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Abstract: An electric power system is an important factor in national economic development. How-
ever, as an electric power system requires more electric equipment in its operation process, it is
prone to short circuits, faults and other problems, which can lead to fires. To help prevent fires
in such power systems, the hydraulic performance of the existing firefighting monitor should be
optimized. A rectifier is an important structure which affects the performance of the firefighting
monitor. In this paper, numerical simulations based on CFD (computational fluid dynamics) are
carried out to analyze the fluid flow inside firefighting monitors with five different rectifier structures.
In addition, the effects of rectifier structure on both the turbulent kinetic energy and axial velocity of
the fluid inside the firefighting monitor are analyzed. The results show that rectifier installation can
reduce the turbulent energy of the inlet and outlet of the firefighting monitor and improve the axial
velocity distribution inside the firefighting monitor. Specifically, a forked row rectifier arrangement
can significantly improve the effect of flow stabilization. However, there are limits to improving
rectifier stabilization performance by changing the number of blades, as too many blades can cause
reverse direction flow and large pressure losses.
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1. Introduction

UHYV (ultra-high voltage) transmission technology has an important role to play in
optimizing China’s energy allocation; its advantages include large power transmission,
long transmission distance, low energy loss and the saving of land resources [1]. However,
due to limitations in technology development, oil-immersed transformers are still widely
used in UHV DC (ultra-high-voltage direct-current) transmission projects. Oil-immersed
transformers are prone to excessive local temperatures when operating for long periods
of time under high loads, which leads to the formation of flammable and explosive gases
via pyrolysis of transformer oil. This can result in major transformer fire accidents, which
makes the fire safety of ultra-high-voltage converter transformers a key concern [2-5].

A firefighting monitor is a fluid machine that takes water as a jet medium and then
converts its pressure energy into kinetic energy [6]. Firefighting monitors are long-distance
firefighting equipment; their advantages include a large coverage area, high flow rate,
fast velocity and high fire-extinguishing efficiency [7-9]. Firefighting monitors used in
maximum horizontal range, highest jet flow rate or other such aspects of performance
put forward more stringent requirements, because in ultra-high voltage transmission fire
accidents fires present intense combustion and secondary deflagration characteristics that
firefighters can find difficult to control [10]. Firefighting monitors can classified as direct
current type or infusion type based on the structure of the nozzle; an infusion-type nozzle
can be adjusted via a telescopic device to switch between two jet modes (direct current and
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spray), and therefore has been more widely used in actual firefighting operations. This
paper studies the direct current operation mode of an infusion-type water cannon.

Current research mainly focuses on improving the comprehensive performance of
firefighting monitors by reducing their internal flow loss and obtaining good flow, which in
turn improves their firefighting efficiency. Xue et al. [11]. studied the optimal flow velocity
of different winding firefighting monitors, and by comparing the flow characteristics of
outlet fluid under three different winding structure forms discovered that the large rotary-
type water cannon tube has the smallest average turbulent energy value at its outlet, as well
as the smallest outlet cyclonic intensity. Yuan et al. [12]. examined the location and number
of deflector sheets in the bend pipe under five different radii of curvature, and found that
the installation of deflector sheets can both improve fluid flow state and reduce outlet
turbulent kinetic energy. When the radius of curvature is smaller than the inner radius
of the pipe, deflector sheets reduce the degree of turbulence in the pipe more efficiently.
In addition, placing deflector sheets in the half runner near the inner wall surface can
reduce the rotation and vibration of the fluid in the pipe. Compared with the installation
of double deflector sheets, a single sheet has the advantages of both good compactness
and generating a smaller pressure difference. Chandratilleke et al. [13]. investigated the
flow of a non-circular cross-section pipe. Though its energy loss was slightly increased
compared with that of a conventional circular pipe, the non-circular cross-section pipe’s
outlet flow improved the performance of the firefighting water cannon. Therefore, the
effect of a cross-sectional shape on outlet flow needs further in-depth study.

