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Abstract: Natural ventilators can maintain the ventilation of buildings and tunnels, and can exhaust
fire smoke without requiring energy. In this study, we optimized a natural ventilator by adding
axial fan blades (equivalent to adding a fan system) to investigate the effect of wind speed on the
ventilation and smoke exhaust performance of an optimized natural ventilator. The experimental
results showed that the best configuration of the ventilator was five fan blades at an angle of 25◦

with set-forward curved fan blades. With this configuration, the ventilation volume of the optimized
natural ventilator was increased by 11.1%, and the energy consumption was reduced by 2.952 J.
The third experiment showed that, in the case of a fire, the optimized ventilator can reduce the
temperature of the ventilator faster than the original ventilator, indicating better smoke exhaust
performance. The reason for this effect is that, when the optimized natural ventilator rotates, the
rotation of the blades creates a flow field with a more evenly distributed wind speed. The experiments
proved that natural ventilators can be optimized by adding a fan system. The results of this study can
be applied to effectively improve the ventilation performance of natural ventilators to quickly exhaust
smoke in building and tunnel fires, and provide a reference for related research on natural ventilators.

Keywords: optimized unpowered ventilator; axial fan blade; wind speed; ventilation performance;
energy consumption; smoke exhaust performance

1. Introduction

Ventilators are a type of equipment used to promote air flow [1]. They are classified
into two categories: power and natural ventilators [2]. Natural ventilators, also known
as unpowered ventilators, are equipment that use the pressure difference between the
inside and outside of a building to drive the air flow inside the building [3,4]. Natural
ventilators can considerably reduce building energy consumption [5]. Therefore, investiga-
tions into optimizing natural ventilators are necessary [6,7]. Gonzalez et al. studied the
ventilation performance of a natural ventilator under free flow conditions, and established
its mathematical model [8]. Kang et al. determined the relationship of air velocity with
ventilators [9]. Kim et al. found that the speed and ventilation volume of natural ventilators
are positively correlated with the ambient wind speed [10]. Research results have proven
that the optimization of ventilators can improve air quality within a room [11,12].

Studies on the performance optimization of ventilators are important for building
ventilation, which were implemented earlier in Europe and America [13–16]. Building
openings and various ventilation equipment were the main focus of studies on natural
building ventilation [17], and ventilators can effectively improve indoor air quality [18].
Santamouris [19] investigated the relationship of air flow speed and indoor carbon dioxide
concentration in classrooms with intermittent natural ventilation. Gan simulated the
numerical of the indoor environment [20]. These research results have encouraged further
study of air flow, which were also the basis of our study [21,22].
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At present, most studies on the ventilation performance of natural ventilators have
been conducted through CFD simulation [23–25]. Varela-Boydo and Moya, using CFD, test
28 different inlet extension designs [26]. The results showed that the majority of designs
increase air induction to the building by reducing the ascending currents from inside the
inlet opening to the outside of the towers to a minimum. However, some of the tested
designs formed vortexes inside the inlet openings, which prevented air induction. These
results enrich the ventilation theory of natural ventilators, and provide methods to improve
the volume of ventilators [27].

However, few scholars have studied the combination of ventilation performance and
fan blades. As such, in this study, we investigated the effects of combinations of natural
ventilator and axial fan blades on ventilation performance. The design of the combination
is shown in Figure 1.
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Figure 1. Natural ventilator before and after optimization.

Since the 1950s, scholars have researched fan blades [28]. Beiler found that forward
fan blades can improve the ventilation performance of a fan [29]. Hossain optimized the
design of aircraft fans [29]. Farrall and Simmons simulated and analyzed the fan of an
aircraft [30]. Elgowainy et al. found that the number of fan blades has an important impact
on the static pressure of a fan [31]. Yang et al. found that forward fan blades can reduce the
pressure loss of axial flow fans, improving fan efficiency [32]. Moreover, Vad et al. found
that forward-type fan blades can significantly improve the flow field distribution at the
tip of the fan blade, reducing energy loss, as shown in Figures 2 and 3 [33]. The influences
of fan blade parameters, such as the number of fan blades, inclination angle, and bending
direction, on fan ventilation performance have been investigated.
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In our newly designed natural ventilator (swirl natural ventilator), we used different
types of fan blades. We compared and analyzed the influence of design parameters, such
as the number of axial fan blades, inclination angle, and bending direction, on ventilation
volume and ventilation efficiency. Many research results have been published regarding the
optimization of natural ventilators by improving its ventilation performance [34,35], but
studies on the use of optimized natural ventilators for smoke exhaust in the case of fire are
limited [36]. Therefore, after the ventilation performance of this ventilator was improved
through experiments, the proposed ventilator can be installed in buildings or tunnels. As
such, when a fire occurs, the ventilator can quickly exhaust the smoke and reduce the
temperature in the environment as much as possible, without consuming energy.

Our ventilator design considerably improves the ventilation volume of natural ven-
tilators, thus enhancing the smoke exhaust performance in building or tunnel fires, and
reducing the energy consumption of the building.

