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ABSTRACT

The installation of ducted fans has a major
impact on their operation. However, axial flow fans
are occasionally installed in larger diameter ducts for
their small space requirement. This type of
installation results in a forward-facing step and a
backward-facing step closely upstream and
downstream of the fan respectively. These sudden
diameter changes cause massive annual separations
at the diameter changes, which increases losses in
itself, furthermore, the inflow condition is also
altered especially close to the tip region of the rotor.
The modified inflow condition might result in an
increased pressure gradient through the tip gap of the
fan, which promotes backflow in the annular region
close to the casing. In this paper, we investigate the
developed flow field and its effect on the fan
performance in the case of an axial flow fan installed
in a larger diameter duct at different operating points
through computational fluid dynamics simulations.

Keywords: axial flow  turbomachinery,
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NOMENCLATURE

Cmid [m] mid-chord

D [m] duct diameter

M [Nm] the momentum acting on the
rotating surfaces

n [1/min] rotation speed

Apy [Pa] total pressure rise

Ov [m%s] flow rate

Rec [-] mid-chordbased Reynolds-number
b [m] blade tip radius

n [-] efficiency

p [kg/ m?] density

D [-] global flow coefficient

o [-] dimensionless axial velocity

®c [-] dimensionless circumferential
velocity

or [-] dimensionless radial velocity
4 [-1 total pressure rise coefficient
W [-] dimensionless total pressure

1. INTRODUCTION

Axial flow fans are commonly used in
ventilation systems if a relatively high flow rate and
low-pressure rise are needed. Based on the
application, this type of fan can be installed in
various setups, from free-inlet free-exhaust to fully
ducted. The inflow conditions of the impeller are
heavily impacting the aerodynamic behavior of the
fan [1-3]. In the case the inlet velocity profile differs
from that prescribed in the design (i.e., free or
controlled vortex design [1,4]) or realized during the
catalog data measurements, the efficiency may
decrease, and the operating point can differ from
what was expected.

In the case of free-inlet setup, the inlet flow
conditions can be influenced by the intake geometry,
for example, bellmouth inlets [5-7]. If the fan is
ducted, the developed duct flow determines the inlet
velocity profile if the diameter of the duct and the fan
casing match. However, in ventilation systems, the
diameter of the duct and the fan casing may differ, or
the shape of the duct is rectangular instead of a circle.
In that case, the inflow conditions are influenced by
the flow phenomena induced by the size or shape
change. In the case of limited space, the transition
between the different sizes or shapes is carried out
with sudden changes, which involves the appearance
of the boundary layer separation and stagnation
zones at the outer radii [8].

Due to the pressure difference between the
pressure and suction side of the blade tip, an
inevitable tip leakage flow occurs in the gap between
the blade tip and the fan casing. The leakage flow is
one of the major aecrodynamic loss and noise sources
of axial flow fans. This leakage flow often rolls up in
a tip leakage vortex, which passes through the blade
passage in the downstream direction. The strength of
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the leakage flow is affected by the tip gap size, if the
gap size is relatively large, the leakage flow becomes
more dominant, and the resulted aerodynamic noise
and loss (blockage effect of the extended leakage
flow and the thickened boundary layer on the annular
wall) are increased [9-11]. In case of increased tip
gap and decreased axial velocity in the tip region, the
exit angle of the leakage vortex measured to the axial
direction can be increased, which may result that the
leakage vortex impinges on the pressure side of the
following blade. In that case, an increased sound
emission can be experienced, and the aerodynamic
losses are increasing as well as the increased
blockage effect of the leakage flow [9, 11]

Based on the above, the disturbed flow at the
outer radii caused by the diameter or duct shape
change in the vicinity of the fan can amplify the
negative effects of the tip leakage flow. In the present
paper, the effect of the sudden duct diameter change
on the flow behavior of an axial flow is investigated
in various operation points using steady-state
computational fluid dynamics simulations with
special attention to the tip region.

