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Abstract: Axial fans may be equipped with passive flow control devices to enhance rotor efficiency
or minimize noise emissions. In this regard, blade designs influenced by biomimicry, such as
rotors with sinusoidal leading edges (LEs), have gained popularity in recent years. However, their
design is predominantly driven by a trial-and-error approach, with limited systematic studies on
the influence of rotor performance. Furthermore, their effectiveness is typically evaluated under
controlled conditions that may significantly differ from operations in real installation layouts. In this
work, a systematic review of the design process for sinusoidal LE axial fan rotors is provided, aiming
to summarize previous design experiences. Then, a modified sinusoidal LE is designed and fitted to
a 7.3 m low-speed axial fan for air-cooled condensers (ACCs). These fans operate at environmental
conditions, providing a quasi-zero static pressure rise, often with inflow non-uniformities. A series
of RANS computations were run to simulate the performance of the baseline fan and that of the
sinusoidal leading edge, considering a real installation setup at Stellenbosh University, where the
ACC is constrained between buildings and has a channel running on the ground below the fan inlet.
The aim is to explore the nonbalanced inflow condition effects in both rotor geometries and to test
the effect of the installation layout on fan performance. The results show that the modification to the
rotor allows for a more even distribution of flow in the blade-to-blade passages with respect to the
baseline geometry.

Keywords: sinusoidal leading edge; flow control; low-speed axial fan; inflow distortions; air-cooled
condensers

1. Introduction

Large air-cooled condensers (ACCs) are typically found in steam power plants that
operate in regions with scarce water supply. In ACCs, air is the working fluid that removes
heat and drives steam condensation [1]. The air flow is forced through arrays of condenser
units, each equipped with one or more large-diameter low-speed axial fans. Depending on
the power plant layout and the environmental conditions, two configurations, namely A- or
V-shaped, are used. In the first case, a forced-draft fan drives air to a pipe with condensing
steam, which is placed in the higher part of the unit. In the second, an induced-draft fan
is placed downstream (above) of the steam pipe. Regardless of the configuration, they
are both designed to work in an open atmosphere and environmental conditions. Thus,
ACCs frequently work in off-design conditions due to daily and seasonal variations of
ambient temperature, lateral wind, wind gusts, blockage from buildings, or, in general, a
combination of the former elements. In view of the large number of units (larger plants
can exceed 500) and their specific power consumption, off-design operations may result
in a significant increase in auxiliary power demand. The possible strategies to reduce the
impact of external factors on ACC performance advocate for the optimization of the ACC
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layout in the plant and/or the improvement of fan robustness to off-design conditions and
inflow distortions.

The layout optimization of ACC units is beneficial to improve the unit thermal ex-
change and fan efficiency. In fact, Butler and Grimes [2] have highlighted that it is necessary
to consider the historical local ambient wind conditions in the preliminary design of the
condenser layout to reduce the impact of environmental factors. Marincowitz et al. carry
out a multi-objective optimization to mitigate the effect of wind on the thermal performance
of ACCs [3]. Their final set of feasible solutions lies in a compromise between thermal
exchange efficiency and blade loading reduction. A novel approach to ACC layout is
proposed by Chen et al. [4], who designed a vertical layout for ACC units, improving
system robustness to off-axis air flows [4]. A further strategy that is frequently coupled
with layout optimization involves the adoption of wind screens that shield the units from
lateral winds. However, in close-to-nominal operating conditions, the wind screen installation
may result in the degradation of fan performance, as reported in [5]. A similar behavior is
found in [6], which reports a reduction in the thermal efficiency in the Rankine cycle of a
power plant. Even if the main deviations are found for the windward fan, the internal units
also experience reduced performance, even at relatively low wind speeds. In [7], Bianchini
et al. numerically investigated an ACC array to determine the best layout and geometry of
windscreens. Bekker et al. [8] carried out a similar analysis for induced-draft ACCs, also
identifying wind directions that appear to be more detrimental to the nominal operations
of the plants. Finally, the non-uniformities of the thermal performance of ACC units may
also be induced by the wayward fans that alter the intake of the internal units [9].