2. Materials and Methods
2.1. First Experiment

The first experiment focused on the axial fan blade setting. In this experiment, we
used a swirling natural ventilator, as shown in Figure 1.

2.1.1. Experimental Model

The rotating shaft of the ventilator was connected to the motor. The axial fan blades
and ventilator were coaxial during operation. In order to control the speed of the ventilator,
a small adjustable motor (YVF-6314, Shenyang Weishida, Figure 4) was selected to drive
the natural ventilator to rotate. The speed of the motor was controlled by a frequency
modulator, as shown in Figure 5.
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The experiment was conducted using a controlled variable method. After the power
was turned on, we ensured the ventilator reached the predetermined speed by adjusting
the frequency modulator. A hot wire anemometer (AR866, Hong Kong Xima, measurement
error of ±3% ± 0.1 d) was calibrated to minimize the influence of external environmen-
tal factors.

The speed of the natural ventilator (SW6234C, Guangzhou Suwei, measurement error
of ±0.05% ± 1 d) was controlled by a tachometer to ensure the stable running of the
natural ventilator.

During the experiments, the heat pressure and wind speed were controlled. This
experiment was conducted in an air duct model. The model was composed of a stainless
steel pipe that was 1.8 m long and 0.8 m in diameter. To reduce air leakage, we used tin
foil to seal the gap between the air duct model and the natural ventilator. Considering the
size of the air duct model, we selected a QM-600 swirl natural ventilator as the research
object, as shown in Figure 6, and its parameters as shown in Table 1. The bottom diameter
of the cyclone ventilator was 600 mm, and the ventilator was fixed on the top of the air
duct model by a flange and setscrews.
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Table 1. Parameters of QM-600 swirl natural ventilator.

Type Manufacturer Weight (kg) Maximum
Speed (rpm) Material

QM-600 Shandong TaiLai 2 400 (340#) Stainless steel

Considering the sizes of the air duct model and the natural ventilator, we selected a
group of axial flow fan blades with a radius of 30 cm for the study. To reduce the resistance,
we selected an axial flow fan composed of plastic. During the experiment, the air duct was
fixed 15 cm away from the bottom of the cyclone ventilator by aluminum discs and screws,
as shown in Figure 7.
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2.1.2. Data Measurement

When the fluid flowed in the duct model, the velocity and pressure distribution in the
same cross-section of the duct model was uneven due to fluid viscosity. Therefore, the same
measurement section of the air duct model was divided into several parts with the same
area, and the velocities at characteristic points of each part were measured. The velocities
of the characteristic points were used as the average velocity of the part, we used a hot wire
anemometer to measure the wind speed.

According to the size of the air duct model, five testing sections were set in the vertical
direction in our experiments. The intervals of these measured sections were 0.2, 0.2, 0.4, 0.4,
and 0.2 m, and eight testing points were set on each testing section: r1–r8.

The air volume in the air duct was calculated according to Equation (1). As the air
duct model in this study was a circular tube, we selected the middle rectangle method to
arrange the testing points [17].

qv =
i=n

∑
i=1

Fiui =
A
n

i=n

∑
i=1

ui (1)

where A is the cross-sectional area of air duct model, m2; Fi is the area of each part, m2;
ui is the velocity of the ith characteristic point, m/s; and qv is the average air volume of
pipeline, m3/s.
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The cross-section radius of the pipe was assumed to be r and the cross-section was
divided into n concentric rings with equal area, as shown in Figure 8. The radius of the
characteristic circles, r1, r3, r5, and r7, was calculated according to Equation (2), and the
radius of the characteristic circles, r2, r4, r6, and r8, was calculated according to Equation (3).

r2i−1 = R

√
2i− 1

2n
(2)

r2i = R

√
2i
2n

(3)

where R is the radius of air duct model, m; r is the radius of the characteristic circles in the
air duct model, m; n is the number of characteristic circles in the air duct model; and i is the
order of the characteristic circles in the air duct model.

Fire 2022, 5, x FOR PEER REVIEW 6 of 22 
 

 

characteristic circles, r1, r3, r5, and r7, was calculated according to Equation (2), and the 
radius of the characteristic circles, r2, r4, r6, and r8, was calculated according to Equation (3). 

r1
r3
r5
r7

r2
r4

r6
R

1 2 43

 
Figure 8. Arrangement of testing points in the air duct model (vertical view). 

2 1
2 1
2i
ir R
n−
−=

 
(2)

2
2
2i

ir R
n

=
 

(3)

where R is the radius of air duct model, m; r is the radius of the characteristic circles in the 
air duct model, m; n is the number of characteristic circles in the air duct model; and i is 
the order of the characteristic circles in the air duct model. 

