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Abstract: The water medium (WM) retarder is an auxiliary braking device that could convert the kinetic energy of the vehicle to the 
thermal energy of the coolant, and it is used instead of the service brake under non-emergency braking conditions. This paper 
analyzes the flow distribution based on a mathematical model and analyzes the key factors that could affect the filling ratio and the 
braking torque of the WM retarder. Computational fluid dynamics (CFD) simulations are conducted to compute the braking torque, 
and theresults are verified by experiments. It is shown that the filling ratio and the braking torque can be expressed by the 
mathematical model proposed in this paper. Compared with the Reynolds averaged Navier-Stokes (RANS) turbulent model, the shear 
stress transport (SST) turbulent model can more accurately simulate the braking torque. Finally, the flow distribution and the flow 
character in the WM retarders are analyzed. 
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Introduction� 
With the development of the road transport 

industry, the load of the vehicles and the distance to 
the destination are increased. A heavy-duty vehicle 
(HDV) is a mass dominant system and a braking 
torque is frequentlyrequired to regulate the vehicle 
velocity because of the road complexity. If only 
theservice brake is involved under the braking condi- 
tions, high kinetic energy of the vehicle willtotally be 
converted to the thermal energy of the brake shoe. The 
brake shoe might suffer from the heat recession 
caused by the high temperature in its long-term usage, 
tosignificantly reduce the braking capacity and to 
threat the road safety[1-3]. 

In view of the braking problem stated above, 
abraking system is adopted by the HDVs to produce 
the braking torque as required. The braking system[4] 
includes the engine brake, the hydraulic retarder brake 
and the service brake. The engine brake[5] has afixed 
braking torque once activated and could not be 
regulated according to the braking requirements. 
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However, the braking torque of the hydraulic 
retarder[6] could be adjusted according to the needs. 
When a vehicle is driven under non-emergency 
braking conditions, its braking system could control 
the engine brake and the hydraulic retarder brake to 
produce a braking torque to satisfy the braking requi- 
rements without using the service brake[4], thus, the 
time and the frequency of using the service brake are 
reduced. This control scheme can protect the service 
brake from the heat recession and to better use 
itsbraking capacity under emergency braking condi- 
tions[6,7]. 

The hydraulic retarder could produce a braking 
torque by converting the kinetic energy of the vehicle 
to the thermal energy of the working fluid[8,9]. The 
novel hydraulic retarder is a water medium (WM) 
retarder, and the working fluid is the coolant from the 
coolant circulation. The heat produced along with the 
braking torque can be dissipated by a radiator in the 
coolant circulation[10]. The WM retarder should 
produce a controllable braking torque to satisfy the 
braking requirement sunder complex braking condi- 
tions and then the time and the frequency of the 
service brake usage can be greatly reduced[11,12]. The 
braking torque of the WM retarder can be adjusted by 
the filling ratio[13] (the volume ratio between the fluid 
and the air) of the working chamber when the vehicle 
velocity is constant. The flow field of the working 
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chamber was extensively studied by using the 
computational fluid dynamics (CFD), including the 
influence of the diameter of the circulation circle, the 
number and the angle of the blade on the braking 
torque of the hydraulic retarder and the corresponding 
flow field[14], and  the flow distribution when the 
working chamber is partly filled with working fluid 
based on the two-phase flow[15]. However the me- 
chanism of the generation of the braking torque and 
the key factors that could influence the filling ratio are 
not clearly revealed, and the control strategy of the 
WM retarder remains an issue to explore. 

This paper introduces the coolant circulation and 
the construction of the WM retarder. The flow 
distribution is analyzed by using the fluid mechanics. 
The mechanism of the generation of the braking 
torque is expressed mathematically and the key factors 
that could influence the filling ratio and the braking 
torque are analyzed, which could be directly used in 
analyzing the control strategy of the WM retarder. 
CFD simulations are conducted to compute the 
braking torque by using the Reynolds averaged 
Navier-Stokes (RANS) and shear stress transport 
(SST) turbulent models, respectively. Experiments are 
conducted to verify the CFD simulation results and 
justify the key factors proposed in this study. Finally, 
the flow field of the working chamber is examined to 
analyze the character of the flow distribution. 
 