The effects of lateral wind can be mitigated through an appropriate fan design, with
clear guidelines reported in [10]. They conclude that free vortex swirl distribution with
parabolic modification has better performance for this category of fans. Rotors designed
with low hub-to-tip ratios have increased the total-to-static efficiency of the fans, although
they may exhibit excessive hub swirl and losses. In [10], the authors found that the
spinner cone shape is not relevant to rotor aerodynamic performance, and they conclude
by suggesting that ACC fans may be equipped with a simple flat plate. Several scholars
identify the tip section as being critical in the presence of lateral wind, as pointed out by
Duvenhage et al. [11]; they analyzed the influence of the bellmouth shape on the inlet flow
field. Wind causes flow separation near the bellmouth edges and increases aerodynamic
losses regarding the fans in the tip sections. This effect is magnified at higher wind
velocities. Similar results, validated against experimental data, are also supported by Thiart
and Von Backström, who also report flow separation close to the fan hub [12]. Fourie et al.
focus on fan solidity and its influence on the volumetric effectiveness of the system. Solidity
should be carefully chosen based on the fan installation height, as flow non-uniformities
prevail closer to the ground [13]. An analysis of the consequences of inlet distortion on
fan aerodynamics was carried out by Van der Spuy et al. in [14]. Here, the consequences
are evident in all the fans of the array, where they experienced off-axis inlets, while the
flow separation that takes place in the bellmouth was found to affect only the peripheral
fans of the array. The authors also observed that fans with steeper characteristic curves are
more resilient to inlet distortion. Moreover, fans that typically exhibit low noise emissions
may be suited for the installation in ACCs. Among the problems in the operation of ACC
units, are noise and airflow-induced blade mechanical vibration (FIV), which are important
issues. The large span of ACC fan blades, their weight, and unsteady blade loading can
also result in vibrations, with fatigue effects on the bearings and motor. For these reasons,
some fan manufacturers (including the one under examination) are considering nonmetallic
materials, composite materials, and hollow-honeycomb structures. The use of advanced
materials can, indeed, change the vibrational modes of the fan, resulting in the control of
noise and vibrations, as shown in [15].

Despite the influence of inflow distortion on the fan power absorption and operating
conditions, to the best of the authors’ knowledge, no significant solution to mitigate this
problem has found large-scale application.
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This manuscript aims to understand if the leading edge serrations can help to control
fan performance under distorted inflow conditions and highlight the effects on the fan of
the ACC installation site. In particular, we aim to highlight whether the blockage of the
buildings on the sides of the ACC and the channel that runs below the fan inflow have
an influence on the inlet conditions. The paper is structured as follows: In the first part,
the role of a sinusoidal leading edge and its application as a flow control technique is
discussed. In the second part, the procedure to design the sinusoidal leading edge from
rotor-only simulations, based on a literature survey, is reported. The numerical analysis of
the aerodynamic performance of a fan equipped with the modified blades then follows.
The fan is installed in an ACC test facility. Different scenarios are simulated in order to
replicate mild and strong off-axis flows. A comparison between baseline and modified
blades is eventually reported.

2. Flow Control Using Sinusoidal Leading Edges

The adoption of concepts that are biology-inspired is not entirely novel in turbo-
machinery design. These solutions frequently aim to increase stall margin, lift-to-drag
maximization, and noise emission reduction [16]. Pioneering works from Fish [17,18] focus
on hydro-dynamics and how natural selection has favored characteristics that improve
swimming efficiency. In a similar manner, the unique camber distribution found in seagull
wings was investigated by Xin et al. [19]. A comparison with NACA four-digit airfoils
proved that seagull wings operate with increased aerodynamic efficiency. Nevertheless,
these solutions can hardly be applied to engineering problems, as the Reynolds numbers
involved are too low for turbomachinery applications.

In contrast, humpback whales (Megaptera novaeangliae) provide one of the few exam-
ples of natural evolutionary traits that can be turned into turbomachinery solutions while
still preserving kinematic similarity. These whales are characterized by tubercles on the
head and front edge of the pectoral flippers, which span up to 5 m and exhibit a winglike
aspect ratio and 10 to 11 round tubercles. The tubercles are found in the outer 70 % of the
flipper span and are equally spaced, as described by Fish and Battle [20]. Several researchers
have investigated the underlying physics of tubercles, with the turbomachinery-relevant
works summarized in Table 1. In contrast with whale tubercles, the shapes found here
exhibit regular patterns. Therefore, tubercle geometry can be characterized by the sole
wave length λs and amplitude As, following the scheme of Figure 1.