In the air duct model, we set five testing sections from the top to the bottom. As 
shown in Figure 9, the distance between testing section 1 and the top was 0.2 m; that be-
tween testing sections 1 and 2 was 0.2 m; that between sections 2 and 3, sections 3 and 4, 
and sections 4 and 5 was 0.4 m; and the distance between section 5 and the bottom was 
0.2 m. In each testing section, a total of 8 testing points were arranged. The positions of 
these testing points were r8, r6, r4, r2, r1, r3, r5, and r7 from left to right, as shown in Figure 
8. The radii of the characteristic circles were 14.1, 20, 24.5, 28.3, 31.6, 34.6, 37.4, and 40 cm 
for r1–r8, respectively. 

Because the position of the natural ventilator was high and the rotating speed of the 
ventilator was fast, it was difficult to measure the speed of the ventilator. Therefore, we 
selected a tachometer to measure the ventilator speed. Before the experiment, we pasted 
a square reflective sticker with a side length of 1 cm on the middle of the outer edge of the 
ventilator impeller, and we placed the tachometer at an equally high position on the ex-
perimental frame with a horizontal distance of 10 cm from the ventilator. In the experi-
ment, when the infrared emission port of the tachometer was facing the center of the nat-
ural ventilator, the rotational speed of the natural ventilator could be measured. 

Figure 8. Arrangement of testing points in the air duct model (vertical view).

In the air duct model, we set five testing sections from the top to the bottom. As shown
in Figure 9, the distance between testing section 1 and the top was 0.2 m; that between
testing sections 1 and 2 was 0.2 m; that between sections 2 and 3, sections 3 and 4, and
sections 4 and 5 was 0.4 m; and the distance between section 5 and the bottom was 0.2 m.
In each testing section, a total of 8 testing points were arranged. The positions of these
testing points were r8, r6, r4, r2, r1, r3, r5, and r7 from left to right, as shown in Figure 8.
The radii of the characteristic circles were 14.1, 20, 24.5, 28.3, 31.6, 34.6, 37.4, and 40 cm for
r1–r8, respectively.

Because the position of the natural ventilator was high and the rotating speed of the
ventilator was fast, it was difficult to measure the speed of the ventilator. Therefore, we
selected a tachometer to measure the ventilator speed. Before the experiment, we pasted
a square reflective sticker with a side length of 1 cm on the middle of the outer edge
of the ventilator impeller, and we placed the tachometer at an equally high position on
the experimental frame with a horizontal distance of 10 cm from the ventilator. In the
experiment, when the infrared emission port of the tachometer was facing the center of the
natural ventilator, the rotational speed of the natural ventilator could be measured.
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2.2. Second Experiment

When the same wind speed was applied to the ventilator (before and after optimiza-
tion), the ventilator speed changed, so the first experiment could not specifically be used
to calculate the change in ventilation efficiency. Therefore, we needed to confirm the
relationship between different wind speeds and ventilation speed.

A fan (ZG-2) was used to simulate different wind speed effects. ZG-2 is depicted in
Figure 10 and its parameters are listed in Table 2.
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Table 2. The parameters of ZG fan-2.

Type Power
(KW)

Frequency
(Hz)

Air Volume
(m3/h)

Fan Total
Pressure (Pa)

Speed
(rpm)

Voltage
(V)

Zg-2 1.5 50 1000 350 2800 380
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2.2.1. Experimental Model

The axial fan was placed to the left of the ventilator, which formed the platform for
the second experiment. We used the same natural ventilator speed measurement method
in the second experiment as in the first experiment, as shown in Figure 9. The wind speed
of the fan was calculated by Equation (5). The experimental setting is shown in Figure 11.
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Figure 11. Experimental platform for the fan system.

2.2.2. Data Measurement

In the experiments, we needed to measure wind speed. However, the wind speed
was not easy to measure. Because the wind near the outlet of the fan was relatively strong,
and the different wind speeds led to an irregular distribution of wind speed within the
outlet of the fan, we needed to set a rectifier grid to eliminate eddy currents and to ensure
a stable flow. The length of the air duct in the rectification section L1 was 1.0 m. The
rectifying plate was located in the middle of the air duct in the rectification section, and the
length L2 was 0.2 m.

The rectifier in Figure 12 has a honeycomb structure, and was used on the inlet pipe of
blower to balance air flow. Its functions by making the fluid smoothly pass through the
fan blade, reducing air flow disturbances to the blade and the pressure loss caused by the
rotation of air flow.
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The amount of air flowing out of the outlet in the axial flow fan decayed with increasing
air supply distance. Therefore, we calculated the ambient wind speed according to the
velocity attenuation equation. The minimum ambient wind speed, which drove the natural
ventilator, was determined by several experiments on the amount of air ventilated by the
fan. An anemometer was used to measure the wind speed at the fan outlet through the
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middle rectangle method. Then, the relationship between the ventilation speed and the
ambient wind speed could be obtained.

vx

v0
= K

(
b
x

) 1
2

(4)

where vx is the wind speed at x distance from the fan, m/s; v0 is the wind speed at the fan
outlet, m/s; K is the proportionality coefficient in the equation, and its value is 2.35; and b
is the diameter of the fan, m.

