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ABSTRACT 

The development of a long-distance water mist projection device is essential for 
mitigating emergencies like fires, explosions, chemical leaks, and dust 
contamination. Currently, there is a lack of theory to predict the spray range 
under the effect of fan operating parameters and duct structures, which results in 
the blindness of long-distance water mist projection device design. By 
integrating fluid dynamics theory, classical jet theory, and real operational data, 
a semi-empirical model is developed to predict the jet range and analyze the 
velocity distribution of the projection device. This model can be used to identify 
the key factors affecting characteristics of multiphase jet and optimize the 
alignment between the fan and air duct. Subsequently, a long-distance water mist 
projection device was manufactured and tested. At a range of 30.2 m, a large-
scale transformer fire with a heat release rate between 81.31 and 124.56 MW 
was extinguished within 3 min using the proposed device. This comprehensive 
study may aid the development of long-distance axial airflow-inducing water 
mist devices and their applications in emergency response scenarios. 
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1. INTRODUCTION 

 Fire, explosion, hazardous chemicals leakage, dust 
contamination, and other related incidents tend to rapidly 
escalate, leading to numerous casualties, severe 
environmental pollution, and substantial economic 
damages. For instance, the fire that broke out at Tianjin 
Port in China on August 12, 2015, claimed the lives of 165 
individuals (including 99 firefighters), left 8 persons 
missing, caused injuries to 789 people, and resulted in a 
direct economic loss of 6,866 million RMB (Xinhua News 
Agency, 2015). Similarly, on August 4, 2020, a series of 
explosions caused by the spontaneous combustion of 
flammable chemicals at the port of Beirut, the capital of 
Lebanon, led to the deaths of at least 190 individuals 
(including 10 rescuers), injuries to over 6,500 people, and 
economic losses exceeding $15 billion (Haiwainet, 2020). 

When dealing with extensive disaster areas, the most 
commonly employed methods for extinguishing fires 
from a distance in rescue operations have been the use of 
water cannons. However, traditional water columns have 
limitations in effectively suppressing explosions and 
eliminating pollutants. Furthermore, the high impact force 
of the water column can cause splashing of liquid 
chemicals. Water mist and multi-component water mist, 
on the other hand, possess a large surface area, enabling 

them to extinguish fires (Mawhinney et al., 1994; Jenft et 
al., 2014; Santangelo et al., 2014; Liu et al., 2019; Lv et 
al., 2019; Abdulrahman et al., 2021), efficiently adsorb 
pollutants, and suppress explosions (Collin et al., 2007; 
Gieras, 2008; Cao et al., 2017; Xu et al., 2017; Li et al., 
2021; Wang, 2019). Nevertheless, the traditional water 
mist systems suffer from low water flow rates and limited 
spray range (FM Approvals, 2016); Santangelo et al., 
2016; Wang, 2019), rendering them inadequate for 
addressing large-scale fires and explosions from afar. A 
previous study demonstrated that even at a water pressure 
as high as 10 MPa, traditional water mist systems were 
ineffective in extinguishing fires beyond 7.49 m from the 
nozzles (Santangelo et al., 2016).  

In an attempt to enhance the spray range of water 
droplets, some researchers have explored using turbojet 
engines as a power source (Luo & Li, 2013; Wesierski, 
2023). While this approach did achieve long-range 
spraying capabilities (20–70 m) and high water flow rates 
(up to 30 kg/s), it faced limited adoption due to challenges 
such as high fuel consumption (exceeding 4,000 L/h), 
noisy operation (over 130 dB), high airflow temperatures 
(above 450°C), and high costs (Zhu et al., 2022). As a 
more cost-effective and viable solution, high-performance 
electronic fans have emerged as an alternative to turbojet 
engines. Water mist projection devices equipped with fans 
have already found applications in various fields like dust  
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NOMENCLATURE 

a  outlet turbulence coefficient 
 um velocity at a distance 'x' from the outlet 

section along the axis 

B (Bus, Bul) 
bias error, subscript "us" denotes small 

scale, and "ul" denotes large scale. 

 vi actual velocity of each point 

b1/2 half width of the jet  v̅  average velocity of the section 

D outlet diameter of the air duct, m  Wa fan output power 

K experimental coefficient 

 X (Xk, 𝑋̅) experimental measurements, subscript k 

denotes the kth data point, and an overline 

indicates an average value. 

L length of the air duct 
 x distance from a point on the jet axis to the 

jet outlet section 

L1 length of rectifier section  Greek symbols 

L2 length of straight duct   jet diffusion angle 

n the number of measuring points   roughness of inner wall of the air duct 

Pv outlet dynamic pressure   viscous sublayer thickness 

Ploss static pressure loss of the air duct   Darcy's friction factor of the duct 

Q outlet flow rate   air density 

ReD outlet Reynolds number of the air duct  0 internal efficiency 

S (Sus, Sul) 

precision error, subscript "us" denotes 

small scale, and "ul" denotes large 

scale. 

 1 mechanical efficiency 

s defined jet range  0 local loss coefficient of the duct 

U (Uus, Uul) 

uncertainty, subscript "us" denotes 

small scale, and "ul" denotes large 

scale. 

 v uniformity index 

u0 average velocity at the duct outlet    

 

removal, agricultural irrigation, and fire extinguishing 
(Wang et al., 2016). Despite the applicability of classical 
jet theory in predicting ideal jet flow velocity 
characteristics, the actual structural design and 
operational parameters of these devices have not been 
optimal. The flow dynamics of air-mist multiphase flow 
are even more intricate, and the mechanical energy 
provided by existing devices is underutilized in extending 
the projection range of water mist. Hence, there is an 
urgent need to develop a more robust theoretical model to 
optimize long-range water mist projection devices. 

