Send Orders for Reprints to reprints@benthamscience.ae

58 The Open Mechanical Engineering Journal, 2015, 9, 58-64

Research on Parametric Design of Hydraulic Retarder Based on Multi-
Field Coupling of Heat, Fluid and Solid

Kuiyang Wang', Jinhua Tang and Guoqing Li

School of Automotive and Traffic Engineering, Jiangsu University of Technology, Changzhou, 213001, China

Abstract: In order to optimize the design method and improve the performance of hydraulic retarder, the numerical
simulation of multi-field coupling of heat, fluid and solid is carried out to hydraulic retarder, based on the numerical
computation and algorithm of heat-fluid coupling and fluid-solid coupling. The computation models of heat-fluid coupling
and fluid-solid coupling of hydraulic retarder are created. The three dimensional model of hydraulic retarder is established
based on CATIA software, and the whole flow passage model of hydraulic retarder is extracted on the basis of the three
dimensional model established. Based on the CFD calculation and the finite element numerical simulation, the
temperature field, stress field, deformation and stress state are analysised to hydraulic retarder in the state of whole filling
when the rotate speed is 1600 r/min. In consideration of rotating centrifugal force, thermal stress and air exciting vibration
force of blade surface, by using the sequential coupling method, the flow field characteristics of hydraulic retarder and
dynamic characteristics of blade structure are analysised and researched based on multi-field coupling of heat, fluid and
solid. These provide the theoretical foundation and references for parametric design of hydraulic retarder.
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1. INTRODUCTION

Hydraulic retarder is one of the auxiliary braking devices
for modern heavy vehicles, which extend the service life of
the brake and tyre by diverting brake load and reducing the
number of braking. Through the use of hydraulic retarder,
the comfort performance, reliability and security of vehicle
can be improved [1]. When the hydraulic retarder works, the
oil within hydraulic retarder will move along the axial
direction and the blade direction of driving wheel under the
driving of driving wheel. The oil which moves along blade
direction is thrown to the fixed wheel, the blades of fixed
wheel return function on the oil and act on the driving wheel
through the oil. These block the rotation of driving wheel
and the braking torque is produced. Thus, the speed of
driving wheel is reduced to realize effect of retarder braking

[2].

In this process, the loading conditions of blade are very
complex. It is mainly affected by some factors such as
changing centrifugal force, fluid exciting force, liquid
thermal deformation, etc. This will lead to the forced
vibration of blade, and the vibration for a long time easily
leads to fatigue failure of blade. At present, the study on
strength of hydraulic retarder’s blade is mainly concentrated
in considering the effect of centrifugal force, without
considering the effects of temperature and fluid on the
deformation of blade. In fact, the rising of temperature of oil
and the variation of fluid pressure will cause thermal
deformation of the blades. In this paper, by using the
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sequential multi-field coupling method based on heat-fluid
coupling and fluid-solid coupling, the temperature field,
pressure field, stress and strain of hydraulic retarder are
analysised. These provide the theoretical foundation and
references for parametric design of hydraulic retarder.

2. ESTABLISHMENT OF MATHEMATICAL MODEL
OF COUPLING

Coupling is a kind of phenomenon on the interaction and
mutual influence between two or more than two physical
quantities [3]. The coupling of hydraulic retarder is mainly
reflected in the mutual influence and mutual superposition of
flow field, temperature field and structure field, and the
multi-field coupling is formed eventually [4].

2.1. Mathematical Model of Heat-Fluid Coupling

The essence of heat-fluid coupling for hydraulic retarder
is the interaction and mutual influence between temperature
field and flow field [5]. The temperature field changes the
velocity of fluid through influencing the characteristics of
fluid such as the density and viscosity of oil. At the same
time, the distribution of flow field decides the distribution
trend of temperature field [6]. In the study of convective heat
transfer, the fluid is usually regarded as continuous fluid.
Taking a micro volume of fluid (i.e., control volume) as the
object of study, considering the dynamics and
thermodynamics properties of fluid in the control volume,
the basic differential equations which are generally
applicable are obtained. The basic control equations required
on solving flow field and temperature field of hydraulic
retarder are shown as follows [7].