2.3. Third Experiment
2.3.1. Experimental Model

The aim of this third experiment was to compare the smoke exhaust performance
of the ventilator before and after optimization. We studied smoke exhaust by analyzing
the variation in temperature in the air duct of the natural ventilator. During a fire, the
faster the temperature decreases in a natural ventilator’s air duct, the better its smoke
exhaust performance. Therefore, in this experiment, two oil pans (15 × 15 × 4 cm and
20 × 20 × 4 cm) were placed at the bottom of the natural ventilator, and alcohol was poured
into it as a fire source. After the alcohol was ignited, the burning metal box simulated a fire.
The temperature variation inside the air duct with different fire scales was measured in the
experiments. The experimental device is shown in Figure 13.
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2.3.2. Data Measurement

K-type thermocouples were used for the temperature measurement in the experi-
ments. There were four testing sections in total, and five temperature testing points were
symmetrically arranged on each testing section, as shown in Figure 14.

To ensure the accuracy of data measurement, an intelligent temperature acquisition
system was used. The measurement error of the system was less than 3%, and the measured
data could be stored in real time.
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2.4. Measurement Error

The unbalance rate refers to the ratio of the difference between the maximum and
minimum measured value to the average value of multiple measured values. In this
experiment, we used a hot wire anemometer to measure the average wind speed in the air
duct. We found that the average wind speed at each testing point fluctuated widely, which
was not conducive to experimental measurement. Therefore, to improve and ensure the
measurement accuracy of the experimental data, we acquired multiple measurements and
checked the unbalance rate.

Unbalance rate =
vmax − vmin

v
(5)

v =
1
n

n

∑
i=1

vi (6)

where vmax is the maximum measured value in the air duct, m/s; vmin is the minimum
measured value in the air duct, m/s; and v is the average value of the measured data in the
air duct, m/s.

3. Results
3.1. Blade Number Optimization

The number of fan blades was set to three, four, five, and six. We compared the
performance of the natural ventilator with different number of axial fan blades with that of
the original natural ventilator without fan blades. To avoid the influence of other factors,
the radius, inclination angle, bending direction, and the position of the fan blades were
unchanged. The experimental conditions are listed in Table 3.
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Table 3. Experimental setting of optimization of number of fan blades.

Condition Number Number of Blades Bending Direction

A01 0

Forward curved

A02 3

A03 4

A04 5

A05 6

Figure 15a–c shows the ventilation speed and wind speed at different testing points in
the air duct.
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Figure 15a–c shows that the ventilation volume, from high to low, was found for
five, six, four, and axial flow fan blades at the same speed. When the number of axial fan
blades was increased, the air volume, and thus ventilation performance, generated by the
natural ventilator increased first and then decreased. With five axial flow fans, the natural
ventilator produced the largest air volume, and its ventilation performance was the best.

According to the principles of fluid mechanics, when a natural ventilator works, the
fluid in the duct is pushed by an axial force, which increases the energy of the fluid [37].
When an axial flow fan blade is added, it rotates with the ventilator. In addition, an axial
thrust is generated, which increases the ventilation capacity of the whole natural ventilator.

When axial fan blades are used, they should reduce the air collision caused by the
rotation of the fan blades as the ventilation rate of the ventilator increases. To ensure the
ventilation volume, the fan speed of the ventilator must be increased, which increases
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energy consumption. After adding three fan blades, the maximum ventilation volume
was not obtained in the experiment (as shown in Figure 15c, the maximum wind speed
was 0.525 m/s with three blades). However, the addition of five fan blades resulted in
the maximum experimental ventilation volume due to the moderate number of blades
generating the minimum friction loss in air at a relatively low speed. The air entering
the blade could gain more kinetic energy due to the lesser friction, resulting in a higher
ventilation rate.

3.2. Blade Inclination Angle Optimization

The ventilation performance of the ventilator was the best with five axial flow fans.
However, when an axial flow fan works with a natural ventilator, the flow distribution on
the rotating plane of the fan blade is not uniform due to the blade inclination angle, which
reduces the effect of a ventilator. By comparing the changes in the air volume of the natural
ventilator for different fan blade inclination angles, we determined the optimal inclination
configuration of the fan blades; the working conditions are shown in Table 4.

Table 4. Experimental setting for the optimization of blade inclination angle.

