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Abstract: In order to simulate the Stirling engine more easily, the stiffness and damping ratio of the crankshaft bearing
are assumed to be steady-state in the research before, but this assumption is contrary to the real condition. Therefore, in
this paper, a time-varying stiffness and damping ratio of the crankshaft bearing simulation method has been proposed.
Compared with the simulation results of the crankshaft bearings with constant stiffness, the speed fluctuation coefficient
of output shaft and crankshaft in time-varying stiffness model is increased by 10%, 24.6% and 13.7%; the vibration
displacement of the center mass of output shaft is decreased by 3.0%; the average dynamic load on airframe is increased
by 47.9%. From the simulation results, it is found that the time-varying stiffness and damping ratio of the crankshaft
bearing is significant to the characteristics of the Stirling engine dynamic response.
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1. INTRODUCTION

Stirling engine, also known as hot-air engine, is a closed
cycle reciprocating power machine, which take gas as its
working fluid. It can be used in many areas as clean and
efficient power machine because it has so many features,
such as broad fuel sources, high efficiency, less pollution,
low noise, compact structure, easy maintenance and so on
[1-4]. The crank and connecting rod mechanism is the first
transmission mechanism for a Stirling engine. Crank linkage
has a simple structure, and it can be flexible design
according to the actual arrangement of the cylinders.

Fig. (1). Four-cylinder double-crank Stirling engine.

The schematic diagram of four-cylinder double-crank
Stirling engine is shown in Fig. (1). Its connecting rod and
crankshaft are connected by sliding bearing. Sliding bearing
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lubricants is very important to absorb shock, suppress
instability and cool the bearing. The force and moment pass
through the crankshaft bearings and the crankcase to
supporting, which results in vibration of the Stirling engine
[5, 6]. Due to the complexity of its working mechanism, the
oil film has a strong non-linearity [7]. However, most
scholars ignore the time-varying stiffness of the sliding
bearing, just do the dynamics simulation with a constant
stiffness bearing, and the real work of Stirling engine cannot
be reflected through this method. Thus, this paper studies the
dynamic characteristics of Sliding bearing based on the time-
varying stiffness and damping of the crankshaft bearings,
and then we will make a comparison between the simulation
results of constant stiffness and time-varying stiffness
models.

2. DYNAMICS SIMULATION MODEL ESTABLISHMENT

2.1. The Cyclic Loads of Cylinders

Based on the theory of Schmidt cycle [8], the Stirling
cycle of four-cylinder double-crank Stirling engine is
analyzed. And then the pressure curves of hot chamber and
cold chamber can be obtained, thus, we can acquire the
pressure curve of piston rod easily. When the speed of the
crankshaft is 1800 r/min, we can get the pressure curve of
piston rod while the cranks turn 1° through the theoretical
calculation, as shown in Fig. (2). Save the pressure values as
txt formal and import it to ADAMS. The pressure curves of
each cylinder, as the input load of dynamics model, are
obtained by using spline functions AKISPL.

2.2. Equivalent Model of Crankshafts

Both of the crankshaft of Stirling engine has three sliding
bearing as the support, and there are two inputs on each of
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them, so it is a over-constraint structure, which cannot be
directly solved by ADAMS. Therefore, the crankshaft is split
into three separate parts, and these parts are connected by the
dummy through fixed hinge and universal hinge [9], as
shown in Fig. (3). The fixed hinge limits all degrees of
freedom; the universal hinge limits three translational
degrees of freedom and the rotational degree of freedom
about the x axis. So the statically indeterminate problem of
the model has been solved.
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Fig. (2). Change curves of the pressure of the cylinders.
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Fig. (3). The equivalent model of crankshatft.
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2.3. Equivalent Model of Sliding Bearings

The stiffness and damping coefficients of each sliding
bearing are caculated by [10] formula (1).
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where W is the static load on the journal, c is the bearing
radial clearance, o is the angular velocity of the journal, and
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, C_ are the dimension stiffness and damping
coefﬁc1ents.

The stiffness and damping of the sliding bearing is time-
varying according to the theoretical calculation method,
because the pressure acting on the piston rod is time-varying.
For example, the curves in Figs. (4, 5) are the time-varying
stiffness and damping of one of the main crankshaft bearing.
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Generally, Bushing is used to simulate the support of
sliding bearing. But, this method ignore the time-varying
stiffness of bearing, and do the dynamics simulation with
constant bearing stiffness and damping, which is very
different from the actual situation. In ADAMS, dynamic
equation of Bushing is defined as follows:
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Fig. (4). Time-varying stiffness curve of main bearing 1.

From the equation, we can find that the essence of
Bushing is generalized force. The different between Bushing
and generalized force is Bushing limits the radial angular
displacement. Therefore, we use both generalized force and
Bushing to simulate the time-varying stiffness of sliding
bearing. The time-varying stiffness, as the coefficient of
generalized force, are obtained by using spline functions
AKISPL in ADAMS. The definition of a generalized force is
defined as formula (3),

-AKISPL(TIME,0,SPLINE_1,0)*DX(M_235M_236,M_236)
-AKISPL(TIME,0,SPLINE_2,0)*VX(M_235M _236,M 236, (3)
M. 236)
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Fig. (5). Time-varying damping curve of main bearing 1.