Figure 1. Modification of the straight leading edge (dashed line) using a sinusoidal function.
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Table 1. Literature survey of the turbomachinery-relevant studies on leading edge tubercles. The
wavelength and amplitude of the sinusoids are expressed as a percentage of the chord. The Reynolds
numbers were computed based on the mean chord.

Ref. Application Method. Param. Major Findings

[21] Wing Panel code -
• A total of 17.6% increase in the lift-to-drag ratio
• Reduced wing tip vorticity
• Highest benefits at AoA > 15 deg

[22,23] NACA 65021
NACA 0021

Exp.
λs = 0.03c–0.11c
As = 0.11c–0.43c

Re = 120.000

• Tubercles increase lift performance in the stall and post-stall
regime, regardless of airfoil thickness
• Thin airfoils have performance degradation in the pre-stall
regime, mitigated through the optimization of amplitude and
wavelength
• Effectiveness increased with amplitude and wavelength
reduction
• Tonal noise is reduced
• Evidence of counter-rotating vortices that increase momen-
tum exchange

[24] Wing CFD
λs = 0.25c–0.5c

• Tubercles improve the performance of gliding flight at non-
zero AoA

As = 0.05–0.1c
Re = 100.000

[25]
Model of whale

flippers
Exp. Real fin

Re = 135.000–550.000

• The CL performance of airfoils fitted with sinusoidal LE is
independent of Re for Re > 200,000. The same is true for CD at
Re > 400,000
• The increased momentum transport keeps the flow attached,
even with strongly adverse pressure gradients

[26] NACA 0021 Exp.
CFD

Real fin
Re = 180.000

• The reduced chord in the throat section is responsible for a
larger adverse pressure gradient that interacts with the vortic-
ity distribution

[27]
3D wing
(flippers)

Exp.
λs = 0.11c
As = 0.42c
Re = 2.230

• Performance of tubercles depends on the baseline wing
geometry
• Two vortical structures that are beneficial to stall delay are
found

[28]
Wavy &
Fenced
airfoils

CFD
λs = 0.06c
As = 0.4c

Re = 185.000

• The dynamics of tubercles in NACA 63-021 are comparable
to those induced by fenced airfoils

[29] NACA 0015 Exp.
λs = 0.0125c–0.05c
As = 0.0625c–0.5c

Re = 63.000

• A low amplitude and high wavelength have superior per-
formance in damping lift coefficient oscillations
• Tubercles with irregular patterns have a better stabilization
effect with respect to regular geometries
• The tubercles may behave similarly to stall strips

[30] NACA 0021
Exp.

(noise)

λs = 0.03c-0.11c • Tonal noise is reduced by a large amplitude and a small
wavelengthAs = 0.11c–0.43c

Re = 120.000

[31] NACA 4415
turbine blades

CFD
λs = 0.1c • The blades operating in the deep-stall region exhibit small-

scale vortices caused by the flow separation on the suction
side

As = 0.2c
Re = 50.000

[32] NACA 4415 CFD
λs = 0.025c
As = 0.25c

Re = 183.000

• The stabilizing effect on the suction side of the blade corre-
sponds to the peak of the sinusoid of the leading edge

2.1. Design Practices and Challenges for Sinusoidal Leading Edge Rotors

The analysis of the relevant prior works outlines several best practices for the design
of a rotor with a sinusoidal leading edge:

• The amplitude of the sinusoid As is selected between 0.05c and 0.4c, where c is the
chord length of the aerodynamic profile;
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• Higher values of As are associated with higher aerodynamic losses at low incidence;
• The effect of the wavelength is negligible in post-stall operations; however, low values

of λs are responsible for increased losses;
• Wavelength is normally chosen between 0.1c and 0.4c;
• Low values of λs and large As are preferred in noise control. Tubercles are, in fact,

beneficial in diminishing tonal noise at peak frequencies, and modified airfoils show
reduced broadband sound pressure levels. In isolated profiles, new peaks at higher
frequencies may appear;

• Sinusoid leading edge aerodynamic performance is similar for Reynolds numbers
between 0.1M and 1.5M;

• Airfoil thickness plays a role, suggesting that thicker profiles are less sensitive to
performance degradation due to sinusoidal shape;

• Sinusoids act as stall delayers and post-stall stabilizers, with little to no effect in stable
operations. It is, therefore, not recommended to apply this modification if stable
operation is expected.