The continuity equation:
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where p is the density of fluid.
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The momentum equation:
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where p is the pressure of micro volume of fluid.

The energy equation:
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where h is specific enthalphy, k is thermal conductivity, ® is
dissipative terms.
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The differential equations composed of formula (1), (2)
and (3) are closed. The thevelocity field and temperature
field can be obtained by means of numerical solution
method.

2.2. Mathematical Model of Fluid-Solid Coupling

When the hydraulic retarder works, the transient flow
field in the working cavity applies unsteady fluid force in
blades, so that the blades produce deformation and vibration.
The deformation and vibration effect on flow field in turn, so
that the flow state of flow field changes. This interaction will
produce a wide variety of fluid-solid coupling phenomenons.
Based on Newton's laws of motion, using the finite element
method, the dynamic equations of structure can be set up.

According to the coupling mechanism, the problems
about fluid-solid coupling can be divided into two categories
[8]. The first class of problems are that the coupling effect
occurs only at the boundary between fluid and solid. The
second class of problems are that the fluid domain and solid
domain part or all overlap together, which are difficult to
separate. According to the working characteristics of
hydraulic retarder, the fluid in working chamber and the
blades interact each other in the interface of fluid-solid
coupling. The flow field applies a transient load on the
blades, the deformation of blades in turn affect the
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distribution of flow field, then the output characteristics of
hydraulic retarder are changed. Therefore, the fluid-solid
coupling of hydraulic retarder belongs to the first class
problems, whose coupling effect can be achieved by
differential equations.

MF+Cr+Kr+f,+/f,=0 4)

where 1 is the displacement vector, Cs is the damping matrix,
M is the mass matrix, K is the stiffness matrix, f, is the
node vector of fluid power in the interface between fluid and
solid, f, are other external excitation vectors in addition to f,.

In the interface between fluid and solid, the pressure
distribution of fluid element in the Formula (2) can be
dispersed approximately as follows.

P =Nlp, (6)

where p. is the node pressure vector of fluid element, N, is
the shape function vector of fluid element.

Because the finite element equations of fluid-solid
coupling of hydraulic retarder belong to the nonlinear partial
differential equations, the methods used to solve the iterative
solution of linear algebraic equations are adopted. Using the
integrated solution method, the motion equations of structure
and fluid are combined with each other. Thus, the unified
equations of fluid-solid coupling system are formed, and the
unified numerical methods are adopted to solve
simultaneously. Therefore, the integral differential equations
formed by fluid equations and structural equations are shown
as follows.

F/'[xf ’ ds (xs )]

Flx.t, (xf )] "
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where x = (Xy, X), Xris the vector waiting for solving of fluid
equations, X is the vector waiting for solving of structural
equations, F; is the structural equations, and F is the fluid
equations.

The variables of fluid equations include the displacement
variable d, of structure, and the variables of structural
equations include the stress variable t; of fluid. It can be seen
that the fluid equations and the structure equations are
coupled.

Using the Newton-Raphson method, the formula (7) is
solved. The result is shown as follows.
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The partial derivative of formula (8):
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Xy+1 €Xpresses the next iteration value.

X, =X, +Axk =

(10)

where Axgy is the variable in fluid equations, AXgy is the
variable in structure equations.

It can be obtained as follows by the formula (8) ~ (10).

Fru __ Tyl | Ay (an
F;,k T;/Tu Axs,k

In order to improve the constringency of numerical
solutions of fluid-solid coupling in the formula (11), the
relaxation coefficient A is added to the formula (9), and
substituted into the formula (11). It can be got as follows.

Fra __ Ty ATy Ax (12)
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where Ay is the relaxation coefficient of structure
displacement, A, is the relaxation coefficient of fluid stress.

3. SIMULATION OF HEAT-FLUID COUPLING OF
HYDRAULIC RETARDER

In this paper, the effective diameter of trus section of
hydraulic retarder is 465 mm, the cavity shape of working
chamber is oblate, the blades of driving wheel and fixed
wheel are straight blades whose front rake is 50°, the spacing
of driving wheel and fixed wheel is 4 mm.