Condition Number Angle (Degrees) Bending Direction

B01 5

Forward curved

B02 15

B03 20

B04 25

B05 30

The inclination angles of fan blades used in experiments were 5◦, 15◦, 20◦, 25◦, and
30◦, as shown in Figure 16.
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Figure 17 shows that when other system parameters of the natural ventilator remained
unchanged, the inclination angle of the fan blade and the ventilation rate of the ventilator
did not show an linear increasing relationship. When the axial fan blade inclination angle
was 25◦, the air volume produced by natural ventilator was the largest; the lowest was
produced when the inclination angle of fan blade was 5◦.
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With the increase in the fan blade angle, the pressure difference between the upper
and lower surfaces of the fan gradually increased, which enhanced the air disturbance
around the fan blade. The ventilation rate was not the maximum when the blade angle was
30◦ because the pressure between the upper and lower surfaces of the axial flow fan is too
large when the fan blade angle is too large. Some friction occurs between the fan blade
and the air, and part of the energy is lost. The formation of a flow field on the rotating
blade surface is caused by air inflow. When the air collides with the blade surface, part
of a secondary vortex may be produced, which reduces the air volume produced by the
ventilator and reduces ventilation performance. Therefore, we determined that the optimal
blade inclination is 25◦.

3.3. Blade Bending Direction Optimization

Combined with the analysis of the previous experimental results, we found that the
performance of the ventilator was the best with five axial flow fans and a 25◦ angle on the
fan blades. Then, we studied the influence of the bending direction of the axial fan blade
on the ventilation effect. Axial flow blades’ bending direction can be divided into forward
and backward curved blades. The rotation direction of the forward curved blade is the
same as that of the ventilator, whereas that of the backward curved blade is opposite to
that of the ventilator. The experimental conditions are shown in Table 5.
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Table 5. Experimental setting of optimization of blade bending directions.

Condition Number Fan Blade Radius (cm) Bending Direction

C01 30 Forward curved

C02 30 Backward curved

According to Figure 18, we found the flow velocity in the air duct changed with the
ventilator speed under different working conditions. Under the same rotating speed, the
air volume of the ventilator with forward curved blades was significantly larger than that
with the backward curved blade, indicating a better ventilation effect.

Fire 2022, 5, x FOR PEER REVIEW 14 of 22 
 

 

Table 5. Experimental setting of optimization of blade bending directions. 

Condition Number Fan Blade Radius (cm) Bending Direction 
C01 30 Forward curved 
C02 30 Backward curved 

According to Figure 18, we found the flow velocity in the air duct changed with the 
ventilator speed under different working conditions. Under the same rotating speed, the 
air volume of the ventilator with forward curved blades was significantly larger than that 
with the backward curved blade, indicating a better ventilation effect. 

20 30 40 50 60 70 80 90
0.1

0.2

0.3

0.4

0.5

0.6

Th
e 

w
in

d 
sp

ee
ds

 in
 th

e 
du

ct
 (m

/s)

Speed of unpowered ventilator (rpm)

 Forward curved blade 
 Backward curved blade

 
20 30 40 50 60 70 80 90

0.1

0.2

0.3

0.4

0.5

0.6

Th
e 

w
in

d 
sp

ee
ds

 in
 th

e 
du

ct
 (m

/s)

Speed of natural ventilator (rpm)

 Forward curved blade
 Backward curved blade

 
(a) (b) 

20 30 40 50 60 70 80 90
0.1

0.2

0.3

0.4

0.5

0.6

Th
e 

w
in

d 
sp

ee
d 

in
 th

e 
du

ct
 (m

/s
)

Speed of unpowered ventilator (rpm)

 Forward curved blade
 Backward curved blade

 
(c) 

Figure 18. Relationships between wind speed in the air duct and natural ventilator speed with dif-
ferent blade bending directions at different testing points. (a) Testing point 3; (b) Testing point 4; (c) 
Testing point 5. 

When the axial fan blade rotates with a natural ventilator, the forward blade of the 
axial fan blade contacts the air in the duct. Forward curved blades have a relatively short 
leading edge within a streamlined fan section, which reduces air drag. The rotating blade 
strikes the air, with relatively little kinetic energy lost to the fluid. The torsion angle of the 
back edge of a forward curved fan blade within a wind duct is significantly larger than 
that of the forward edge, so relatively high wind pressure can be generated. Therefore, 
this type of fan blade shape reduces the energy loss when a natural ventilator is rotating 
and improves its ventilation performance. 

3.4. Relationship between Wind and Ventilation Speeds 
Based on the above experimental analysis, we found that the ventilation effect of the 

natural ventilator was the best when forward curved axial flow fans are used with a blade 
inclination of 25° and five blades. Therefore, the experiment conditions were set as de-
scribed in Table 6. 

  

Figure 18. Relationships between wind speed in the air duct and natural ventilator speed with
different blade bending directions at different testing points. (a) Testing point 3; (b) Testing point 4;
(c) Testing point 5.

When the axial fan blade rotates with a natural ventilator, the forward blade of the
axial fan blade contacts the air in the duct. Forward curved blades have a relatively short
leading edge within a streamlined fan section, which reduces air drag. The rotating blade
strikes the air, with relatively little kinetic energy lost to the fluid. The torsion angle of the
back edge of a forward curved fan blade within a wind duct is significantly larger than
that of the forward edge, so relatively high wind pressure can be generated. Therefore, this
type of fan blade shape reduces the energy loss when a natural ventilator is rotating and
improves its ventilation performance.