Despite clear indications of admissible values to guide tubercle design, several chal-
lenges to their application in turbomachinery, especially fans, remain unsolved. First, the
standard design procedures for turbomachinery do not account for the altered distributions
of velocity and specific work caused by the presence of a sinusoidal LE. Sinusoids are
often only included after the final design of the baseline geometry is obtained. Second, the
same procedures usually don’t entail the effects of radial motions. Regarding amplitude
and wavelength selection, no unanimous consensus has been reached so far, with relevant
works only pointing out acceptable ranges for these values. The percentage of the blade
span to be covered with the sinusoidal modification is not well understood, even though it
is typically located in the last 20% of the span. How the sinusoidal pattern could interfere
with blade modifications that involve a radial redistribution of specific work, such as blade
skewing or sweeping, is still unknown. Additionally, their effects in the deep stall region
have not been fully investigated yet.

2.2. Sinousoidal Leading Edges in Fan Rotors

Several works have studied the application of tubercles to axial fan rotors. Sinusoids
can be applied along a portion of the blade span on the leading edge and are characterized
by varying chord lengths of a fixed amplitude, following a sinusoidal distribution.

The airfoil thickness is increased or reduced accordingly. The number and amplitude
of sinusoidal peaks must be carefully selected to avoid an excessive derating of the aerody-
namic properties of the section, as reported in [33,34]. Sinusoidal LEs allow fans to operate
above their stall points, as reported in [35].

Concerning rotor noise, Chong et al. [36] have found that the highest noise reduction
occurs with the largest amplitudes and smallest wavelengths. In fact, modified airfoils
suppress trailing edge self-noise and turbulence–leading edge interaction noise. Noise
does, however, increase at higher frequencies. Increasing the wavelength helps to increase
the stall margin, even if the lift capability of the airfoil is reduced in pre-stall operating
conditions. Similar results based on wind-tunnel tests on isolated wings are also reported
by Guerreiro and Sousa. They also highlight that wings with a sinusoidal leading edge
were not influenced, even by large variations in the Reynolds number [37]. Sinusoidal
LEs in axial fans have also been investigated by Corsini et al., and in [32,38], the authors
analyze the relationship between stall margin increase, noise reduction, and the interaction
of the sinusoids with the flow.

Despite the working principle remaining mostly unaltered, the application of sinusoids
to fan rotors shows some differences with respect to isolated airfoils and wings:

• Sinusoidal LEs induce additional vorticity that interferes with the secondary structures
that are generated in the flow passage. They also generate radial motions that interfere
with and dampen the tip leakage vortex;
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• The sinusoids are locally applied to control the radial velocity distribution. As an
example, only the outer 30% of the blade span is usually modified with the sinu-
soidal profile;

• Airfoil family, thickness, and camber distributions may substantially differ from the
relevant works on isolated airfoils, which mostly focus on NACA 0021 and NACA 65-021.

Due to these aspects, no clear guidelines and best practices have been developed yet.

3. Design of Sinusoidal Leading Edge Rotor for a Low-Speed, High-Diameter Fan in an
ACC Test Facility

This section describes the design criterion and aerodynamic effects of a sinusoidal LE
in a low-speed, large-diameter axial fan. The fan under analysis was developed under the
Horizon2020 MinWaterCSP program [39]; its main features are summarised in Table 2. A
front view of the fan with the blade number, which is later exploited for a discussion of
the results, is reported in Figure 2. The design and optimization process of the baseline
geometry is fully described in [40]. The fan has previously been extensively investigated
using actuator line models [41,42] and fully resolved CFD [43–45].

Table 2. Description of the fan.

