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ABSTRACT The jet medium of the adaptive gun head jet system of the fire-fighting monitor is generally a
mixture of air and water. During the operation, the equivalent stiffness of the jet fluid fluctuates periodically
or randomly due to the pressure pulsation of the jet system and the external excitation such as wind, thus
the dynamic behavior of the adaptive gun head jet system of the fire-fighting monitor has typical nonlinear
characteristics. In this paper, based on the assumption that the equivalent stiffness of the fluid fluctuates in
type of simple harmonic motion, a nonlinear dynamic model of the jet system is established, and the model
is solved by the multi-scale method. The influence of design parameters such as fluid pulsation frequency,
air inlet rate and fluid pressure on the amplitude of the main resonance and combined resonance of the jet
system is analyzed. Results show that the existence of the fluid pulsation frequency increases the resonance
frequency range of the jet system. As to the influence of design parameters on the dynamic characteristics
of the jet system, from the point of view of amplitude change, the air inlet rate has the greatest impact on the
main resonance, and the fluid pulsation frequency has the dominant influence on the combined resonance.
This research can provide theoretical support for the dynamic optimization of the adaptive gun head jet
system of the fire-fighting monitor.

INDEX TERMS Fire-fighting monitor, adaptive gun head, jet system, parameter vibration, parameter

influence.

I. INTRODUCTION

Compared with the fixed nozzle opening gun head, the noz-
zle opening of the adaptive gun head can be adjusted by
an adaptive mechanism to match the parameters of the jet
system such as the pressure and the flow. Therefore, the fire-
fighting monitor with adaptive gun head has the advantages
of wide flow range, long range and high stability, which
can meet more fire needs [1]. In addition, early warning
fire detection and fire video image detection are also used
to reduce personal damage and property loss [2], [3]. The
working medium of the adaptive gun head jet system of the
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fire-fighting monitor is generally water containing a certain
amount of air, i.e., the gas-liquid mixed fluid. The fire pump
is the power source of the jet system, and he flow and pres-
sure pulsation may occur under its start, stop and normal
working conditions. Therefore, the air mixed in the fluid will
inevitably dissolve or release, resulting in the constant change
of the compressibility and the equivalent stiffness of the fluid,
which affects the modal characteristics of the jet system and
finally influences the steady-state and dynamic performance
of the jet system [4]. Similarly, when the fire-fighting monitor
operates outdoors, there may be random excitation such as
wind, which makes dynamic behavior of the jet system more
complicated [5]. Since the fluid state parameters vary period-
ically or randomly affected by the fluid compressibility and
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pressure pulsation, the adaptive gun head jet system of fire-
fighting monitor is a non-autonomous system [6]-[8].

There are three kinds of pressure pulsation components
in the fire pump: random pulsation, blade-passing frequent
pulsation and rotation frequent pulsation [9]. The pressure
pulsation of the fire pump is closely related to the relative
movement of the impeller and guide vane of the pump, and is
affected by the secondary flow and cavitation in the pump.
The pressure pulsation can be applied in mensuration at
best efficiency point, monitoring outlet pressure, and fault
diagnosis and prevention [10], [11]. Some scholars have also
researched on the pressure pulsation mechanism of hydrody-
namic components. Li ef al. calculated the unsteady flow and
pressure fluctuation characteristics of the mixed flow pump
based on the shear stress transport (SST) turbulence model
[12]. Li et al. simulated the closing process of the guide vanes
in a pump-turbine by the dynamic mesh method, and analyzed
the flow characteristics and pressure fluctuations [13].

Pulsation and resonance are ubiquitous [14], and in the
research of nonlinear vibration, research objects often have
uncertainty and interference [15]. Scholars usually utilize
nonlinear dynamic theory and methods to carry out rel-
evant research, such as Poincare map, time history [16],
power spectral density and multi-scale method etc. [17], [18].
There are also literatures on improving the stability, accu-
racy, and rapidity of the fluid transmission and control sys-
tem. Zhu et al. established a closed-loop control system and
introduced the Popov frequency criterion method for system
stability judgment [19]. Lyu et al. proposed a novel pump-
valve system and applied robust control approach [20], [21].
Some scholars constructed state observers [22], or developed
an advanced nonlinear controller for hydraulic system [23] to
improve the efficiency of fluid systems.

