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Outlet of the Fan for Overcoming the Suction Limit of Fan Law

Chul Hwan Seul

Abstract

Ventilation systems are crucial for controlling the indoor air quality
in closed spaces and mitigating health hazards. However, for a high
suction performance, fan-based ventilation requires considerable
energy consumption along with subsequent environmental and financial
drawbacks. According to the Dalla Valle physical theory, which is
a universal physical law applied to fans, it is impossible to achieve air
suction beyond the fan's inherent output capacity or to change the suction
pattern.However, this research introduces a method to overcome the Dalla
Valle physical equation through suction beyond the fan's inherent output
capacity and changes in the fan's suction pattern. Our method combines the
use of a bladeless fan in series with an axial fan to exploit airflow dynamic
properties and increase the output efficiency. Our findings show that the
proposed fan configuration provides a new foundation for developing
improved ventilation systems to overcome the limitations of fan laws.

Introduction

Air pollution is an important concern for global environment protection
efforts and policies [ 1-6] For decades, international research and development
activities have been focused on reducing outdoor air pollution factors in large
cities caused by various industries and transportation modes [7—-13]. The
coronavirus 2019 (COVID-19) pandemic created a fundamental shift in the
air quality landscape, garnering unprecedented attention to the importance
of indoor air quality [14—17], and the correct ventilation of indoor spaces
is critical for preventing the uncontrollable spread of COVID-19 [18-20].
Nevertheless, indoor ventilation systems, with a multitude of configurations,
have been investigated over the years owing to their fundamental role in
controlling health hazards. Numerous studies have addressed improving
ventilation in hospitals and clinics [21,22], schools [23-25], closed public
spaces (e.g., libraries and malls) [26,27], laboratories [28—30], workplaces
[31,32], and kitchens [33-35]. Ventilation systems for indoor spaces are
used to improve the air quality of enclosed areas by removing particulate
contaminations [36—40] and smoke [22,28,39,40], controlling humidity
[41,42], dissipating heat [36,43], or a combination of all these applications.

Designing of an efficient ventilation solution involves a complex
combination of parameters and boundary conditions to achieve the adequate
airflows at reasonable energy and power costs. The choice of fan is crucial
for defining the performance of any given ventilation system, which involves
the propeller (or impeller) type, dimensions, rotational speed, and blade
configurations [44,45]. These parameters affect and define the volume and flow
of air managed by the ventilation system. In addition, static and dynamic air
pressures impose considerable constraints on the selection of fan parameters
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for a given ventilation system [46]. For instance, in ducted
solutions, where the exhaust of a ventilation fan is connected
to a duct, the exhausted air experiences high-pressure
conditions to overcome frictions in the duct. These conditions
impose totally different requirements on the fan design and
power resources compared with those of ductless ventilations
[47-50]. Currently, ventilation systems with higher airflow,
air volume, and pressure demands are usually addressed by
increasing rotational speeds or fan dimensions or parallelly
using multiple fans [47,51-54]. Although these approaches
can meet the ventilation solution demands, they impose
considerable energetic and financial limitations [42,51-55];
additionally, noise problems and stability issues become
prominent when larger fans are use [56]. Finding a compromise
solution for high ventilation performances at low resource
cost is usually a bottleneck in designing fan configuration.
Herein, we propose a new fan configuration to improve the
airflow suction performance of a ventilation system with no
additional energy requirements. The proposed solution uses
dual fans in series, substantially increasing the overall airflow
suction efficiency while the power consumption is restricted
to the first fan only. We demonstrate that a combination of
the first fan suction with airflow dynamics and Bernoulli’s
law markedly improves the suction efficiency at the output of
the second fan. The proposed system is expected to provide
the foundation for novel ventilation solutions to overcome
the existing challenges imposed by empirical physical laws
applied to fans.

