have been regarded as possible sources of acoustic noise
and several methods such as ported shrouds and different casing
treatments have been proposed to alleviate its occurrence and
extension [46, 5].
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During this investigation the setup described in section 2 has
been used to measure the distribution of temperature associated
with marginal surge, i.e. conditions with low air mass flow rate,
though not low enough to induce the compressor to enter into
deep surge.

By using the two thermocouple arrays installed in the com-
pressor inlet, both axial and circumferential temperature mea-
surements were obtained for several operating conditions. A test
was also performed in order to characterize the radial distribu-
tion of temperature caused by the hot backflow. The robustness
of these internal flow measurements against radiation from the
inlet pipe walls was verified through external thermographic
imaging.

The analysis of these temperature distributions allowed the
identification of the backflow length for the whole compressor
chart, together with the maximum temperature rise in the in-
let and also the skewness of the circumferential temperature
distribution of the flow.

The air mass flow has been shown to be the most influenc-
ing factor when predicting how far the hot backflow extends
upstream of the compressor impeller. At high rotational speeds,
where surge occurs at relatively high mass flows, the backflow
temperature is higher (due to higher compression ratio) but
the length of the backflow is shorter. As for circumferential
skewness, it has been shown to increase linearly with backflow
temperature, while it appears to be similar in shape for all the
different operating conditions considered.

In order to gain further understanding of the generation
and evolution of the local flow behaviour, miniaturized pres-
sure probes were placed in the compressor inducer and diffuser.
Analysis of the data provided by these two probes, and specially
by the former, showed that the pressure spectral information in
the inducer abruptly changed when the backflow reached the
upstream side of the impeller and the probe, as predicted with
the aforementioned temperature data.

Furthermore, compressor inlet and outlet ducts were fitted
with arrays of three piezoelectric pressure sensors in order to in-
vestigate the well-known mid-frequency acoustical phenomenon
usually referred to as whoosh noise. This phenomenon was de-
tected at plane wave frequencies by both probes, even at stable
conditions of higher flow rate where hot backflow was not yet
detected by the thermocouples This suggests that the unstable
structures of recirculating backflow in the inducer and inlet are
not the primary source mechanism of whoosh.

As for the other phenomenon usually identified in turbocharger
noise spectra, the so-called TCN broadband at higher frequency,
it was demonstrated through the experimental results that this
broadband content is highly dependent on the particular condi-
tions at each measurement location, and that it appears even at
frequencies above the BPF.

It was however noted that when this broadband shifted
enough to reach the onset of the first acoustic mode it col-
lapsed precisely on this limit and did not propagate at plane
wave frequencies, unlike whoosh noise that appears precisely in
this range. This provides a clear way to differentiate between
these two broadband phenomena, a distinction that sometimes is
absent in some works of the literature.

A correlation between sound intensity in the whoosh charac-
teristic frequency band and the increase in temperature skewness
due to the backflow was also found. Comparison of inlet and
outlet sound intensity charts shows a more smooth evolution in
the outlet and a more sudden rise in the inlet, linked to conditions
where the backflow starts to appear.

In conjunction with the analysis of inlet temperature and
pressure data, this suggests that whoosh noise in the inlet is
boosted by the convective effect of the reversed flow structures
at the inlet in marginal surge conditions, but it is not caused by
them.

Still, strategies aiming at the control of these backflow struc-
tures could influence noise transmission on the downstream side
and potentially alleviate its adverse effects on vehicle NVH per-
ception. These strategies could also address coupling effects
between the fluid structures and the structural modes of the duct
that increase radiated noise.

Further research combining the experimental gathering of
pressure data inside the compressor volute and/or the use of
numerical CFD models is, however, needed to precisely pinpoint
and mitigate the source of this adverse phenomenon, and not
only its propagation.
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