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NOMENCLATURE
b, width at impeller inlet, m

b, width at impeller outlet, m
C, impeller absolute velocity, m/s

ABSTRACT

This paper presents a numerical and experimental study on the aerodynamic
performance of Sirocco centrifugal fans seeking an increase in energy
efficiency. Numerical simulations are performed by the Finite-Volume
Method commercial code ANSYS Fluent. Characteristics such as flow rate
at the outlet, consumed power and sound pressure levels emitted by
centrifugal fans with the original model of 16 blades and the optimized
models of 16 and 14 blades are compared. Numerical calculations are
performed by the continuity equation, the Reynolds Averaged Navier-
Stokes (RANS) equations and the k-w SST turbulence model. The quality of
the mesh is evaluated for three different mesh densities. Results
demonstrate that it was possible to obtain an increase of flow rate up to
22.7%, and reductions in the noise levels without increasing the
consumption of the electric motor.
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and find applications such as dryers, heaters, climate
control and agricultural applications. Experimental
and, more recently, numerical studies are performed
as attempts to improve the Energy efficiency of such
equipment. Numerical analysis has been constantly

Cny  absolute velocity at impeller inlet, m/s

Cn2  absolute velocity at impeller outlet, m/s

Cw  circumferential component of the impeller
mean absolute velocity, m/s

D, internal diameter, m

D, external diameter, m

H pressure head, mmca

n rotational speed, rad/s

AP pressure head, Pa

P consumed power, cv

U;. U, peripheral velocities, m/s

\% velocity, m/s

v flowrate, m¥s

W,  impeller mean relative velocity, m/s

Wy, outlet impeller mean relative velocity, m/s

Greek symbols

B1 angle between the impeller peripheral and
relative velocities at inlet, °

B> angle between the impeller peripheral and
relative velocities at outlet, °

n efficiency

INTRODUCTION

Centrifugal fans are extensively used in Industry

employed to many types of research, thus requiring
knowledge of the parameters to be used in order to
create a model that adequately represents the real
scenario. The Finite-Volume Method (FVM) allows
for a real-like situation to be simulated, the results
being cost reductions in R&D, manufacturing and
operation.

A number of studies are found in literature
regarding centrifugal fans, covering radial-bladed
devices as well as fans with bent blades, both forward
and backward. Guo and Kim (2004) performed
numerical simulations for forward-bladed fans, using
an improvement to a slip factor model that takes into
account the blade curvature. Reynolds-Averaged
Navier-Stokes (RANS) Equations were used. Authors
found that, by using the model and applying the
adequate corrections, it is possible to obtain precise
information about the mean absolute peripheral
velocity downstream the impeller, this data being
essential to the evaluation of a theoretical pressure
raise. Bhope and Padole (2004) performed a
theoretical and experimental analysis of the tensions
involved in a rearward-bladed centrifugal fan. The
study revealed a complex behavior of tensions in
blades. Kim and Seo (2004) developed simplified
models of impeller forces to determine an optimized
shape to a forward-bladed fan. Parameters as cutoff
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location, cutoff ratio, expansion angle of scroll and
width of impeller were changed and evaluated.
Adachi, Sugita and Ohomori (2003) performed an
experimental study focused on fan performance, in
which the effects of changes in blade inlet and outlet
angles were assessed using hot-wire anemometry for
data collection. Twelve blade shapes with different
angles were used for the experimental measurements.

The present work evaluates centrifugal fans of
forward-bent blades, also known as Sirocco. This
type of fan is extensively used in conditions that
demand high flow rates, high efficiency and low
noise (Guo and Kim, 2004). This fan finds
applications in climate control of environments for
Livestock, such as swine and poultry. This Paper
brings both numerical and experimental analyses
seeking to optimize the Sirocco by changing its shape
and number of blades. The best results were selected
using energy efficiency as the main criteria.

DESIGN OF CENTRIFUGAL FANS

The original centrifugal fan (described as the
volute-impeller set) was modeled in 1:1 scale using
appropriate 3D CAD software. Figure 1 shows the
volute shapes. This part measures 0.837 meters of
total height, having an outflow area measuring 0.078
m2, It is 0.36 m in internal diameter (D;), 0.52 m in
external diameter (D,) and 0.15 m in impeller width
(by). Its outflow section is rectangular, having 0.26 m
in width (b,) and 0.3 m in height. All metal sheets are
1.5 mm wide.

The 16-blade impeller has different blade inlet
and outlet angles. In this case, a better aerodynamic
shape was pursued by changing these angles only.
The process for choosing the 14-blade impeller, in
turn, involved an analytical estimate to improve the
fan’s flow rate and minimize the absorbed power.

[mm]

837.31

300

Figure 1. Geometry of the volute.
ANALYTICAL ESTIMATE

An analytical estimate was made using the
velocity triangles equations described in the literature
(White, 1998). These formulae allow for estimating
pressure difference, flow rate and rated power of
centrifugal fans for its respective dimensions. The
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aforementioned estimate is made by a set of
equations obtained from White (1998), Fox, Pritchard
and McDonald (2008) and Henn (2006). Figure 2
shows a scheme representing the main variables.