When analyzing the flow field and performance of 
wind turbines, researchers primarily utilize numerical 
simulation (Li et al., 2014; Ye et al., 2017; Zhang et al., 
2023) and experimental methods (Chen et al., 2000; 
Fernandez et al., 2007, 2011). While numerical simulation 
can provide detailed location data in the flow field, it often 
substantially deviates from the actual results. In contrast, 
experimental methods can offer more accurate data and 
provide a more intuitive understanding (Panchapakesan 
and Lumley, 1993; Hussein et al., 1994; Del Taglia et al., 
2004; Lakehal et al., 2025). To ensure better comparison 
and validation with theoretical analysis, it is advisable to 
use experimental validation methods. 

To address the aforementioned challenges, this paper 
aims to establish theoretical equations for analyzing the 
key factors influencing spray range and offer tailored 
solutions for fans and air ducts. Both small-scale and full-
scale experiments will be conducted to investigate the air 
velocity field and validate the accuracy of our equations. 
In line with our theoretical framework, a full-scale water 
mist projection device will be fabricated. Subsequent full-
scale experiments will be conducted to confirm the water 

mist projection range, water mist characteristics at the 
target area, and the practical effectiveness of fire 
suppression. 

2. THEORETICAL ANALYSIS 

2.1 Theoretical Model of the Air Jet Range  

The complexity of axial-flow-induced spray jets 
means their range is influenced by various factors, 
including nozzle characteristics, number, position, angle, 
and gas-to-liquid ratio. Establishing a theoretical 
framework for two-phase axial-flow-induced spray jets 
poses substantial challenges. These factors complicate the 
derivation of a unified empirical model because their 
quantitative relationships are still poorly understood. 
Therefore, we propose a simplified solution by treating 
the spray as a source of well-following particles that move 
within the free jet generated by the fan. In this case, the 
range of the fan-induced free jet can largely describe the 
range of the axial-flow-induced spray jet. Consequently, 
developing an effective model for the range of fan-
induced free jets is crucial. 

The airflow structure of the projection device is illustrated 
in Fig. 1. For simplify the theoretical analysis, we assume 
that the air duct of the projection device is cylindrical. The 
airflow can be separated into two distinct parts. Within the 
duct, the airflow behaves according to the flow principles 
in a cylindrical pipe. Beyond the duct outlet, the airflow 
follows the characteristics of free submerged jet flow. The 
circular free jet can be further divided into three regions: 
initial, transition, and main regions (Abramovich, 1963; 
Hotz et al., 2021).   
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Fig. 1 Flow structure in the duct and downstream of the jet outlet 

 

Table 1 Axial velocity decay law in the main region of free turbulent jets 

Source Jet characteristic half thickness ‘b’ Jet axial velocity 

Tollmien (1926) 

b
1/2

=0.082 x 
𝑢𝑚
𝑢0

=
7.32

x/d
 

Gortler (1942) 

b
1/2

=0.098 x 
𝑢𝑚
𝑢0

=
5.75

x/d
 

Albertson (1950) 

b
e
=0.114 x 

𝑢𝑚
𝑢0

=
6.20

x/d
 

Rajaratnam & Subramanya 

(1967) 
b

1/2
=0.100 x 

𝑢𝑚
𝑢0

=
6.30

x/d
 

 
In the initial region, the central velocity of the jet 

maintains its initial velocity from the section, extending 
over a length approximately six times the nozzle diameter. 
Subsequently, in the transition region, the axial velocity of 
the jet starts to undergo a shift. Finally, in the main region, 
the axial velocity of the jet gradually decreases (Wu & 
Wang, 2021).  

Building on this foundation, the jet characteristics 
under the coupling effect of single-phase free jet flow and 
duct structure can be reasoned as follows. Between the 
inlet and outlet of the air duct, the output power of the fan 
(Wa) can be expressed as (Liu et al., 2021): 

( )a loss vW Q P P=   +
 

2
2 2 2

0 0 0 0 0

2 3

0
0

1 1 1

4 2 2 2

1
8

D L
u u u u

D

D u L

D


   

 
 

 
=   + + 

 

 
= + + 

     (1) 

where, Q is the outlet flow rate, Ploss is the static pressure 
loss of the air duct, Pv is the outlet dynamic pressure. 

After transformation of Eq. (1), the outlet average 
velocity of the fan can be expressed as： 

( )

1/3

a
0

0

8W
u =

D L D D  

 
  + +        (2) 

Given that the airflow downstream of the duct 
follows the free submerged jet flow characteristics, 
researchers have developed empirical models to forecast 

the velocity distribution along the jet axis (Table 1). The 
models in Table 1 were constructed assuming a uniform 
velocity distribution at the jet outlet, although actual 
airflow generated by a fan is typically non-uniform. 
Hence, we have opted to utilize the empirical model 
proposed by Abramovich (Eq. (3) (1963) to describe the 
axial velocity distribution of the air jet. This particular 
model accounts for the non-uniform initial velocity 
distribution. 

0

0.48

a 0.147

mu
=

u x/D+          (3) 

where, a  is the turbulence coefficient, which 
depends on the turbulence degree of the fluid in the outlet 
section and the uniformity of the velocity distribution. The 
velocity at a distance 'x' from the outlet section along the 
axis is represented as 'um'. 