Tip radius 3680 mm
Tip clearance 36.8 mm
Hub-to-tip ratio 0.29
Rotational speed 151 rpm
Tip Reynolds number 2.85 × 107

Number of blades 8
Rated volumetric flow rate 333 m3/s
Rated static pressure rise 117 Pa
Rated power 57 kW

Figure 2. Front view of the fan and blade numbering.
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The design of the sinusoidal LE is based on the concept of controlling the interaction
between the separation on the suction side of the blade and the tip leakage vortex. In
particular, the aim is to limit the trailing edge separation that occurs at peak pressure
to allow the tip leakage vortex to develop along the suction side of the blade. Breaking
the interaction of flow separation with the TLV allows for its development along the
blade suction side and, thus, avoids the drop in pressure typically associated with stalled
operations [16]. This dynamic is shown in Figure 3, where the streamlines of relative
velocity on a cylindrical surface at 100.05% of the tip radius are plotted with the tip in the
background as a reference. In the figure, the white line is the chord of the tip section, and
the black line is the direction of the core of the TLV. At peak pressure fan operation, the
flow separates on the tip section at about 50% of the chord, leading to an interaction with
the TLV that is unable to develop in this region and is, therefore, convected away from the
blade suction side. On a modified rotor, however, the vorticity shed from the leading-edge
bump closes the separation and allows the TLV to remain close to the suction side, leading
to an increase in velocity and a drop in pressure.

Figure 3. Comparison between the tip leak vortex dynamics for baseline and modified blades. The
relative velocity streamlines are colored using relative velocity magnitude, W.

The design of the sinusoidal leading edge starts with the analysis of the pressure
distribution on the baseline geometry at the peak pressure operating point, Figure 4.
From previous works, it is known that the number of sinusoids must be limited to avoid
increasing the drag on the rotor. Additionally, the tip section must correspond to a peak of
the sinusoid, and at least one other peak is needed to shed counter-rotating vortices from
the leading edge correctly. This leads to the idea of limiting the number of sinusoids to 1.5.
Furthermore, the average blade surface is kept constant and the amplitude of the sinusoid
is kept at 20% following previous studies, in which this value was proven to be a good
trade-off between the the capability to control tip separation without an abrupt increase in
drag. Finally, the wavelength of the sinusoid was chosen so that the first sinusoid covers the
regions of high-pressure and low-pressure, respectively, on the pressure/suction surfaces
near the leading edge of the baseline blade (Figure 4).
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Figure 4. Static pressure distribution on the suction and pressure surfaces for the baseline rotor.

4. Experimental and Numerical Setup

This section analyzes the effects of the sinusoidal leading edge in the off-design oper-
ations of a low-speed axial fan for air-cooled condensers. The fan, which is described in
Table 2, is commonly found in ACCs. Given the near-zero static pressure rise provided by
the rotor, inlet distortions may cause the fan to operate in unstable conditions. The numeri-
cal results hereby reported aim to characterize the rotor aerodynamics in the presence of
significant non-uniformities at the inlet, and they are used to assess the effectiveness of the
modified leading edge in these conditions. The computational domain is derived from the
air-cooled condenser experimental facility that is installed at Stellenbosh University, South
Africa. The test rig is equipped with a full-size 7.3 m diameter fan. The facility is installed
between two buildings that exert a significant blockage on the fan inflow. Moreover, a
channel runs on the ground below the fan inlet, and its influence on the inlet conditions is
still to be understood. The following computations entail all these aspects that reflect in the
computational domain, as shown in Figure 5.

The rotor (4) is installed below a closed chamber (2) that mimics the heat exchanger
found in the real installation. The test rig is equipped with a metallic grid (1) that acts
as a flow straightener with a drag resistance corresponding to the tube bundle in a heat
exchanger. The air flow enters the domain from the two lateral boundaries (7) and exits
from the chamber from (8). The structure is supported by four columns (not present in
these simulations). The ground below the rotor (6) includes the channel that runs below the
structure; the channel is there to avoid possible floods during exceptional weather events,
so it is usually empty. The inlet and the fan outflow are installed at 2.2 m and 8 m above
ground level, respectively. The chamber was built using a squared section with a length of
4.8 m. The inlet sections are placed 6 m from the exterior of the bellmouth.
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Figure 5. Scheme of the numerical model of the experimental facility (computational domain).