In the dynamic analysis, the design and state parameters
of the system have a non-negligible effect on the dynamic
characteristics of the system. For the analysis of the dynamic
parameters and the optimization design, scholars have many
research achievements. Methods like sensitivity analysis [24],
numerical simulation [25], and feedback linearization etc.
[26] have been applied by scholars in studying the influ-
ence analysis of dynamic system parameters. In terms of
parameter optimization, multi-factor design optimization has
become the major research direction. Pei ef al. utilized a
multi-objective genetic algorithm to obtain the best optimized
objectives as well as the best combination of design param-
eters [27]. This method of establishing a model between
design variables and performance functions and using genetic
optimization algorithms to solve the problem is widely used
in actual engineering [28], [29]. In addition, the response
surface method, as an optimization method combining exper-
imental design and mathematical modeling, has also been
used in optimization problems. Rafiee and Faiz proposed
a surrogate model using the response surface method inte-
grated with the particle swarm optimization, which improved
the effectiveness of the robust optimization of the outer
rotor permanent magnet motor [30]. Hazir et al. integrated
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response surface method, desirability function and genetic
algorithm techniques for optimization of computer numeri-
cal control (CNC) machining parameters, and experimental
results showed that the approach could minimize the surface
roughness value of beech species efficiently [31].Effective
parameter estimation models also play an important role in
optimal design. The Kriging model is an unbiased estimation
model with the smallest estimated variance, which can well
approximate complex problems with nonlinear characteris-
tics [32]. Ni er al. applied Kriging method on reliability
analysis of RC structures and steel frame structures and
demonstrated the efficiency of the method for complex engi-
neering problems [33]. In the adaptive gun head jet system
of the fire-fighting monitor, the design parameters will have
impacts on the dynamic characteristics of the jet system, but
the corresponding influencing laws still need to be revealed.

In summary, the pressure pulsation inevitably occurs dur-
ing the operation of the adaptive gun head jet system of the
fire-fighting monitor, which makes the system have obvi-
ous nonlinear characteristics and affect the jet performance.
At present, there are few literatures on the dynamics of the
adaptive gun head jet system of the fire-fighting monitor and
the research on the nonlinear dynamic characteristics of the
jet system has not been carried out. Therefore, based on the
multi-scale method, the nonlinear dynamics of the adaptive
gun head jet system of the fire-fighting monitor is planned
to be analyzed; By substituting the known parameters of the
jet system into the derived parametric vibration equation, the
numerical simulation is carried out using the Runge-Kutta
method, then and the influence law of the design parameters
such as the fluid pulsation frequency, air inlet rate, and fluid
pressure on the response amplitude of the main resonance
and combined resonance of the jet system is to be revealed,
which can provide a reference for the design optimization of
the adaptive gun head jet system of the fire-fighting monitor.

This paper is organized as follows. In Section II,
the dynamic model of the adaptive gun head jet system of the
fire-fighting monitor is established. In Section III, the para-
metric vibration equation of the jet system is derived by
the multi-scale method. Section IV analyzes the influence of
different parameters on the response of jet system parametric
vibration. Section V draws the conclusions. The flow chart is
shown in Fig. 1.

Il. DYNAMIC MODEL OF JET SYSTEM

The structure of the adaptive gun head of fire-fighting moni-
tor is shown in Fig. 2. The inlet of the gun head is on the left
side and the outlet is on the right. The adaptive mechanism
consisting of the spray core, the end cap, the core rod, and
the spring is the core component of the adaptive gun head.
The end cap and the core rod are fixedly connected to the
enclosure through the regulator. The spray core can slide in
the axial direction. The left side of the spring acts on the
spray core and the right side acts on the end cap. At the initial
moment, the spring is in a pre-compressed state. Meanwhile,
the spray core is closely attached to the inner nozzle and
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FIGURE 1. The flow chart.
Notations
F :External excitation amplitude mi :Mass of fluid unit 1
my :Mass of spray core m3 :Mass of fluid unit 2
ke :Stiffness of fluid unit 1 ki1 :Part of stiffness of fluid unit 2
ko : Part of stiffness of fluid unit 2 ki :Stiffness of mechanical spring
c1 : Fluid damping c2 :Structural damping
c21 : Part of structural damping cn :Part of structural damping
p :Time-varying pressure pulsation | p :Steady pressure
. . :Pressure ulsation  angular
Ap :Pressure pulsation amplitude Wo P g
frequency
Sa :Flow section of the fluid element | / :Axial length of the fluid domain
Do :Initial pressure AF :Sa(po-p)
:Fluctuation of equivalent fluid | + :Steady equivalent stiffness of the
ke . kf‘ . .
stiffness i fluid unit
:Fluctuation of equivalent fluid =
; . : 2k,
Ak unit stiffness £ Ak / 2k
:Equivalent stiffness fluctuating
ws ) . :Regular mode
frequency of fluid units
A :Spectral matrix n :Regular displacement vector
. . :Regular  external  excitation
Cy :Regular damping matrix AQ g
vector
:Regular  equivalent stiffness
AK fluctuation matrix of the fluid | C} :Cyle
unit
F' Fle o :Tuning parameter
g :arctan (cy,,/20) A :Calculation coefficient
B :Calculation coefficient D :Calculation coefficient
:Steady value of dynamic bulk :Fluctuating value of dynamic
By modulus of gas-liquid mixed | ABy bulk modulus of gas-liquid mixed
fluid fluid

the nozzle opening is zero. When the inlet flow increases,
the pressure on the left side of the spray core increases.
If the pressure is greater than the spring preload, the spray
core will move to the right and the nozzle opening increases.
Otherwise it will move to the left and the nozzle opening will
decrease. The adaptive gun head can automatically adjust the
nozzle opening according to the changes of the inlet flow
and pressure, so that it can achieve the best or near-optimal
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performance under various flows, and extinguish large fires
quickly and efficiently.

