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Abstract. The main parameters influencing the displacement transfer rate of the
fluid-elastic isolator are studied and optimized. Firstly, the equation of motion is
derived by applying the Lagrange principle. The effects of the main design
parameters on the displacement transfer rate of the fluid-elastic isolator are
analyzed. Secondly, parameter optimization design is conducted by employing the
genetic algorithm for a civil helicopter. by Aiming at the minimum displacement
transfer rate, the optimal parameters are determined. Lastly, the criterion for
parameter optimization design is proposed considering both the displacement
transfer rate and the weight cost. Design parameters with a high vibration isolation
rate and low weight are obtained. Results reveal that the vibration isolation
behavior of a fluid-elastic vibration isolator depends on the coupling effects of
multiple parameters. The parameters obtained by the genetic algorithm
demonstrate a higher vibration isolation rate than the ordinary parameter design.
Based on the optimization criterion, the fluid elastic isolator possesses a higher
vibration isolation rate and lower weight cost than the experimental result in the
literature. And it will be helpful for the parameter design of the fluid elastic
isolator.
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1. Introduction

The fluid-elastic isolator is an effective helicopter vibration reduction method, and
researchers have conducted massive research on it [1-5].

Eurocopter carried out research on the active control of the fluid-elastic vibration
isolator based on the passive fluid-elastic vibration isolator [6]. The LORD Corporation
developed a variety of fluid-elastic vibration isolators with different vibration reduction
frequencies, and experimental research was carried out on different types of helicopters
[4] to verify the vibration reduction effect of the fluid-elastic vibration isolator. Han et
al. [7] designed a fluid-elastic vibration isolator model that can be used for the main rotor
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with variable pitch rods. Qian Feng et al. [8] tested the dynamic stiffness and static
stiffness of the designed fluid-elastic vibration isolator, and the theoretical results were
consistent with the experimental values. Deng [9] conducted sensitivity analysis on the
material parameters and structural parameters of the fluid-elastic vibration isolator, and
the influence of the design parameters on the dynamic characteristics of the vibration
isolator was studied.

It is seen that parameter analysis and experimental verification on the fluid-elastic
vibration isolator have been carried out. However the parameter optimization design
method has not been formed, and parameter optimization design criteria has not been
established yet. In this paper, the dynamic model of the fluid-elastic vibration isolator is
constructed. And based on the genetic algorithm, the main parameters affecting the
transmission efficiency of the fluid-elastic vibration isolator are optimized. The
experimental results in the literature are compared to verify the effectiveness of the
optimization algorithm and the optimization design criteria.

2. Theoretical Modelling of the Fluid-elastic Isolator

The theoretical model of the fluid-elastic isolator is shown in figure 1. The inertial liquid
exists in the upper and lower liquid chambers and the inertial channel.
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Figure 1. Mechanical model of the system

The material properties and displacements of each component are shown in figure
1. The cross-section area of the upper liquid chamber, the lower liquid chamber and are
denoted as Au, Ad, and A0 respectively. The amplification ratios are defined as
R1=Au/A0, R2=Ad/A0. The mass M, at the upper end of the vibration isolator is
subjected to an external harmonic excitation F=fcos(wf). The total kinetic energy,
potential energy, and dissipative energy are respectively.

1., 1 YD P
T =5M|x12 +EM2x§ +Em(x2 +x3)2 ,
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Then the governing equations can be derived from the generalized Lagrange
principle.
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where L=T-V; g; (j=1, 2) is generalized coordinate; F; is the external force on an
object. According to the law of the conservation of mass, there is the following

relationship between the liquid passing through the inertia channel section and the
displacement of the upper and lower liquid chambers.

4, (xI —xz) = Ax, = Adx4,x3/(xI —xz) =R,x;/x, =R, 3)

Substituting Eq. (3) into Eq. (1) and eliminating x3 and x4, substituting the resultant
equations into Eq. (2), the governing equations of the system can be obtained.

MX+CX+KX=F 4)

[M,+mR,2 mR, (1-R,) } C_{ch —ch}
2 b b
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where,

&)
1 | KR +K,R -KR -K,R’ 2| %] § fcos(ar)

R, | -K,RP-K,R> KR+KR | |x] |0
Setting the ratio of the displacement at the lower end of the isolator to the

displacement at the upper end of the isolator as the displacement transfer rate, x»/x1, the
displacement transfer rate 7, can be obtained.

;o KR} + K,R' ~=ma’ R R, (R, ~1)+i(coR'R; +nR; )
© N KR +KR - M0 R -mo’R: (R ~1) +i(coR’R: +7R:)

By neglecting the dampings (ie ¢=0, #=0), the ideal vibration isolation frequency
(i.e. anti-resonance frequency) and resonant frequency can be obtained from Eq. (6).