4.1. Scenario Definition

The two rotor geometries were simulated both in nominal and distorted inflow con-
ditions. An asymmetric intake was generated by varying the volumetric flow rate at the
inlets of the domain (Surfaces (7) in Figure 5). The results are analyzed for three scenarios:

i Balanced (B): The flow rate is equally divided between the two inlets;
ii Mildly unbalanced (MU): the inflow has an imposed flow rate that is double that of

the opposite;
iii Fully unbalanced (FU): the full flow rate is imposed on one inlet only

4.2. Numerical Modeling

The computations were carried out using the Galileo100 CINECA HPC cluster, with
384 processors and 12 node hours for each simulation. Computations were performed in
OpenFOAM-v21, using a stationary SIMPLE solver. Turbulence closure relied on the RNG
k − ε model. The relative motion between the rotor and the solid surfaces of the layout
was modeled using a frozen rotor approach, solving Navier–Stokes equations in a multiple
reference frame (MRF). The presence of the straightener downstream of the fan is modeled
using the Darcy–Forchheimer law, with the pressure gradient across the grid equal to:

∂p
∂xj

= −µ

κ
Uj −

µ

κ1
U2

j (1)

The two coefficients of Equation (1), κ and κ1, were computed according to the methodology
reported in [46] and were validated against the experimental measurements. The grid is
responsible for a static pressure drop of 40 Pa.

The computational grids were generated using the OpenFOAM–v22.06 snappyHexMesh
built-in utility, using a background grid of 0.2 m isotropic cells. Grid refinement is based on
the grid sensitivity analysis reported in [47]. Both grids (modified and baseline rotors) entail
approximately 18M cells. The grids were designed for high-Reynolds number computations
to achieve a y+ value of 100 in the tip region. An a-posteriori check resulted in a maximum
value of y+ between 112 and 120 for the baseline fan and between 98 and 112 for the
sinusoidal LE fan, depending on the computed flow rate. The volumetric flow rates of the
fan, determined according to three scenarios, are imposed at the inlet of the domain. The
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turbulent intensity of the inlet was set to 2%. No slip boundary conditions were applied to
all of the solid surfaces, with a high Reynolds wall function for the turbulent quantities.
The lateral and top surfaces were treated as slip surfaces for numerical stability. At the
outflow, convective boundary conditions were selected for all the quantities.

5. Validation

The numerical results are first evaluated for the balanced scenario for different vol-
umetric flow rates. The TTS pressure rise and power absorption shown in Figure 6 were
computed for two measuring sections at 4.9 m and 6.46 m from the ground, respectively.
Figure 6 also shows the experimental shaft power consumption for the fan, as measured on
the MinwaterCSP facility [48].

Figure 6. Total-to-static pressure rise and electric power absorption versus volumetric flow rate for
the two rotors, and a power comparison using the available measurements.

The results highlight that (a) the two rotors provide almost the same TTS pressure
rise at all flow rates, with the baseline geometry providing higher pressure at the lowest
flow rate (135 m3/s); (b) the blade equipped with sinusoidal LE has reduced power ab-
sorption at all flow rates; hence, it operates with similar TTS efficiency with respect to the
baseline geometry; (c) the numerical results show good agreement between CFD and the
measurements for the baseline geometry.

6. Results
6.1. Fan Performance under Distorted Inflow Conditions

In Table 3, the TTS pressure rise performance of the two fans is reported for different
inflow conditions. The pressure rise is calculated using the same measuring sections used
for Figure 6. In balanced conditions, the baseline and the sinusoidal LE rotors provide the
same pressure rise. For mild unbalanced (MU) inflow conditions, the sinusoidal LE fan has
a lower pressure rise capability between 281 and 308 m3/s, similar performance in terms of
design conditions, and lower flow rates with respect to the baseline rotor. Finally, the fully
unbalanced (FU) inflow conditions strongly reduced the pressure rise of the two fans at
all flow rates, with a significant reduction of 13.5% and 37% in the design flow rate for the
baseline and modified rotors, respectively.