In addition, Wang et al. [14]. simulated eight turbulence models and a curvature-
corrected model at two different Re and compared the velocity, turbulent kinetic energy
and turbulent shear stress of the two cases. They found that curvature correction improved
the predicted performance of the SKE (standard k-epsilon) turbulence model for larger
Reynolds numbers. Laribi et al. [15]. studied the effective length problem of Etoile-type
flow straighteners and concluded that the best hydrodynamic performance was obtained
using a flow stabilizer with twice the length of the pipe diameter when the valve opening
was 50%. Xue et al. [6]. investigated the hydraulic losses and outlet flow patterns in
firefighting water cannon tubes with different eccentricity elliptical cross-sections. Their
results showed that outlet turbulent energy increased as the elliptical eccentricity of the
tube cross-section increased. Hu et al. [16]. used Fluent to simulate and analyze the two
modes of firefighting monitor operation, and conducted experiments to determine optimal
nozzle structure parameters as well.

A rectifier is a component that adjusts the internal fluid state of the firefighting monitor;
it can convert the radial velocity component of the water flow in the tube into the axial
velocity component to improve the uniformity and stability of fluid velocity, resulting in an
increase in the range of the firefighting monitor [17]. Common firefighting monitor rectifiers
can be classified by cross-sectional shape: star-shaped flow stabilizers, multi-rectangular
flow stabilizers, honeycomb-shaped flow stabilizers, bullet-tailed flow stabilizers, plum-
shaped flow stabilizers and combined forms of these flow stabilizers. Yehia A. El Drainy
et al. [18]. carried out a simulation study of the axial velocity distribution and peak
turbulent shear stress of the Zanker flow regulator plate by using a new evaluation criterion
to analyze the near-field and far-field noise levels of stabilizers, as well as other issues.
Xiang et al. [19]. used surrogate modeling and a hybrid multi-objective genetic algorithm
to perform multi-objective optimization of flow straighteners and increase jet range in
firefighting water cannons. Hu et al. [20]. investigated the influence of the shape and
installation position of multi-rectangular and star-shaped rectifiers on the performance
of water jets, and they showed that the simultaneous installation of multi-rectangular
flow stabilizers and star-shaped flow stabilizers can significantly improve the range of
firefighting monitors. Xiang et al. [21]. investigated the effect of installing a splitter plate
with different placement forms and different offset distances in the tube using numerical
simulation. Their results showed that turbulent fluctuation at the outlet is greatly reduced
after a splitter plate is installed. Yuan et al. [17]. investigated the effects of the number
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of uniform blades, fillet size and axial length on the hydrodynamic performance of the
star-shaped rectifier; they found that an improved star-shaped stabilizer with six uniform
blades had the optimal comprehensive performance during hydrodynamic performance
experiments. Yan Haijun et al. [22]. concluded that both the outlet flow velocity and flow
field distribution of a sprinkler with a stabilizer are better than those without a stabilizer,
and that while the length of a stabilizer can effectively reduce the turbulence state inside
the sprinkler, it has a limited effect on outlet flow velocity.

The above studies examined the effect of rectifier structure on firefighting monitor
performance. At present, there are relatively few studies of the influence the characteristics
of the flow stabilizer can have on the flow field inside the inflow-type fire cannon. Therefore,
in this paper a numerical simulation of the flow of water in an inflow firefighting monitor
with a star-type rectifier is carried out, and the effects of the arrangement and structure of
the rectifier on fluid flow characteristics are analyzed.

2. Numerical Simulation Calculation Method
2.1. Geometric Model and Meshing

In this method, a specific model of firefighting monitor head is selected as the object of
study, in which key parameters such as nozzle inlet, outlet diameter, throat radius, throat
length, throat expansion and contraction angle of the firefighting monitor are certain. This
paper mainly explores the influence of both the rectifier arrangement and the number of
blades on firefighting monitor performance. A six-ribbed star rectifier of different lengths
is installed at the end of the nozzle core of the firefighting monitor using Solidworks; the
specific dimensions of the firefighting monitor and rectifier are shown in Figure 1. There
are five types of flow stabilizers (T1-T5) in the firefighting monitor, as shown in Figure 2.