The internal structure of the adaptive gun head of the fire-
fighting monitor is shown in Fig. 3, and the pipe sections and
their cross-sectional dimensions are shown in Table 1.

In Fig. 3, the red line with arrows is the fluid flow line.
According to the direction of the flow line, the fluid flows
through the n-n section where the nozzle opening is located,
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FIGURE 2. Structure of adaptive gun head. 1. Joint, 2. Nut, 3. Regulator, 4.
Gasket, 5. Enclosure, 6. Ring, 7. Outer nozzle, 8. Inner nozzle, 9. Spray
core, 10. End cap, 11. Core rod, 12. Spring, 13. Core sleeve, 14. Seal ring.

1
123

FIGURE 3. Internal profile and streamline of the adaptive gun head of the
fire-fighting monitor.

TABLE 1. Internal structure size of the adaptive gun head of the
fire-fighting monitor.

Axial length
Average area of of
Fluid unit Segmentation flow cross the fluid
section S,/(mm?) domain
//mm
1 6221 1534.6
2 6200 38
L 3 3200 39
Fluid unit 1 4 3800 355
5 4400 38
6 3700 64
1' 300 46.1
Fluid unit 2 2' 800 11
3' 2800 40.5

and then is reflected by the inner surface of the outer nozzle to
converge at the front end of the fire-fighting monitor and form
a jet. The regulator is installed at the fifth section of gun head
as show in Fig. 3, which can reduce the jet vortex and convert
the radial velocity of the fluid to the axial velocity, so that
the jet tends to be laminar flow and the range of the fire-
fighting monitor is improved. At the center of the spray core
guidance surface, there are circular holes distributed evenly
along the circle. During the operation of the fire-fighting
monitor, the fluid enters the interior of the spray core through
circular holes and forms a certain hydrostatic pressure.

In order to facilitate theoretical modeling and analysis,
the dynamic model of the adaptive gun head jet system of
fire-fighting monitor makes the following assumptions:

1. Except the fluid unit and the spring, the spray core, the
enclosure, and the pipes are considered to be rigid bodies and
their deformation under pressure pulsation is not considered.

VOLUME 8, 2020

2. The spray core and the fluid are only subjected to the
axial force, and the force of the fluid on the spray core is
simplified to the spring force along the axial direction.

3. The damping between the fluid unit and the solid unit
is equivalent to the axial linear damping, and the damping
formed by the uniformly distributed small hole on the nozzle
is equivalent to the axial linear damping.

4. Processing and installation errors of the jet system are
ignored.

The dynamic model of the adaptive gun head jet system of
the fire-fighting monitor is shown in Fig. 4.

C 21 (&5)
F —1 —1F— —I—N
—> m m
1 A A A - A A A 3 AA A X
ke ki1 ko
A%
ky

FIGURE 4. Dynamic model of the adaptive gun head jet system of the
fire-fighting monitor.

In Fig. 4, F is the pulsating excitation force caused by the
pressure fluctuation of the fire pump. m1, my, and m3 are the
masses of the fluid unit 1, the spray core and the fluid unit
2 in the jet system, respectively. The fluid unit 1 is the fluid
contained by the inlet flow cross section, the outer surface of
the spray core, and the flow cross section n-n of the jet system,
along with the internal surface of the fire-fighting monitor
parts. The fluid unit 2 is the fluid contained by the inner
surface of the spray core and the left end surface of the end
cap. kg is the stiffness of fluid unit 1. kg is equal to kg, the
total stiffness obtained by paralleling the two is the stiffness
of fluid unit 2. ky is the stiffness of the mechanical spring
inside the spray core. ¢ is the equivalent linear damping
between the pipe wall and the outer wall of the monitor and
the fluid unit 1 in the jet system. ¢ is equal to ¢;, and the
total damping obtained by paralleling the two is equivalent to
the structural damping of the orifice of the spray core.

Ill. DERIVATION AND SOLUTION OF VIBRATION
EQUATION OF JET SYSTEM

A. PARAMETRIC VIBRATION EQUATION OF JET SYSTEM
Under actual conditions, the pulsation of the flow and pres-
sure of the fire pump is inevitable, so the fluid density and
equivalent stiffness constantly change. The fluid pressure
consists of two parts during the operation: steady-state
pressure and dynamic pressure. Assuming that the pulsat-
ing pressure varies by cosine, according to Euler’s theorem,
the time-varying pressure pulsation can be expressed as:

p=p+Ap (ej“)v’ + e‘j“’O’) €]

where p is steady pressure, Ap is the pressure pulsation
amplitude (Pa), and w, is the pressure pulsation angular
frequency (rad/s).

Assuming that the average area of the flow section of the
fluid element is S, and the axial length of the fluid domain is
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1, then the definition of stiffness can be expressed as:

k AF 2
F=— (2)
where AF = S;(po — p), and py is the initial pressure.