 
1. Basic analysis of the hydraulic retarder 
 
1.1 Coolant circulation 

Figure 1(a) shows the working mode of the 
coolant circulation system when a WM retarder is not 
activated. The coolant is pumped into the engine water 
jacket from the pump to cool down the engine. The 
two-position, three-way control valve is then closed, 
allowing the coolant to directly flow into the ther- 
mostat and to decide whether to flow into the radiator 
according to the temperature setting. This circulation 
system is similar to a traditional engine coolant circu- 
lation system. The working mode of the coolant 
circulation system when a WM retarder is activated is 
illustrated in Fig.1(b). In this mode, the two-position, 
three-way control valve is opened, compelling the 
coolant to directly flow from the engine water jacket 
to the WM retarder. Subsequently, the coolant flows 
into the thermostat in a similar manner as when a WM 
retarder is not activated. 
 
1.2 Construction analysis 

The principal part of the WM retarder consists of 
the sealing component, the rotor, and the stator, as 
shown in Fig.2. The working chamber is formed by 
the rotor and the stator, and the sealing component is 
used to seal the working chamber. The sealing compo-  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Sketches of the cooling circulation with WM retarder 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2 Sketch of the WM retarder 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3 (Color online) Sketch of the circulation circle and the 

blades 
 
nent is fixed on the stator by bolts, and the stator is 
fixed to the vehicle. The rotor is connected to the 
drive shaft by a spline. When the vehicle is being 
driven, the rotor rotates with the drive shaft constantly. 
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When a braking torque is required, the coolant flows 
into the working chamber through the inlet on the 
stator. Meanwhile, the air in the working chamber 
flows out through the exhaust vent on the stator. The 
coolant continuously generates a braking torque with 
the rotating rotor and then flows out of the working 
chamber through the outlet on the stator. In the 
process, the WM retarder converts the kinetic energy 
of the vehicle to the thermal energy of the coolant. 
The dimension information of the circulation circle 
and the blades are shown in Table 1 and Fig.3. 
 
Table 1 Parameters of the hydraulic retarder 

 Rotor Stator 
Number of blades 20 16 
External diameter 108 mm 110 mm

Inner diameter 58 mm 60 mm
 
1.3 Mathematical model 
    When the WM retarder is working, the rotor can 
produce a braking torque. This section focuses on the 
force analysis of the mean flow in the working 
chamber through fluid mechanics. The generation of 
the braking torque is analyzed. The fluid domain of 
the working chamber is shown in Fig.4. 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 The flow direction of the mean flow in the working 

chamber 
 
    The rotational direction is shown in Fig.4. In a 
working circulation, the working fluid flows from 
position 1 to position 2 because of the centrifugal 
force of the rotational rotor. It flows to the stator from 
position 2 to position 3, and from position 3 to 
position 4 because of the inertial force before finally it 
flows to the rotor from position 4 to position 1. 
 
 
 
 
 
 
 
Fig.5 Working circulation in the working chamber 
 
    The braking torque produced by the WM retarder 
should be analyzed in the rotor domain depicted in 
Fig.5. The fluid domain and the solid object of the 

rotor are taken as the control volume. The interface 
between the rotor and the stator is takenas the control 
surface. The resultant force 1F  is generated when the 
working fluid flows from position 1 1( )v  to position 
2 2( )v . By analyzing the fluid mechanics, the linear 
momentum equation of this process can be expressed 
as[16] 
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where 1F  is the resultant force along the direction of 
the fluid velocity, v is the fluid velocity, rv is the 
fluid velocity relative to the control surface, n  is the 
direction normal to the control surface. 
    The flow field in the WM retarder is unsteady. 
However, the concern of this paper is the overall flow 
field, therefore, it is not important how the flow is 
developed. The working fluid in this research is 
incompressible, and Eq.(2) can be simplified as 
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    For a fixed control volume 
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Equation (1) then becomes 
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where m�  is the working flow rate into and out of the 
rotor, avgv

 
is the average velocity of the working 

fluid into and out of the rotor and �  is the density of 
the working fluid[13]. 
    In Fig.6, 1csA  is the area where the working 
fluid flows into the rotor by the inertial force. 2csA  is 
the area where the working fluid flows out of the rotor 
by the centrifugal force. The areas of 1csA  and 2csA
are equal because of the conservation of mass. 
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We can infer that 
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    The force analysis of the rotor is shown in Fig.7. 
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Fig.6 (Color online) Interface of the rotor 
 
 
 
 
 
 
 
 
 
 

Fig.7 Force analysis of the rotor 
 

3 1= cosF F 

                                                                

(7) 
 
where 
  is the angle of the blades and 3F  is the 
component of the resultant force, normal to 3r  in the 
interface of the rotor. 3F  and 3r  form the braking 
torque. 2F  is the component of the resultant force, 
normal to the interface of the rotor. 
    From Eqs.(2), (3) and (4), the braking torque of 
the hydraulic retarder is 
 

1 1 2= cos ( , )avgM m f r r
v
                                             

(8) 
 

From the Buckingham Theory[11], it can be 
inferred that 
 

3
2 1 2= [ ( , )]m k n f r r� ��

                                                  (9) 
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(10) 
 
where k  and j  are the coefficients, �  is the 
filling ratio and 1f , 2f , 3f  are the functions of the 
diameter of the circulation circle. 
 