Based on CATIA software, the three dimensional model
of hydraulic retarder is established. The whole flow passage
model of hydraulic retarder is extracted on the basis of the
three dimensional model established. The geometry model of
liquid channels of working chamber is shown in Fig. (1).

Fig. (1). Geometric model of flow passage extracted.

The mesh of whole flow passage model is divided by
using ICEM software, and the total number of grid cells
obtained is 652552. The mesh model of whole flow passage
is shown in Fig. (2).
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Fig. (2). Mesh model of whole flow passage.

3.1. Setting of Boundary Conditions

In the simulation of hydraulic retarder, according to the
flow model and internal flow, the following three kinds of
boundary conditions are set mainly. They are the boundary
conditions of inlet and outlet, the boundary conditions of
wall and the boundary conditions in the interface between
driving wheel and fixed wheel.

The boundary conditions of inlet and outlet refer to the
situation of appointing flow variables in the boundary of
inlet and outlet. The inlets and outlets of hydraulic retarder
are located in the outer race of fixed wheel. In the process of
CFD numerical simulation, the boundary conditions of inlet
are set to velocity-inlet, and the boundary conditions of
outlet are set to outflow.

The outer ring surfaces of driving wheel and fixed wheel
and the blade’s surfaces are not deformable walls in the
calculation area. Because the fixed wheel is fixed and the
driving wheel rotates with a certain angular velocity, the
outer ring surface of driving wheel and the blade’s surfaces
of driving wheel are set up to the moving walls whose speed
of revolution is 0 r/min relative to the calculation region of
driving wheel, and the outer ring surface of fixed wheel and
the blade’s surfaces of fixed wheel are set up to the
stationary walls.

Because of the interaction between driving wheel and
fixed wheel of hydraulic retarder, the working fluid flows in
and out in the interface at the same time, and the internal
flow is very complex. In this paper, in order to take the fixed
wheel and the driving wheel into a computational domain for
simulation analysis. Using the sliding mesh method, the flow
in the interface between fixed wheel and driving wheel is
dealed with. The specific boundary conditions are shown as

Fig. (3).

3.2. Simulation Analysis

Because the distribution of temperature field and flow
field under different speed are similar when the hydraulic
retarder is filled with fluid. In this paper, the temperature
distribution and flow field distribution in the working cavity
of hydraulic retarder and the surface of blade are mainly
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analysed to hydraulic retarder in the state of whole filling
when the rotate speed is 1600 r/min.

Interface

Stationary wall

Moving wall

Fig. (3). Setting of boundary conditions.

The full passage way is selected as the computational
region, the sliding mesh technique is used to solve the
mutual interaction between fixed wheel and driving wheel
during the calculation of fluid. The turbulence model applies
the standard k-¢ model, the coupling algorithm of velocity
and pressure uses the SIMPLEC algorithm, the spatial
discretization adopts the discrete differential equations of
two order scheme, the iterative calculation of algebraic
equation takes secondary relaxation. After initializing the
flow field in the solver and setting the step size of time and
the number of iterations at the same time, the iterative
calculation is carried out.

When the residual value is satisfied with the convergence
criterion, then the calculation is accomplished. Otherwise,
the iterative calculation continues until it reaches the
convergence criterion. Finally, the internal flow field and
temperature field of hydraulic retarder are obtained
according to the output of calculation results. The
temperature field distribution of hydraulic retarder is shown
as Fig. (4).

It can be seen from Fig. (4) that the highest temperature
of hydraulic retarder is 391 K when the hydraulic retarder is
filled with fluid. The temperature of outer ring of fixed
wheel is higher than the temperature of its inner ring, but the
temperature of outer ring of driving wheel is lower than the
temperature of its inner ring. This is because the liquid of
working chamber suffers the effect of blades of driving
wheel and the centrifugal force, the mechanical energy of
driving wheel is transformed into the kinetic energy of
working fluid. The liquid of working cavity is
incompressible viscous liquid. Therefore, the velocity
gradient of liquid is greater, the internal friction of
moleculars is greater, and the heat generated is more. In the
inner ring of driving wheel, the velocity of working liquid is
low and there is a big difference with the speed of driving
wheel, which leads to higher temperature in the inner ring of
driving wheel. When the working liquid gradually moves
from the inner ring to the outer ring of driving wheel, the
velocity of working liquid raises with the increase of the
radius, so the heat generated is on the decrease. Similarly,
when the working liquid with very high energy rushes from
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the exits of driving wheel to the static fixed wheel, the more
heat is produced because of the speed difference between the
working liquid and the fixed wheel. When the working liquid
flows back to the entrances of fixed wheel, the heat become
smaller.
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Fig. (4). Temperature field distribution of hydraulic retarder.

