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Water jet surface stability is important to enhance fighting efficiency of firewatermonitor. In this paper, a visualization experimental
method is designed to capture the surface waves of water jet out from fire watermonitor, and the wavelength and the amplitudes are
captured and measured from the obtained water jet images.The Sobel horizontal gradient direction template and Burg method are
selected to obtain wavelength characteristic of water jet. Based on surfacemorphology, the relationship betweenwave characteristic
of water jet and Weber number is also discussed. The structure of the surface wave changes from cosmic turbulence to stochastic
small-scale waveswith increasingWebernumber and becomes fully chaotic finally.The averagewavelength of water jet out fromfire
water monitor decreases with increasing Weber number. The growth rate in the presence of wavelength with the lower Weg is less
than that of the higher Weg. Furthermore, the amplitudes of the water jet increase continuously with increasing flow distance and
Weg. In other words, the larger theWeber number is, the faster the velocity of surfacewaves onwater jet is.Themain objective of the
present work is to give the basis for better understanding the microstructure of water jet, which in turn improves the performance
of fire water monitor.

1. Introduction

The water jet out from fire water monitor is commonly used
to firefighting, cooling, heat insulation, and smoke exhaust in
our life, and it has the advantage of less water consumption,
being clean, and eliminating dust. When the water is ejected
from the fire water monitor, the jet water column is in direct
contact with the air and the jet surface fluctuates. When the
fluctuation develops to a certain extent, droplets fall off the
surface of the water column and water mist will be formed
[1, 2]. The size, distribution, and velocity of water mist are
often emphasized in the design of fire water monitor. The
microstructure of the water jet is the key to the development
of water mist, which directly affects the performance of fire
water monitor. The wave characteristics of water jet remain a
challenging topic.

Many scholars have carried out extensive research on
water jet out from fire water monitor, but the related mecha-
nismhas not beenwell clarified so far.Numerically,Miyashita
et al. [3] depicted the water discharge trajectory of a large-
capacity monitor by a 3D simulation model based on the
moving particle semi-implicit method, and they confirmed

that the detailed characteristics of the flying behavior and
water discharge trajectory depend on the discharge flow
and/or pressure. Hu et al. [4, 5] obtained the parameters
on the optimal structure of fire water monitor based on the
internal flow field of fire water monitor. Guha et al. [6, 7]
and Zhang et al. [8, 9] studied the motion characteristics of
high-pressure water jet in the air based on the multiphase
flow model. Shinjo and Umemura [10, 11], as well as Fuster
et al. [12], investigated the evolution of surface waves based
on the large eddy simulation method, and the ligaments and
droplets on the turbulent water jet surfaces have also been
obtained. Although the numerical simulation method can
well predict the motion characteristics of the water jet, wave
characteristics of water jet could not be discussed in their
works. An experimental method has also been carried out
in the field of jet structure extraction [13, 14] and trajectory
recognition [15]. For example, Mayer et al. [16], Ma et al. [17],
and Ng et al. [18] studied the surface structure of a water jet
by a high-speed camera. Portillo et al. [19] and Gong et al.
[20, 21] measure the wavelength from the obtained jet images
using the spectral method. Most of them only focus on long
range, large flux, and the efficiency of fire water monitor;
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characteristics of stability surface waves were not presented
in their work.

Image processing is one of the most fundamental issues
in analyzing the behaviors of water jet. Images obtained
are often distorted during its acquisition, processing, com-
pression, transmission, and reproduction. These distortions
decrease the performance of visual and computerized anal-
ysis. It is clear that image signal extraction combined with
power spectral method is an effective method for analysis
after image denoising. The common power spectral methods
are divided into two categories: the conventional power
spectral method and the modern power spectral method.
Welchmethod [22] is one of the conventional power spectral
methods. A relevantwater jet image processingmethod based
onWelchmethod has been solely carried out by Portillo et al.
[19] and Gong et al. [20, 23]. The computational formula of
the Welch method is expressed as