By combining Eq. (2) and (3), the velocity 
distribution of the central axis can be obtained:  

( )

1/3

a

0

80.48

a
m

W
u

x/D+0.147 D L D D  

 
=   + + 

     (4) 

Transforming Eq. (4), the axial distance x can be 
expressed as a function of the axial velocity: 

( )

1/3

a

0

80.48
0.147

a m

WD
x

u D L D D  

  
 =  −   + +  

    (5) 

According to Plant protection machinery-general test 
method (2014), um=2 m/s is regarded as the end of the jet,  
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Table 2 Empirical formulas for Darcy friction factor and its scope of application 

Models Darcy friction factor Scope of application Flow region 

Laminar flow analytical solution =
64

𝑅𝑒
 Re<2300 Laminar flow region 

Blasius formula =
0.3164

𝑅𝑒0.25
 4000<Re<105 Smooth region 

Prandtl-Schlichting formula 
1

√
=2.0lg(Re√)-0.8 3000<Re<4×106 Smooth region 

Kármán formula =
1

(1.74+2𝑙𝑔(
𝑑

2𝜀
))2

 Re>4160(
𝑑

2𝜀
)0.85 Fully rough region 

(Colebrook, 1939) formula 
1

√
=-2.0lg(

2.51

Re√
+
𝜀 𝑑⁄

3.7
) 4000<Re<108 Transition rough region 

 

thus the jet range s can be finally expressed as:

( )

1/3

a

0

8
0.24 0.147

a

WD
s

D L D D  

  
 =  −   + +  

     (6) 

Based on the Eq. (1) to (6), when the fan power 
remains constant, the range of the jet is influenced by 
factors such as Darcy's friction factor λ, turbulence 
coefficient " a ", and the geometry of the duct (D and L). 
Each of these factors will be individually analyzed in the 
subsequent sections. 

2.2 Effect of Darcy Friction Factor  

Darcy friction factor λ represents the resistance 
coefficient along the duct, and its value is contingent upon 
the Reynolds number and wall roughness. It is evident that 
a smaller Darcy friction factor corresponds to lower 
resistance and, consequently, a lengthier jet range. In 
laminar flow conditions, the Darcy friction factor has a 
theoretical analytical solution. However, in turbulent flow, 
it is determined by the Reynolds number, viscous sublayer 
thickness, and absolute wall roughness. The viscous 
sublayer thickness δ can be calculated using Eq. (7) 
(Schlichting, 1960; Daugherty et al., 1985;). 

0.875

34.2

ReD

D
 =            (7) 

In Eq. (7), D represents the diameter of the circular 
pipe. When the viscous sublayer thickness exceeds the 
absolute roughness of the wall, the pipe wall protrusion is 
submerged within the viscous sublayer. Experimental 
observations suggested that wall roughness has no impact 
on the Darcy friction factor in this scenario, indicating a 
smooth flow regime. However, if the viscous sublayer 
thickness is less than the wall roughness, the flow 
transitions into the rough region. Here, the pipe wall 
protrusion extends beyond the viscous sublayer, entering 
the turbulent transition zone or core zone, leading to 
turbulence interference and energy loss. Empirical 
formulas for the Darcy friction factor in different regions 
are listed in Table 2 (Daugherty et al., 1985). 

Considering the aforementioned conditions, Moody 
(1944) developed a comprehensive -Re (/d) chart 
known as the Moody diagram. In engineering applications, 

once the Reynolds number and equivalent roughness are 
computed, engineers can readily determine the Darcy 
friction factor using the Moody diagram. 

2.3 Effect of Turbulence Coefficient 

The turbulence coefficient (a) is a defining factor that 
describes the jet structure, based on the fluid's turbulence 
and the uniformity of velocity distribution. Greater 
turbulence at the jet outlet cross-section leads to a higher 
turbulence coefficient, reflecting a more uneven outlet 
velocity distribution. Bressler et al. (1996) and Welten et 
al. (1993) proposed the following Eq. to quantify the 
uniformity of velocity distribution: 

( )
2

1

1
1

2

n
i

v

i

v v

n v


=

−
= −          (8) 

The uniformity index, denoted as v and ranging 
between 0 and 1, signifies the uniformity of flow. A value 
closer to one indicates a more uniform flow, with one 
representing ideal uniform flow and zero suggesting 
airflow passing solely through a single pipe. n is the 
number of measuring points. The parameter n denotes the 
number of measuring points. Despite its importance, no 
empirical model currently exists to characterize the 
relationship between the exit turbulence coefficient, 
turbulence intensity, and the uniformity of the exit 
velocity distribution. The turbulence coefficient must be 
determined experimentally. Table 3 provides a 
compilation of experimental data on turbulence 
coefficients at pipeline outlets from previous studies 
(Baturin & Liu, 1965). 

Higher  a  amplifies shear layer instabilities, 
accelerating the transition to turbulence and increasing the 
jet spreading angle. Eq. 9 describes the relationship 
between the exit turbulence coefficient and jet diffusion 
angle: 

a
2

tg K
 

= 
 

         (9) 

where, K is the experimental coefficient,  is the jet 
diffusion angle, and a is the turbulence coefficient. K = 
6.1 for axisymmetric jets (Ministry of Machinery Industry, 
Fourth Academy, 1976). 
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Table 3 Experimental turbulence coefficient values at 
partial pipe outlets  

Nozzle type a 2 

Nozzle with a converging outlet 
0.066 
0.071 

25°20′ 
27°10′ 

Cylindrical tube 
0.076 
0.08 

29°00′ 

Circular nozzle with guide vanes or 
fences 

0.09 34°00′ 

Square nozzle 0.10 37°36′ 

Axial fan with air guide plate 0.12 44°30′ 

Axial fan with metal mesh 0.24 78°40′ 

Flat nozzle with excellent 
contraction 

0.108 29°30′ 

Right-angle bend pipe with guide 
plate 

0.20 68°30′ 

Sharp edge slit in planar wall 0.118 32°10′ 

Longitudinal slot on the air duct 
with guide vanes and rounded edges 

0.155 41°20′ 

 

The influence of the exit turbulence coefficient on jet 
performance is multifaceted; an increase in the turbulence 
coefficient accelerates the decay of axial velocity and 
diminishes jet penetration depth. Enhanced turbulence 
also results in a more uniform velocity distribution across 
the jet's cross-section, thereby reducing the velocity 
gradient. Maximum jet range is curtailed as the turbulence 
coefficient rises, attributed to the accelerated energy 
dissipation and mixing, which prompt the jet to lose 
momentum at a faster rate (Abramovich, 1963). 
Regarding droplet dispersion, an elevated turbulence 
coefficient intensifies lateral spray spread yet diminishes 
droplet penetration in the longitudinal direction. 
Consequently, in applications where a greater jet range is 
desired, it is advisable to use a lower exit turbulence 
coefficient. 