Therefore, the stiffness of fluid is the function of the fluid
pressure. Similar to the fluid pressure, the fluctuation of the
equivalent fluid stiffness can be expressed as:

ki = ke + Akgi cos wst = ky; (l + sedort 4 z-:e'jwft> 3)

where i = 1,2, kg is the steady equivalent stiffness of the fluid
unit (N/m), Aky; is the equivalent stiffness fluctuation of the
fluid unit (N/m), ¢ is a small parameter and ¢ = Aky; / 2ksi,
and wy is the time-varying equivalent stiffness angular fre-
quency of the fluid unit (rad/s).

The regular mode ¥ and the spectral matrix A of the
system are known, after regularizing the dynamic equation
of parametric vibration of the jet system by referring [9], we
can get:

i+ Cnp+ An = AQ — AKnN7 4)

where 7 is the regular displacement vector, Cy is the regular
damping matrix, AQ is the regular external excitation vector
and AKYy is the regular equivalent stiffness fluctuation matrix
of the fluid unit.

Among them, Cy is:

CN11 CNI12 CNI3
Cn=|cn21 oN22  CON23 (5)
CN31 CN32  CN33

AQ can be expressed as:

(eja)ft + e—ja)ft)

T
AQ=F > [Vi1 Y12 Y13 ] (6)
And AKy is:
_ _ Aknit Akniz Aknis
AKN=¢ (ej“’“ + ej“’“) Aknot  Aknoy Aknos
Akn3t  Aknzz  Akn3s

(N

B. APPROXIMATE ANALYTICAL SOLUTION OF THE MAIN
RESONANCE OF JET SYSTEM

The quadratic approximate solution and small parameter are
introduced based on the multi-scale method:

ni = nio (To, T1) + eni (To, T1) + - - -
N = Ecy; ®
F =¢F’
where Tp = ¢, T1 = et, and values of i and j are 1, 2, and 3,
respectively.

Substituting the above equations into (4), we obtain the
steady-state response of the main resonance of the jet system:

x=19 (no+em) ©)
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where, the steady zero-order approximate analytical solution
of the jet system is:

F'y
nNo=———————c0s (0 + (wn] +€0)1)
wnlv(cf\m)z‘*“‘gz '
(10)
n20 =0
n3 =0

where, o is the tuning parameter and 6 = arctan (cy,, /20).
The steady first-order approximate analytical solution of
the jet system is:

cos (wn1 — wf) t
_ wf (26()11] — a)f)
M1 = —28N1IAL | 7008 (@01 + wp) ¢
/ wf (20)111 + a)f)
F’yr1 2cos (wot)
m =y
2
Wy — Wy
_ cos (wp] + wy) t ]
B 2
wo, — (C() 1+ a)f)
n2 n
Akn21AL cos (wn1 — wr) ¢t
) 2
a)r212 — (a)n1 - a)f)
, .
_ Cnp 1 @n1ASinen ! (v
2 2
L Wy — @y -
F’yr1 3c0s (wot)
m=—n 5
2
_wn3 — W ]
cos (wn1 + wr) ¢
) 2
W, — (6!) 1+ (l)f)
n3 n
AkNz1AT cos (wn] — wr) t
) 2
a)r213 —_ ((,()nl - (Uf)
. )
_ Snar@niArsinon t
2 2
L Wy — Wy -

where, A1 is a coefficient in calculating the steady zero-order
approximate analytical solution of the jet system.

Similarly, the main resonance response of the jet system
can also be solved when the external excitation frequency is
close to the second and third natural frequencies respectively.

C. APPROXIMATE ANALYTICAL SOLUTION OF THE
COMBINED RESONANCE OF JET SYSTEM

The multi-scale method can also be used to derive the com-
bined resonance response of the jet system. The small param-
eter is introduced and the quadratic approximate solution is
assumed as follows:

ni = nio (To, T1) + eniy (To, Ty) + - - - a2
CN[/ = Sci\lij
where, T,, = ¢&"t and values of i and j are 1, 2, and 3,

respectively.

Substituting the above equations into (4), we obtain the
steady-state response of the combined resonance of the jet
system:

x=19 (no+en) (13)
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where the steady zero-order approximate analytical solution
of the combined resonance is:
2(A/€N11D1 + Akn12D2 + AkN13D3)

@nly/ 4o + (4\111)2
X c0s (0 + (wn] +€0)1)
+2D1 cos wot
20 = 2D3 cos wot

nmo =

(14)

N30 = 2D3 cos wot

The steady first-order approximate analytical solution of
the jet system is (15), as shown at the bottom of the page,
where, B; and D; are coefficients in calculating the steady
zero-order approximate analytical solution of the jet system.

Similarly, the combined resonance response of the jet sys-
tem can also be solved when the external excitation frequency
is close to the combined frequency between the natural fre-
quencies of the second and third order and the equivalent
stiffness fluctuation frequency of the fluid unit respectively.