Theoretical Background

Axial fans (with an axial impeller) have pitched blades
attached to a central rotating hub. Upon rotation of the entire
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assembly, the pitched blades push against air to create a
pressure differential that induces air to flow from the high-
pressure region to the low-pressure region, known as the
inducted flow. The airflow direction depends on the direction
of the blades’ rotation. For clockwise-rotating blades,
air is pushed forward from the face of the fan, whereas in
counterclockwise rotation, air is pushed backward. Axial fans
are commonly used for ventilation applications requiring
high airflow rates and low-pressure conditions, such as
nonducted indoor ventilation. In axial fans, the airflow rate is
usually increased by increasing the rotational speed of blades.
Nevertheless, the volume of air flowing through the fan is
limited by the size of its blades, as shown in Figure 1.

Figure 4. Experimentally measured air velocity in two
fans in a serial configuration, showing the effect of the air
velocity of the induced flow on the air intake volume as a
function of the distance between the first and second fans.

A set of equations dictate the relationships between the
rotational speed ( ) of the fan blades (expressed in rounds per
minute), volumetric flow rate (Q), static pressure (P), and
horsepower (Hp) required to drive the fan. These equations
define the so-called fan laws as follows:
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Figure 1: (a) Representation of the effect of the rotational motion of the fan blades on the air volume at the front, also showing that the air
intake and output are equal. (b) Visualization of the airflow induced from the front (left) input to the rear (right) output (or exhaust) of the fan.
The green arrow indicates the airflow caused by the fan's discharge. The red arrow indicates the additional airflow caused by air turbulence
at the boundary of the fan exhaust, which is a focal point of this study and the key to overcoming the limitations of the Dalla Valle physics.
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where, O, P, and Hpo correspond to an initial state
and, 0, P, and Hp , correspond to a final state. Therefore, the
increase in the volumetric airflow rate is directly proportional
to the increase in the rotational speed of the blades. Thus,
to double the flow rate, the speed of the fan must be equally
doubled. However, increasing the volumetric flow rate
requires exponential variations of the required horsepower
to drive the fan. According to equations 1 and 3, to increase
the flow rate by 50%, the horsepower has to be increased
by 237%. Hence, increasing the suction performance of a
ventilation fan imposes dramatic energy costs.

The efficiency ( {) of a fan is determined by the airflow
rate ()&, total pressure ()3, and input

horsepower (H,) used to drive the fan as follows:

s:Q;P',# [4]

h

The total pressure of the fan (P) is defined by the loss
pressure (P, ) and velocity pressure at the fan outlet (P, ),
which is given by:

P=P, +PB # [5]

loss
where P, results from dynamic, component, and

frictional pressure losses through the air system. For an ideal
fan in a ductless system, P, = 0. The static pressure Ps is

loss

related to the total pressure by:

,out?

PS = })t - Pa’ischarge’ # [6]
where P corresponds to the velocity pressure of

discharge
the fan discharge, relative to the cases of ducted systems for
example. For a ductless system (e.g., the fan in Figure 1), the
static pressure is equal to the total pressure as P = 0.

N R X . difcharge
Using the expressions in equations 4 and 6, the efficiency of a
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ventilation fan can be improved by increasing the volumetric
airflow rate () and/or static pressure (P ) and by decreasing
the horsepower at the input (le.) of the system. In our
approach presented herein, the volumetric airflow rate (Q) is
increased by placing two fans in series. The energy from the
fanl output airflow is used as the input flow for fan2, while
the main input horsepower is dictated by that of fanl. This
system consequently provides important improvements in the
ventilation fan efficiency.

Method
Fan configuration

In the proposed method, two fans are placed in series
(Figure 2). The first fan (fanl) on the left is a blade fan with
an axial propeller, while the second fan (fan2) on the right is
bladeless. The two fans have equal radii and are positioned
in series on the same central axis of the first axial fan. Figure
2 shows a schematic representation of this configuration and
indicates the vortex formed at the inlet of fanl, resulting from
the rotational motion of the blades.