𝑃 (𝜔) = 1
𝑀𝑈𝐿

𝐿

∑
𝑖=1


𝑀−1

∑
𝑛=0

𝑥𝑖𝑁 (𝑛) 𝑑 (𝑛) 𝑒−𝑗𝜔𝑛

2

(1)

where𝑁 is the number of data in random sequence, 𝐿 is the
number of the segments, 𝑀 is the number of data in each
segment, 𝑥(𝑛) represents arbitrary data sets, and 𝑑(𝑛) is the
window function. 𝑈 = (1/𝑀)∑𝑀−1𝑛=0 𝑑2(𝑛) is a normalizing
factor used to achieve an asymptotic and unbiased estimation,
and 𝑤 is the circular frequency. ∑𝑀−1𝑛=0 𝑥𝑖𝑁(𝑛)𝑑(𝑛)𝑒−𝑗𝑤𝑛 is the
Fourier transform of random sequence of segment 𝑖, 1 ≤ 𝑖 ≤
𝐿.

Instead of the Welch method, the Burg method is one of
themodern power spectralmethods.TheBurgmethod is also
used to measure surface waves of high-speed liquid jets [21],
which is expressed as

𝑃𝑥 (𝑒𝑗𝜔) = 𝜎21 + ∑𝑃𝑘−1 𝑎𝑘𝑒−𝑗𝜔𝑘
2 (2)

where 𝑃 is the degree of model, 𝑘 = 1, 2, . . . , p, the reference
value of 𝑃 is 𝑁/3 < 𝑃 < 𝑁/2, and N is the length
of the sample. 𝜎2 is the variance of white noise, and 𝑎𝑘 is
the coefficient. 𝑒−𝑗𝜔𝑘 = cos(𝜔𝑛) − 𝑗 sin(𝜔𝑛) is the complex
sinusoidal, and 𝜔 is circular frequency.

According to the principle of theWelchmethod, the result
of the Welch method depends on the selection of window
function. The most used window function is Blackman
window,which has less sideband leakage butwidermain lobe,
and it indicates that the resolution of Blackmanwindow is not
sufficient [21]. However, the Burg method does not require
window function. The Burg method uses data other than
the known finite-length autocorrelation sequence according
to the principle of maximum entropy. It uses the prediction
extrapolation method instead of zero processing, and the
resolution will be improved. And the Burg method is an
adaptive spectral method, which does not depend onwindow
function. The accuracy of the wavelength calculated by the
Burg method has been verified in the literature [21]. With
respect to the principle discussed here, the Burg method is
better than the Welch method in our paper.

In this paper, a visualization experimental method is
designed to capture the surfacewaves of water jet out fromfire
water monitor.The important parameters of the visualization
experimental method are discussed. The Sobel horizontal
gradient direction template is used to enhance the vertical
boundary of the image, the Burg method was selected to
measure the wavelength from the obtained image signals, and
the evolution of water jet in the flow in both time and space is
obtained. Furthermore, the relationship among the water jet
wavelength, the amplitude, andWeber number is investigated
based on quantitative information extracted from jet images.

2. Experimental Methods

Our experimental system is divided into two parts. The
first part is the water jet system including water tank,
centrifugal pump, pressure transmitter, flow transmitter, fire
water monitor, and various control valves. The second part is
the image acquisition system including high-speed camera,
computer, light, and related processing software.

Figure 1(a) shows the physical diagram of the water jet
system. The water jet system of the fire water monitor is
powered by a centrifugal pump, which draws the water from
the water tank into the pipelines. Water is ejected into the air
through the fire water monitor and a water column will be
formed. The frequency of the centrifugal pump is controlled
by the frequency converter, and then the pressure and flow
of the water jet will be changed. The diameter of pipelines,
components, and flanges between the centrifugal pump and
the fire water monitor in this water jet system is 80 mm.