From Eq. (6), the free submerged jet range is 
inversely proportional to the turbulence coefficient. For a 
specific fan, adding rectification and reducing wall 
roughness are feasible ways to increase the jet range. 

2.4 Effect of Air Duct Geometric Structure 

The fan duct structure critically impacts the 
performance of the induced jet by optimizing flow 
characteristics and regulating exit velocity. Key factors 
include duct shape, dimensions, length-to-diameter ratio, 
internal roughness, and contraction/expansion structures. 
These elements influence fluid resistance, turbulence, 
energy loss, and jet uniformity. Additionally, components 
like bends and flanges introduce local resistance and 
turbulence, affecting the jet structure. Collectively, these 
factors enhance shear effects and droplet breakup, thereby 
improving the overall performance and efficiency of the 
induced jet. 

From the perspective of the macroscopic dimensions 
of the fan duct, the jet range of the fan is primarily 
influenced by the duct length (L) and the diameter (D) of 
the duct exit (Eq. 6). A longer duct dissipates more 
mechanical energy due to resistance along its length. 
However, sufficient duct length is essential to mitigate 
velocity disparities at the jet outlet cross-section. 
Concerning duct diameter, a larger D leads to a higher 
value of jet range (s) in Eq. (6). The relationship between  

 

Fig. 2 Fan P-Q curve and system resistance curve 

 

s and D assumes a constant fan output power (Wa) and 
equates the fan diameter to the duct diameter. In actual 
projection systems, Wa varies under different operational 
conditions, influenced by energy losses within the duct.  

When the fan's performance curve (relating fan outlet 
pressure to air volume flow rate) is available, the precise 
air jet range can be determined by identifying the 
intersection point between the fan performance curve and 
the system pressure loss curve (Eq. (10), derived from 
Eq.(1), Fig. 2). Adjusting parameters like duct geometry, 
friction factor, and turbulence coefficient optimizes the 
fan's power utilization based on Fig. 2. Without 
knowledge of the fan's performance curve, inserting the 
rated output power into Eq. (10) might result in a 
marginally larger calculated jet range compared to 
observed values. 

2 2 2

0 0 0 0 2 4

1 1 8

2 2
loss

L L
P u u Q

D D D


    



 
 = + = + 

 
   (10) 

3. VERIFICATION OF THE THEORE-TICAL 

MODEL 

Equation (6) reflects the relationship between the 
free jet range, fan parameters, and duct structure. To 
validate the accuracy of this empirical formula, the paper 
conducts experimental verification using circular air jets 
produced by a small fan. 

3.1 Small-Scale Experiment Setup 

The schematic diagram of the experimental setup is 
illustrated in Fig. 3, featuring a small mixed flow fan, 
sheet light source, hot wire anemometer, camera, and 
other equipment. The subsequent section will provide a 
detailed introduction to the device and instrument 
parameters used in the experiment. 

The small-scale fan experiment was conducted with 
performance parameters listed in Table 4. The fan model 
used in the experiment is the Shengshida frequency 
conversion mixed flow fan SE-A100. 
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Fig. 3 Schematic diagram of the overall experimental setup 

 

Table 4 Performance Parameters of the mixed-flow 
fan 

Fan parameters Value 

Maximum power 18 W 

Maximum flow rate 275 m3/h 

Maximum pressure 334 Pa 

Frequency 50/60 Hz 

Rotate speed 5000 RPM 

Outer diameter of outlet 100 mm 

Inner diameter of outlet 98 mm 

Voltage 220 V 

 

Based on the size of the fan, the duct illustrated in 
Fig. 3 was built with an air inlet located on the left side. A 
collector was integrated to minimize turbulence in the 
inlet flow. A rectifier section was included at the fan outlet 
to satisfy the aspect ratio of L1/D=2, with a star rectifier 
duct positioned in this section. Additionally, a straight 
duct was attached at the duct outlet to rectify the flow and 
fulfill the L2/D=2 requirement. 

A Kano Kanomax four-channel anemometer, model 
KA12, was utilized to measure the air velocity (Fig. 3) 
(Fernandez et al., 2007, 2011). This advanced 
anemometer allows for the simultaneous connection of 
four probes to the main unit, enabling simultaneous air 
velocity measurement at four distinct points. Equipped 
with an RS232C analog output port, it can seamlessly 
interface with computers, printers, and various control 
systems. The device boasts a wide measuring range of 0–
50 m/s, offering a display resolution of 0.01 m/s for 
velocities up to 9.99 m/s and 0.1 m/s for higher speeds. 
Operating at a sampling frequency of 10 Hz, a single   

 

Fig. 4 Data collected using a hot-wire anemometer 
in 10 s 

 

sample was taken over a duration of 10 s. Figure 4 
presents the sampling process undertaken using the hot 
wire anemometer during a test. Notably, the maximum 
fluctuation in air velocity recorded was 3.5%, signifying 
that the stability of the fan's flow field exceeds an 
impressive 95%. Consequently, leveraging the free 
turbulent jet generated by this fan for experimental 
validation purposes is considered viable. 