1.4 Filling ratio control method 
    The outlet of the working chamber is located at 
position 3 in Fig.4. When the fluid flows to position 3, 
the kinetic energy is increased with the rotational 
speed, causing the pressure wcP  at the outlet to be 

large and closelyrelated with the rotational speed and 
the filling ratio of the working chamber. 
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The Refs.[14,15] support the flow distribution 

generated by the CFD simulations. The flow distribu- 
tion can be summarized as follows: 

(1) The outlet pressure increases with the filling 
ratio while the rotational speed of the rotor remains 
constant. 

(2) The outlet pressure increases with the rota- 
tional speed while the filling ratio of the working 
chamber remains constant. 

Through a fluid mechanics analysis, the relation- 
ships among the rotational speed, the outlet pressure, 
and the filling ratio can be expressed as[16] 
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where l  is the coefficient of the filling ratio, �  is 
the coefficient of the rotational speed, wcP  is the 
pressure at the outlet of the working chamber, and n  
is the rotational speed of the rotor. 
    A large value of l  indicates that a large change 
of the filling ratio is needed to cause a small fractional 
change of the pressure at the outlet of the working 
chamber while the rotational speed of the rotor 
remains constant. A large value of �  indicates that a 
large change of the rotational speed of the rotor is 
needed to cause a small fractional change of the 
pressure wcP  at the outlet of the working chamber 
while the filling ratio of the working chamber remains 
constant. The WM retarders of different dimensions 
have different l  and �  values. 
    In conclusion, when a specific filling ratio is 
required, the pressure control valve mounted at the 
downstream of the outlet can control the outlet 
pressure by simply increasing or decreasing the outlet 
pressure to make it equal to the target pressure, and 
the specific filling ratio of the working chamber can 
be automatically determined by Eq.(9) and (10). 
 
 
2. CFD simulations and experimental verification 
 
2.1 Numerical method 

This section focuses on the CFD simulations of  
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Fig.8 Mesh optimization of the computational domain 
 
the working chamber. The simulations are performed 
by using the ANSYS CFX solver, which is based on a 
three-dimensional incompressible finite-volume me- 
thod. The temperature increase should be analyzed 
because of the conversion of the mechanical energy of 
the vehicle to the internal energy of the working fluid. 
The energy conversion is important in this case, and 
the energy equation must be solved simultaneously. 
The mean flow and the effects of the turbulence on the 
mean flow properties are emphasized in this section as 
well. The RANS and SST are used as the turbulent 
models in the CFD simulations. A high-resolution 
scheme with a second-order accuracy is used for the 
discretization[17,18]. Figure 8 depicts the computational 
domain, including the working chamber, the total inlet, 
and the outlet region. The working chamber includes 
the rotor domain, the stator domain, and the connec- 
tion domain. The unstructured grid is generated by 
using the ANSYS mesh program. The meshes are 
optimized for different parts, and the optimization 
parameters are listed in Table 2. The focus is on how a 
steady status is achieved and not so much on how a 
flow is established; therefore, a steady analysis is 
performed. The parameters of the working fluid are 
listed in Table 3, and the boundary conditions are 
listed in Table 4. 

A grid independence analysis is performed to 
avoid the errors owing to the coarseness of a grid, and 
the numbers of intervals are increased by 20% in all 
directions. The CFD simulations are stabilized until 
the braking torque fluctuates within 0.3% of the torque  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
monitor[19]. Figure 9 presents a comparison of the 
results of simulations using coarse, medium, and fine 
grids, with the RANS and SST as the turbulent models. 
The x - coordinate ( RS ) represent rotational speed of 
the rotor and the y - coordinate ( BI ) represent the 
braking torque. The error analysis indicates that the 
fine grid provides a satisfactory resolution for the 
RANS and the SST. The error between the two 
turbulent models is small when the rotational speed of 
the rotor is small, and the error increases with the 
rotational speed of the rotor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9 Grid independence analysis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.10 Schematic diagram of the test bed 

