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Abstract. The elastohydrodynamic lubrication (EHL) contact model is established, the oil film
stiffness is calculated based on Dowson-Higginson empirical minimum thickness equation. The
vibration model of single-rotor three-input helicopter main reducer is proposed by lumped mass
method, and nonlinear factors like oil film stiffness, dynamic meshing force are taken into account.
The influence of oil film stiffness on system natural frequency is analyzed as well. The results
show that oil film stiffness of the internal and external meshing pairs in the planetary gear system
have greater impact on the natural frequency, which tends to destabilize the system. Therefore,
the planetary gear train is the most crucial branch regarding the system splash lubrication. When
all the oil film stiffness in the system are greater than 4x10° N/m, the natural frequencies tend to
be stable. This study can provide the theoretical reference for the lubrication characteristics in the
single-rotor multi-input helicopter.
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1. Introduction

To protect the tooth surface, the gears normally work in the lubrication condition. With load
and entrainment velocity, the lubricating oil forms a certain film thickness on the contact surface
of the gear pair. When working condition changes, the film follows with deformation, the oil film
stiffness changes. Study of the influence law of the oil film stiffness on the natural characteristics
has important engineering significance.

Within the scope of the multi-stage helicopter main reducer, especially regarding natural
frequency analysis. Kahraman [1] applied eigenvalue solution and the modal summation
technique to predict the free and forced vibrations of the multi-stage gear transmission system.
Huang [2] established a finite element model of a parallel three-shaft gear-rotor coupling system
and analyzed the influences of the mesh stiffness, the installation angle, the helix angle and the
bearing stiffness on the natural characteristics. Choy [3] analyzed the modal characteristics by
using the matrix-transfer technique. Chen [4] studied the influence of torsional stiffness on natural
characteristics of four-stage main transmission system in three-engine helicopter. Li [5]
investigated the damping mechanism and EHL characteristics at the interface of the two DOF spur
gear pair.

In summary, at present, the influence of oil film stiffness on the multi-stage system natural
characteristics, is not to be investigated, according to the limited published issues. Therefore, it is
of great theoretical significance and engineering value to study the mechanism of oil film stiffness
on vibration and noise in gear transmission.

2. System dynamic model
2.1. Dynamic modeling
The dynamic model of single-rotor three-input helicopter main reducer is shown in Fig. 1 [6].

© JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. APR 2018, VOL. 17. ISSN 2345-0533 7


https://crossmark.crossref.org/dialog/?doi=10.21595/vp.2018.19707&domain=pdf&date_stamp=2018-04-20

INFLUENCE OF OIL FILM STIFFNESS ON NATURAL CHARACTERISTICS OF SINGLE-ROTOR THREE-INPUT HELICOPTER MAIN GEARBOX.
YUAN CHEN, RU PENG ZHU, ZAT CHUN FENG, GUANG HU JIN, WEI ZHANG

The system includes three input branches, a tail output branch and a planet train branch. 010 ), Bz(j ),
H?Ej ), Gij ), Gs(j ), 06, 0, 07, 0g, 05, 05 and 0,,; are rotational DOF of gear system in each stage. k;,,
k3, k45, kg, koye and kg are torsional stiffness of shafts connecting each gear pair; c¢y,, €34, Csg,
Cspi and ¢,p; are meshing damping of each gear pair; ky,, K34, Ksg, Kp; and kp; are meshing
stiffness of each gear pair; k,,, represents oil film stiffness.

Planetary train
Gear 11-16

Tail Output

3 Input Branches
Fig. 1. Dynamic model of single-rotor three-input helicopter main reducer

2.2. Differential equation

For the EHL model, Dowson achieved a large amount of data through numerical simulation
and experimental measurements and proposed the empirical equation for calculating the minimum
oil film thickness. The Dowson-Higginson minimum oil film thickness empirical equation is [7]:

h,, = 2.65U°7GO5*W ~013R, (1
where U, G, W are dimensionless speed, material, load respectively:

Mol F 2 1-v? 1-v2
= ) G = E” W = —_—, —— + ,
E'R % ER E E E,

U

where, F is the load in meshing line, E' is the equivalent elastic modulus, R is synthetical
curvature radius, u, is entrainment velocity, a; is pressure-viscosity coefficient, 74 is dynamic
viscosity. E;, E, and v;, v, are the contact elastic modulus and Poisson’s ratio.

The minimum oil film stiffness based on Dowson-Higginson oil film thickness can be derived
by taking the derivative of Eq. (1):

Kpm = 7.69BE'R(2.65U°7 GO5*R)7-69 869, )
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here, B is contact length.
Time-varying meshing stiffness can be expanded in the Fourier series with the fundamental
meshing frequency:

k(j)(t) = kmiz + Ka1z sin(wypt + Br3),

k(])(t) = Km3a + Kaza sin(wast + Bas),

kg (6) = Kins + Kase Sin(@set + Bse),

ke7(t) = kme7 + kaer sSin(wgst + Pe7), 3
kgo(t) = kmgo + Kago sin(wget + fgo),

kspi(t) = km,spi + ka,spi Sin((‘)t + ﬁspi) ,

krpi(t) = kmrpi T Karpi Sin(wt + Brpi) ,

where k(j)(t) km(t) k(j)(t) ke7(t), kgo(t), kepi(t) and k,.,;(t) are time-varying mesh
stiffness in each gear pair. k,, is average meshing stiffness considering oil film stiffness, k, is
maximum variable meshing stiffness. f is initial meshing phase.

