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Abstract

Sirocco fan units are very common and widespread solution for air conditioning used in public transportation applica-
tions (buses or trains). The users’ comfort and tranquillity are main concerns in the automotive industry. Inside such tur-
bomachines, the flow structure always becomes highly three dimensional and unsteady, compromising the referred
comfort, and sets the focus on the working flow variables. A mathematically exact solution for that flow, which would
provide any required information on pressure or forces, is out of scope at the current engineering design processes.
Nevertheless, some flow features and mechanical data are needed to progress in the frame of a modern industrial envi-
ronment, which each time more strongly, besides the different design procedures, involves maintenance protocols. The
correctness of a given maintenance protocol relies on its feasibility to handle a set of machine working parameters or
variables, including a number of them as wide as possible. Doing so, a set of non-dangerous ranges for them can be
established. Such ranges are often defined promoting a series of failures similar to real ones, when the machine is in its
usable lifetime. In what refers to the flow analysis, a reasonably good tool has been developed using a computational fluid
dynamics technique and, from the experiments, a better understanding of the fan operating conditions is accomplished.
For a Sirocco fan unit and to establish proper working ranges for maintenance purposes, a series of failures have been
experimentally and numerically tested. Initially, real data from industry have been required and a list of main failures was
made. It included impeller or rotor unbalance, impeller channel obstruction and blocked inlet. The first two failures are
studied using a purified orbit diagram technique and the last one is numerically analysed. All four working conditions are
studied for at least three different flow rates and, therefore, a deeper insight into the fan working parameters and
options is made feasible. In the frame of the maintenance protocol, a full set of ranges for the considered failures have
been obtained.
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Introduction
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and so on). The name Sirocco fan was introduced by
the classic textbook by Eck,' where a global frame of
the existing geometries is given. More recently, Rouse?
has commented on the global variables of these units,
in the frame of a general fan classification. Their rela-
tive small dimensions and low cost make them competi-
tive for residence heating systems, automotive units or
other industrial applications. Their working parameters
include a high specific speed and a large width-to-
diameter ratio (b/D,), while the flow deceleration
imposed by the diameter increase precludes the separa-
tion inception, as explained by Kind.? Other important
features, such as the short chord and the large number
of blades, were previously pointed out by Kind and
Tobin,* where a particular and detailed study of the
geometry and flow implications is given. Globally
speaking, these kinds of units become an economic
solution when dealing with a small unit for a relatively
high flow rate delivery.

Due to the above mentioned interest and current
applications, the number of classical studies on
forward-curved centrifugal fans is quite large and
ranges from the initial experimental search for second-
ary flow patterns® to more advanced and complemen-
tary experimental and numerical works.® Other and
more recent studies, for instance, Kim and Seo,’
Engin® and Velarde-Suérez et al.,”'" have proposed a
series of geometrical modifications or rearrangements
to improve some given design parameters such as, the
performance enhancement or the noise reduction,
among others. Particularly, Engin® studied the flow in
the tip region of centrifugal fans, using a numerical
approach. In the same frame, and as a starting point
for the work presented here, the study by Ballesteros-
Tajadura et al.'' has shown a numerical solution for
the pressure fluctuations in the volute of a centrifugal
fan unit.

The importance of a proper definition of a mainte-
nance protocol for any kind of mechanical machine is
deeply referred in the bibliography and several works
are available; for a wide review on the topic, refer to
Jardine et al.'> The particular features for rotating
machines and different approaches are explained in
Chen et al,”” Shi'"* and Cui and Craighead."”
Regarding failures diagnosing fans, a number of very
important frequencies are numbered in Chen et al."? as
theoretical values. Failure characteristics or diagnostic
indexes cannot be defined quantitatively, but other fail-
ure characteristics are clearly observed, as explained in
Shi."* On the other hand, the fast Fourier transform
(FFT) has been established as standard method to
obtain the corresponding spectra revealing its composi-
tion in the frequency domain; see examples in Shi'* and
Shi et al.!® Nevertheless, some other methods are avail-
able in the literature, see, for instance, Shibata et al.!”

and Sheard et al.,'® and may also be considered as rele-
vant tools.

Similar to what is targeted in this article, combining
both methodologies (numerical and experimental), a
study about the flow in a forward-curved centrifugal
fan was proposed by Lin and Huang.® Focusing on the
thermal performance of small units used for cooling
purposes in personal computers (PCs), they provide a
quite ambitious parametric study of the aerodynamic
and sound properties of different geometries, both
experimentally and numerically. And, in a more recent
date, the work by Montazerin et al.'” calls again the
attention on the inlet flow performance of these units,
previously suggested by Kind.?

Considering the previously mentioned studies and
many other important contributions which might be
found in the bibliography, the interest on the topic is
clear. This work takes into account the researchers’
concern about the definition of a maintenance protocol
using an experimental approach. A purified orbit dia-
gram (POD) technique is used to complement previous
efforts of the research group, according to different
previous publications.”!*!!-2*"23 It can be considered in
the frame of previous works by the same working team,
see, for instance, Velarde-Suarez et al..’ Ballesteros-
Tajadura et al,'"'?® Gonzilez et al.?' and Delgado
et al?>?