IV. ANALYSIS OF INFLUENCING FACTORS OF
PARAMETER VIBRATION OF JET SYSTEM

The parameter vibration response of the jet system is mainly
affected by parameters such as the fluid pulsation frequency,
the air inlet rate, the fluid pressure, the spray core quality,
the mechanical spring stiffness, the fluid damping, the struc-
tural damping, and the pipeline length. By changing the
value of each parameter, the influence law of different
design parameters on the vibration response of the jet sys-
tem can be determined. The parameters required for the
parameter vibration calculation of the jet system are shown
in Table 2.

A. INFLUENCE OF FLUID PULSATION FREQUENCY ON
PARAMETER VIBRATION RESPONSE OF JET SYSTEM

By taking the parameters shown in Table 2 into the steady-
state response equation of the combined resonance of the jet
system, when the external excitation frequency is close to
the combined frequency between the first natural frequency

r cos (wp] — wf) t 7
wf (2w — wr)
Akni1By _cos (w1 +wp)t
wr (2wq1 + wr)
n = -2 N (Akn11D1 + Akni2D2 + Akni3D3) cos (wo + wr) t
(0f) — (@o + @1)?)
@ (ci\le + cypD2 + 61\113D3) sinwet
L (wrzn - “%) -
r cos (wn1 + wr) t
2 2
W — (wn1 + )
Akn21B1 "os (w1 — wp) t
w2, — (on — wp)*
cos (wo + wr) t
2 2
w-, — (W + W
m1 = —2 | + (a1 Dy + AknDs + AknnsDy) [ Vg (0 T O
) ) . ) wr212 — (wo — wf)2
o (cho1 D1 + copD2 + cio3D3) sinwot (15)
2
R w?
wn1CN, Bl sinwgit
- 2 2
o Wy — Wy
€cos (wn1 + wr) t
2 2
[ (wn1 + )
Akn31Bi "eos (wn1 — wp) t
w2y — (wn1 — of)?
cos (wo + wr) t
2 2
w2 — (wo + wr
n31 = —2 | +(Akn31D1 + Akn3Da + Aknz3D3) n3cos((a)00 _ a)f))t
w1213 — (wo — wf)2
@ (cé\le + cypD2 + c&33D3) sin wot
wx213 - ]
_a)nlc&mBl sin wnt
2 2
L Wh3 — Wy
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TABLE 2. Parameters of adaptive gun head jet system of the fire-fighting
monitor.

Parameter Symbol Unit Value
Mass of fluid unit 1 m kg 10.4
Mass of spray core m; kg 0.32
Mass of fluid unit 2 m; kg 0.14
Steady value of
dynamic bulk modulus of Be Mpa 161.92

gas-liquid mixed fluid
Fluctuating value of
dynamic bulk modulus of AB Mpa 0.34
gas-liquid mixed fluid
Equivalent stiffness steady value of -

fluid unit 1 ke, kN/m 541.15
Equivalent stiffness fluctuating value
of fluid unit 1 Ak KN/m 114
Equivalent stiffness steady value of -
fluid unit 2 ks kN/m 852.22
Equivalent stiffness fluctuating value
of fluid unit 2 Ak KN/m 179
Equivalent stlffness.ﬂuctgatmg or rad-s! 29401
frequency of fluid units
Stiffness of mechanical spring ki kN/m 18
External excitation amplitude F N 4.26
Fluid damping ¢ N-(m/s)! 0.01
Structural damping &) N-(m/s)! 0.05

and the fluid pulsation frequency, the time domain response
and frequency domain response of the combined resonance
of the jet system under different fluid pulsation frequencies
are shown in Fig. 5, Fig. 6, and Fig. 7, respectively.

It can be seen from the time-domain response graphs
in Fig. 5, Fig.6, and Fig. 7 that as the fluid pulsation frequency
gradually increases, the steady-state amplitude of each degree
of freedom of the jet system gradually decreases under the
effect of the combined frequency. The combined frequency
includes the first natural frequency, so xp, i.e., the amplitude
of the fluid unit 1 is the largest, the amplitude of the spray core
is the second, and the amplitude of the fluid unit 2 is the small-
est, which is determined by the mode vector corresponding
to the first natural frequency of the jet system. It can be seen
from the frequency domain response graphs in Fig. 5, Fig. 6,
and Fig. 7 that there are four peaks when the combined reso-
nance of the jet system occurs. The frequency corresponding
to each peak is consistent with the approximate analytical
formula of the combined resonance of the jet system. The first
natural frequency corresponds to the largest peak, indicating
that the natural frequency plays a dominant role in the com-
bined resonance, and the remaining frequencies have effects
of regulation. It can be seen from Fig. 5 (b) that on the left side
of the peak corresponding to the first natural frequency there
exists a very low peak, the frequency corresponding to which
is wn1 — wr; On the right side of the highest peak there are two
peaks, and the frequency corresponding to the left one is w,,
and the frequency corresponding to the right one is @, + .
It can be known from Fig. 6 (b) and Fig. 7 (b) that on the right
side of the peak corresponding to the first natural frequency
there are three peaks, of which the frequency corresponding
to the left one is — (wp1 — wr), the frequency corresponding
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FIGURE 5. Combined resonance response jet system when oy is 10Hz.
(a) time domain response. (b) frequency domain response.

to the central one is w,, and the frequency corresponding to
the right one is w, + w¢. From the above analysis, it can be
seen that the combined frequency plays a major role among
the three frequencies that regulate the combined resonance of
the jet system.