The airflow output of fanl is directed toward the input
of fan2, where its flow energy is used to increase the input
volumetric airflow rate of fan2. Using the accelerated airflow
from the output of fan1 as an input flow for fan2 constitutes the
core of the proposed approach. Nevertheless, the air dynamics
between the two fans and the geometric configuration of the
whole assembly (i.e., size of fans and separation distance) are
crucial in improving the overall volumetric airflow rate at the
final output of the system (i.c., output of fan2). Although, the
main input horsepower remains tightly dependent on that of
fanl, the efficiency of this dual-fan series ventilation system
is expected to exhibit a significant improvement.

Figure 2: (a) Schematic of the two-fan configuration proposed in this study. The first fan (left) is a blade fan with an axial propeller
while the second fan (right) is a bladeless fan. Both fans have the same radius and are placed along the same central axis (b) Photograph

of the two fans used for testing.

Citation: Chul Hwan Seul. Independent Researcher, 201 25-12, Chojung 11-gil, Jeungpyeong-eup, Jeungpyeong-gun, Chungcheongbuk-do,
Republic of Korea. Archives of Microbiology and Immunology. 9 (2025): 171-178.



Seul CH., Arch Microbiol Immunology 2025
Journals DOI:10.26502/ami.936500221

Volumetric airflow

Tounderstandthe contributionsofaerodynamicphenomena
and fan configurations to the expected improvement in the
ventilation fan efficiency, the volumetric airflow across the
whole system is depicted in Figure 3. Three distinct regions
are considered in this case. Region 1 corresponds to the air
volume affected by the rotational energy of the blades in fanl,
representing the input volumetric airflow rate Q,. Being an
axial blade, the suction performance of the fanl obeys the
empirical law derived by Dalla Valle in 1952.

vy
Veloceity profiles " 127 % (2/d) +0.75
(mon-flanged vs flanged)
Where Vi is flow velocity at point x,

and Vf the face velocity at the

exhaust inlet x is a di

exhaust inlet, which is at x =1d, decreases to

. vy |4 .
Vo= ——— 5 ———=—=—=0.074Vf
T 12ax (/17005 13.45 ’

Sowrce Plog, 2002, p 620

Depending on the radius of the fan blades, the air velocity
decays exponentially with the distance from the front of the
fan, reaching ~7.4% of its face velocity (i.e., at the vicinity
of the fan) at a distance equal to that of the diameter of the
blades [46]. Therefore, the effective volume of air flowing to
the input of the fan1 can be approximated using a cone shape,
whose base radius equals that of the blades () and height 4
= 2r. Thus, the volume of air at the input of fanl is given by:

Vlinpul — ﬂ_rl ﬁ :§7Z'7'3,# [7]

By placing the second fan at a distance d behind the first
fan, a somewhat confined intermediate region is obtained,
which can be defined using a cylindrical shape (i.e., region
2). The volume of this region is determined by the radius of
fanl and distance separating the two fans, as follows:

V,=nr'd,# [8]

As fan 2 and fanl have the same radius and are positioned
along the same central axis, the volume of air at the exit of
the second fan (i.e., region 3) is approximately equal to that
of the air in region 2. Thus,

V30ul]7ul ~ sz, # [9]

Using the expressions in equations 7-9, the increase in the
volume of air flowing at the output of the system (i.e., output
of fan 2) relative to that flowing at the input (i.e., input of
fan 1) is estimated. Selected values of the blades radius and
distance between the two fans are shown in Table 1.

Table 1 provides an estimated insight into the significant
increase in the overall efficiency of the ventilation system
proposed in Figure 2. Although the calculations suggest that
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Table 1: Estimation of the increase in air volume at the output of
the dual-fan system based on selected values of the blade radius and
distance separating the two fans.