Experimental set-up and measurements

For the particular application, a squirrel cage fan unit
to be studied is built with a pair of twin impellers’ unit,
arranged as shown in Figure 1 (left sketch). The two
impellers are placed on both sides of the electrical
motor and supported by the two sides of the shaft in
cantilever, from its central position. The shaft also pro-
duces the rotation of both impellers in a forward direc-
tion and, for each one, a staggered configuration with a
middle plate that splits up the impeller into two parts:
the motor side and the free inlet side. The staggering of
the two parts means that they are mounted producing a
shift of the 23 blades, so that the mechanical resonances
are minimized. Therefore, in such arrangement, there is
a free inlet, at each impeller side opposite to the place-
ment of the motor. And there is also an obstructed
inlet, on the motor side of each impeller. From the
manufacturing point of view, each impeller is built with
two parts, which are linked together by a central plate,
as can be observed in Figure 1 (left sketch). The total
width of the whole impeller is 0.094m. Covering the
whole unit, there is a volute or external casing, provid-
ing two rectangular outlet sections. Complementary
main geometrical variables are shown in Table 1. The
main working parameters at the nominal conditions are
also shown in Table 1.
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Figure I. Simplified sketch of the tested fan (left) indicating the most important features and both static and differential

manometers (right), with one impeller in the foreground.

Table I. Main geometrical and operating variables.

Number of blades, Z (-) 23
Impeller inlet diameter, D, (m) 0.06
Impeller outer diameter, D, (m) 0.08
Outlet blade angle, 3, (°) 168.2
Impeller width, b, (m) 0.094
Rotational speed, w (r/min 3600
Nominal flow rate, Qy (m*/s) 0.098
Head at nominal flow rate, Hy (m) 15.8
Specific speed, ws (-) 1.9

The geometrical and working parameters of the fan
can be found in more detail in a previous work by the
group; see Ballesteros-Tajadura et al.® To determine
the performance curves, the basic procedures are per-
formed following ISO 5801:2007, which splits the calcu-
lation of the flow rate and head into two different
procedures. The flow rate has been obtained using a
Pitot tube, connected to a differential manometer (see
Figure 1, right). First, a calibration of the pipe for a
known flow rate is performed promoting a series of tra-
verses to get the velocity profile at different radial posi-
tions and the maximum pressure difference or
maximum flow velocity, which is retrieved at the middle
or centre point of the pipe. Then, a relationship or cali-
bration chart is built up for the flow rate as a function
of the centre point dynamic pressure. With such cali-
bration chart, for a given measurement of the dynamic
pressure (with the Pitot and the differential man-
ometer), the unknown flow rate is then obtained. For
the stagnation pressure or total head, the sum of three
main terms was considered (static, dynamic and friction
losses). The static pressure is measured with standard
pressure taps connected to a manometer (see Figure 1,
right), using an average from four different angular
positions, as stated in the Standard. The dynamic pres-
sure comes from the Pitot tube measurements, also cor-
rected following the Standard indications. And, finally,
the losses are obtained by extrapolating the equivalent
ones which are measured from a known length between

two different static pressure locations. A final correc-
tion for the dynamic pressure is introduced, according
to the Standard.

As it will be explained in what follows, this proce-
dure was repeated for a total of 18 different working
points, both in the baseline and for the tested failure, to
obtain the performance curves. Nevertheless, for most
part of the study, only the reference maximum pressure
in the centre of the pipe becomes important to be able
to compare different working conditions. Finally,
repeatability tests were carried out for the different
measurements, and after correction for the air density
the uncertainty for the flow rate is found to be less than
5% in all measuring points and for most points is
found to be below 2.1%. The head uncertainty was
always below 1.5%.

To consider a given fault diagnosis protocol, differ-
ent measurements must be taken for different operation
conditions producing, in such way, different standard
faults for the fan under study. The obtained measure-
ments will provide a possible comparison of the
observed change in the fans’ performance with the
baseline, or operation without any fault. In this study,
apart from the baseline operation, two different faults
have been considered for the experimental study: one
blade-to-blade channel obstruction and an unbalanced
impeller operation. Finally, an inlet blockage has been
numerically analysed. The facility, properly instrumen-
ted to carry out the designed measurements, was
arranged as shown in Figure 2. The fan is placed on
one end of the pipe, and in the other end, a regulation
cone is installed. As complementary noise measure-
ments have also been carried out, placement of the
microphones is shown, although they were not used for
this study. Here, the studied variable is the vibrating
state of the fan. For such state to be defined, two
B&K-4384 fast response piezoelectric accelerometers
are available. They are connected to a charge amplifier,
B&K-2635, especially suitable for acceleration mea-
surements. The sensitivity of the sensors is 10pC/g.
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Figure 2. Available fan installation for the experimental
measurements.
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Figure 3. Measurements’ chain sketch.

The cut frequency for the accelerometers is 10kHz,
although, and due to the arrangement, the maximum
valid frequency is found to be 3kHz. The measure-
ments’ chain is completed with the acquisition unit
Harmonie, connected to the PC. The whole set-up is
schematically represented in Figure 3. Repeatability
tests were carried out for several configurations and
flow rates and have shown maximum value with varia-
tion in characteristic peaks below 3%. To account for
the fan working point, three different flow rates were
studied: nominal one and two off-design working
points (one at 0.7 and other at 1.3, respectively, and
relative to the nominal one).

After the signal was recorded for a set of three working
points and three operation conditions, the signal analysis
was then handled, as is explained in what follows.