When the external excitation frequency is close to the
combined frequency between the second natural frequency
and the fluid pulsation frequency, the time domain response
and frequency domain response of the combined resonance
of the jet system under different fluid pulsation frequencies
are shown in Fig. 8, Fig. 9, and Fig. 10, respectively.

It can be seen from the time-domain response graphs
in Fig. 8, Fig. 9, and Fig. 10 that as the fluid pulsation
frequency gradually increases, the steady-state amplitude of
each degree of freedom of the jet system gradually decreases
under the effect of the combined frequency. The combined
frequency includes the second natural frequency, so xp,
i.e., the amplitude of the spray core is the largest, the ampli-
tude of the fluid unit 2 is the second, and the amplitude of the
fluid unit 1 is the smallest, which is determined by the mode
vector corresponding to the second natural frequency of the
jet system. It can be seen from the frequency domain response
graphs in Fig. 8§, Fig. 9, and Fig. 10 that there are four peaks
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FIGURE 6. Combined resonance response jet system when ¢ is 50Hz.
(a) time domain response. (b) frequency domain response.

when the combined resonance of the jet system occurs. The
frequency corresponding to each peak is consistent with the
approximate analytical formula of the combined resonance
of the jet system. The second natural frequency corresponds
to the largest peak, indicating that the natural frequency
plays a dominant role in the combined resonance, and the
remaining frequencies have effects of regulation. It can be
seen from Fig. 8 (b) that there are three lower peaks near
the peak corresponding to the natural frequency, one is on
the left and the other two are on the right side, and the
frequency corresponding to the left one is wy — wr, while
the frequencies corresponding to the other two are w, and
wo + wr, respectively. The variation law of the frequency
domain response shown in Fig. 9 (b) and Fig. 10 (b) is the
same as that in Fig. 8 (b). From the above analysis, it can be
seen that the combined frequency plays a major role among
the three frequencies that regulate the combined resonance of
the jet system.

When the external excitation frequency is close to the
combined frequency between the third natural frequency and
the fluid pulsation frequency, the time domain response and
frequency domain response of the combined resonance of
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FIGURE 7. Combined resonance response jet system when w¢ is 100Hz.
(a) time domain response. (b) frequency domain response.

the jet system under different fluid pulsation frequencies are
shown in Fig. 11, Fig. 12, and Fig. 13, respectively.

The variation law of the combined resonance response
shown in Fig. 11, Fig. 12, and Fig. 13 is the same as that in
Fig. 8, Fig. 9, and Fig. 10. By comparing the above amplitude-
frequency characteristic curves, it can be seen that the exis-
tence of fluid pulsation frequency increases the resonance
frequency range of the jet system.

When the fluid pulsation frequency is changed, the vari-
ation law of the main resonance response of the jet system
is basically consistent with that of the combined resonance
response. When the fluid pulsation frequency continuously
changes and the external excitation frequency is close to the
first natural frequency and the combined frequency between
the first natural frequency and the fluid pulsation frequency
respectively, the variation curves of the main resonance and
combined resonance amplitude of the fluid unit 1 are shown
in Fig. 14.

It can be seen from Fig. 14 that with the continuous
increase of the fluid pulsation frequency, the amplitude of the
main resonance of the fluid unit 1 fluctuates within a small
range, which can be regarded as no changes; the amplitude
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FIGURE 8. Combined resonance response jet system when oy is 10Hz.
(a) time domain response. (b) frequency domain response.

of the combined resonance decreases gradually and varies
greatly. In Fig. 14, the maximum amplitude of the com-
bined resonance is 0.4335 mm, and the minimum value is
0.051 mm. The curves show that the change of fluid pulsation
frequency rarely affects the main resonance of the jet system,
but it has a greater impact on the combined resonance.

B. INFLUENCE OF AIR INLET RATE ON PARAMETER
VIBRATION RESPONSE OF JET SYSTEM

When the air inlet rate continuously changes with other
parameters unchanged and the external excitation frequency
is close to the first natural frequency and the combined
frequency between the first natural frequency and the fluid
pulsation frequency respectively, the variation curves of the
main resonance and combined resonance amplitude of the
fluid unit 1 are shown in Fig. 15.

It can be seen from Fig. 15 that with the continuous
increase of the air inlet rate, the amplitude of the main reso-
nance of the jet system gradually increases and the amplitude
of the combined resonance decreases gradually. In Fig. 15,
the maximum amplitude of the main resonance is 0.6093 mm,
and the minimum value is 0.3054 mm, and the maximum
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FIGURE 9. Combined resonance response jet system when wj is 50Hz.
(a) time domain response. (b) frequency domain response.

amplitude of the combined resonance is 0.127 mm, and the
minimum value is 0.0806 mm. The curves show that the
change of air inlet rate has larger effects on the amplitude
of parameter vibration of the jet system.