As shown in Fig. (6), the equivalent model of sliding
bearings is obtained in ADAMS.
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Fig. (6). The equivalent model of sliding bearing.

Fig. (7). The dynamic model of Stiring engine.

2.4. The Dynamics Model in ADAMS

In order to establish the dynamics model of the Stirling
engine, it is necessary to simplify solid model reasonably.
Entity the model created by UG into ADAMS, add the
boundary and constraint to Stirling engine accoring to the
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real operating conditions. As shown in Fig. (7), the dynamics
model of Stirling engine is established in ADAMS.

3. THE SIMULATION RESULTS

This paper studies the dynamic analysis of two Stirling
engine equivalent model, one is based on constant stiffness
and damping of sliding bearing, the other is time-varying.

Through the dynamics simulation, we have got some
parameters which have influences on the Stirling engine such
as the angular velocity fluctuations, centroid vibration of the
crankshaft and output shaft, and the load on the body.

3.1. Speed Fluctuations of Crankshafts and the Output
Shaft

Angular velocity curves of shafts under constant and
time-varying stiffness bearing are shown in Figs. (8, 9)
respectively.

As the figure shown, it takes 4-5 s for Stirling engine to
come to the steady state after started because of the inertia of
the engine. When the Stirling engine works normally, the
speed of crankshaft, output shaft will respectively stable at
1800 r/min, 1500 r/min. And, we also can find that the trend
of the two speed curves is the same. In order to study the
different between the two simulation results, the speed
fluctuation coefficient of each shaft during the last second
are given in Table 1.

As the Table 1 shown, compared with the constant
stiffness  Stirling engine model, the speed fluctuation
coefficient of left crankshaft, right crankshaft and output
shaft of time-varying stiffness model has increased by
24.6%, 13.7% and 10%.

3.2. Centroid Vibrations of Crankshafts and the Output
Shaft

The centroid vibrations amplitudes of each shaft for the
constant stiffness and time-varying stiffness Stirling engine
model during the last secondare given in Table 2.

As the Table 2 shown, compared with the simulation
results of constant stiffness Stirling engine model, the
centroid vibrations amplitudes of left crankshaft and right
crankshaft has increased by 14.1% and 16.7%, the centroid
vibrations amplitudes of output shaft has reduced 3.0%.

3.3. Loads on the Engine Body

The force curves on the engine body of the constant and
time-varying stiffness bearing are shown respectively in
Figs. (10, 11). In order to compare the load on the two
Stirling engine, Table 3 gives the mean load on the body
during the last second.

As Figs. (10, 11) and Table 3 shown, compared with the
simulation results of constant stiffness Stirling engine model,
the fluctuations of the force on engine body of the time-
varying stiffness model has increased obviously, and the
mean load on the engine body has increased by 47.9%.
Therefore, add the time-varying stiffness to the sliding
bearing make a great influence on the engine body force.
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Fig. (8). Speed curves under constant stiffness.
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Fig. (9). Speed curves under time-varying stiffness.
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Fig. (10). Force on engine body under constant stiffness.
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Fig. (11). Force on engine body under time-varying stiffness.

Table 1. Speed fluctuation coefficient of rotation shafts.
Speed Fluctuation Constant Time-Varying
Coefficient Stiffness Stiffness
Output shaft 3.20% 3.52%
Left crankshaft 8.32% 10.37%
Right crankshaft 10.31% 11.72%
Table 2. The vibration amplitude of rotation shaft centroid.
The Centroid Vibration Constant Time-Varying
Amplitude (um) Stiffness Stiffness
Output shaft 6.7 6.5
Left crankshaft 9.9 11.3
Right crankshaft 9.6 11.2

Table 3. The mean load on the engine body.
Constant Stiffness Time-Varying Stiffness
Force (N) 4720 6983
CONCLUSION

In this paper, we presented a equivalent model of a
bushing force with a generalized force for the sliding
bearings for their non-linearity of stiffness and damping ratio
of the sliding bearings in work, so that we can have a more
realistic simulation of the Stirling engine for its dynamic
characteristics.

According to the simulations using the proposed time-
varying stiffness and damping ratio model, we’ve found that
time-varying stiffness and damping ratio on the Stirling

5.0 6.0 7.0 8.0 9.0 10.0

engine have a certain impact on the speed fluctuation,
vibration and load of crankshaft and output shaft. The speed
fluctuation of left and right crankshaft and output-shaft has
increased by 24.6%, 13.7%, 10%; The centroid vibration
amplitude of the output-shaft has reduced 3.0%; The load to
withstand has increased 47.9%.

In this article, only the time-varying stiffness and
damping ratio of the crankshaft bearing are considered, while
the time-varying stiffness and damping ratio of the gear
engagement are not included, and it should be developed in
the following research.
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