POD technique for the baseline and two
failures

The POD technique consists of a spectral analysis tech-
nique that may be applied to different measurements
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Figure 4. Accelerometers’ positioning during the experiments.
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Figure 5. A given time signal recorded for the baseline
operation.

when those evolve within a time framework. In the par-
ticular application studied in this article, a POD tech-
nique is applied to the horizontal and vertical signals
recorded from the two sensors used (see Figure 4 for
the global setting of the sensors at the fan casing).

An example of the time signal recorded is shown in
Figure 5 for nominal flow rate and baseline operation.
These kinds of signals were recorded for the three dif-
ferent operations and for three representative flow
rates.

The implemented procedure, following Chen et al.,'?
works as follows:

1. Measurement of the time signal for the horizon-
tal and vertical components of the acceleration.
The acceleration is recorded as a function of the
time, following the experimental routine and
apparatus previously described.
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Figure 6. Comparison of performance curves.
2. Apply a standard FFT to get the frequency Table 2. Main frequencies considered for the POD analysis.
decomposition of the signals. The information is
transformed into a set of data (fy, ¢ (k)), thatis, f Mechanical meaning
into the frequency domain, and the energy com- )
. . . | Rotational frequency
ponents are split for the c}1fferent frequepmes. . 2 Second harmonic of the rotational frequency
3. Search for the predominant frequencies with 3 Third harmonic of the rotational frequency
their relative values and obtain the (so called) 4 Fourth harmonic of the rotational frequency
modified spectrum of the signal (S). This new 8 Eighth harmonic of the rotational frequency
16 Sixteenth harmonic of the rotational frequency

value is a simplification of the real spectrum
considering only N frequencies of interest or rel-
atively more intense than the others. Therefore,
S is a filtered spectrum at the stronger measured
frequencies. In our particular application, the
following are found to be the most relevant fre-
quencies (not all affect all operations, but no
others related to electrical or others were found
to be important), as shown in Table 2.

4. Apply the POD technique to get the purified
spectrum. The following equations are consid-
ered to obtain the horizontal and vertical com-
ponents of the orbit diagram

N

(Xx)i.pop = kZl Sx(k) cos(2mjfy + dy(k))
N (1)

(Xy)i,pop = kZ:Il Sy(k) sin(2mjfyx + b, (k))

The full orbit diagram would be the result of plot-
ting equation (1) for the whole set of valid and selected
frequencies, within the limits of the experimental mea-
surements’ chain, disregarding the ones with lower
amplitude. In the performed measurements, the upper
limit for the frequencies goes to 3 kHz; the orbit sums
in equation (1) point to a number N quite high.
Nevertheless, and once the experiments were carried
out, the N value becomes much lower. Particularly, in
this article, N is a value less than 5 in all the studied
conditions.

Therefore, the purified spectrum depends only on a
few values, but stronger or more relevant frequencies.
If there is a change in value or phase for any other

frequency, the spectrum will remain constant. First, the
nominal flow rate is considered, and then two others
were analysed, a low and high one, respectively, to
cover the possible fan working range. The three opera-
tion conditions considered at the experimental cam-
paign were the normal one (baseline operation), the
obstructed channel and the unbalanced shaft operation.
The impeller arrangement for these failures is shown in
Figure 6. A detail of the obstructed channel failure is
shown in Figure 6 (left figure). For the unbalance of
the shaft, small metal pieces of 1.6 g (including the fix-
ing material) were fixed up to one of the fan blades, as
can be observed in Figure 6 (right figure). Although a
third failure was studied, namely, a blockage of the
inlet duct (already explained in Delgado et al.??), the
results for this case are only numerically analysed, as
will be explained.

An example of the measurements after application of
the FFT procedure is shown in Figure 7. It corresponds
to a low flow rate and the baseline operation. As can be
read in Chen et al.,'® the expected peaks and their
meaning are always quite clear for rotating machinery.
From most relevant peaks, a set of failure conditions
might be analysed. Nevertheless, the focus of this article
is to find out the most relevant frequencies to achieve
or define a good diagnosis for the studied failures. With
this purpose in mind, a full study of the relevant peaks
is mandatory and the result would be analysed in detail
in what follows.

From the kind of spectrum as the one shown in
Figure 7, the POD technique is then applied to the nine
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Figure 7. Typical values by applying the FFT to the obtained
measurements.

studied data sets, namely, the three flow rates and three
different operating conditions. After peak selection,
Figure 8 shows the composition of peaks and the
resulting diagram for the nominal flow and the normal
(baseline operation). As the resulting diagram is a sum-
mation of vectors, the result is obtained as such for the
first point. Doing this for a full rotation of the blades
(a 360° turning of the impeller), the result is the plotted
diagram; see the outer or envelope curve in Figure 8. In
this particular graph, the result is the summation of the
three most relevant frequencies: fi, f> and f;. Also, the
strongest signal or the most relevant one is the rotation
frequency (f;). Then, the fourth harmonic can be appre-
ciated as the second stronger one and, finally, the sec-
ond harmonic with relatively less importance. Other
harmonics influence even in a lower level and, there-
fore, are not considered, obtaining in such way the
POD of the signal. The vector summation of the three
components is the result shown in Figure 8 (only the
first point of the data set is remarked) and it resembles
the POD graph of the nominal flow rate at the baseline
operation of the fan. It shows a maximum vibration
resultant for an angle near 45°, which indicates the
almost equal contribution of the vertical and horizontal
components in the vibration of the machine. For each
rotation of the impeller, the composition of the x and y
components, for a given flow rate, completes one of the
elliptical-shaped figures (similar to the one in Figure 8).