In addition to the Kano Kanomax anemometer 
(Kanomax Japan Incorporated), other measuring equipment  
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Fig. 5 Velocity distribution of fan outlet cross-section 

 

used included the manometer model EY-200A and the 
Pitot tube. The manometer has a measurement range of 0 
to ±999 Pa with a resolution of 0.1 Pa, making it suitable 
for measuring positive, negative, and differential 
pressures of gases within its specified range. By 
connecting a Pitot tube to the manometer, air velocity can 
also be accurately measured. 

Furthermore, the diffusion angle of the fan jet was 
initially determined through the smoke observation 
method. This involved lighting a smoke cake at the fan's 
inlet to generate smoke, allowing for the visualization of 
the flow field. A sheet light source was used for imaging 
purposes, providing a clear view of the smoke patterns and 
aiding in the precise diffusion angle measurement. 

3.2 Comparison Between Experimental and 
Theoretical Results  

Initially, the Pitot tube was used to approximate the 
fan outlet velocity at around 9 m/s, resulting in a Reynolds 
number (Re) of approximately 60369.6. By utilizing Eq. 
(7), the viscous sublayer thickness was 2.198×10-4 m. The 
pipeline experiments involved the use of both inner and 
outer polished pipes, with the internal surface roughness 
specified as Ra 0.8. Given that the roughness is smaller 
than the viscous sublayer thickness, the pipes can be 
classified as belonging to the hydrodynamic smooth pipe. 
According to the Blasius formula, the Darcy friction 
factor along the pipe was 0.02. 

To gain further insights into the flow characteristics, 
the velocity distribution at the exit section of the fan's 
rectifying duct and the axial velocity distribution of the 
external wind field were measured using a hot-wire 
anemometer. Figure. 5 illustrates the radial velocity 
distribution at the fan outlet cross-section, showing higher 
velocities towards the edges compared to the central 
region. This discrepancy can be attributed to the rotational 
movement of the fan blades, inducing a radial velocity 
component in the airflow. While the blades in the rectifier 
attempted to mitigate this radial velocity, some 
components persisted, leading to the observed velocity 
distribution pattern. This phenomenon is consistent with 
the findings of Louw et al. (2014), who reported similar 
velocity distribution patterns in their study on axial flow 
fans operating at low flow rates. Louw et al. observed that  

 

Fig. 6 Smoke tracer diagram of fan jet 

 

 

Fig. 7 Fan jet axial velocity curves and theoretical 
curves of empirical formulas in the main region 

 

at low flow rates, the downstream fan jet shifts more 
diagonally outward, and reverse flow occurs between the 
fan jet and the rotational axis. This behavior is due to the 
interaction between the fan's rotational flow and the duct 
geometry, which introduces additional complexity into the 
flow field. The study by Louw et al. (2014) provides 
empirical evidence supporting the velocity distribution 
observed in Fig. 5, thereby validating the results. 

The visualization of the flow field at the fan outlet 
indicates a measured diffusion angle (α) of approximately 
33° (Fig. 6). Utilizing Eq. 9, the turbulence coefficient at 
the fan outlet section was estimated to be around 0.106. 
Comparing this value to the data in Table 3, where the 
turbulence coefficient for an axial fan with a guide plate 
is listed as approximately 0.12, a relatively small 
difference is observed. Given the minor difference 
between these two values, we ultimately decided to use 
0.12 for our calculations. This discrepancy can be 
attributed to the pronounced turbulence observed at the 
edge of the fan jet, leading to an unclear jet boundary. As 
a result, the actual measured jet diffusion angle tends to 
be smaller than expected, impacting the calculated 
turbulence coefficient and deviating from the values 
typically associated with fan configurations featuring 
guide plates. 

In Fig. 7, the measured axial velocity downstream of 
the duct outlet is compared to the predicted velocity 
distribution as per Eq. (4), and the error bars represent the 
standard deviation of the measured values. It is noted in 
Section 2.4 that due to the lack of a performance curve 
provided by the manufacturer, the actual output power of 
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the fan is slightly lower than the rated output power. 
Consequently, the measured velocity tends to be 
marginally lower than the predicted values. However, the 
overall trends in variation between the theoretical and 
experimental curves are in agreement. The mean relative 
error (MRE) between the theoretical and experimental 
curves is 0.411, with a goodness-of-fit (R-squared) value 
of 0.79. This level of reliability aligns with our 
expectations.  

To further verify the theoretical model, a full-scale 
experiment will be conducted in Section 5.1. This 
experimental validation process will provide additional 
insight and confirmation regarding the accuracy and 
applicability of the theoretical model in practical 
scenarios. 

3.3 Uncertainty Analysis 

It is necessary to analyze the errors in experimental 
measurements. The total error in an experimental 
measurement is commonly represented by two 
components: a fixed (bias) error and a random (precision) 
error. The precision error is determined by taking N 
repeated measurements from the parameter population, 
whose characteristics can be approximated by the 
precision index (S), which is defined in Equation (11) 
(Abernethy et al., 1985; Moffat, 1985, 1988), where 𝑋 
denotes the average value of X. 

( )
1/2

2

1

1

N

k

k

X X

S
N

=

 
− 

 =
 −
 
 


        (11) 

The bias error is the systematic error that is 
considered to remain constant during a given test. Thus, 
the 95 percent confidence uncertainty (U) is calculated by 
Eq. (12). 

( )
1/2

2

X
U B S= +         (12) 

Based on the data, we estimate the velocity error in 
our small-scale experiment as follows: precision error (Sus) 
≈ 0.01 m/s from Fig. 5 measurements and bias error (Bus) 
≈ 0.02 m/s, considering the hot-wire anemometer and 
other systematics. Therefore, the total velocity error (Uus) 
is ≈ ±0.02 m/s. 