3.4. Relationship between Wind and Ventilation Speeds

Based on the above experimental analysis, we found that the ventilation effect of
the natural ventilator was the best when forward curved axial flow fans are used with a
blade inclination of 25◦ and five blades. Therefore, the experiment conditions were set as
described in Table 6.
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Table 6. Comparison of fan blade settings between the original and optimized ventilators.

Condition Number Number of Blades Number of Blades Bending Direction

D01 0 - -
D02 5 25 Forward curved

As shown in Figure 19, we found the speed of the original ventilator increased with
increasing ambient wind speed. When the original ventilator rotated with the rated speed
of 60 rpm, the wind speed with the fan outlet was 5.18 m/s. However, the same wind speed
applied to the optimized ventilator caused rotation at 57.06 rpm. Therefore, compared to the
original ventilator, the rotation speed of optimized ventilator was reduced by about 3 rpm.
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Figure 19. Relationships between wind speed in the air duct and natural ventilator speed before and
after optimization.

As mentioned above, when a ventilator works, it can be approximately regarded as
a fan system, and the speed of the ventilator is proportional to the environmental wind
speed. In the experiment, when fan blades were added, the overall approximation could
be regarded as a series superposition of two fan systems. Because the added fan blades
are small, the natural ventilator consumes little energy for rotation. When the same wind
speed acts on the ventilator, the speed of the ventilator decreases, but the curved slope of
ventilator speed with the change in ambient wind speed remains unchanged.

Figure 20 compares the relationships between wind speed in the air duct and natural
ventilator speed before and after optimization.
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a fan system, and the speed of the ventilator is proportional to the environmental wind 
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According to the above experimental results, compared to the original natural ven-
tilator, the ventilation capacity of the newly designed natural ventilator is higher. For
example, at point 3, when the original natural ventilator works at 60 rpm, the wind speed
into the duct is 0.33 m/s. When the same energy is consumed, the rated speed of the newly
designed ventilator is 55.5 rpm and the wind speed in the duct is 0.37 m/s.

3.5. Quantitative Calculation of Optimized Natural Ventilators
3.5.1. Ventilator Energy Savings

When the blades of a natural ventilator rotate, environmental wind on the natural
ventilator, which converts the wind energy into the mechanical energy of the ventilator,
and the kinetic and potential energy of the fluid. The equation is as follows:

W = ∆E1 + ∆E2 + ∆E3 (7)

where W is the external environmental energy; ∆E1 is the variation in kinetic and potential
energy before and after fluid flowing through the natural ventilator; ∆E2 is the mechanical
energy consumption of a. natural ventilator during rotation; ∆E3 is the energy losses, such
as fluid flow loss and ventilator rotational friction loss.

∆E1 =
1
2

m1

(
v2

2 − v2
1

)
+ m1g(Z2 − Z1) (8)

where m1 is the mass of fluid, kg; v1 and v2 are the velocity of fluid before and after flowing
through natural ventilator, m/s, respectively; Z1 and Z2 are the variation in potential energy
of fluid before and after flowing through natural ventilator, m, respectively.

Because the air volume loss during the whole process of the fluid flowing through
the natural ventilator can be approximately ignored, the temperature change during the
whole process of the flow is very small, and the change in fluid density can be ignored, the
following flow equation can be obtained:

v2 = v1 (9)

The shape of the natural ventilator was irregular, but it could be approximated as an
elliptical cylinder, as shown in Figure 21.

∆E2 =
1
2

Iω2 (10)

I = m2r2 (11)

r =
L + R

2
(12)
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where I is the momentum of inertia about the cylindrical surface, kg·m2; m2 is the mass of
the natural ventilator, m/s; r is the radius of the cylindrical surface, m; R is the radius of the
exhaust outlet at the bottom of the natural ventilator, m; L is the maximum middle radius
of the natural ventilator, m; and ω is the angular velocity of the natural ventilator, rad/s.
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For calculation, a single axial fan blade is approximately equivalent to a thin disk with
a radius ri:

∆Ei =
1
2

mir2
i ω2 (13)

ri =
1√
2

r1 (14)

where ∆Ei is the rotational kinetic energy of a single axial fan blade, J; mi is the mass of a
single axial fan blade, m/s; ri is the radius of the thin disk, m; and r1 is the radius of the
axial fan blade, m.

According to the above ventilation calculation equation, the total capacity consumed
by the original ventilator was calculated using the parameters in Table 7, as follows:

∆E1 = 1
2 m1

(
v2

2 − v2
1
)
+ m1g(Z2 − Z1)

= 0 + 0.427 kg × 9.8 m/s2 × 0.55 m = 2.302 J (v1 − v2 = 0)

∆E2 = 1
2 m2r2ω2

= 1/2 × 9.6 × 0.452 × 6.282 = 38.334 J (ω = 2πn = 6.28 rad/s)

Table 7. Relevant parameters. The parameters of calculating energy savings.