The procedure is then repeated for the low and high
flow rates. The result for the high flow rate and baseline
operation is shown in Figure 9. The predominant fre-
quencies are, for this working point, the rotating and
the four basic harmonics. Again, the vector summation
is showed for the first point. The POD graph for this
flow rate becomes more vertical than the one obtained
in Figure 8. In this flow rate and operating at the base-
line condition, the vertical component of the force is
more important than the horizontal one. The equivalent
result for the low flow rate is shown in Figure 10. The

x ‘ /g [

v
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Sum vegtor for|the
first point

$

F'S

Figure 8. Vector summation of the different frequencies for
the nominal flow rate.

Sum vector for the
firjst poin},

Figure 9. Vector summation for the high flow rate.

most important frequencies are, for this condition, the
rotating one and the 4th, the 8th and the 16th harmo-
nics. As for the high flow rate, the vertical component
becomes predominant and the POD is almost vertical,
with a relation 3:1 of the maximum vibration levels,
that is, the vertical maximum being three times the hori-
zontal one. Therefore, off-design flow rates give rise to
predominantly vertical vibrations.
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Figure 11. POD for the three studied flow rates and baseline
operation.

Note that the scale for Figures 8-10 is not the same
and, therefore considering this scale change, the relative
importance of each POD is re-scaled and compared in
Figure 11. The comparison shows the less important
vibration at a high flow rate, although of an order of
magnitude quite close to the nominal flow rate one. The
highest vibrating levels are found for the low flow rate,
with maximum vibration almost twice as the maximum
for the other two analysed flow rates.

Figure 12. Comparison of the POD for the three flow rates:
unbalanced rotor operating condition.
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Figure 13. POD comparison for the nominal flow rate.

Similar comparison is possible for the unbalanced
rotor and the obstructed channel operations. Figure 12
provides the comparison as a function of the flow rate
for the unbalanced rotor operating condition. The final
comparisons, and more relevant in terms of fan opera-
tion and fault diagnosis, are the graphs showing the
results for the same flow rate and different operation
conditions. Such graphs are plotted in Figures 13-15.
The scale is fixed for the nine studied data sets, to allow
comparison among them.
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Figure 14. POD comparison for the low flow rate.

In particular, Figure 13 shows the comparison of the
POD for the nominal flow rate. A minimum vibrating
value is found for the baseline configuration, and a sim-
ilar behaviour is found for both the studied failures. In
fact, the baseline operation shows vibration levels in
the order of six times lower than the failure ones. The
impeller unbalance gives rise to the highest vibrations,
with a maximum of nearly 2.5 times the gravitational
acceleration. The main component for the three config-
urations is almost vertical, meaning that this is the main
stress direction for such operation.

In Figure 14, the POD for the low flow rate is
plotted. Again, the lower vibrations are found for the
baseline configuration. The higher vibrations are
found for the unbalanced impeller when this operat-
ing condition is compared with the baseline opera-
tion. In this flow rate, there is even a higher ratio of
difference when comparing the baseline operation
with the unbalanced impeller failure (around 10 times
lower). The obstructed impeller vibrations show an
almost circular shape, not as elliptic as in the other
flow rates and, therefore, both vertical and horizontal
maximum are of the same order or magnitude. The
vibrations for the baseline operation are one third of
the ones for this failure. The maximum acceleration
found is around 2.5 the gravity one and the main
direction is the vertical one.

Figure 15 plots the POD for the highest analysed
flow rate. According to the previous results and to what
it might be expected, the minimum is found for the
baseline operation. The relative values are around 20
times lower than the ones for the unbalanced rotor.
The obstructed channel operation shows a medium

Figure 15. POD comparison for the high flow rate.

range of vibrations, around 12 times higher than the
baseline operation values. For off-design flow rates, the
unbalanced impeller fault results in even higher accel-
erations, while for the nominal flow operation, both
studied faults produce equivalent acceleration levels.
The maximum acceleration for this flow rate is around
1.5 times the gravitational one, and the main direction
is again the vertical one. The ratio between the maxi-
mum acceleration for a given failure and the baseline
operation becomes the order of up to 20 times.

As a conclusion, the POD results allow a clear dis-
tinction between the baseline and the fault operations;
however, the difference between the two failures tested
is not clear. The neatest way to recognize the kind of
failure from the experiments would be the angle of the
main vibration, which is always more vertical for the
unbalanced impeller operation. The maximum vibra-
tions are found for the vertical direction, and the ratio
between the different failures and the baseline ranges
from 3 to 20 times, the maximum acceleration being
around 2.5 times the gravitational one.

Numerical model

There are many other possible failures that cannot be
easily compared to the previous ones, because they
could affect the flow rate and, therefore, the working
point of the studied fan. This is what happens when
considering the inlet section blockage that may appear
in practice when some piece of matter is stuck in the
inlet section by action of slight pressure that affects
the air income at that section of the fan. To handle the
mentioned failure, a numerical study is proposed to
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obtain the comparison between it and the baseline
operation.