Blade radius, r (cm) | Distance, d (cm)

15 150%
15

30 300%

30 150%
30

60 300%

the increase in the volume ratio is simply proportional to the
distance between the fans, the efficiency depends directly on
the volumetric airflow rate (equation 4), rather than the air
volume. For this, it is critical to consider the air dynamics
phenomena contributing to the variations in the airflow rate
in regions 2 and 3 (Figure 3). Air exiting fan 1 enters the
region 2 with a given acceleration, generating a low-pressure
zone in this region relative to the surrounding atmosphere.
Following Bernoulli’s law, an additional airflow will occur
due to induction from high-pressure zones to the low-pressure
zone in the region 2 (red arrows in Figure 3). Therefore, the
volumetric airflow rate in region 2 increases relative to that
in region 1. Similarly, the airflow rate in region 3 increases
relative to that in region 2 due to a combination of the
following three factors. First, the airflow is drawn through the
bladeless fan by induction, caused by the pressure differential
created by the accelerated air. Second, owing to its design,
the cross-section shape of the ring in fan2 resembles that of
an airplane wing. Air entering the slits of the bladeless ring
accelerates because of the Coanda effect and consequently
draws in more airflow in accordance with Bernoulli’s law.
Finally, as air exits the discharge frame of the bladeless fan,
it creates local turbulences around the boundaries of region
3, causing additional airflow to enter this zone. When used
separately, a bladeless fan is known to increase its output
airflow rate by approximately 16-fold relative to the input
airflow at the base fan.

Therefore, the combination of all the factors mentioned
above indicates that the volumetric airflow rate at the final
output of the system is considerably increased with respect
to its value at the input of the system. Consequently, the
efficiency of the setup proposed in this study is dramatically
enhanced, based on equation 4.

In this study, we examined the air flow velocity of two fans
connected in series to enhance the overall suction efficiency
beyond the classical constraints of the Dalla Valle equation,
which is typically associated with single-fan suction systems.
The proposed methodology involved positioning a primary
axial ventilation fan in alignment with a secondary bladeless
fan, maintaining an adjustable distance between them.
Although the air suction at the intake of the first fan adheres
to the Dalla Valle equation, the present findings revealed
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that air flow velocity at its output maintains elevated levels
over considerable distances. As a result, the expansion of the
induced flow caused by the distance between the first and the
second fan increases the air intake of the second fan by a
maximum of 25%. This is expected to enable the development
of a more efficient suction ventilation system that uses similar
power resources but with higher performance.

Results and Discussion

In this study, we experimentally tested the two-fan series
configuration by measuring the air velocity and air flow using
an anemometer (GM816, BENETECH, China). To this end,
we used a heavy-duty portable axial-fan ventilator (SMP-20,
SMATO) with blades (span size: 20 cm; rotational speed:
2800-3300 rpm) as the first fan (fanl). The second fan (fan2)
used in these tests include a typical commercial bladeless fan.
The test results associated with the different regions described
in Figure 3 are further presented in Figure 4.

d
———————

Region 1 ! Region 2 ! Region 3

Xoxe)

Axial fan Bladeless fan

Figure 3: Schematic of the air volume flowing in different regions
defined by the boundary conditions in the proposed configuration
of the two fans in series. Blue is the air intake and discharge area of
dalla valle, a universal physical law applied to fans, and red is the
induced flow generated during discharge.
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The air velocity at the inlet of fanl is recorded at
approximately 28-30.9 km/h, which decreases to 5.7 km/h at
a distance equivalent to the diameter of the fan blades (i.e., 20
cm). Near the outlet of fan1, the air retains its initial velocity
(~28-30.9 km/h). The velocity in the area behind fanl,
influenced by the lateral pressure differential (indicated by
red arrows), is measured at 4.3, 3.5, and 3.2 km/h, increasing
with the distance from the rear of fanl. Notably, the air at
the output of the fanl sustains higher velocities over greater
distances than at the inlet of the fanl. The measurements
indicated air velocities of ~26-28 km/h at a 20 cm distance
from the fan, reducing to ~18-21 km/h at 40 cm, which is
double the blade diameter.