Natural
Ventilator

m2 R L q1 n

9.6 kg 0.3 m 0.6 m 1200 m3/h = 0.33 m3/s 60 r/min = 1 r/s

Fluid

ρ h v1 m1

1.293 Z2 − Z1 = 0.55 m Q × t = 0.33 m3/s
× 1 s = 0.33 m3

ρ × v1 = 1.293 kg/m3 ×
0.33 m3 = 0.427 kg

Axial Fan
Blade

m3 r1 N ri

0.1 kg 0.3 m 5 0.212 m
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The total energy (W) that is input by the external environmental system is required
when the natural ventilator rotates to the rated speed of 60 rpm:

W = ∆E1 + ∆E2
= 2.302 + 38.334 = 40.636 J

Through experiments, we found the average speed of the optimized natural ventilator
n’ was 57.06 rpm = 0.951 r/s;

W = ∆E1 + ∆E2 + ∆Ei = m1’g (Z2 − Z1) + 1
2 × m2r2 (2πn’)2 + 1

2 × miri
2 (2πn’)2 × N

= (0.398n’ × 1.293) × 9.8 × 0.55 + 1
2 × 9.6 × 0.452 × 4π2(n’)2 + 1

2 × 0.1 × 0.2122 × 4π2 × (n’)2 × 5

= 2.578 + 34.705 + 0.401 = 37.684 J

According to the above equation, the energy consumption saved by the optimized
natural ventilator (∆E) is

∆E =∆E1−∆E2
= 40.636 − 37.684 = 2.952 J.

Therefore, the energy consumption of the optimized natural ventilator was reduced
by 2.952 J.

3.5.2. Ventilation Volume

When the fan works, the air volume generated by the fan is proportional to the speed
of the fan blades. The ventilation volume calculation equation of the ventilator is as follows:

Q1

Q2
=

n1

n2
= k (15)

where Q1 is the air volume of the original natural ventilator at different speeds, Q2 is the
air volume of the optimized natural ventilator at different speeds, m3/s; n1 and n2 are the
fan speeds, rpm; and k is the scale factor.

When the natural ventilator and the axial fan blade rotate, the working principle of
the fan system is similar to that of the fan system. The relationship between the air volume
and the rotating speed is as follows, and the scale factor k is affected by the shape of the
ventilator and the axial fan blade:

q = k · n (16)

where q is the air flow generated by the rotation of the natural ventilator and axial fan
blade, r/s; n is the speed of ventilator, r/s; and k is the scale factor.

According to the analysis of the experimental results, assuming that only the ventilator
was working, q1 = k1 · n1, we found the scale coefficient k1 was 0.339. When axial fan
blades are added to the ventilator, q2 = k2 · n2. We found the scale coefficient k2 was 0.389.
According to the experimental results, k1 and k2 are applicable to the different types of fan
blade settings.

The original natural ventilator worked at 60 rpm = 1 r/s, and the wind speed in the
duct was 0.33 m/s. However, when the same energy was consumed, the average rated
speed of the natural ventilator, which had been optimized, was 57.06 rpm = 0.951 r/s, and
the wind speed in the duct was 0.37 m/s.

Before the ventilator was optimized, the volume q1 = k1 · n1 was 0.339 × 1 =
0.339 m3/s = 1200.4 m3/h. After the ventilator was optimized, the volume q2 = k2 · n2 was
0.389 × 0.951 = 0.37 m3/s = 1333.2 m3/h. Then, η was calculated as:

η =
q2 − q1

q1
=

1333.2− 1200.4
1200.4

× 100% = 11.1% (17)

The ventilation capacity of the optimized natural ventilator was increased by 11.1%.
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3.6. Smoke Exhaust Performance of Optimized Natural Ventilator

The working conditions of fire smoke experiments using the original and optimized
ventilator are shown in Table 8.

Table 8. Experimental conditions in the smoke exhaust experiments.

Ventilator Fuel Quality (kg) Fuel Thickness (cm) Oil Pans Size (cm)

Original 1 2 15 × 15 × 4
Optimized 1 2 15 × 15 × 4

Original 1 2 20 × 20 × 4
Optimized 1 2 20 × 20 × 4

According to Figure 22, when the fire was small (15 × 5 × 4 cm), the effects of the
optimized and original ventilators on temperature reduction were approximately the same.
This is because the thermal pressure driving force was not enough to drive the optimized
ventilator when the fire was small. Therefore, the temperature did not show an obvious
downward trend.
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Figure 22. Temperature change of ventilator before and after optimization in the case of a fire envi-
ronment (fire scale: 15 × 15 × 4 cm). 
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perature under the thermal pressure driving force of the fire. 
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However, Figure 23 shows that the optimized ventilator markedly reduced the tem-
perature under the thermal pressure driving force of the fire.