This paper uses the Meshing module of Ansys to mesh the physical model of the
firefighting monitor, as shown in Figure 3; the number of meshes range from 700,000 to
1,100,000.

Plan B Plan A

Figure 1. Physical model diagram of firefighting monitor.
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Figure 2. Schematic diagram of the rectifiers in the firefighting monitor.

(b T2 (¢) T3 ,(d) T4 () T5

Figure 3. Geometric model meshing.

2.2. Grid Irrelevance Verification

A verification of the effect of the number size of the grid on the calculated results
was carried out before studying the flow inside the firefighting monitor. As an example,
the average velocity of section A is close to constant as the grid volume increases for a
firefighting monitor with the T4 rectifier installed, as shown in Figure 4. In this paper, the
grid number of 850,000 is chosen for numerical calculation.
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Figure 4. Grid independence verification.

2.3. Mathematical Model

In turbulent form, water flow is fast, and under high pressure. In this paper, the RNG
k—e model is chosen to simulate the flow of water in the pipe, and the k equation and ¢
equation are as follows:

d(pk d(pku; 0 ok
7%1 ) + (Sxi ) _ Fr (akﬂeffaxj> + Gy + pe (1)
d(pe) | d(peu;) 9 e Cree &
of +87x1- = o lxs,ueffBTCj +TGk_C2£? 2)

Among them:

k2 1(0u; OJu;
e =+ g, s = pCy—, 1o = 4377, Coo = 1.68, Eyj = 5 <axl + ax]>
j i

Cy = 0.0845, a; = a = 1.39, Cy, = 1.42

1k
In these formulas, k is turbulent energy, ¢ is dissipation rate, u; is fluid flow velocity in
the x-direction, p is fluid density and p is the fluid viscosity coefficient.

2.4. Boundary Condition Setting

The inlet of the firefighting monitor model is the pressure inlet, which is set to 0.8,
1.0, and 1.2 Mpa; the outlet of the pipe is the pressure outlet, which is set to standard
atmospheric pressure. The boundary condition of the wall is set to no slip, the coupled so-
lution method of the pressure and velocity fields uses the SIMPLE algorithm, the relaxation
factor of the iteration uses the software default value, and the convergence residual of each
variable is set to 1074,

3. Analysis and Discussion of Results
3.1. The Effect of Rectifier Structure on Axial Velocity

Numerical simulations were performed for firefighting monitors with different struc-
tures of rectifiers installed. Figure 5a shows the velocity flow diagram of a firefighting
monitor without a rectifier. The streamlines in the diagram indicate the direction of velocity,
and the color of the streamlines indicates the magnitude of velocity. We mainly observed
the flow direction of the fluid in the pipe via the direction of the flow line in the diagram.
The diagram shows that the water flow enters from the inlet of the water cannon and passes
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through four elbows while making bends and rotations [23]. When the fluid flows through
the 90° bend, Dean vortices appear in the axial section, which can reflect fluid rotation and
local loss [24]. When the stream reaches the straight pipe section of the outlet, it has high
radial velocity and a large vortex, which in turn affects the range of the firefighting monitor.
Figure 5d illustrates a streamline diagram of the velocity of the firefighting monitor with a
type IV rectifier installed. After comparison, it is evident that the installation of a rectifier
in a firefighting monitor can optimize the flow of fluid along the axis direction. Installing a
flow stabilizer in a firefighting water cannon can reduce the flow vortex in the outlet section
and make the axial velocity distribution of the outlet more uniform, thus improving the
range of the firefighting water cannon and achieving hydraulic performance optimization.