C. INFLUENCE OF FLUID PRESSURE ON PARAMETER
VIBRATION RESPONSE OF JET SYSTEM

When the fluid pressure continuously changes with other
parameters unchanged and the external excitation frequency
is close to the first natural frequency and the combined
frequency between the first natural frequency and the fluid
pulsation frequency respectively, the variation curves of the
main resonance and combined resonance amplitude of the
fluid unit 1 are shown in Fig. 16.

It can be seen from Fig. 16 that with the continuous
increase of the fluid pressure, both the amplitudes of the
main resonance and the combined resonance of the jet system
decrease gradually. In Fig. 16, the maximum amplitude of
the main resonance is 0.4117 mm, and the minimum value
is 0.2567 mm, and the maximum amplitude of the com-
bined resonance is 0.1617 mm, and the minimum value is
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FIGURE 10. Combined resonance response jet system when g is 100Hz.
(a) time domain response. (b) frequency domain response.

0.0669 mm. The curves show that the change of fluid pressure
has larger effects on the amplitude of parameter vibration of
the jet system.

D. INFLUENCE OF SPRAY CORE QUALITY ON PARAMETER
VIBRATION RESPONSE OF JET SYSTEM

When the spray core quality continuously changes with other
parameters unchanged and the external excitation frequency
is close to the first natural frequency and the combined
frequency between the first natural frequency and the fluid
pulsation frequency respectively, the variation curves of the
main resonance and combined resonance amplitude of the
fluid unit 1 are shown in Fig. 17.

It can be seen from Fig. 17 that with the continuous
increase of the spray core quality, both the amplitudes of
the main resonance and the combined resonance of the jet
system decrease gradually. In Fig. 17, the maximum ampli-
tude of the main resonance is 0.3468 mm, and the minimum
value is 0.3452 mm, and the maximum amplitude of the
combined resonance is 0.1214 mm, and the minimum value
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FIGURE 11. Combined resonance response jet system when wf is 10Hz.
(a) time domain response. (b) frequency domain response.

is 0.1196 mm. The curves show that the change of spray
core quality has lower effects on the amplitude of parameter
vibration of the jet system.

E. INFLUENCE OF MECHANICAL SPRING STIFFNESS ON
PARAMETER VIBRATION RESPONSE OF JET SYSTEM

When the mechanical spring stiffness continuously changes
with other parameters unchanged and the external excitation
frequency is close to the first natural frequency and the com-
bined frequency between the first natural frequency and the
fluid pulsation frequency respectively, the variation curves of
the main resonance and combined resonance amplitude of the
fluid unit 1 are shown in Fig. 18.

It can be seen from Fig. 18 that with the continuous
increase of the mechanical spring stiffness, both the ampli-
tudes of the main resonance and the combined resonance of
the jet system decrease gradually. In Fig. 18, the maximum
amplitude of the main resonance is 0.3534 mm, and the
minimum value is 0.3354 mm, and the maximum amplitude
of the combined resonance is 0.1234 mm, and the minimum
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FIGURE 12. Combined resonance response jet system when oy is 50Hz.
(a) time domain response. (b) frequency domain response.

value is 0.1163 mm. The curves show that the change of
mechanical spring stiffness has lower effects on the amplitude
of parameter vibration of the jet system.

F. INFLUENCE OF FLUID DAMPING ON PARAMETER
VIBRATION RESPONSE OF JET SYSTEM

When the fluid damping continuously changes with other
parameters unchanged and the external excitation frequency
is close to the first natural frequency and the combined
frequency between the first natural frequency and the fluid
pulsation frequency respectively, the variation curves of the
main resonance and combined resonance amplitude of the
fluid unit 1 are shown in Fig. 19.

It can be seen from Fig. 19 that as the fluid damping
increases, the amplitude of the main resonance of the jet
system remains basically unchanged, and the amplitude of
the combined resonance gradually decreases. In Fig. 19,
the amplitude of the main resonance remains basically
unchanged at 0.3459 mm, and the maximum amplitude of
the combined resonance is 0.1203 mm, and the minimum
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FIGURE 13. Combined resonance response jet system when g is 100Hz.
(a) time domain response. (b) frequency domain response.
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FIGURE 14. Amplitude variation of parameter vibration of the jet system
under different fluid pulsation frequencies.

value is 0.1115 mm. The curves show that the change of fluid
damping has basically no effect on the amplitude of the main
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FIGURE 16. Amplitude variation of parameter vibration of the jet system
under different fluid pressure.
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FIGURE 17. Amplitude variation of parameter vibration of the jet system
under different spray core qualities.

resonance, but has a greater impact on the amplitude of the
combined resonance.

G. INFLUENCE OF STRUCTURE DAMPING ON PARAMETER
VIBRATION RESPONSE OF JET SYSTEM

When the structure damping continuously changes with other
parameters unchanged and the external excitation frequency
is close to the first natural frequency and the combined
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FIGURE 19. Amplitude variation of parameter vibration of the jet system
under different fluid damping.

frequency between the first natural frequency and the fluid
pulsation frequency respectively, the variation curves of the
main resonance and combined resonance amplitude of the
fluid unit 1 are shown in Fig. 20.