Fire 2022, 5, x FOR PEER REVIEW 20 of 22 
 

 

0 200 400 600 800 1000
0

10

20

30

40

50

60

70

80

M
ea

su
re

 th
e 

av
er

ag
e 

te
m

pe
ra

tu
re

 o
f t

he
 se

ct
io

n/
o C

Burning time/s

 Original natural ventilator
 Optimized natural ventilator

 
Figure 23. Temperature change of ventilator before and after optimization in fire environment (fire 
scale: 20 × 20 × 4 cm). 

The hot pressure driving force generated by the flame makes the ventilator rotate at 
a higher speed. Therefore, if the optimized ventilator is used for smoke exhaust, the tem-
perature in the air duct will decrease faster, the temperature generated by the flame can 
exhaust the smoke faster, and the smoke exhaust efficiency of the ventilator will be im-
proved. 

4. Conclusions 
To further apply an unpowered ventilator in different buildings or tunnels and 

quickly exhaust smoke during building and tunnel fires, in this study, we conducted a 
series of experiments to investigate its ventilation and smoke exhaust performance. Our 
conclusions are summarized as follows: 
(1) After adding a set of axial fan blades below the natural ventilator, the rotational 

speed of the ventilator decreased at the same power, but the ventilation volume of 
the ventilator increased, and the ventilation performance of the ventilator was en-
hanced. 

(2) At the same speed, with increasing numbers of axial flow fan blades and increasing 
fan blade angle, the air volume of the ventilator first increased and then decreased. 
When the number of fans was five and the angle was 25°, the air volume of the ven-
tilator was the largest and the ventilation effect was the best. Compared to adding 
backward curved fan blades, the ventilator with forward curved blades produced a 
larger air volume and a better ventilation effect at the same wind speed. 

(3) When the wind speed at the fan outlet reached 5.179 m/s, the original ventilator ro-
tated at the rated speed of 60 rpm. When the same wind speed acted on the optimized 
ventilator, the speed was 57.06 rpm; the speed was reduced by 4.5 rpm. The air vol-
ume was increased by 11.1%, and the energy consumption was reduced by 2.952 J. 

(4) The optimized ventilator could quickly exhaust he fire smoke in an actual experiment 
and lower the temperature of the ventilator without consuming energy. Therefore, 
the optimized ventilator can be installed in buildings or tunnels to quickly exhaust 
fire smoke. 
The natural ventilator constructed in this study was a swirling natural ventilator 6. 

This type of unpowered ventilator was also used in the smoke exhaust experiments. 
Therefore, we conclude that this type of ventilator is more suitable for selected flow nat-
ural ventilators, and the optimized natural ventilator is suitable for smoke exhaust from 
buildings or tunnels. However, in other scenes (such as factories), the optimized unpow-
ered ventilator has not been tested, which is a future research direction for natural venti-
lator smoke exhaust. 

Figure 23. Temperature change of ventilator before and after optimization in fire environment (fire
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The hot pressure driving force generated by the flame makes the ventilator rotate
at a higher speed. Therefore, if the optimized ventilator is used for smoke exhaust, the
temperature in the air duct will decrease faster, the temperature generated by the flame
can exhaust the smoke faster, and the smoke exhaust efficiency of the ventilator will
be improved.

4. Conclusions

To further apply an unpowered ventilator in different buildings or tunnels and quickly
exhaust smoke during building and tunnel fires, in this study, we conducted a series of
experiments to investigate its ventilation and smoke exhaust performance. Our conclusions
are summarized as follows:

(1) After adding a set of axial fan blades below the natural ventilator, the rotational
speed of the ventilator decreased at the same power, but the ventilation volume of the
ventilator increased, and the ventilation performance of the ventilator was enhanced.

(2) At the same speed, with increasing numbers of axial flow fan blades and increasing
fan blade angle, the air volume of the ventilator first increased and then decreased.
When the number of fans was five and the angle was 25◦, the air volume of the
ventilator was the largest and the ventilation effect was the best. Compared to adding
backward curved fan blades, the ventilator with forward curved blades produced a
larger air volume and a better ventilation effect at the same wind speed.

(3) When the wind speed at the fan outlet reached 5.179 m/s, the original ventilator
rotated at the rated speed of 60 rpm. When the same wind speed acted on the
optimized ventilator, the speed was 57.06 rpm; the speed was reduced by 4.5 rpm.
The air volume was increased by 11.1%, and the energy consumption was reduced
by 2.952 J.

(4) The optimized ventilator could quickly exhaust he fire smoke in an actual experiment
and lower the temperature of the ventilator without consuming energy. Therefore,
the optimized ventilator can be installed in buildings or tunnels to quickly exhaust
fire smoke.

The natural ventilator constructed in this study was a swirling natural ventilator 6. This
type of unpowered ventilator was also used in the smoke exhaust experiments. Therefore,
we conclude that this type of ventilator is more suitable for selected flow natural ventilators,
and the optimized natural ventilator is suitable for smoke exhaust from buildings or tunnels.
However, in other scenes (such as factories), the optimized unpowered ventilator has not
been tested, which is a future research direction for natural ventilator smoke exhaust.
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