(d) T4 e T5

Figure 5. Firefighting monitor streamline diagrams.

The axial velocity of the fluid inside the firefighting monitor is an important factor
affecting jet distance. In this paper, the axial velocities of firefighting monitors equipped
with different types of rectifiers at plan A and plan B positions are compared and analyzed
when inlet pressure is set to 1 Mpa, as shown in Figure 6.
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Figure 6. Cross-sectional axial velocity clouds of firefighting monitors with different rectifiers
(a) velocity cloud of plane A without rectifier; (b—f) velocity of plane B clouds for five types of
rectifiers (T1-T5).

The installation of a rectifier can improve the axial velocity distribution of the fluid in
a firefighting monitor. As can be seen in Figure 6a, when the fluid does not flow through
a rectifier, the axial velocity on the right side of the firefighting monitor is significantly
smaller than the velocity on the left side. When no rectifier is installed (T1), as shown
in Figure 6b, the uneven axial velocity of the fluid is does not improve and the velocity
on the right side remains relatively small. When the type II star rectifier (T2) is installed
(Figure 6c), the axial velocity on the right side of the fluid flowing through the rectifier
significantly increases, but there is still a large area of low flow velocity between some of
the blades. To further enhance the stabilization effect of the rectifier, the rectifier is divided
into two sections of the same length and arranged crosswise so that the volume of the
rectifier is certain, as shown in Figure 2d. When the fluid is flowing through plan B of the
stabilizer, the axial velocity on the right side of T4 (forked row arrangement) is significantly
greater than that of T2 (down-row arrangement). To improve the stabilization effect of the
rectifier, the number of rectifier blades is changed based on the cross-arrangement of the
rectifier. From the axial velocity clouds of T3, T4 and T5, it is clear that the steady flow
performance of a rectifier is not proportional to the number of blades. As shown with T3
and T4, reducing the number of rectifier blades does not enhance the stabilization effect
of the rectifier, as there is a large regional axis velocity gap. T4 and T5 demonstrate that
there is a limit to improving the stabilization effect via increasing the number of blades in a
rectifier. The right axis velocity of T5 had a slight increase, but localized fluid disturbance
occurred in the center of the pipe, as well as reverse direction flow.

To better illustrate the stabilization effect of the rectifier, the axial velocities on the
transverse axes of plan A and plan B are quantified and analyzed, as shown in Figure 7.
When fluid is not flowing through the rectifier, the flow velocity on the left side is higher,
with a maximum velocity of 17.3 m/s, while the velocity on the right side is smaller, with
a velocity concentration of 10-11.5 m/s in the interval. When the fluid flows through the
stabilizer, the average velocities of T3-T5 at plan B are approximately 13.43 m/s, 13.93 m/s
and 14.24 m/s, respectively. It is clear from the Figure 7 that the flow velocity on the right
side increases to different degrees after stabilizer installation; T4, a forked row, six-piece
stabilizer, has the best stabilization effect. With a T4 rectifier, overall fluid velocity on both
the left and right sides is closer to the average velocity, which significantly improves the
uniformity of fluid velocity distribution.
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Figure 7. Cross-sectional axial velocity clouds of firefighting monitors with different rectifiers.

3.2. Reverse Flow and Vortex in Firefighting Monitors

In Figure 6 it can be seen that when the number of rectifier blades is increased to 9,
the minimum fluid velocity near the center of the cross-section is —3.6 m/s. The vector
analysis of this local area, as shown in Figure 8a, demonstrates a reverse flow with a vortex
near a central wall position; the T4 rectifier, as shown in Figure 8b, has no reverse direction
flow at its outlet section. When the fluid flows through the rectifier blade, the fluid flow
rate drops and the pressure increases due to an obstructive effect, which forms a smooth
pressure zone in front of the blade. When the fluid flows from both sides of the blade, the
flow rate begins to increase, making the pressure behind the blade decrease, thus forming a
back pressure zone behind the blade. The differential pressure distribution in front of and
behind the rectifier vanes caused a reverse flow at the exit of the rectifier.

contour-1

Axial Velocity
19.94
17.58
15.22
12.86
10.50
8.15
579
3.43
1.07
-1.29

-3.65
[m's]

(a) T5

(b) T4

Figure 8. Firefighting monitor internal speed vector diagram.