Figure 7 shows a comparison between the electric power and TTS efficiency char-
acteristic curves of the two fans for the different inflow conditions. Both fans operate
with increased power absorption in the case of unbalanced inflow conditions. In fact, in
fully unbalanced conditions, the baseline geometry shows an average 5.15% increase in
power absorption, with a maximum of 8% more at 308 m3/s. In contrast, the modified
geometry has a lower increase in power absorption at all flow rates (less than 3%), apart
from the design point (12% of the increased power absorption). This analysis highlights
that (a) the MU scenario strongly affects fan behavior, mostly in terms of power absorption,
whereas pressure rise is mildly affected; (b) the modified rotor shows a sharp reduction
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in TTS pressure rise in close-to-nominal flow rates in the FU scenario and reduced power
absorption at all flow rates; (c) the de-rating of performance for the two fans is particularly
evident at the highest flow rates.

Table 3. TTS Pressure rise [Pa] versus volumetric flow rate: a comparison between baseline and
sinusoidal LE for the different inflow scenarios.

Q Balanced Mild Unbalance Full Unbalance

[m3/s] Base Sin. LE Base Sin. LE Base Sin. LE

135 224.9 212.6 222.8 217.1 224.7 221.3
192 195.4 192.3 194.1 192.1 183.7 179.9
281 119.6 123.0 128.1 115.4 123.1 110.3
308 94.6 94.6 106.3 95.8 103.1 81.2
333 68.7 68.5 66.9 68.9 59.4 43.1

Figure 7. Electric power absorption and total-to-static efficiency versus volumetric flow rate for the
two rotors at different inflow balances.

The baseline geometry has a better TTS efficiency (computed using electric power) at
all flow rates with respect to the modified rotor. However, this difference is negligible for
the balanced scenario, with small differences in the MU scenario. In the FU scenario, the
modified rotor is characterized by a loss of 9.3% instead.

6.2. Flow Survey with Balanced and Distorted Inflow Conditions

In this paragraph, the effects of the layout of the installation (lower channel and lateral
walls) and the inflow conditions (balanced or distorted) are discussed by analyzing the
flow behavior upstream of the fan. In particular, Figure 8 (first row) shows the streamline
patterns on a meridional plane aligned with the channel that flows downstream of the
baseline fan, while Figure 8 (second row) shows normalized axial velocity Cax/Ub contours
1 m upstream of the rotor. Rows 3 and 4 in the same figure repeat the same visualizations
for the sinusoidal LE rotor. In order to better understand where the flow is driven by the fan,
in the second and fourth rows of the figure, black and blue dots mark where the streamlines
released, respectively, from the left and right inflow sections intersecting the contour plane.
For the baseline geometry (second row of the figure) with a balanced inflow condition (left),
the velocity contour is mostly symmetric with respect to the x-axis, with the separated
flow on the left and right of the shroud (the light asymmetry can be addressed to the MRF
solution and the frozen clocking of the blades with respect to the environment). Most of the
streamlines enter the duct from the left and right part, resulting in a non-axy-symmetric
flow pattern. This asymmetry is related to the lateral wall rather than the underground
channel, which, from further visual inspection (not shown here), seems not to be affecting
fan operations, confirming that the fan is installed sufficiently far-away from the ground.
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Figure 8. Scheme of air intake, and a comparison between the inflow velocities in the bellmouth
section for the three scenarios. Axial velocity is normalized with respect to bulk velocity, V̂/Ub. The
black lines represent the inflow channel reported in Figure 5.

For the MU and the FU scenarios, the flow becomes non-symmetric with respect to
the y-axis, with a higher velocity region present in the right part of the inflow (i.e., the one
with the higher mass-flow rate). In the MU case, the flow coming from the right inflow
feeds roughly three-quarters of the fan inlet section, while the flow from the left inflow
enters about one-quarter of the surface. It must be pointed out that the top and bottom
parts of the inflow are fed, instead, by the air drafted by the fan from the sides, close to
the lateral walls of the domain. Moving to the FU case, most of the fan inflow region is
fed by the right side, while the air drafted from the left side enters the fan inflow in the
region at the tip where axial velocity is higher. Moving to the sinusoidal LE rotor (fourth
row), the inflow velocity contours show basically the same behavior as the baseline rotor
in the balanced and FU inflow operations. There is, however, a different behavior in MU
operations: the rotor with the Sinusoidal LE, in fact, shows a higher region of axial velocity
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on the right portion of the inflow at high radii. This region is fed from the right inflow, and
thus, flow from the left side can actually feed most of the left side of the inflow annulus.