These findings suggest that the air exiting fanl exhibits
remarkably high velocities over extended distances in the
confined space between the two fans compared to the intake
region velocities.

Subsequently, the air intake for fan2, positioned in series
with fanl, demonstrates a 25% enhancement over the intake
of fanl. This series arrangement leads to a marked increase
in air velocity and volume at the intake of fan2, surpassing
the empirical constraints of the Dalla Valle equation. The
discharge capacity of the combined setup at the output of fan2
displays substantial improvement over a single fan system.
This enhancement is evident in experimental recordings
comparing a single fan setup (https://www.youtube.com/
watch?v=QLe6Xb9nTpc) and a dual-fan

series setup (https://www.youtube.com/
watch?v=Izoh9gOB8Ek). Notably, the extensive increase

in the induced discharge flow in the latter setup induces
an unusual rotational air suction near the front of the fanl.
The cause of this phenomenon remains unclear. However,
Figure 4 suggests that adjusting the distance between the

wind volume(%)

10 20 30 40

distance(cm)

Figure 4. A Experimentally measured air velocity in two fans in a serial configuration, showing the effect of the air velocity of the induced flow
on the air intake volume as a function of the distance between the first and second fans. B It shows that the amount of air inflow is determined

by the inflow speed of the air.
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Figure 5: Fan configuration of an improved large oven air suction
system based on the main concept presented in this study.

two fans can increase air intake at fan2 without modifying
the blades, thereby enhancing the performance with the same
power resources. The fan configuration proposed in this
study leverages the airflow dynamics between two points
using two fans. This approach is applicable for enhancing
particulate matter suction and air quality in closed kitchen
spaces, particularly in large cooking ovens. Figure 5 presents
a schematic of the suggested oven fan configuration, drawing
from the principles discussed in this study.

In conventional configurations of kitchen ventilation
systems, a fan with a large and fast rotational force can
actively suck in polluted air. However, when the size of the
emission pipe is fixed, the motor capacity or fan size should
not be increased. In the proposed configuration (Figure 5), air
sucked in by the rotational force of the cross-flow fan at point
B is separated into exhaust and circulating air, which moves
to point D along a 100 mm pipe and point A. The circulating
air traveling to point A further moves to point B. This infinite
airflow from points A, B, and C forms an air belt and creates
a wide range of induced airflow around the range hood. In
addition, the separation of circulating and exhaust air resolves
the limitation due to the suction amount and exhaustion in a
conventional range hood.

Conclusion
A
300
‘/_——. @ Fln __.—,__ e Fin
\/ 300

Figure 6
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The air suction area of dalla valle, a universal physical
law—commonly applied to fan suction—is shown as area 1
in the figure. The corresponding discharge is denoted as 3,
and the suction power of 1 and the discharge amount of 3
are equal. However, 2 is separate from the air suction of 1; it
utilizes the rapid airflow generated during the discharge at 1
by placing a secondary fan. It was possible to convert the fan's
inherent functions of suction, discharge, and the resulting flow
into a new form of air intake. Here, if the air suction speed
in <Figure 1> is doubled, the energy consumption generally
increases by 8 times. This is because the energy consumption
of compressed air is proportional to the cube of the suction
speed. However, in 4 of <Figure 1>, no additional energy is
required. The discharge itself involves a rapid airflow equal
to the intake velocity, which in turn contributes to an increase
in suction speed. Additionally, through the expansion of the
fluid volume in 2, and due to the presence of a similarly
fast airflow as the intake speed—Iike in 4 of <Figure 1>—
an unusual rotating air intake was observed near the front
of the fan. This phenomenon is presumed to be caused by
the accelerated air movement and the volumetric expansion
occurring in 2.

This research shows that when air continuously moves
quickly from point A to point B, a flow occurs between A
and B, which is observed at the fan's outlet. Additionally, the
flow concentrates surrounding air to point C, which enables
overcoming the limitations of the Dalla Valle physical
equation, which is the universal physical law applied to fan
suction.
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