0.34 T T T T 0.14

——— A4, 10.13

IS
£ 0345 S 0.11 %
£ S~ ~

1 0.09

0.3458 * * * * 0.08
0.08 0.1 0.12 0.14 0.16 0.18

o/(N/(m/s))

FIGURE 20. Amplitude variation of parameter vibration of the jet system
under different structure damping.

It can be seen from Fig. 20 that as the structure damp-
ing increases, the amplitude of the main resonance of the
jet system remains basically unchanged, and the amplitude
of the combined resonance gradually decreases. In Fig. 20,
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the amplitude of the main resonance remains basically
unchanged at 0.3459 mm, and the maximum amplitude of the
combined resonance is 0.1264 mm, and the minimum value
is 0.09558 mm. The curves show that the change of structure
damping has basically no effect on the amplitude of the main
resonance, but has a greater impact on the amplitude of the
combined resonance.

H. INFLUENCE OF PIPELINE LENGTH ON PARAMETER
VIBRATION RESPONSE OF JET SYSTEM

When the pipeline length continuously changes with other
parameters unchanged and the external excitation frequency
is close to the first natural frequency and the combined
frequency between the first natural frequency and the fluid
pulsation frequency respectively, the variation curves of the
main resonance and combined resonance amplitude of the
fluid unit 1 are shown in Fig. 21.
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A./mm

0.15 ' * *
0.5 5.5 10.5 15.5 20.5
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FIGURE 21. Amplitude variation of parameter vibration of the jet system
under different pipeline length.

It can be seen from Fig. 21 that with the increase of
the pipeline length, the amplitude of the main resonance
decreases gradually, and the amplitude of the combined res-
onance of the jet system increases first and then decreases.
In Fig. 21, the maximum amplitude of the main resonance is
0.3762 mm, and the minimum value is 0.1945 mm, and the
maximum amplitude of the combined resonance is 0.216 mm,
and the minimum value is 0.0596 mm. The curves show
that the change of pipeline length has larger effects on the
amplitude of parameter vibration of the jet system.

Based on the above analysis results, it can be seen that
in the parameter vibration of the jet system, fluid parame-
ters including fluid pulsation frequency, air inlet rate, fluid
pressure, and fluid damping, mechanical parameters includ-
ing spray core quality, mechanical spring stiffness, struc-
tural damping, and pipeline length, and the difference value
between the external excitation frequency and the natural fre-
quency and the combined frequency have effects on the main
resonance and combined resonance of the jet system, and the
influence law is complicated. Mass and stiffness are the main
factors that affect the natural frequency of the jet system. The
change in a certain parameter of the jet system may only cause
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the change of mass or stiffness, or it may cause a simultaneous
change of the two factors. Therefore, the influence of the
change of the parameters of the jet system on its amplitude
should consider the factors of mass and stiffness. Within the
variation range of design parameters, we can sort these design
parameters by the extent of the main resonance amplitude
impact, and the order is: the air inlet rate, the pipeline length,
the fluid pressure, the mechanical spring stiffness, the spray
core quality, the fluid pulsation frequency, the fluid damping,
and the structural damping, in which the air inlet rate has the
largest influence, and the fluid damping and the structural
damping have the least influence. Similarly, the order sorted
by the extent of the combined resonance amplitude impact
is: the fluid pulsation frequency, the pipeline length, the fluid
pressure, the air inlet rate, the structural damping, the fluid
damping, the mechanical spring stiffness, and the spray core
quality, in which the fluid pulsation frequency has the greatest
effect, and the spray core quality has the smallest impact.

V. CONCLUSIONS

1. The multi-scale method was used to solve the parameter
vibration equation of the adaptive gun head jet system of
the fire-fighting monitor. From the influence law of the fluid
pulsation frequency on the amplitude of the jet system, it can
be seen that when combination resonance exists, the range of
the resonance frequency will be significantly expanded, espe-
cially when the fluid pulsation frequency or other excitation
frequency components vary greatly, which makes dynamic
behaviors of the jet system become more complicated.

2. Expect for the fluid pulsation frequency, the influence
laws of the air inlet rate, the fluid pressure, the spray core
quality, the mechanical spring stiffness, the fluid damping,
the structural damping, and teh pipeline length on the ampli-
tude of the jet system were also analyzed. From the extent
of the amplitude impact, the air inlet rate has the greatest
influence on the main resonance, and the fluid pulsation
frequency has the greatest impact on the combined resonance.

3. In the parameter vibration of the jet system, fluid param-
eters including fluid pulsation frequency, air inlet rate, fluid
pressure, and fluid damping, mechanical parameters includ-
ing spray core quality, mechanical spring stiffness, struc-
tural damping, and pipeline length, and the difference value
between the external excitation frequency and the natural
frequency and the combined frequency have effects on the
main resonance and combined resonance of the jet system,
and the influence law is complicated.
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