1 |KR+K,R}
O =" |—
27\ mR;R (R 1)
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3. Analysis of Transfer Characteristics of The Fluid-Elastic Isolator

The rotor vibration load transmitted by the hub is the main vibration source of the
helicopter, and its main frequency component is NQ, where N and Q are the number of
blades and the rotor speed respectively. Thus, there is w=NQ in Eq. (5). Further, it can
be obtained from Eq. (6) that 7, is related to the rubber stiffness K, the lower liquid
chamber stiffness K>, the liquid mass m of the inertia channel, the amplification ratios R;
of the upper liquid chambers, the amplification ratios R, of the lower liquid chambers,
the rubber loss factor #, and the liquid viscous damping ¢ [7, 10]. Decomposing m, R,
and R», the displacement transfer rate is also related to the inertial channel length /, radius
r, liquid density p, the upper liquid chamber radius R, and the lower liquid chamber
radius Rg.
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It is noted that some of the above parameters are not independent, they are coupled
with each other. For example, changing the radius of the inertial channel will affect the
liquid mass m and the amplification ratios R; and R» in the inertial channel at the same
time. Taking K, K>, r, [, Ry, and Ry as the research objects, the influence of the six main
design parameters on the transfer characteristics of the vibration isolator is analyzed.

The influences of the stiffness K; and K, on the displacement transfer rate are shown
in figure 2, in which the value of the excitation frequency on the abscissa has been
normalized by the rotor speed NQ. The change of stiffness K; and K, will affect the
optimal vibration isolation frequency. At the anti-resonance frequency point (with the
lowest displacement transfer rate), when K; is increased, the displacement transfer rate
of the anti-resonance frequency point increases. However, when K, increases, the
displacement transfer rate of the anti-resonance frequency point decreases.
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Figure 2. Displacement transfer rate with different K;and K,

Figure 3 summarizes the change of the transfer characteristics with the upper liquid
chambers radius R, and the lower liquid chambers radius R, R, and R, can adjust the
anti-resonance frequency point greatly. R, and R, are negatively correlated with the
optimal vibration isolation frequency: as R, and R, increase, the amplification ratio
increases, and the optimal vibration isolation frequency decreases.
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Figure 4. Displacement transfer rate with different » and /
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The change of the transfer characteristics with the inertial channel radius  and length
[ is shown in figure 4. The magnitude of r affects the amplification ratios R;, R> and the
inertial liquid mass m at the same time. When 7 increases, the optimal vibration isolation
frequency increases, and the displacement transfer rate decreases. When / increases, the
optimal vibration isolation frequency decreases, and the optimal displacement transfer
rate decreases. It can be seen from figure 6 that an appropriate increase in the liquid mass
of the inertial channel can obtain better transfer characteristics, but it is necessary to pay
attention to the extra mass and weight cost.

4. Parameters Optimization Design

Based on the previous section, it can be seen that a single parameter will affect multiple
variables of the transfer characteristics. Therefore it is difficult to determine the required
design parameters one by one from the analysis of a single parameter. Thus the genetic
algorithm is applied to optimize the design of the main parameters of the fluid-elastic
vibration isolator.
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Figure 5. The fitness with different populations and generations

According to the value range of the material property (such as K;) and the structural
size range, parameter optimization design is carried out, and the displacement transfer
rate is set as the fitness index. The parameter value range is shown in table 1. All
parameters in table 1 have been normalized by constants of the same dimension unit of
a helicopter. For example, the length of the inertial channel / is normalized by the length
of the main gearbox. Naming the optimization condition at this time as condition 1, and
taking the displacement transfer rate as the fitness function,

min[f (x)} - KR} + K,R} =m’RIR (R, ~1)+i(coR7R; +nR; )

®)

KR + KR = MR, -ma’ R} (R, ~1) +i(coR'R; +1R;)

Figure 5 shows the relationship between the optimal fitness and the initial population
size and the number of generations. To meet the convergence requirements, the parameter
optimization design of this study takes 400 populations and 50 iterations.

Table 1. Range of the dimensionless design parameters

Parameters Range Parameters Range
K, [29.2, 48.8] Ry [1.36 e-2,0.272]
K [0.98, 9.76] / [0.27, 0.69]

R, [1.36 ¢-2,0.272] r [6.8,27.2]e-3
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Under the above settings, the obtained design parameters and optimal fitness
(minimum displacement transfer rate) are shown in Condition 1 in table 2. The
displacement transfer rate is 17%, which is much lower than the results of the fluid-
elastic vibration isolator given in the literature [8, 11], which proves the effectiveness of
the genetic algorithm for optimizing the transfer characteristics.