2. SETUP OF CASE STUDY

The investigated low-speed fan (Fig 1.) has 5
forward-skewed controlled vortex design blades
with circular arch profiles. The radius of the fan
blade tips was 13, = 0.15 m with a hub-to-tip ratio of
0.3. The fan had no inlet or outlet guide vanes. It was
installed in a short duct section (casing) of 0.6 13,
length for all cases. The tip clearance of the fan was
set to 5%. The chord length of the blades at mid-span
was Cpig = 1.09 1,

Figure 1: Fan of case study

In the simulations 10 7, long inlet and outlet
ducts were connected to the casing of the fan. This
was proved enough for the boundary layer to develop
fully. Five inlet and outlet duct diameter were
investigated, which was as follows respectively: D =
315;400;500; 630; co mm. The duct diameter
changes were resolved with forward and backward-
facing steps. In the case of the unducted arrangement
1 meter long cylindrical fluid volumes with 1 meter

diameter were modeled upstream and downstream of

the fan. The schematic drawing is shown in Fig 2.
FREE INLET-OUTLET

D =630 mm

D =500 mm
D =400 mm
D=315 mm

Figure 2: Schematic drawing of the investigated
sudden diameter changes

The fan was investigated at n = 1400 RPM
rotational speed. The operation of the fan at different
operating points was examined under six flow rates:
® =0.14;0.18;0.22; 0.26; 0.30; 0.34. Where the
flow coefficient was calculated as follows:

(2.1)

According to the rotational speed and the flow
rates, the mid-chord-based Reynolds number of the
fan blades varied between Re, = 100000 —
110000.

3. METHODOLOGY

The simulations were carried out in ANSYS
Fluent 21R1 software. The Reynolds-averaged
Navier Stokes simulations were supplemented with
the k- shear stress transport turbulence model [12].
The simulation setup is shown in Fig. 3. The axial
fan was modeled with the frozen rotor model. The
inlet and outlet ducts had a stationary frame of
reference. For the ducted arrangements at the duct
inlet surface uniform axial velocity profile was
prescribed, with velocity magnitude calculated from
the flow rate. In order to calculate the turbulence
properties at the inlet, turbulence intensity of 5% and
the duct hydraulic diameter were set. The outflow
was modeled as free exhaust with constant static
pressure. Due to the moderate pressure rise and low
Mach-number, the fluid was considered
incompressible.

STATIONARY ZONES

OUTLET
INLET
FAN (ROTATING ZONE)

Figure 3: The simulation setup
The numerical meshes (Fig. 4) were constructed

utilizing the same rotor mesh and exchanging the
different diameter inlet and outlet ducts. The
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structured O-grid mesh of the rotor contained 1.5
million cells, the blade was resolved with 85 by 105
cells in axial and radial directions respectively with
more refined mesh near the blade leading edge,
trailing edge, blade tip, and near the hub. The tip
clearance was divided into 25 cells radially, while the
blade tip thickness was modeled with 10 cells. The
H-grid duct meshes contained 1.1-2.9 million cells
depending on their diameter with high-resolution
boundary layer and shear layer meshes. Mesh
sensitivity analysis showed the mesh was adequate.

Figure 4: The numerical mesh

From the simulation results, dimensionless
characteristic curves (flow coefficient - @ vs. total
pressure rise coefficient - ¥ and flow coefficient — ®
vs. efficiency — ) were derived. The dimensionless
quantities were calculated as follows:

Ap,

g = 3.1
g2 (A 2. o G
PeTy\go) T
Qv - Ap

n:ﬁ (3.2)
umunu

Besides the characteristic curves, the
circumferentially averaged dimensionless velocity
(the velocity components are nondimensionalized
with the blade tip speed), and total pressure
(nondimensionalized with dynamic pressure
calculated from the tip speed) profiles in the inlet and
outlet cross-section of the casing are also presented,
and the typical flow phenomena are visualized.