The differential equation of the single-rotor multi-input helicopter main reducer can be
deduced through Newton’s law, as shown in Eq. (4):

1,69 + [F2O®) + FAO 0] ry + kinbD = Ty,
I, 0(1) [Ff;m(t) + Fd(l)(t)] Ty + k%)( o 9(1))
]303(1) [Fsim(t) + F;i(’)(t)] rs + ké];( o 9(1))
189 = [FRO® + O )] ry + ki’)( o) e(f)
( oY) _

0:

0:

0;

0:
3 . .

Jobs= ) [P+ B @] + [F6p7(’)(t) + EEP @) 1 + ks (85 — 0) = 0,
J:

]7é7 - I:Fg;(])(t) + F6(-i7(])(t):| T7 + k78(97 - 68) = 0,

Jobig + [EBP (0) + Fg (6)| 15 + kerg (8 — 6,) = 0,

(4)

]gég - I:Fspg(])(t) + F8d9(])(t)] 7'9 + kRR99 = _TRR’

N
1.6, + Z [P0 + F (O] — ko8, = 6) = 0,
JpOpi — [Fs’i,l(t) +FE(O]n, + [Ffpl(t) +FL ] =0,

[]C + Zizl(mpircz)] 6, — Zi: Fsz;l(t) +F3 (1) + Ffpl(t) + FL(O)]r: cosa = —Tyg,

where Tg; is the torque of engine j (j = 1, 2, 3); Tgg and Ty are the torque of tail branch and
planet carrier. FP and F¢ are dynamic meshing and damping forces. J, is carrier moment of
inertia.

In addition, after the decomposition and recombination of Eq. (4), it can be expressed with
mass matrix, damping matrix and stiffness matrix form. By setting the value of damping item and
external excitation item to be zero, the vibration differential equation of the system under free
condition can be obtained.
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3. System natural characteristics analysis
Gear parameters are listed in Table 1, and EHL parameters are shown in Table 2.

Table 1. Gear parameters

Gear Tooth number | Module | Face width (mm)
Gear 1 30 4.5 40
Gear 2 85 4.5 40
Gear 3 40 5 45
Gear 4 90 5 45
Gear 5 25 4.75 40
Gear 6 142 4.75 40
Gear 7 40 5 40
Gear 8 60 5 35
Gear 9 70 5 35
Gear 10 68 5 28
Gear 11-16 37 5 28
Table 2. EHL parameters
Parameter Value
Dynamic viscosity 1, (Pa‘s) 0.04
Pressure-viscosity coefficient ¢; (Pa’!) | 2.2x108
Elastic modulus E; (Pa) 2x10M
Elastic modulus E, (Pa) 2x10M
Poisson’s ratio v 0.3
Poisson’s ratio v, 0.3

In order to explore the influence law of oil film stiffness on natural characteristics of the
system, the natural frequencies of the first five orders are calculated and depicted in Fig. 2.
Fig. 2(a) and Fig. 2(b) are the influence of oil film stiffness on natural frequency in first stage and
the second stage, as shown in the figure, when the oil film stiffness is greater than 2x10° N/m, the
natural frequencies no longer change. When the oil film stiffness is less than 2x10°N/m, the
decrease of natural frequency of the fourth and fifth order is the most obvious. Fig. 2(c) shows the
effect of oil film stiffness on the natural frequency in the third stage. The figure shows that when
ksg is less than 2x10°N/m, the first-order natural frequency decreases rapidly. Fig. 2(d) and
Fig. 2(e) show the impact of oil film stiffness on natural frequency in the tail branch. When kg is
less than 4x10°N/m, the first-order natural frequency decreases sharply; when kgq is less than
0.5x10° N/m, the natural frequency of the fifth order decreases while the natural frequencies of
other orders do not change. Fig. 2(f) and Fig. 2(g) are the influence law of planetary gear train on
the system natural frequency, as seen from the figure, when the internal and external meshing oil
film stiffness are equal to 0.7x10°N/m and 0.9x10° N/m, the natural frequency of each order has
a sudden drop-point, which could easily destabilize the system. Therefore, the planetary gear train
is the most important branch in splash lubrication analysis, the oil film stiffness cannot be too
small in mechanical design.

4. Conclusions

In this paper, a dynamic model of single-rotor three-input helicopter main reducer is proposed
and influence laws of the oil film stiffness are calculated, the analysis results enable us to draw
the following conclusions:

1) The influence laws of the oil film stiffness of the two gear pairs in the input branch are almost
the same, the influence laws of the internal and external meshing pairs in the planetary gear system
are also very similar, therefore these two branches should consider all components within the branch.
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Fig. 2. Impact of oil film stiffness on first five orders natural frequency

2) When the oil film stiffness is small, the natural frequencies of each order can be variable.
When the oil films stiffness of all meshing pairs in the system is more than 4x10° N/m, the natural
frequencies tend to be stable.

3) Planetary gear train is the most critical branch of the single-rotor three-input system
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regarding splash lubrication, so their oil film stiffness cannot be too small during working
condition.
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