Table 2. Fitness and parameters in different Conds. (conditions)

Conds. K K> R. Ry l r Tu my. Fa
1 29.28 098 0.0729  0.0728 0.6185 0.0161 17.1% 0.516  0.346
2 35.14 1.0 0.0823  0.0819 0.6812 0.0196 20.5% 0.700  0.454
3 35.14 1.0 0.0553  0.0304 0.6812 7.9¢-3 27.1% 0.156  0.214

Ref[11] 35.14 1.0 0.0840  0.0408 0.504 9.8e-3 30% 0.221 0.261

It is noted that the material properties K; and K in engineering material cannot be
valued continuously as in table 1. In most cases, they can only be selected from several
specific values for different types of materials. Material properties K; and K in reference
[11] are chosen, the remaining four structural parameters are optimized, and the
optimization condition is named condition 2.

The design parameters and optimal fitness (minimum displacement transfer rate)
obtained at this time are shown in Condition 2-table 1. The displacement transfer rate of
the fluid-elastic vibration isolator is 20%, only 67% of in the literature [ 11] (displacement
transfer rate of 30%). From the perspective of displacement transfer rate, the genetic
algorithm can achieve a better optimization effect.

Comparing condition 2 with the result in the literature [11], more weight is needed,
which might be unacceptable for helicopters that are sensitive to total empty weight.
Therefore, both the displacement transfer rate and weight cost should be considered in
the parameter optimization design. And the parameter optimization design criteria
suitable for the fluid-elastic vibration isolator is then proposed.

E,=WT,+(1-W,)m, ©)

where my, is the dimensionless mass of the fluid-elastic vibration isolator, obtained
by the ratio of the mass of a single fluid-elastic vibration isolator to 1% of the mass of
the whole helicopter. W; is the weighting coefficient of the displacement transfer rate 7,
0< W, <1. F, is the weighted fitness coefficient, the smaller the F), the better the
parameter optimization design effect.
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Figure 6. Comparison of condition 3 and Ref. [11]
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Based on condition 2, the mass my, is calculated, and the weighting coefficient is
taken as W, =0.5, and the optimization condition is recorded as condition 3.

The optimal parameters and optimal fitness under condition 3 are shown in condition
3-table 2. The weighted fitness coefficients F, are listed in the last column of table 2,
with F,;3 =0.214 for condition 3 and F,,- =0.261 for the reference [11]. It is seen that the
optimization effect in condition 3 is better than in the literature since F,3< F.

As shown in figure 6, the displacement transfer rate of condition 3 is 27.4% while
30% for the literature at NQ (i.e. w/NQ=1). The optimized displacement transfer rate is
slightly lower than the result in the literature, indicating a better vibration reduction effect.
The dimensionless mass of condition 3 is 0.156, and with 0.221 in the literature,
indicating the isolator is 30% lighter than in the literature. The displacement transfer rate
is lower, and the weight of the vibration isolator is smaller under condition 3, which
proves the validity of the proposed parameter design criteria.

Comparing the four conditions in table 2, conditions 1 and 2 pay more weight to
achieve a lower displacement transfer rate. The total mass of the fluid-elastic vibration
isolator under condition 1 is 2-3 times that of condition 3 and the literature. Taking
condition 2 as an example, the mass of a single vibration isolator reaches 0.7% of the
weight of the helicopter, and the weight of the entire vibration isolation system (with 4
isolators) will far exceed 1% of the weight of the whole helicopter, which is unacceptable.
Therefore, the weighted fitness coefficient F, is a more suitable parameter design
criterion. It can be seen from table 2 that Fns;<F,<F,<F, that is, the parameter
optimization of condition 3 is the most reasonable.

5. Conclusions

Theoretical modeling is conducted based on the two-dimensional fluid-elastic model,
and 6 main parameters that affect the displacement transfer rate are analyzed. The genetic
algorithm is employed to optimize the parameters. A parameter optimization design
criteria is proposed considering the displacement transfer rate and the mass cost.

Parametric analysis reveals that the main parameters would change the anti-
resonance point. The optimal displacement transfer rate is negatively related to R, Ru~
I. A single parameter would cause a complex influence on the transfer rate, therefore the
overall effects of different parameters should be taken into consideration when
conducting parameter optimization.

Employing the genetic algorithm, the resultant displacement transfer rate is far
lower than the results in the literature. Based on the material property in the literature,
four structural parameters are optimized, and the obtained displacement transfer rate
is still lower. Based on the proposed parameter optimization design criteria F,, the
parameters in the literature are optimized. Compared with the results in the literature,
the obtained fluid-elastic vibration isolator has a lower displacement transfer rate and
also lower weight cost. Therefore the validity of the proposed parameter optimization
criteria is verified.
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