Then, to handle the more advanced problem of con-
sidering the inlet blockage section, a three-dimensional
(3D) geometrical model was developed for the whole
machine. The flow in this geometrical model has been
solved using the commercial code FLUENT® which,
by a finite volume algorithm, solves the unsteady
Navier—Stokes equations for an unstructured mesh,
allowing the impeller relative motion. Such commercial
codes have shown their feasibility in handling turbulent
and unsteady flow features in the past decades and,
particularly, in the turbomachinery field. A SIMPLEC
algorithm is chosen for the pressure and velocity cou-
pling, while second-order, upwind discretizations have
been used for convection terms and central difference
schemes for diffusion terms. The continuity and
momentum equations for a 3D flow are

— +VF=S§ (2)

where G is the vector of conservation variables, F is the
flow vector and S is the source terms’ vector, namely

P pU; 0
G: pUi F= pUlUj +pif1’1j §: Swm,
pU>z pUU; + pj— Tj Sw,
U " S
pPYs pU3Uj +pk—’T3j
i=1,23
3)

In equation (3), p is the static pressure, p is the fluid
density, t is the time, ij are the velocity components,
7; = — pUjUj is the viscous stress tensor and Sy, are
the momentum source terms. More precisely, the viscous
stress tensor Ty, is afterwards related to the mean velo-
city gradients using the Boussinesq approach. In this
study, a standard k—¢ two-equation model to simulate
the turbulence is used. This choice has shown its robust-
ness and reliability when simulating centrifugal fans,
capturing accurately enough a wide range of flow details
near the tongue region and in the jet-wake pattern (see,
for instance, Ballesteros-Tajadura et al.,'"" where a more
detailed term split is explained).

A compatible pre-processor, GAMBIT v2.0, was
used to develop both geometries and meshes. The dis-
cretization of the geometry was done keeping an opti-
mal ratio between calculation time and the accuracy
order of the simulation for the flow studied
characteristics.

To account for the impeller relative rotation, a slid-
ing mesh technique was implemented in the numerical
model. Some numerical tests were carried out to assure
the interface connection of the flow variables and the

b

Impeller blades

Blocked inlet

z

Volute
Exit pipe

DC- Motor

Figure 16. Sketch of the final mesh for half of the machine,
without (up) and with the blocked inlet (down).

results were obtained to optimize the number of cell
points in that area. Two interfaces were defined to
apply the sliding mesh technique. A full domain discre-
tization is performed using around 1 million prismatic
cells. Unstructured cells have shown good behaviour to
account for critical flow features as separation and
were considered appropriate for the present applica-
tion. Figure 16 shows a sketch of the final mesh on top
of the figure. Only half of the machine is shown and
some surfaces have been removed to properly observe
the blades inside the machine. The final mesh defined
for the studied geometry was obtained as a compromise
between the grid dependence tests and the calculation
time. Special care was taken in the definition of the
flow channels between each blade, and a denser grid
was defined in such zone. Also, the region near the
volute tongue was considered critical and mesh refine-
ment is also applied there. A sketch with the blocked
inlet and different parts is shown in the bottom of the
figure.

Different mesh independence tests were carried out
to observe that the evolution and errors in the solution
due to the mesh were found to be kept under a very low
value and always much lower to the experimental
uncertainty, for an increasingly finer mesh, in compari-
son with the one finally used. The total pressure coeffi-
cient at the flow coefficient where the fan exhibits its
best efficiency point was used to determine the influence
of the mesh size on the solution. The convergence criter-
ion was set to a maximum residual of 10™°. According
to the referred preliminary tests, the grids with the high-
est number of mesh cells were considered to be
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sufficiently reliable to assure mesh independence.
However, there are still some tests to be performed.

Flow model and numerical accuracy

For the unsteady calculations, the number of iterations
for each time step has been adjusted to reduce the resi-
dual below an acceptable value. For all the fan working
points and operating conditions, the ratio between the
sum of the residuals and the sum of the fluxes for a
given variable in all the cells is reduced to the value of
107° (five orders of magnitude). Initializing the
unsteady calculation with the steady solution, more
than 17 impeller revolutions (approximately 5000 time
steps) were necessary to achieve the convergence of the
periodic unsteady solution. The refined discretization,
together with the small time step, chosen to catch the
main unsteady phenomena, imposed quite critical and
hardware demanding calculations, only affordable with
a proper parallel computing protocol. More precisely,
the code was run in a cluster of 16 Pentium 4 (2.4 GHz)
nodes. The time step for the unsteady calculations was
set to 7.25 X 10 °s (equivalent to 10 time steps per
blade passage, or 230 time steps per impeller revolu-
tion) to obtain a reasonable time resolution, capable to
capture the main unsteady phenomena involved. More
details on the numerical process have been published in
previous works (see Ballesteros-Tajadura et al.'").

The numerical accuracy of both steady and unsteady
results was estimated to be always below 1.5% and
0.5%, respectively. During the numerical study, the
guidelines proposed by Freitas®* were used, and the
numerical uncertainty was related to change in certain
reference values when different mesh refinements were
considered. A series of test to accomplish the more
recent validation procedures, by Celik et al.>* and com-
ments by Roache,?® were also considered, and similar
conclusions on the numerical accuracy were obtained.