4. RESULTS

The total pressure rise coefficient and efficiency
curves of the fan can be seen in Fig 5. for the
investigated duct diameters. It can be concluded that

the appropriate diameter ducting clearly outperforms
the arrangements with diameter changes in the case
of higher flow rates: the total pressure rise and
efficiency are lower if the duct size is larger.
Furthermore, it can be said in general that the larger
the diameter change, the less efficiently the fan
operates. It also can be seen the point of maximum
efficiency is moving toward the lower flow rates if
the duct diameter is increasing. In the case of the
lower flow rates, the differences between the curves
of different duct diameters are moderate, except for
the smallest duct, because the negative effects of the
high angle of attack of the blades become more
dominant than the losses due to the diameter change.
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Figure 5: Performance curves

The operation of the fan is also analyzed through
pressure and velocity component distributions along
the normalized span. The derived curves are shown
in Figs. 6-9. for the flow rates of & =
0.14;0.22;0.34. The distributions of the further
investigated flow rates can be found in the appendix.
The inlet side distributions are sampled close
downstream of the forward-facing step and the outlet
side distributions are sampled close upstream of the
backward-facing step. This way the immediate effect
of the fan blade is reduced. Therefore, a less noisy
distribution is obtained. The pressure values were
circumferentially averaged based on mass flow rate,
and the velocity distributions were area averaged.

Let us investigate the inlet and outlet surfaces
separately. The dimensionless axial velocity (¢)
profiles are depicted in Fig 6. At the highest
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investigated flow rate the inlet axial velocity,
according to the controlled vortex design, constantly
increases along the span, until the friction on the duct
wall decelerates the flow. In the case of the smallest
duct, this decrease in the axial velocity begins at 70%
of the span, and in the cases of sudden diameter
change, it appears around 95% of the span. The
maximum inlet axial velocity moves towards lower
radii with the decrease of the flow rate in all of the
cases. At the lowest flow rates, a recirculation zone
is experienced in the tip region of the inlet, and the
backflow intensity increases with the duct diameter
increase. In Fig 10. the boundary of the recirculation
zones is highlighted for different cases. In this figure,
the extension of the recirculation zone with the
decrease of the flow rate can be observed in the case
of the 400 mm duct diameter. In the case of high
flow rate operation, apart from the inevitable
separation in the corner of the connection of the duct
and the fan casing, backflow does not appear in the
inlet duct.

The dimensionless circumferential velocity (¢.)
distributions are shown in Fig 7. In the case of the
highest flow rate, the circumferential velocity is
nearly zero along the span for all of the ducts. With
the decrease of the flow rate, the tangential velocity
increases near the casing, and that rotating zone
becomes more extensive with the further reduction
of the flow rate. This increased circumferential
velocity reveals that the backflow originates from the
tip region of the blade. In Fig 10. it can be seen in the
cases of sudden diameter change, the recirculation
zone in the corner of the duct connection and the
recirculation from the blade tip interact and form a
complex recirculation structure.

The dimensionless radial velocity (¢,)
distributions are depicted in Fig 8. At the highest
investigated flow rate, the radial velocity is nearly
zero in the case of the smallest duct; however, in the
other cases, an intensive downward flow is
experienced due to the sudden diameter change. The
extension of above mentioned the recirculation zone
influence the inlet radial velocity distribution as well:
with the appearance of the backflow (i.e., the
decrease of the flow rate), the downward flow at the
inlet section of the blades becomes more intensive in
all of the cases. Besides that, due to the increased
tangential and radial velocity, the total pressure also
increases near the casing in the inlet section of the
impeller, as can be seen in Fig 9.

At the outlet section of the blading, the axial
velocity distribution (Fig 6.) is nearly similar in all
of the cases at the highest investigated flow rate: the
axial velocity is moderate in the boundary layer of
the annulus walls and farther from the walls a
radially increasing axial velocity can be seen. The
maximum axial velocity moves toward the casing
wall with the increase of the duct diameter. With the
decrease in the flow rate, the boundary layer is
thickening on the annulus walls. At the lowest

investigated flow rate, if there is no change in the
diameter, highly reduced axial velocity is
experienced in the wall regions, and the maximum
axial velocity can be found around the midspan. In
the cases of sudden diameter change, the flow pattern
differs from that: in the vicinity of the hub, a
recirculation zone forms, which extends until 40% of
the span. Due to this recirculation zone, the highest
axial velocity values appear in the 70-100% interval
of the span. In Fig 10. the formation of more and
more dominant hub recirculation zone with the
decrease of the flow also can be observed in the case
of 400 mm duct diameter. In this figure, the
appearance of a recirculation zone at the outlet duct
connection corner also can be seen in case of sudden
diameter changes. It also can be observed that the
size of this corner recirculation zone is increasing
with the extension of the hub recirculation zone.