Figure 2. Schematic sketch of the variables.

The southerly component of the absolute
velocity at the impeller inlet (c,,;) and at the outlet
(cm2) can be calculated using:

c —L 1
' 7T Dl hl @)
C _—v 2
m2 D2|2 (2)

in which v is the flow rate, D; is the internal
diameter, D, is the external diameter, b; and b, the
impeller widths. The peripheral velocities U; and U,
can be calculated using:

U :LDl (3)
. 2
_znDh,
U,=——- (4)
2

in which n is the rotational speed of the blades.
The impeller mean relative velocity W; can be

obtained by:
W, =,/c2, +U; (5)

The angle between the impeller peripheral and
relative velocities (f) can be calculated using:

-1 le
p = tan (UJ ©)

1
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The impeller absolute velocity (C,) is calculated

by:
C,= \/C;Z + lez (7)

where c, is the circumferential component of the
impeller mean absolute velocity, being obtained by:

Cuz :Uz _Wu2 8)

where Wy, is the impeller mean relative velocity. The
angle 5, is calculated by:

Cm
tan g, = 2 )

u2

The head (H) and its conversion from mmca to
Pa can be defined by:

_ U,c, —UsCpy
9

H (10)

AP =H *1.205 (11)
The consumed power (Py) by the system can be
calculated by.

_ 1,205VH

R
75n

(12)

NUMERICAL METHODOLOGY

The ANSYS Fluent finite-volume commercial
code is used to numerically solve the flow to which
the centrifugal fans are subject. This uses the integral
form of the conservation Equations as its starting
point (Ferziger and Peric, 2002). Its working
principle is to subdivide the solution domain into a
finite number of adjacent control volumes, in which
the conservation equations are applied. Then, an
algebraic solution is obtained to each one of the
control volumes, which in turn is solved iteratively,
again for each control value (Patankar, 1980 and
Maliska, 2004). The Continuity and Conservation of
Linear Momentum Equations are solved by means of
the RANS Equations, as explained by Wilcox (1998).

In order to solve the closing problem due to the
use of RANS Equations, turbulence models have
been created and studied. Models based on the
Boussinesq Approach, that introduced the concept of
Turbulent Viscosity (u), are among the most used. Its
purpose is to relate the turbulence with the mean flow
to ultimately close the system of Equations (Wilcox,
1998). In the present work, the choice was to use the
k- SST turbulence model. This model combines the
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original k- and the k-¢ models. According to
Menter, Kuntz and Langtry (2003), its formulation is
based on blending functions, which ensure an
adequate selection of which model to use as a
function of the zone in the domain without the need
of interference from the user. The k-w SST model has
been employed in a wide variety of studies, such as
those by Jayapragasan, Suryawanshi and Reddy
(2014), Jang, Lee and Yang (2013), Tsugita,
Kowshik and Ohta (2012) and Kothe (2016).

NUMERICAL DOMAIN

The created mesh was divided into two
domains, one for the volute and the other one to the
impeller region. Both meshes were joined together
using the Interface condition. Boundary conditions
are atmospheric pressure at inlet, modeled by a semi-
spherical geometry representing the exterior area,
atmospheric pressure at outlet as well, and an
imposed rotational speed of 1735 RPM at the region
that comprises the impeller blades. All walls have the
no-slip condition, so as to capture the viscous effects
produced by the wall-fluid interaction. Turbulent
intensity is 10% and the turbulent length scale is 0.01
m. The simulations were performed in steady state.
Mesh details are shown in Figure 3.

g

(@) (b)
Figure 3. () geometry and (b) resulting grid.
GRID QUALITY

The grid quality is assessed by comparing three
different mesh densities. The volume count at the
region around the blades was kept constant in all
cases, while the volume count in the domain
comprising the volute was changed. Then, steady-
state simulations were carried on, and results for
parameters as mean velocity and flow rate at the
outlet and pressure difference between inlet and
outlet were compared. Grids and results for this
process are shown in Table 1.

Table 1. Analysis for grid selection.

Grid Total V [m/s] | V [m3/s] | AP [Pa]
M1 4,668,245 | 21.92 1.71 320.9
M2 3,830,742 | 22.04 1.72 324.6
M3 2,906,629 | 21.83 1.703 321.1
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Table 1 shows similar results for the three cases.
The maximum difference in mean velocity is 0.4%
between the finer and coarser meshes. Prism layers
were created at the impeller region for better results
around the blades, having been used 8 layers for each
blade, for all the cases. These layers can be seen in
detail in Figure 4.
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Figure 4. (a) blade detail and (b) prism layer.
EXPERIMENTAL METHODOLOGY

The experiments were performed with a fan that
has been manufactured with the same dimensions of
the numerical models. The fan is driven by a 5 CV
(4.93 HP) 4-poles electric motor built by Brazilian
manufacturer WEG. Velocity was measured in 9
points at the outlet using a digital thermo-
anemometer model MDA-II. Current generated in
each situation is also measured, what makes possible
to measure their power consumption as well. This
measurement is carried on using a digital clamp
meter, model ET-3200. Blade rotational speed is
measured with a photo-tachometer, model MDT-
2244B.