When the hydraulic retarder works, the working liquid
circulates in the flow passage. The fluid of hydraulic retarder
forms two special surfaces in a flow cell, which are the
pressure surface and the suction surface. The pressure
surface is the surface effected directly by working liquid, and
is main working surface when the hydraulic retarder works.
The suction surface is the surface which is not effected
directly by working liquid. The static pressure distribution
nephograms of suction surface and pressure surface of
driving wheel are shown as Figs. (5, 6) respectively.
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Fig. (5). Distribution map of suction surface of driving wheel.



62 The Open Mechanical Engineering Journal, 2015, Volume 9

It can be seen that the pressure distribution of suction
surface of driving wheel displays as a decreasing trend from
the outer ring of blade to the center of circle from Fig. (5).
However, there is a large area of low pressure at the leading
edge of blades. This pressure gradient is mainly generated by
the centrifugal force of working liquid. The zone of
continuous negative pressure appears in the leading edge of
some blades, which is mainly because this region
corresponds to the oil inlet position of fixed wheel. The fluid
with high speed rushes into working chamber, the low
pressure zone is produced within this area, and it leads to the
generation of part hydraulic loss.
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Fig. (6). Distribution map of pressure surface of driving wheel.

It can be seen that the region of high pressure of pressure
surface is more than suction surface, because the pressure
surface of driving wheel is taken as the main working plane
from Fig. (6). During working process, because the pressure
surface of driving wheel suffers the enormous impact of
working liquid, the velocity of liquid decreases rapidly and a
large range of high pressure area is formed on the pressure
surface. Due to the larger impact, the entrance of working
liquid also produces a local high pressure zone. At the same
time, the outer ring also produces high pressure under the
action of centrifugal force. The static pressure distribution of
each different channel is roughly same, just the change scope
of respective pressure is different.

The static pressure distribution nephograms of suction
surface and pressure surface of fixed wheel are shown as
Fig. (7) and Fig. (8) respectively. It can be seen that the
static pressure distribution trends of suction surface and
pressure surface of fixed wheel are similar to the driving
wheel from Figs. (7, 8). The static pressure distribution of
suction surface of fixed wheel displays as a decreasing trend
from the outer ring of blade to the center of circle, and there
is a large area of low pressure at the leading edge of blades.
Because the three oil inlets of hydraulic retarder are arranged
in the vicinity of the leading edge of fixed wheel’s blades,
and the blades near oil inlets are relatively thick. At the same
time, because the liquid rushes into working chamber with
high speed from the inlets of hydraulic retarder, the larger
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area of negative pressure appears in the leading edge of part
blades.

It can be seen that the pressure distribution of pressure
surface of fixed wheel is similar to the driving wheel from
Fig. (8). The pressure gradually diminishes from the outer
ring of blade to the center of circle, and the value of pressure
in the center of circle is minimum. The speed of working
fluid increases after absorbing energy from the inside of
driving wheel. The fluid with high speed directly impacts the
pressure surface of fixed wheel. Due to the hindrance of
fixed wheel, a large number of shock losses are produced
and a wide range of high pressure area is formed. In the
working process of hydraulic retarder, the mechanical energy
of driving wheel is transformed into the kinetic energy of
liquid. The fluid with high energy impacts to the pressure
surface of fixed wheel, and a large area of high pressure is
formed. The part of high pressure zone is produced near the
outer ring at the root of blades, because the fluid which flows
from the driving wheel has higher kinetic energy.
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Fig. (7). Distribution map of suction surface of fixed wheel.