Figure 1(b) shows the image acquisition system near
the nozzle. Jet images are captured by a high-speed camera
(the Phantom VEO-710L) with a 100mm F2.8 macro lens.
This high-speed camera has a maximum frame rate of
68,000 fps and the camera’s maximum global image size is
1280×800 pixels. The illumination is provided by an optical-
fiber source (LA-100USW). The high-speed camera and the
optical-fiber source are mounted at both sides of the nozzle,
whose axis stands in the same horizontal plane. To avoid
dynamic ambiguity, the highest frame rate and exposure
time of the high-speed camera used in our experiment are
7500 fps and 1𝜇s, respectively. The size of the global images
obtained is 1280×800 pixels.The experimental resolution was
20 𝜇m/pixel. The jet images are collected when the water jet
is stable.

Figure 2 shows the structure of the fire water monitor
used in our experiment. The nozzle is mounted on the
monitor body through a threaded interface. The diameter of
the inlet 𝐷 is 64 mm, the diameter of the outlet 𝑑 is 34 mm,
and the length of the rectifier 𝑙 is 34 mm. The contraction
angle 𝜃 is 5∘. The spray angle of the fire water monitor in this
experiment is set to 0∘ , that is, horizontal spray.The combined
nozzle of the contraction section and the rectifier section can
stabilize the flow and reduce the energy loss.

The water jet velocity at the outlet of the nozzle could be
calculated by

𝑈 = 𝑄
𝐴 (3)
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Figure 1: Experimental setup. (a) Physical diagram of the water jet system. (b) The image acquisition system near the nozzle.
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Figure 2: Schematics of the fire water monitor.

where𝑄 is the flux recorded by the flow transmitter, and 𝐴 is
area of the outlet cross-section, defined as

𝐴 = 𝜋(𝑑2)
2

. (4)

TheWeber number based on air density is calculated by

𝑊𝑒𝑔 = 𝜌𝑔𝑈2𝑑
𝜎 (5)

where 𝜌𝑔 is the density of air, and 𝜎 is the surface tension of
water.

Our experiment was conducted at room temperature.The
flow conditions and the values of related parameters in our
experiment are presented in Table 1.

3. Results

Microscopic structure of water jet out fromfirewatermonitor
is shown in Figure 3. It shows that continuous water jet
is ejected from a round nozzle, and the water jet diverges
significantly from the cylinder type on the axial direction
later. There is surficial disturbance at the interface between
water and air, and the amplitude of the disturbance increases
in the downstream which could be seen from the contour of

Table 1: Parameters of fire water monitor in our experiment.

Parameter Symbol Value
Nozzle diameter 𝑑 34 mm
Temperature 𝑇 293 K
Liquid density 𝜌𝐿 998 kg/m3

Air density 𝜌𝑔 1.21 kg/m3

Jet velocity 𝑈 3.41-17.58 m/s
surface tension 𝜎 0.07275 N/m
Weber number 𝑊𝑒𝑔 6.99-139.55

the water jet in Figure 3(b). At the initial stage of jet injection,
the shear stress at the boundary layer between water and
air is very small, so there is almost no deformation of water
jet surface near the nozzle exit. Then, surface velocity of the
water jet increases, the shear at the water/air boundary layer
is higher in magnitude [24], and the vortices will appear
in the boundary layer induced by the Kelvin-Helmholtz
instability. The low pressure produced by the vortices can
lift the water/air boundary layer. When the lifting force is
large enough to overcome the surface tension at the water/air
boundary layer, the surface of the water jet begins to lose
stability and produce weak protuberance and depression.
Meanwhile, the K-H surface wave would be found on the
water jet.

According to the anatomyof these high speedwater jets in
air, the water jet out from fire water monitor can theoretically
be divided into three distinct regions, namely, the potential
core region, the main region, and the diffused droplet region
[1]. As potential core region is close to the nozzle exit, which
is important to the stability and the efficiency of firefighting
waters, we focus on surface wave of water jet in this potential
core region. Figure 3(c) shows the enlarger area marked by
the yellow line obtained in our experiments. After the water
jet leaves the nozzle, the mass and momentum exchange
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Figure 3: (a) Microscopic structures of water jet out from fire water monitor. (b) The contour of the water jet in the upper part. (c) Surface
wave of enlarger area marked by the yellow line (the resolution is 20 𝜇m/pixel).

will induce a great velocity difference at the boundary layer
between water and air, and the K-H surface waves are clear
enough later. Furthermore, the K-H surface waves of the
water jet are relatively small near the nozzle exit, and larger
turbulent flow will appear with increasing flow distance.
The growth of the surface waves is mainly the increase of
amplitude and wavelength of surface waves, which will be
discussed in detail in Sections 4.2 and 4.3.