NUMERICAL RESULTS

Numerical simulations were carried on for the
three types of fans: the original, 16 blade fan and the
optimized 16 blade and 14 blade fans. Table 2 shows
the results obtained at this stage, for a rotational
speed of 1735 RPM.

Table 2. Numerical results.

Geometry V [m/s] | V [m¥/min]
16 blades 18.33 85.8

16 blades, modified angle | 22.49 105.24
14 blades 23.34 109.26

Figures 5, 6 and 7 show the velocity vectors at
the volute core region for the 16-blade original
design, 16-blade optimized and 14-blade optimized
designs, respectively. In addition, figure 8 shows a
detailed view of the flow that takes place between
blades, again expressed as velocity vectors. These
viewing aids can help visualizing the flow behavior
during the design process. The aforementioned
images show whether there is flow recirculation and
volumetric internal losses, thus pointing where

Kothe, et al. Optimization to Increase Energy Efficiency...

optimization procedures must be done.
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Figure 5. Vector field for the original 16-blade case.
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Figure 7. Vector field for the 14-blade optimized
case.
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These vortices and recirculation zones that take
place into the fan are the main responsible factors for
poor performance, noise generation and head loss in
the device.
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Figure 8. Vector field showing recirculation around
blades.

EXPERIMENTAL RESULTS

This section presents the experimental results,
which bring the values obtained by flow velocity
measurements at different points, as well as electric
current and noise data.

Flow rate measurements

Flow velocity measurements are performed at
the outlet, which has an area equal to 0.078 m2
Figure 9 shows the 9 points where these
measurements take place. Data collected allows the
flow rate to be compared for each fan. Table 3 brings
the measured data, in which it is possible to notice an
increase in the flow rate equal to 22.7% and 20.4%
when comparing the optimized 16-blade and 14 blade
fans, respectively, to the original design.
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Figure 9. Location of measuring points.
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Table 3. Measured data for flow rate and velocity.

Meas 16 16 blades, 14 Unit
" | blades | modified angle | blades
Average | 18.8 23.07 22.65 m/s
Flow | gg 108 106 | m¥/min
rate

Electric current measurements

The electric current is measured using a DMM
(Digital Multi Meter). Results collected at this stage
allow comparing the power consumed by each device
during operation. Table 4 shows electric current and
power consumption for the fans under study.
Measurements were performed three times for each
fan, and the average values of each measuring run
were calculated and used as representative value.
Results show that power consumed didn’t show any
variation for any of the three cases, which
demonstrates that a gain in flow rate was achieved
without increasing power consumption.

Table 4. Measured data for electric current and
consumed power.

Meas 16 16 blades, 14 Unit
" | blades | modified angle |blades

Electric 16 16 16 A

current

Power | 3590 3520 3520 | W

consumed

Noise measurements

Noise generated by each fan was also measured
and compared. Once again, measurements were
performed three times for each case, and its average
values are shown in Table 5. Collected data allow to
analyze a reduction in the noise produced, for which
a higher noise level was obtained for the original
design, whereas the optimized designs produced
lower levels. Reduction was 7.16% for the 16-blade
optimized design and 9.52% for the 14-blade design,
respectively compared to the data collected for the
original design.

Table 5. Measured data for noise.

Meas 16 16 blades, 14 Unit
" | blades| modified angle | blades
Average | 84 78 76 dB

CONCLUDING REMARKS

This study presented both numerical and
experimental analyses on the performance of
industrial centrifugal fans, commonly used for
ventilation and climate control for livestock sheds.
Results obtained were deemed as satisfactory, for
which it was possible to obtain considerable
improvements in power consumption by only making
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changes in the shape and number of blades of a
standard centrifugal fan. Numerical modelling and
simulations allowed for visualizing flow patterns and
locating possible spots in the device geometry to be
improved, such as recirculation and stagnation points.
Numerical and experimental results differ in about
2% but, since measurement uncertainties are about
5%, that difference is inside the margin of error.
Regarding to the noise issue, a reduction of 6 dB and
8 dB was detected for the 16-blade and 14-blade
optimized designs, respectively, when compared to
the 16-blade original design.

The experimental measurements revealed
interesting results regarding to power consumption,
since it didn’t show any variation at the same time
that increases in flow rate were detected for both the
optimized designs. Both optimized designs also
shown a reduction in generated noise, although only
the blades were redesigned. For future studies, new
blade and even volute shapes can be evaluated in
pursuit of improvements in flow rate, pressure, noise,
power consumption, among others.
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