3.3. Simulation of Fluid-Solid Coupling of Hydraulic
Retarder

The temperature field and pressure field of fluid obtained
by the analysis in FLUENT software are taken as the
boundary conditions, which are applied to the blades of fixed
wheel and driving wheel. And the centrifugal forces are
separately applied on the fixed wheel and the driving wheel,
then the analysis of fluid-solid coupling is carried out to
hydraulic retarder. When the hydraulic retarder is filled with
liquid, the deformation contour map of fixed wheel under the
coupling action of centrifugal force and working fluid
together is shown as Fig. (9). It can be seen from Fig. (9) that
the deformation of fixed wheel gradually becomes larger
with the increase of rotating radius. The maximum
deformation of fixed wheel appears in the outer end face of
fixed wheel and its value is about 0.011455 mm when the
hydraulic retarder work. The deformation of blade of fixed
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wheel becomes smaller gradually along the direction of
cavity.
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Fig. (8). Distribution map of pressure surface of fixed wheel.
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Fig. (9). Deformation contour map of fixed wheel.

The stress contour map of fixed wheel under the coupling
action of centrifugal force and working fluid together is
shown as Fig. (10). The areas of larger stress focus on the
blades, and present ring distribution of the equivalent stress.
The stresses on the blades are uniform. Because the fixed
wheel undergoes the interaction of centrifugal force, the rigid
constraint position of shaft hole of fixed wheel is under
tensile stress, and appears the phenomenon of stress
concentration. There is stress concentration at the root of
blades corresponding to the inlets and outlets of fixed wheel.
In the process of stirring fluid, the working plane of fixed
wheel’s blade is under pressure, and the non working plane
of fixed wheel’s blade is under tensile stress. The stress
distribution on the blade becomes smaller gradually from the
leaf end along the axial direction.
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Fig. (10). Stress contour map of fixed wheel.

When the hydraulic retarder is filled with liquid, the
deformation contour map of driving wheel under the
coupling action of centrifugal force and working fluid
together is shown as Fig. (11). It can be seen from Fig. (11)
that the deformation of driving wheel gradually becomes
larger with the increase of rotating radius. But, the maximum
deformation of driving wheel appears on the blade of driving
wheel and its value is about 0.019624 mm, which is higher
than the deformation of fixed wheel’s blade. This is because
the pressure, which the working fluid impacts the blade of
driving wheel, plays a main role on the deformation of
driving wheel’s blade. The maximum deformation of driving
wheel” blade appears on the center area of external end face
of blade.
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Fig. (11). Deformation contour map of driving wheel.

The stress contour map of driving wheel under the
coupling action of centrifugal force and working fluid
together is shown as Fig. (12). The maximum stress effects
on the driving wheel’s blade, and at the same time, there is
larger stress in the rigid constraint position of shaft hole of
driving wheel. The phenomenon of stress concentration
appears at the root of blades corresponding to the inlets and
outlets of driving wheel. Meanwhile, there is greater stress in
the blade near the region. The fluid with high speed which
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flows from the entrances of fixed wheel impacts the blades
of driving wheel. In the process of stirring fluid, the working
plane of driving wheel’s blade is under pressure, and the non
working plane of driving wheel’s blade is under tensile
stress. The stress of working surface of blade is large in the
outer end, and is small in the center region. While the stress
distribution of non working surface is more uniform.

Fig. (12). Stress contour map of driving wheel.

CONCLUSION

In this paper, the three dimensional geometric model of
hydraulic retarder is established based on CATIA software,
and the whole flow passage model of hydraulic retarder is
extracted on the basis of the three dimensional model
established. The CFD calculation and finite element
numerical simulation are carried out to hydraulic retarder by
using the multi-field coupling method of heat, fluid and
solid, the distributions of temperature field, pressure field
and stress field of hydraulic retarder are obtained, and the
performance of hydraulic retarder is forecasted. The results
of analysis show that the speed has great influence to the
stress distribution of blade and the effect of fluid pressure on
blade is very significant when the hydraulic retarder is filled
with fluid. Therefore, it is needed to ensure the strength of
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blade’s root in the process of design to avoid stress
concentration. These provide the theoretical foundation and
references for optimization design and performance
prediction of hydraulic retarder.
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