3.3. Effect of Rectifier Structure on Turbulent Energy and Pressure Drop of Firefighting Monitor

Outlet turbulence energy represents the turbulent pulsation kinetic energy per unit
mass of fluid. This paper quantifies the turbulent energy values of the import and export of
different types of firefighting monitors in order to further analyze the influence of rectifier
type on firefighting monitor performance (all area-weighted).

As shown in Figure 9, installing a rectifier can reduce the turbulent energy of the
inlet and outlet of a firefighting monitor to varying degrees. Using the working condition
of 1 Mpa inlet pressure as an example, when a firefighting monitor does not have a flow
stabilizer installed, the maximum turbulent energy difference between the import and
export is 3.41 m?.s~2. In contrast, the turbulence energy of firefighting monitors equipped
with four types of rectifiers was reduced; among these four the T4 firefighting monitor, with
a turbulence energy of only 2.31 m?.s~2, showed the most significant reduction. Compared
with the firefighting monitor without flow rectifiers, the difference in turbulence energy
between the import and export of T4 was optimized by 32.3%. In addition, the turbulent
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energy of the import and export of firefighting monitors equipped with different types of
rectifiers shows an upward trend as inlet pressure increases.

4.5
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Figure 9. Inlet and outlet turbulence energy of firefighting monitor with different rectifier.

Figure 10 shows the turbulent kinetic energy clouds at the outlet of firefighting mon-
itors equipped with different rectifiers. When the firefighting monitor does not have a
rectifier installed, the export turbulent kinetic energy is larger and the nozzle exit wall has
a high degree of turbulence and turbulence energy gradient change near the wall of the
circular tube; this outflow accelerates the fragmentation of the jet. After the four rectifiers
were installed, the turbulent energy at the outlet was greatly improved; among these four
the rectification effect of T4 was the most obvious. The turbulent kinetic energy clouds
show results that correspond to the conclusions of the data analysis.

Turbulence Kinetic Enerav
Contour 1
49.00
44.10
39.20
34.30
29.40

(©) T3 (d) T4 (e T5

Figure 10. Turbulent kinetic energy clouds at the outlet of firefighting monitors with different
rectifiers installed.

In order to investigate the effect of different rectifiers on pressure loss inside firefighting
monitors, the pressure variation between plan A and plan B was quantitatively analyzed:
as shown in Figure 11, the installation of rectifiers increases the pressure loss inside the
firefighting monitor. Not only does the forked row arrangement of the rectifier increase
the pressure loss, but the pressure loss of the fluid increases as the number of rectifier
blades increases. As shown in Figure 11, with 3 rectifier blades arranged in forked rows,
the pressure loss is 23.5 kPa; with 9 rectifier blades arranged in crosses, the pressure loss
reaches a maximum of 77.2 kPa. Therefore, in actual rectifier design, increasing the number
of rectifier blades to enhance the performance of firefighting monitors should be limited, as
too many blades will cause a large pressure loss.
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4. Conclusions

In this paper, numerical simulations of firefighting monitors with different rectifier
structures are carried out, and the turbulent energy of the inlet and outlet of the firefighting
monitor and the axial velocity are analyzed, leading to the following conclusions:

(1) The installation of a rectifier can improve axial velocity distribution within a firefight-
ing monitor and reduce the turbulent energy of a firefighting monitor’s inlet and
outlet.

(2) A forked row rectifier arrangement can significantly improve its stabilization effect.

(3) There are limits to improving rectifier stabilization performance by changing the
number of blades; too many blades can cause reverse direction flow and large pressure
losses.
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