For a deeper insight on the model itself and steady
flow comparisons (numerical versus experimental) and
an extended inlet flow study, see Ballesteros-Tajadura
et al.'' The impeller flow-averaged flow fields and the
outlet flow velocities are considered as first approach
here, to end with the outlet velocity field. All these are
shown to find some possible correlation with the previ-
ously analysed experimental results. Particularly, for
the global variables, head and flow rate, less than 0.3%
change was reported using a mesh size of the order of
half of the one finally chosen. For the local variables
and the steady model, pressure and velocity, changes
higher than 1.0% could be consider exceptional, again
comparing the actual mesh and the one with a mesh
size of the order of half of it. Very few differences could
go up to 1.2%. The steady results were always giving
slightly higher differential values than the unsteady

0.16 .\'_‘\ ‘?}4
A A\
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Figure 17. Performance curve comparisons for the baseline
and blocked inlet failure.

calculation. The last ones were only checked with the
two meshes for two flow rates, and there the differences
were always below 0.5%.

Numerical results

As a first step in comparison, a performance curve
analysis is carried out to obtain the model. Figure 17
shows clearly the effect of the proposed failure, with a
dramatic shortening of the flow rate range or possible
working points of the fan under study. The nominal or
best efficiency point decreases in a factor of the order
of 2, from @ =~ 0.6 to @ =~ 0.3. Such big change in
working points makes an experimental comparison of
two possible equivalent points non-effective, and it is
the reason behind the numerical approach presented in
this part. A quite good agreement is found for the com-
parison of the two set of curves, baseline and inlet
blockage, obtained numerically and experimentally.
However, a quite constant difference is found for the
blockage operation condition when the comparison of
numerical-experimental is observed. The difference
looks as a static pressure offset, but the conditions of
the measurements and numerical results were exten-
sively checked to find out possible errors in what refers
to it, and no clear conclusion could be drawn. On the
other hand, the comparison for the baseline operation
is really good and only slight differences are found at
low flow rates. Probably, some separation conditions
are not well captured by the numerical model and,
probably, the turbulence model is over-estimating
losses. Flow details are analysed in what follows.
Particularly, the blade-to-blade flow evolving in the
impeller is quite relevant for a numerical study. In the
following figures, the flow velocity in the impeller is
studied. Two different axial sections are considered,
one placed on free inlet half of the impeller and another
on the obstructed inlet (motor side). At both sections,
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Figure 18. Averaged relative velocity for high flow rates
(9 =0.766, contours for the free inlet side).
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Figure 19. Averaged relative velocity for high flow rates
(9 =0.766, contours for the motor inlet side).

the relative velocity is plotted in a 0-22m/s scale to
allow comparison between different sides and different
flow rates. Also, the free and motor side flow fields are
considered. The blockage of the inlet promotes flow
conditions intermediate between the free inlet and the
total blockage and, therefore, the comparison is consid-
ered relevant here.

Figure 18 shows the relative velocity in the impeller
for a low flow rate on the free inlet side of the impeller.
The volute is depicted in the figure to place the volute
tongue, and the selected plane for representation is mid
span of the blades. A quite axi-symmetric pattern is
found. This is found for all the circumferential posi-
tions, except for those placed after the volute tongue
(in the impeller rotation direction, that is, in the clock-
wise direction in Figure 18). In the region after the
volute tongue, a low-velocity or stagnation region is
found for this low flow rate. On the other hand, for the
rest of the impeller, a flow acceleration is found at the
blades’ outlet section, pointing to a clear flow separa-
tion. On the other side of the impeller, that is, in the

obstructed region, as shown in Figure 19, the flow rela-
tive velocity shows a similar behaviour. There is a glo-
bal velocity decrease (less mass flow enters through this
section), but again the flow is quite axi-symmetric, with
a stagnation region in the after-tongue region. The
velocity increase in the blades’ outlet section is not so
strong.

For the nominal flow rate and the free inlet impeller,
almost the same trend is found, that is, almost axi-
symmetric pattern, except in the angular region placed
from 0° to 45° in the rotating direction and from the
position of the volute tongue. In the mentioned region,
there is a lack of velocity and the effect of the impeller
exit separation is not so clear.

In the obstructed inlet impeller, there is less velocity
than in the free inlet side. However, the flow differences
in the angular direction are more evident, with a less
symmetry as in the previous figures. The effect of the
volute tongue is more important and, therefore, the
flow stagnation produced is also clearer. A first differ-
ence, for the baseline operation, is shown in Figures 18
and 19, where the averaged velocity fields in the rotat-
ing frame for a high flow rate are plotted. Figure 18
corresponds to the free inlet impeller, while Figure 19
corresponds to the motor side inlet impeller. However,
both figures look very similar, with half of the impeller
opposite to the volute tongue showing a very axi-
symmetric pattern. On the other hand, the two other
quarters of the impeller, as they would be divided by a
fictitious line traced from the centre of rotation to the
volute tongue, show quite different behaviour. In the
upper quarter, there is a high-velocity region. In the
lower one, there is a low velocity zone, equivalent to
the one found in the previously analysed flow rates.

The averaged velocity fields give information of the
steady performance of the fan blades, as a function of
the relative to tongue position. However, for compari-
son of the two different operations, instantaneous velo-
city fields are considered and two different flow rates
are considered. Figures 20 and 21 plot the unsteady
velocity fields at three different times equally spaced on
the blade passing period. The two flow rates are chosen
considering the performance curves in Figure 17.