In Figure 9, the streamline patterns released from both the inflow sections are shown
in different views to better understand the flow behavior of the baseline fan rotor. In this
figure, the blue streamlines are released from the inflow section on the right (the one with
the higher flow rate when the flow is not balanced), and the black streamlines are released
from the left inflow. A lateral view is given in the first row, while a view from the bottom is
given in the second row for the balanced and mild unbalanced conditions. The last figure is
a 3D view of the FU condition. In balanced conditions, the flow is mostly symmetric with
respect to the x-axis, and the air is drafted from the lateral inflows and enters most of the
inflow section. In MU conditions, the draft action reflects the increase in air coming from
the right side. The flow is still symmetric with respect to the x-axis. In FU conditions, the
flow becomes more complex, with most of the air that enters the fan inflow coming from
the right side of the fan and two highly three-dimensional structures being drafted from
the left side that enters the fan inflow on the sides.

Figure 9. Lateral, bottom, and three-dimensional view of the flow streamlines, colored according to
the inflow direction; baseline geometry.

In Figure 10, the same visualization is provided for the sinusoidal LE fan, where, again,
the major difference with respect to the baseline fan is found only in the MU operations. In
fact, when comparing the central columns of Figures 9 and 10, it is evident how the flow
entering from the right side (that has double the flow rate of that coming from the left) in
the baseline fan enters most of the inflow section, constraining the black streamlines on the
left side of the inlet duct. For the Sinusoidal LE fan, the flow rate coming from the right
enters most of the fan’s central inflow section, and the one that enters from the left covers
the sides.
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Figure 10. Lateral, bottom, and three-dimensional view of the flow streamlines, colored according to
the inflow direction; sinusoidal LE geometry.

The different behavior of the two rotors in the MU conditions is also shown in
Figures 11 and 12, where the cascade views at midspan and 95% of the span for the
relative velocity contours are shown for both geometries. At midspan, Figure 11, the major
differences between the blade-to-blade passages of the two rotors are found in between
blades 8–1 and 1–2, where the sinusoidal LE rotor shows a flow that is basically the same as
that of the other passages, while in the baseline rotor, higher velocity defects are found for
blades 1, 2, and 3 with respect to the others. Near the tip of the blade, Figure 12, the same
considerations apply as, in fact, the sinusoidal LE rotor is characterized by a blade-to-blade
velocity distribution that is similar for each passage. In contrast, for the baseline rotor
blade-to-blade passages, 8–1 and 1–2 are characterized by a strong acceleration with respect
to the others. This can be explained by the contribution of the left inflow to the overall flow
rate in this area, a trait that is better highlighted in Figure 5.

Figure 11. Cascade projection of the relative velocity contour at 50% of the span for the two rotors.
The blades are numbered according to Figure 2.



Energies 2024, 17, 1150 15 of 17

Figure 12. Cascade projection of the relative velocity contour at 95% of the span for the two rotors.
The blades are numbered according to Figure 2.

7. Conclusions

In this manuscript, the results of the computations of two axial fan rotors fitted inside
an air-cooled condenser real installation layout are reported to answer the following re-
search questions: (i) Can a modified sinusoidal leading edge help control fan performance
under distorted inflow conditions? (ii) How does the installation setup—constrained be-
tween two buildings and entailing a channel dug on the ground below the fan inlet—affect
the inflow velocity under uniform and non-uniform conditions? When the fan operates
with a balanced inflow, the baseline and sinusoidal LE rotors have the same pressure
performance, and the latter has slightly lower power consumption (Figure 6). With mild-
unbalance and full-unbalance inflow conditions, in general, the baseline geometry has a
higher pressure rise (Table 3), and both fans work with increased power (Figure 7). In
general, the efficiency of the fan with the sinusoidal LE rotor has better efficiency at FU
conditions, while in B and MU operations, the overall TTS efficiency of the two rotors is
quite close along the operating range. We can conclude that in this installation layout, the
LE modification has a limited capability of controlling the detrimental effects of inflow
distortions. When dealing with the installation setup, the computations show that the
distortion of the inflow velocity is related to the effects of the lateral buildings rather than
the horizontal channel that runs below the ACC. In fact, the distance between the ground
and the fan inflow is long enough to avoid a direct influence, whereas the tunneling effect
of the lateral buildings has a clear effect on inflow distortion.
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