In our experiment, when the light passes through the
water jet, the image intensities at the crests and the troughs
of surface waves are different due to reflected light intensity.
Variation in image intensities along the flow direction of the
water jet can reflect the surface wave characteristics. The
wavelength of the water jet surface wave can be calculated
by analysis of the intensity signals of these jet images. Firstly,
these images must be denoised in order to reduce the noise
and improve analysis accuracy of the output signal [25]. The
Median filtering is chosen to denoise the jet images in our
experiment. Then, Sobel operator is used with a filtering
algorithm together to enhance the boundary of the jet image
in our experiment. Figure 4 shows the result obtained using
the Sobel operator. The overall distribution of horizontal
boundary is consistent with the flow direction of thewater jet.
On the contrary, the vertical boundary is perpendicular to the
flow direction of the water jet. Figure 4 shows that the vertical
and horizontal boundaries of fire water jet surface waves
are enhanced by Sobel horizontal algorithm and vertical
algorithm, well. Obviously, the signal strength is enhanced
and the resolution is increased by using Sobel operator.

The wave structures on the jet surface are complex and
usually involve multiple scales. Much useful information on
the image is invisible to our eyes. Analysis of the mutation

on image intensity to detect targets is an effective method
[26]. In order to measure the disturbance structures of water
jet surface, the image intensity along the water jet flow
direction is extracted. As shown in Figure 5(a), a red line
of 1 pixel on the symmetrical axis of the image extends in
the stream-wise direction.The corresponding image intensity
distribution of pixels on this line is shown in Figure 5(b).
The fluctuation of the jet surface on the photograph is
transformed to image intensity distributions. The curve has
obvious periodicity. It also can be seen from the curve that
the distance between peaks is increasing, indicating that
the wavelength increases gradually along the water jet flow
direction. That is to say, jet images are constructed well based
upon digital information representing image intensities.
Then, power spectral density estimation is used to analyze
the periodicity of image intensities variation and calculate the
wavelength. Asmentioned above, the Burgmethod is selected
to process the jet image intensity, whose results are shown in
Figure 5(c).

Based on the above result of data analysis, the wavelength
can be calculated as

𝜆 = 𝑁
𝑓 × 𝑚 (6)

where 𝜆 is wavelength of surface wave, 𝑁 is the count of
sample, 𝑓 is the count of waves corresponding to position of
wave crest, andm is the resolution of the image. In Figure 5(c),
the count of sample is 1000, the wave number corresponding
to the maximum spectral peak is 23.4375, and the resolution
of the image is 20 𝜇m/pixel. The wavelength calculated by (6)
is 0.853 mm.
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Figure 4: Comparisons on Sobel horizontal and vertical gradients. (a) Original image. (b) Horizontal and vertical Sobel masks. (c) Results
of horizontal and vertical gradients using Sobel operator.
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Figure 5: (a) A red line of 1 pixel along the jet flow direction on image of vertical boundary. (b) Image intensity distribution of pixels along the
red line. (c) Result obtained by the Burgmethod (the ordinates are the degree ofmodel P, and the abscissa is the count ofwaves f corresponding
to position of wave crest).

4. Discussion

4.1. Microstructures of Water Jets. When water is ejected
from a nozzle, the surface of water jet is directly in contact
with the air, which is no longer restricted by the nozzle

structure. The surface of the water jet fluctuates due to the
uneven distribution of velocity caused by the shear stress
at the boundary layer between water and air as highlighted
schematically in Figure 6. The surface velocity of water jet
is approximately 0 at the moment it leaves the nozzle and
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Figure 6: Model schematic of surface wave generation and development (not to scale).

increases gradually with increasing velocity, until it is equal to
the center velocity of thewater jet.With the increasing surface
velocity of the water jet, the shear is higher in magnitude,
and the vortices will appear in the shear layer [27, 28].
Furthermore, the disturbance caused by the shearing motion
appears in the air [11]. Then these vortices and disturbances
develop and merge and the K-H surface wave could be found
on the water jet.