The first flow rate, in Figure 20, is chosen at a low
flow rate, where separation problems are more likely to
appear. The upper figures are for the baseline config-
urations, while the lower ones are for the blocked inlet
fan. The lower velocity is found at a position around
30° from the volute tongue. Globally speaking, for the
upper figures, a higher velocity is found in any position
and a more uniform flow is found. For the lower figures
(blocked inlet), a deeper low-velocity region is found at
30° after the volute tongue. Even a recirculation flow
zone is found for t/Ty,, = 1/3 and 2/3. However, it does
not seem that the region where this is happening
increases or differentiates one case from the other.
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Therefore, a more important separation zone is found
giving rise to higher losses for the blocked inlet config-
uration. It must also be kept in mind that the flow rate
condition is almost the same, but not the obtained pres-
sure increase (Figure 17).

Figure 21 plots the second flow rate, around
¢ = 0.46 for the blocked inlet simulation and ¢ = 0.51
for the baseline one. Obviously, the region with lower
velocity diminishes in comparison with previous figure.
Again, in the comparison between the baseline and the
blocked inlet operation, a smaller velocity decrease is
found for the baseline one. At this flow rate, an
increase in the low-velocity region is retrieved for the
blocked inlet operation, meaning that the comparison
between the two operations provides less meaning than
in the previous figure, because the difference in pres-
sure rise between the two operations is much higher for
this flow rate, than for the lower one.

To complement the instantaneous velocity fields
within the impeller, an equivalent study is developed for
the volute. For such a purpose, a plane just downstream
of the impeller and before the volute tongue is chosen.
In that plane, two regions with different flow behaviour
can be observed: one is the near-impeller exit region
and the other is the volute region. In the following fig-
ures, those regions are clearly divided by a dash line, so
that below that line, the near-impeller region will show

Instantaneous velocity patterns in the impeller, =0.359 (low flow rate).

more fluctuations and the volute region will show more
uniform conditions, with less time fluctuations.

Figure 22 shows the time evolution of the velocity
fluctuations for the mentioned plane in the volute and
three different times that correspond to different blade-
to-blade positions. On the right-hand side of the figure,
the averaged or mean field has also been plotted. Two
different scales are chosen, one for the velocity fluctua-
tions and another one for the mean velocity. This rep-
resentation is based on the following calculations

v VeV
Averaged velocity : 'V oD/
Instantaneous velocity fluctuations : 100?, with V = %
(4)

The velocity fluctuations, at any time, are within the
range *+ 3%, while the averaged velocity is in the range
[0, 1.1], for the three considered flow rates.

Increasing mean velocity values are found for
increasing flow rates (Figure 22, right-hand side col-
umn). At the lower flow rate (¢ = 0.359), a wide low-
speed region is found in the averaged flow field with
two even lower regions near the side walls. At the mid-
dle flow rate (¢ = 0.495), close to the nominal one, the
two side lower speed regions remain, but the region
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Figure 22. Mean velocity and velocity fluctuations at different flow rates.

itself is smaller. The trend is also kept for the higher
flow rate (¢ = 0.766).

The fluctuating velocity field shows a common trend
for the studied plane (left part of Figure 22), with higher
variations in the region close to the impeller, below the

dashed line. The rotating impeller blades are quite
clearly shown for the different plotted time frames,
namely, t/Tgp = 0.2, 0.5 and 0.8. Alternating positive
and negative fluctuations are found for the two sides of
the impeller blade passages that are in a staggered
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Figure 23. Averaged helicity and fluctuations’ maps for the baseline operation and three different flow rates.

configuration. There are not many instantancous differ-
ences for the different relative impeller positions and
only residual changes are found. In the flow rate evolu-
tion, a minimum in the velocity fluctuations is found
for a nominal flow rate, with increasing values for off-
design conditions. The maximum velocity fluctuations
are found at a higher flow rate.

With the numerical flow simulation results, a defini-
tion and mapping of the helicity is possible, following
its definition as

Helicity=# = (V X V) - V (5)

This variable provides information on the vorticity
aligned with the stream flow and has been plotted here
to identify secondary flows. Inside the impeller, and
due to the momentum exchange, there is an increase in
vorticity, but in the volute there should be a kind of
vorticity conservation along the stream paths and sub-
sequent vanishing effect.

Figure 23 shows the time evolution of the helicity
fluctuations for the same plane in the volute and same
conditions as the ones explained for Figure 22. On the
right-hand side of the figure, the averaged or mean heli-
city field has also been plotted. Two different scales are
chosen, one for the helicity fluctuations and another
one for the mean or averaged helicity. The representa-
tion in Figure 23 is based on the following calculations

|=E¢

o=

w

Averaged helicity :

<l

(6)

Instantaneous helicity fluctuations : 100 %

The helicity fluctuations, at any time, are within the
range = 30%, while the averaged helicity is in the range
[—7, 7], for the range of considered flow rates.

Apart from some secondary structures, a clear pair
of contra-rotating vortices is found near the impeller
exit region, for the whole range of studied flow rates.
The relative strength of the vortices shows a decreasing
trend with increasing flow rates.

About the instantaneous helicity fluctuations (left-
hand side of Figure 23), it can be observed how those
affect only the near-impeller region, with little or no
effect on the second or volute region. Neither the
strength of these fluctuations nor their values change
much with different time steps, but there is a clear
influence of the flow rate. Helicity fluctuations increase
with increasing flow rate, and a clear maximum is
found for a higher analysed value (¢ = 0.766).

The time evolution of the helicity fluctuations shows
a clear time dependence. For a lower flow rate
(¢ = 0.359, at the top of Figure 23), an almost constant
pattern is found, with variations only in the middle
plane, for each time instant. However, for increasing
flow rates (¢ = 0.495 and @ = 0.766, that is, the middle
and bottom parts of Figure 23), the helicity fluctua-
tions are placed on both sides of the middle plane. An
explanation for this is that for increasing flow rates, the
effect of the helicity due to the blade passing flow
becomes predominant.