4. DESIGN OF LONG PROJECTION WATER 
MIST SYSTEM  

We have developed a long-range axial-flow induced 
spray device specifically tailored for addressing 
transformer fire incidents (Eq. (6)). Given the substantial 
quantity of oil stored within the transformer body and 
conservator, the potential firepower can reach up to 200 
MW. In such high-energy situations, there is a risk of 
bushing or transformer body explosions that could render 
traditional water mist systems surrounding the 
transformer ineffective. 

To address this challenge, the development of a long-
range water mist projection system becomes imperative. 
The goal is to enable the extinguishing of transformer fires 
from a distance. Given the extensive heat release from the 
fire source, the water mist projection range must extend 
beyond 30 m, while ensuring a sufficiently high-water  

 

Fig. 8. Nozzle arrangement in the duct 

 

mist spray density to effectively combat the flames. This 
approach aims to enhance firefighting capabilities and 
mitigate the impact of large-scale transformer fires with 
substantial heat and energy output. 

4.1 Arrangement of Water Mist Nozzles 

For an 800 kV converter transformer shielded by 
three firewalls, the maximum area covered by the oil flow 
is estimated to be 184 m². Referring to the technical 
standards outlined in the Chinese specification for water 
mist fire extinguishing systems (GB 50898-2013, 2015), 
the water mist spray density required for fully submerging 
an oil fire in a converter transformer must exceed 2 
L/(m²·min). Consequently, the total water flow rate 
needed should surpass 368 L/min. Considering factors 
such as obstruction from the transformer body and 
potential droplet loss during long-range travel, a total 
water flow rate of 720 L/min was designated for the water 
mist projection device. 

To meet the specified water consumption rate, 31 
water mist nozzles were installed near the duct outlet, each 
featuring four orifices, a spray angle of 50°, and a constant 
of 13.4 (K=13.4). When the nozzle inlet pressure was set 
at 3 MPa, the total water flow rate achieved by the water 
mist projection device reached 719.5 L/min. The Dv0.99 

(droplet size where 99% of the volume is made up of 
smaller droplets) of the water mist remained below 400 
mm at a spray range of 1 m. To ensure the even 
distribution of water mist droplets across the duct's cross-
sectional area and prevent droplet coalescence, the nozzle 
positions were carefully arranged as depicted in Fig. 8. 

Given the 50° spray angle and the nozzles being 
positioned 100 mm away from the duct outlet, it was 
determined that the duct diameter should be a minimum 
of 630 mm to accommodate the water mist projection 
system effectively. By adhering to these design 
specifications, the water mist projection device was 
optimized to efficiently combat transformer fires by 
projecting a fine water mist over a wide area while 
maintaining desired water flow rates and droplet sizes. 

4.2 Fan Selection and Outlet Diameter of the Duct 

To guarantee the projection range of the fire-fighting 
device is sufficiently long, s value should be higher than 
20 m. According to Eq. (3), when we set x = 30 m, um = 
2.5 m/s (conservative projection), D = 630 mm, L = 2D,  

100 mm

5
0
¡ã
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Fig. 9 Measurement positions along the duct axis 
 

a = 0.12, we can get u0 = 30.53 m/s. Following Eq. (1) 
with these parameters, we can determine the fan dynamic 
pressure (Pv) and the fan static pressure loss (Ps). Since u0 
= 30.53 m/s, D = 630 mm, air Viscosity = 1.81×10-05 Pa·s, 
air density = 1.21 kg/m3, Reynolds number at the duct 
outlet is 1.30×106, taking the roughness  = 0.50 mm 
calculates to get theory= 0.02. The local loss coefficient  
is conservatively estimated to be 0.5 to account for factors 
like the presence of rectifier structures and flanges in the 
duct. Taking into consideration the energy loss in the fan, 
the fan's output power should exceed 8264.71 W, which is 
calculated based on the total power required for the 
airflow. Since additional energy loss can occur due to the 
nozzles and pipelines affecting the axial airflow, a 
turbofan with an input power of 12500 W was chosen to 
ensure sufficient energy for the airflow. 

It is important to acknowledge that the actual output 
power of the fan and the air jet range may slightly differ 
from the calculated values, especially if the performance 
curve of the fan is not precisely known. Therefore, 
selecting a fan with slightly higher power than the 
calculated requirement helps account for uncertainties and 
ensures effective operation of the fire-fighting system.  

5. PERFORMANCE OF THE FULL-SCALE 
LONG PROJECTION WATER MIST 
SYSTEM  

5.1 Wind Velocity Distribution Along the Axis 
Downstream of the Duct 

To meet the requirements for extinguishing 
transformer fires, a long-range water mist system was 
developed. The system includes a turbofan installed at the 
duct inlet, water mist nozzles at the outlet, and the duct 
mounted on an angle-adjustable stage (Fig. 9). This 
versatile device can be installed in a fixed position, on 
firefighting robots, or on firefighting vehicles, offering 
flexibility and adaptability in various firefighting 
scenarios. Key specifications of the turbofan are detailed 
in Table 5. 

To assess the airflow range, a portable electronic 
anemometer, with measurement error of 2%, was 
employed to measure the axial velocity distribution along 
the duct axis in the absence of water mist. The 
measurement points are indicated in Fig. 9. The data was 
collected at an ambient temperature of 20°C, with an air 
density of 1.21 kg/m3, and an air viscosity of 1.81×10-5 
Pa·s. 