The dimensionless circumferential velocity
distribution (Fig 7.) in the outlet section shows a
maximum at the border of the hub boundary layer,
and moderate values can be seen in the vicinity of the
hub at the highest investigated flow rate. Farther
from the walls, a slight radial increase is experienced
in the case of the smallest duct. The slope of the
distribution becomes higher with the increase of the
duct diameter. However, the average circumferential
velocity decreases with the increase of the duct
diameter, which gives an explanation for the poorer
performance of the higher diameter setups at the
higher flow rates. In the case of the lower flow rates,
the circumferential velocity decreases in the forming
recirculation zone near the hub if the casing at the
duct diameter does not match. From the
circumferential velocity distribution, it can also be
seen that at the lowest flow rate, the extension of this
recirculation zone is extended to 40% of the span.
This phenomenon explains the outperformance of
the matching duct setup in the cases of lower flow
rates. At higher radii, the outlet circumferential
velocity increases at moderate flow rates in the low
axial velocity zone.

In accordance with the circumferential velocity
distribution, at the highest investigated flow rate,
outside the annular wall boundary layer, a radially
increasing total pressure (Fig 9.) is experienced. If
the flow rate is decreased, the total pressure is nearly
constant farther from the walls, and at the lowest
flow rate significantly decreased total pressure
values can be seen in the hub recirculation zone in
the cases of sudden diameter change.

In the dimensionless radial velocity distributions
(Fig 8.), it can be observed that the radial velocity
increases with the increase of the duct diameter due
to the displacing effect of the hub recirculation zone.
If the flow rate decreases, the maximum values move
towards to highest radii, which explains the
decreasing size of the corner recirculation zone in the
cases of sudden diameter change.
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Figure 10. The zero axial velocity iso-surfaces for
different duct diameters and operating points

5. SUMMARY

In the present paper, the effect of the sudden
diameter changes on the performance of an axial
flow fan was investigated using computational fluid
mechanics simulations. The fan was placed in a short
casing with a diameter of 315 mm. The diameter of
the connecting ducts varied between 315 — co mm.
The fan was investigated at constant rotational speed
in the ® = 0.14 — 0.34 flow rate interval. The mid-

chord-based Reynolds number of the blades varied
between Re. = 100000 — 110000.

In accordance with the expectations, the
calculated total pressure rise and efficiency curves
showed that the setup without sudden diameter
changes outperforms the other cases in the
investigated flow rate interval. At the higher
investigated flow rates, the total pressure rise, and
the efficiency decreased with the increase of the
connecting duct diameter. At the lower investigated
flow rates, there was no significant difference
between the curves of different duct diameters.

The circumferentially averaged velocity and
total pressure profiles in the inlet and outlet surface
of the blading were also investigated. Based on these
profiles and flow visualization, four recirculation
zones were found in the cases of sudden diameter
changes (see Fig 11): two in the corners of the duct
connections, one in the tip region, and one in the
vicinity of the hub. The simulation showed that the
blade tip recirculation zone becomes more dominant
and interacts with the inlet corner recirculation zone
with the decrease of the flow rate. In the outlet
section, the hub recirculation zone expanded to 40%
span at lower flow rates in the cases of sudden
diameter changes. In this recirculation zone, the
tangential velocity and the total pressure were
moderate. The hub recirculation zone was less
dominant in the case of the matching duct diameter
which explains the outperformance of this setup in
the lower flow rate interval. The results also showed
that due to the displacing effect of the hub
recirculation zone a significant outward flow forms
in the cases of sudden diameter change, which cause
the contraction of the corner recirculation zone in the
outlet duct.

el l o=

Figure 11: The structure of the separation zones
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