Figure 7 shows images of the water jets out from fire
water monitor captured by the high-speed camera in our
experiment. It shows that variations of surface waves along
the flow direction under differentWeg are similar.The surface
waves of the jet are relatively small near the nozzle exit
and fluctuate violently in the downstream of the water jet.
As shown in Figure 7, the momentum in the boundary
layer is transferred to the interior of the water jet, which
promotes gas-liquid two-phase mixing, and promotes the
development of surface waves. With the progression of the
water jet, the wave structures are stretched in both flow and
vertical directions, and larger turbulent eddies are found.
With larger flow distance, the complex on the flow structure
is increased, the disorder of surface wave is enhanced, and the
turbulence intensity is increased. Furthermore, the increasing
Weber number has also an important effect on the surface
waves. When the Weber number increases from 6.99 to
139.55, the structure of the surface wave changes from cosmic
turbulence to stochastic small-scale waves. The turbulence
intensity increases on the surface of water jet with increasing
Weg, because the ratio between aerodynamic force and liquid
surface tension increases. If the Weber number is lower,
the surface tension plays a major role. In contrast, higher
Weber number means increasing aerodynamic force, which
will accelerate the development of surface wave. And the
liquid column becomes more unstable, and the wavelength
of surface waves gets shorter. When the Weg is less than
44.75, some bigger surface waves could be seen by naked eyes.
Generally, the wavelength of the surface wave is bigger than
that under larger Weg. While the Weg is larger than 84.21 and
turbulent intensity increases, the surface structures become
fully chaotic.

4.2. Wavelength Characteristic of Surface Waves. In our
experiment, Y=6 mm is the axis of the water jet, so Y=4
mm, 5 mm, 6 mm, 7 mm, and 8 mm of each picture are
selected to calculate the average wavelength by (6). Based on
the statistical principle, the wavelength of water jet surface
waves with increasing Weg is illustrated in Figure 8. Figure 8

indicates that the average wavelength decreases with the
increasing Weg. The wavelength of water jet ranges from
1.55mm to 0.48mm while the Weg number increases from
6.99 to 139.55. When Weg is less than 36, the wavelength of
water jet decreases rapidly, and then the rate of decreasing is
slowing down. As discussed above, the turbulent intensity in
the boundary layer increases with increasing Weber number,
which leads to decreasing wavelength of water jet. Further-
more, while the Weber number is lower, aerodynamic force
is a low frequency of disturbance. In contrast, higher Weber
number means increasing aerodynamic force, and aerody-
namic force is a higher frequency of disturbance at this time.
This higher frequency of disturbance is intended to diminish
the disturbance scale, then leading to the decrease in the
wavelength.

Furthermore, the wavelength characteristic vs flow dis-
tances of the water jet are presented in Figure 9. The data of
image intensity is divided into 4 equal parts and each part
has 250 pixels (5 mm) in our experiment. Figure 9 shows that
the wavelength of the water jet out from fire water monitor
is raising with increasing flow distance when the Weg is kept
constant. The larger the flow distance, the faster the growth
rate of the wavelength. Furthermore, theWeber number pro-
motes the development of the surface wave. When the Weg is
smaller, such as 6.99, the increasing rate of wavelength along
the jet flow direction is extremely small. Relatively, while the
Weg is larger, such as 112.29, the increasing rate of wavelength
along increasing distance is bigger.The reasons are as follows.
When the water jet is ejected from a nozzle, the boundary
condition of the water jet changes from nonslip boundary
condition to free surface. As the surface velocity of the water
jet increase from 0, velocity difference between the surface
and center of the water jet decreases with increasing flow
distance, resulting in the relaxation process of the velocity
distribution [20]. At the same time, the turbulent intensity
in the boundary layer will change the size of turbulent and
the wavelength of the surface wave. The scale of disturbance
in the air caused by the shear stress and aerodynamic force
expands along the flow direction, which is also the reason
of increased wavelength. Furthermore, the ambient air has
shear forces opposite to the water jet flow direction, which
makes the velocity of surface wave unevenly distributed in
the flow direction. So the surface wave with larger velocity
upstream merges with lower velocity downstream, resulting
in a gradual increase of surface wavelength along the flow
direction.
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Figure 7: Surface waves of fire water jets with different Weber number.