Based on the calculations using the parameters in 
Table 5, the Reynolds number was determined to be   

Table 5 Key parameters of the projection device 

Parameters Value 

Duct length (m) 1.48 

Outlet diameter D (m) 0.63 

Duct cross-sectional area (m2) 0.311725 

Raged flow rate (m3/s) 11.84553 

Input power (W) 12500 

Internal efficiency 0 0.8 

Mechanical efficiency 1 0.96 

Roughness  (mm) 0.25-0.5 

 

Table 6 Characteristic parameters of the turbine-fan 

Parameters Value 

Output power, Wa (W) 9600 

Reynolds number, Re 1.64×106 

The viscous sublayer,  (m) 7.86×10-5 

Darcy friction factor,  
Turbulence coefficient, a 

0.0186 
0.09 

 

 

Fig. 10Axial velocity of the turbine-fan and the 
theoretical curve 

 

1.64×106. Considering Table 2 and Fig. 2, the theoretical 
value of theory was calculated to be 0.0186 when the duct 
wall roughness =0.50 mm. The projection device utilizes 
a turbofan as the induction source with a circular outlet, 
which is treated as a circular nozzle with guide vanes. 
Based on Table 3, the outlet turbulence coefficient was 
estimated to be 0.09.  

Subsequently, key airflow parameters in the duct 
were predicted and presented in Table 6. The theoretical 
axial air velocity distribution was then computed and 
compared with the measured axial air velocity distribution 
in Fig. 10, which exhibits the same behavior as the velocity 
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Fig. 11 Schematic diagram of the test device for droplet size and range 

 

distribution of submerged water jets measured in a large-
scale tank by Lee et al. (2008). At a distance of 25 m, the 
axial velocity exceeds 2 m/s, indicating that the turbofan's 
performance meets the firefighting requirements. The 
MRE between the theoretical and experimental curves 
was 0.166, with an R-squared value of 0.872. These 
results suggest a strong agreement between the 
experimental data and the empirical formula (Eq. 4), 
affirming the feasibility of using Eq. (6) to predict the 
airflow range of the real-scale projection device. 

Similarly, the velocity measurement error for large-
scale experiments needs to be considered. The precision 
error (Sul) was approximately 2% of the maximum 
measured value of 0.6 m/s, while the bias error (Bul) was 
approximately 0.5 m/s. Therefore, the total error (Uul) in 
the velocity measurement for large-scale experiments is 
approximately ±0.8 m/s. 

5.2 Projection Range, Density, and Droplet Size of the 
Spray 

According to the relevant standards (GB 19156-2019; 
GB 7956-2014), the water mist spray range was defined 
as the horizontal distance from the outlet of the injection 
device to the center of the water mist falling point on the 
flat ground. The elevation angle of the injection device 
was set to 30 degrees, with the environmental wind having 
a velocity less than 2 m/s in the same direction as the spray. 
The falling point was determined through water mist 
density measurement. 

To measure the water mist density on the ground, 
collection pans sized 400 × 500 × 300 mm were positioned 
along the injection direction on the flat ground (Fig. 11). 
Due to the initial unsteadiness of the water mist spray, 
collection was conducted for both 30 s and 90 s. By 
subtracting the water volume collected at 30 s from that at 
90 s, the water volume collected during the steady 60-s 
spraying stage was determined. The spray density was 
then calculated based on the spray time, collected water 
volume, and pan area, with the measurement being 
repeated three times. The position with the highest spray 
density was considered the falling point of the water mist. 

Water pressure was maintained at 3 MPa throughout 
the experiment. The results indicated that the spray range 
of the projection device measured 30.2 m, slightly 
surpassing the airflow range. This implies that the axial 
airflow substantially enhanced the water mist spray range. 
At the falling point, the water mist density was recorded 

at 43.2 L/(min•m2), markedly exceeding the required 
value of 2 L/(min•m2). This suggests that water droplet 
sedimentation during transport is within acceptable limits. 

Due to droplet coalescence, breakup, and 
sedimentation, the droplet size of water mist undergoes 
major variations during long-range transport. To evaluate 
its efficacy in fire suppression, we measured droplet size 
at the point where the water spray falls. Utilizing a Winner 
2000 laser particle size analysis system positioned at the 
falling point, our testing setup, shown in Fig. 11, included 
a projection device center elevated at 1.8 m and an 
injection device set at a 30° elevation angle. The laser 
source and photoelectric detector of the particle size 
analyzer were carefully aligned and positioned at 1.8 m 
above the ground. 

Given the extensive cross-sectional area of the water 
mist spray, accurately measuring droplet size presented 
challenges. To address this, we strategically placed two 
stainless steel pipes with an 8 cm diameter in front of the 
laser emitter and receiver to obstruct droplets near the 
measurement zone (spanning a 40 cm laser path). 
Moreover, due to the high water density at the falling point, 
waterproof membranes were used to shield the electronic 
device components during testing. 

The results of the tests indicated that at a spray range 
of 30 m, the droplet sizes measured were Dv0.5 = 362 m 
and Dv0.97 = 573 m. These findings suggest that the droplet 
size of the water mist at this range is conducive to rapidly 
absorbing heat, smoke, and harmful gases within the 
affected area in the event of an accident. 

5.3 Suppression Effect of a Full-Scale 800 Kv 
Transformer Fire 

To verify the performance of the proposed device, a 
fire extinguishing experiment of a full-scale ±800 kV 
converter transformer was conducted. The transformer 
body dimensions were 8757 mm (length), 4752 mm 
(width), and 4942 mm (height). To simulate real 
conditions, three firewalls were erected around the 
transformer, each measuring 9 m in height and 400 mm in 
thickness. Injection devices were strategically positioned 
on the extended lines of the north and south side firewalls. 
The injection devices were set at a height of 9 m and a 
horizontal distance of 26.5 m from the valve hall side wall.  