For the local losses or secondary flow effects, the
important value is the helicity itself (right-hand side of
Figure 23). Therefore, the attention has to be focused
on the right-hand side averaged value. Then, the maxi-
mum losses due to secondary flows are located in the
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near-impeller region and are stronger for lower flow
rates (in our study, for ¢ = 0.359).

Therefore, an increase in averaged helicity for
decreasing flow rates is observed. In other words, the
minimum of this averaged helicity is found for higher
flow rate. In a global perspective, a pair of counter-
rotating vortices with varying strength is found. This
behaviour follows what was obtained in Gonzalez and
Santolaria®’ for a centrifugal pump.

As a conclusion, and with varying strength as a func-
tion of the flow rate, a counter-rotating pair of vortices
is found. Also, with a clear structure, a high mixing
zone is found in the region near impeller.

Only the results for the baseline operation are
shown, and any comparison here would be misleading
to wrong conclusions as equivalent working points are
not possibly achieved with the blocked inlet operation.
Nevertheless, from the available data, it can be con-
cluded that a higher level of averaged helicity is found,
with almost similar patterns (quite similar to
Figure 23), but as mentioned, no real comparison is
possible.

Conclusion

The dynamic effects of the flow in a centrifugal fan
have been studied both through a numerical flow study
and by the experimental recording of vibration signals,
following two perpendicular directions, the horizontal
and vertical ones. Considering the experiments, a well-
established fault diagnosis protocol, namely, the POD
techniques, was considered to describe the fan opera-
tion and characterize it. In what refers to the numerical
model, the results do complement the experiments
widening the number of possible failures. The main
goal of the study is then reached, namely, the survey to
a series of possible and real operation failures of the
fan unit.

The main conclusions of the experiments and POD
analysis point that the highest vibration was found to
be 2.5 times the gravitational acceleration, and it hap-
pens for the unbalance of the impeller fault. The lower
one is always for the baseline operation at any flow
rate, with a maximum of 0.3 times the gravitational
acceleration. The obstructed channel configuration
shows a quite different behaviour in comparison with
the baseline and the unbalance of the impeller. A mini-
mum of vibrations is found for the baseline operation
and relatively high flow rates.

At off-design flow rates, the unbalance impeller fault
results in higher accelerations, while for the nominal
flow operation, both studied faults produce equivalent
acceleration values.

Within a global frame, the study preludes a mainte-
nance method for small centrifugal fans. The main fault

diagnosis study performed gives already an idea of the
main working range parameters and the possible fault
detection procedures.

On the other hand, considering the numerical analy-
sis and the blockage of the free inlet, for the global vari-
ables, an important shift in the performance curves
when compared with the experimental data was found.
However, the possibilities of the numerical model allow
a detailed flow study, which was carried out.

For the inlet flow structure, a more equal flow
division at both sides of the central plate is found
when the flow rate increases. In parallel, an increase
in flow separation for higher flow rates is observed.
These conclusions are repeated for the two observed
planes.

At the impeller, there is a quite marked difference
between the free inlet and the obstructed one. The effect
of the volute tongue is also clear at higher flow rates,
with a less symmetric flow for lower and close to nom-
inal operating conditions. In general, the low chord
blades show relevant separated condition, especially at
the outlet section (near the impeller outlet).

Finally, a section after the impeller outlet and just
before the volute tongue is chosen to see the effect of the
operation conditions on the discharged flow. At this sec-
tion, the maximum velocity is obtained for the vicinity
of the impeller. A typical vortex structure has also been
obtained, increasing for higher flow rates, when the heli-
city fluctuation contours are considered. The plotting of
the helicity in such a plane has revealed the relative
effect of the middle plane in the flow structure.

After concluding the whole study, considering the
four studied failures, the set of generated data provides
a deep insight into a wide range of operation conditions
for the fan. The observed results point to a relatively
good aerodynamic performance for low and nominal
conditions, while less uniform conditions are found for
high flow rates. That is, less axi-symmetric flow in the
impeller and a more important vortex flow structure in
the discharge.
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Appendix |

Notation

a acceleration (m/s?)

b impeller width (m)

D impeller diameter (m)
f frequency (s )

F flow vector

g gravity constant (m/s)
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vector of conservation variables

helicity (m/s?)

head and nominal head (m)

turbulent kinetic energy (m?/s?)

height of the cross section outlet pipe at
the volute tongue (m)

number of considered frequencies in the
analysis

pressure (Pa)

flow rate and nominal one (m?/s)
amplitude at a given frequency

source terms vector

momentum source terms (kg/(m?s))
time as independent variable (s)

blade passing period (s)

velocity components (m/s)

velocity vector (m/s)
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filtered signal composition

(from Sy) (m/s?)

coordinate system (m)

number of blades

impeller blade angle (outlet section) (°)
turbulent dissipation (m?/s”)

density (kg/m’)

shear stress (Pa)

phase of a signal at a given frequency
(rad)

flow rate coefficient,

¢ = (8Q)/(wwD3) ()

total pressure coefficient,

¥ = (8gH)/(0’D3) ()

rotation speed (rad/s) and og = 0Qn"?/
(gHn)>?, specific speed (-)