4.3. Amplitude Behaviors of Surface Waves on Water Jets. To
analyze the spatial and temporal structures of surface waves
on water jets in more detail, variations of wave amplitude
are presented in Figure 10. The data is acquired by image
enhancement and image segmentation of jet images, and then
the contour of water jets is extracted and fitted as shown
in Figure 3(b). The amplitude of surface wave is calculated
as the mean square value of the distance between contour
points of the water jet and the fitting line. More detailed
discussion about the digital signal processing method could
be found in our previous work [29]. Figure 10 indicated that
thewave amplitude continues to increasewith increasing flow
distance, which is due to the continuous extension of water

column in the radial direction. The larger the contact area
between the water and air is, the more intense the disturbance
is. In addition, the amplitude of surface wave increases with
the increase of Weber number. The reasons are attributed to
the mentioned strengthened disturbance caused by the shear
motion and aerodynamic force.

The spatial distribution of surface waves varies greatly
at different times. The contour of the surface wave with the
time interval 266𝜇s is presented in Figure 11(a), while the
Weber number is 36.95. From the graph it can be seen that the
contour of surface waves on the water jet does not obviously
change within 266𝜇s, such that A, B, C, and D correspond
to A’, B’, C’, and D’, respectively, but the spatial position is
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Weber number.

changed and moves downstream at a certain distance. By
calculation, we could know that point A on the surface wave
moves about 1.30 mm to the right, and the velocity is 4.88
m/s. Point B moves about 1.42mm with a velocity of 5.34
m/s, while C moves about 1.46mm with a velocity of 5.49
m/s, and D moves about 1.60mm with a velocity of 6.02 m/s.
The velocity of surface waves on water jets increases with
increasing flow distance. Furthermore, the Weber number
also has a great relationship with the velocity of surface waves
on water jets. Figure 11(b) illustrates the variations of wave
velocities at different Weber numbers. It can be concluded
that the larger the Weber number is, the faster the velocity
of surface waves on water jet is. In other words, the velocity
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Figure 10: Stream-wise variation of wave amplitude.

of surface wave is enhanced by higher Weber number. In
addition, the increasing rate of wave velocity increases with
the increasing Weber number, which is the same as the
increasing law of wavelength.

5. Conclusions

Characteristics of the water jet out from fire water monitor
are investigated in our paper. Anewfirewater jet system and a
high-speed camera are used to obtainwater jet fromfirewater
monitor, and the image intensity along the jet direction is
successfully extracted. Image intensity signal of Sobel vertical
edge, combinedwith the Burgmethod, can be effectively used
in the study of the evolution of water jet wavelength in the
flow in both time and space. The structure of the surface
wave changes from cosmic turbulence to stochastic small-
scale waves with increasingWeber number and becomes fully
chaotic finally. The wavelength of the water jet increases with
the flowing distance. Additionally, the average wavelength
is inversely proportional to the Weber number. Surface
wavelength of water jet ranges from 1.55mm to 0.48mm,while
the Weg number increases from 6.99 to 139.55. The related
physical mechanism has also been discussed. Furthermore,
the spatial and temporal structures of surface waves on water
jets are also discussed in more detail. The amplitudes of the
water jet increase continuously with increasing flow distance.
The Weber number also promotes the amplitude and the
velocity of surface waves. The larger the Weber number, the
faster the velocity and the larger the amplitude of surface
waves on water jet.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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Figure 11: (a) Evolution of surface waves on water jets. (b) Stream-wise variation of wave velocity.
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