To replicate a severe fire scenario, oil pans were 
placed on the entire oil sump and the top of the transformer 
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Table 7 Comparison of axial flow-induced spray technology with existing technologies

Technology Range (m) 
Flow rate 
(L/min) 

Cost Advantages Limitations 

Axial flow-
induced spray 

30-50 200-700 
Middl

e 

Long-range coverage, 
smoke elimination, water-
efficient, environmentally 

friendly 

Dependent on stable power 
supply 

Water Mist 
(Wang, 2019) 

＜5 ＜10 Low 
Water-saving and 

efficient, no impact 
hazard, high safety 

Limited to small indoor fires, 
extremely short range, unable 
to address open environments 

or large-scale fires 

Fire Monitor 30-100 100-1000 
Middl

e 

Long-range, flexible flow 
rate, suitable for 

suppressing localized fire 
points, simple and easy-
to-maintain equipment 

Extremely high water usage, 
strong water flow impact can 
damage equipment/buildings, 
point-to-point fire-fighting, 

weak coverage for large-
scale fires 

Turbine Fire 
Truck 

(Wesierski, 
2023) 

20-70 1800 High 

Ultra-high flow rate for 
rapid fire suppression, 
suitable for high-risk 

scenarios 

Bulky, extremely high energy 
and noise levels, hazardous 
(high-temperature exhaust), 

deployment restricted 
(requires flat terrain) 

 

 

Fig. 12. Arrangement of the full-scale fire 
extinguishing experiment 

 

body. The oil pans had a thickness of 10 cm and covered 
a total area of 51.1 m2. By employing a heat release rate 
calculation model for rectangular pool fires, the total heat 
release rate from the oil pans was estimated to be between 
81.31 and 124.56 MW. 

During the experiment, transformer oil at 70°C was 
continuously supplied to the transformer tank at a flow 
rate of 150 L/min, leading to oil overflow from the top of 
the transformer. Additionally, two nozzles were installed 
on the bushing to simulate an oil spray fire, with each 
nozzle having a flow rate of 0.15 kg/s. Detailed sizes and 
configurations within the fire space are depicted in Fig. 12. 

Figure 13 illustrates the oil-fire-burning state of the 
large-scale transformer and the firefighting operations 
following the activation of the projection devices. In this 
scenario, the pool fire had a 3-min pre-combustion time, 
with oil overflow commencing simultaneously. The oil 
spray was initiated at 7 min, and the projection devices 
were activated at 11 min. 

The combustion of the transformer oil generated a 
substantial amount of heat and produced notable black 
smoke (Fig. 13(a)). By manipulating the spray angle, the 

water mist sprays were effectively dispersed to cover all 
fire-affected areas surrounding the transformer. Flame and 
smoke vanished where water mist was applied (Fig. 13(b)). 
After 3 min of continuous water mist spraying, the fire 
was successfully extinguished (Fig. 13(c)). Owing to its 
long projection range, high water mist density, and small 
droplet size, the proposed device can effectively handle 
extensive accident areas from a considerable distance.  

5.4 Comparative Analysis with Existing Technologies 

Based on the above findings of the axial flow-
induced spray device, we compared and analyzed its 
performance parameters with those of traditional water 
mist technology, fire monitor technology, and turbine fire 
truck technology, as well as their respective advantages 
and limitations (Table 7). 

The comparative analysis demonstrates that axial 
flow-induced spray technology offers major advantages in 
long-range fire suppression with efficient water usage and 
smoke elimination capabilities. While it requires a stable 
power supply and has limitations in extremely long-range 
applications, it provides a versatile and environmentally 
friendly solution for a wide range of fire scenarios. Further, 
axial flow-induced spray technology offers a major 
advantage in its versatility. Beyond fire suppression, it can 
be adapted for agricultural irrigation, industrial cooling, 
coal mine dust control, and environmental protection by 
adjusting parameters like flow rate and fan performance. 
This adaptability highlights its high potential and broad 
applicability across multiple fields. Future research will 
focus on enhancing the adaptability of this technology to 
further expand its application scope. 

6. CONCLUSIONS 

A semi-empirical model was developed by 
integrating fluid mechanics theory, classical jet theory, 
and the dimensions of air duct structures to describe the 
velocity distribution and range of free-submerged jets. 
This model explains how various parameters, including 
the Darcy friction factor, turbulence coefficient, and  
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(a)                            (b)                           (c) 

Fig. 13 Oil-fire experiment of full-size transformer: (a) Fully developed fire before projection devices were 
turned on; (b) spray after 1 min free burning; and (c) fire extinguished 3 min after spray projection 

 

dimensional characteristics of the air duct, affect the jet’s 
water projection range. The effectiveness of the model has 
been validated through both small-scale and full-scale 
experimental testing, offering invaluable insights for the 
design of remote spray equipment. 

Furthermore, a water mist projection device was 
refitted and tested, surpassing the projection range of a 
pure air jet. Operating with a fan power of 12500 W and a 
water pressure of 3 MPa, the device achieved an effective 
projection range of approximately 30 m. At a distance of 
30.2 m, the water mist density was measured at 43.2 
L/(min•m2), with droplet sizes of Dv0.5 at 362 mm, Dv0.97 
at 573 mm, and droplet velocities exceeding 3.5 m/s. 
When two of these devices were utilized, they 
successfully extinguished a large-scale 800 kV 
transformer fire with a heat release rate ranging from 
81.31 to 124.56 MW in 3 min, while also effectively 
suppressing smoke generation during the firefighting 
operation. 

The accuracy of empirical models in predicting axial 
velocity decay of single-phase air jets has been 
demonstrated through experiments, but extensive errors 
still exist in predicting the structure of axial-induced spray 
jet flows. Due to the higher density and momentum of 
spray jets compared to pure air jets, the range of spray jets 
is notably greater than that of pure air jets. Therefore, 
subsequent research will combine the theory of floating 
jet flows to establish the equations of motion for 
composite flows, further exploring the relationship 
between the range of axial-induced spray jets, the 
structure of the duct, and the initial characteristics of the 
jets. 
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