Table 2 Parameters of the mesh optimization 
Mesh optimization of the rotor domain 

Number of the boundary layers on blades 5 5 5 - 
Growth rate of the boundary layers 1.2 1.2 1.2 - 

Maximum thickness of the boundary layers 1 mm 1 mm 1 mm - 
Element size of the domain 2 mm 2 mm 2 mm - 

Total element number 49 6241 848 574 105 537 24 317 
 
Table 3 Parameters of the working fluid 

Density Specific heat capacity Inlet temperature Dynamic viscosity in 40oC Dynamic viscosity in 20oC
1 027 kg/m3 3 600 J/kg/C 20oC 3.94�10	4 Pa�s 3.94�10	4 Pa�s

 
Table 4 Boundary conditions of the CFD simulations 

Rotational speed Inlet condition 
Bulk mass flow rate 

Outlet condition 
Static pressure 

Exhaust vent condition 
Opening condition 

1 200 rpm, 1 500 rpm 
and 1 800 rpm 180 L/min 0.5 MPa, 1.0 MPa, 1.5 MPa, 

2.0 MPa, 2.5 MPa and 3.0 MPa 105 Pa 
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2.2 Experimental procedure 
    A test bed is built (Fig.10) to analyze the braking 
performance of a WM retarder[20]. The specifications 
and the uncertainties of the measurement devices are 
shown in Table 5. The experiments include three 
steps. 
 
Table 5 Specifications and uncertainties of the measure- 

ment devices 
Measurement 

device Range Uncertainty 

Motor 0 kW-500 kW 0.10%�  
(of full scale) 

Torque meter 0 Nm-3 000 Nm 0.25%�  
(of full scale) 

Manometer 0 MPa-4 Mpa 0.25%�  
(of full scale) 

Oil pump 0 L/min-400 L/min 0.25%�  
(of full scale) 

Thermometer 	40oC-180oC 0.25%�  
(of full scale) 

Pressure 
control valve 0.1 MPa-4 MPa 0.50%�  

(of full scale) 

Flow sensor 0 L/min-500 L/min 0.50%�  
(of full scale) 

 
    Step 1: The motor is activated. The rotational 
speed of the rotor is adjusted to 1 200 rpm. The mass 
flow rate of the pump is adjusted to 180 L/min. 
    Step 2: The outlet pressure control valve is 
adjusted from the maximum opening to the minimum 
opening to maintain the value of the pressure sensor 
( )opP  within that listed in Table 5. The values 
generated by the torque meter and the temperature 
sensor B are recorded. 

Step 3: Steps 1 and 2 are repeated with the rota- 
tional speed set to 1 500 rpm and then to 1 800 rpm. 
 
2.3 Result verification 

Figure 11 shows the comparison between the 
results of the CFD simulations and the experiments. 
The x - coordinate represent outlet pressure and the 
y - coordinate represent the braking torque. Figure 

11(a) and Fig.11(b) show that the CFD simulation by 
using the SST turbulent model is more accurate than 
that by using the RANS turbulent model, and the 
errors are within 5%. Figure 11(a) shows the braking 
torque at different outlet pressures. When the rota- 
tional speed is held constant, the outlet pressure can 
be increased by reducing the outlet channel, the 
pressure of the working chamber can be determined 
by the outlet pressure, and then the braking torque 
increases with the outlet pressure. Figure 11(b) shows 
the temperature rising at different outlet pressures. 
When the braking power increases, an increasing 
amount of the kinetic energy is converted to the 
thermal energy, and the temperature of the coolant 
increases, as detected at the outlet. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.11 Comparison between CFD simulation and experimental 

results 
 
    Figure 12(a) shows the computational results of 
the outlet pressure against the filling rate while the 
rotational speed remains constant. The x - coordinate 
represent outlet pressure and the y - coordinate 
represent the temperature rise of the working fluid and 
the filling rate ( FR ) of the working chamber, 
respectively. From Fig.12(a), a higher outlet pressure  
is needed to keep the same filling rate of the working 
chamber when the rotational speed is increased. 
Figure 12(b) shows the fluid volume fractions in the 
rotor and the stator. When the flow in the working 
chamber is stable, the volume fractions of the rotor 
and the stator are supposed to be the same because the 
rotor and the stator are in symmetric positions. 
However, the fluid volume fraction in the stator is 
larger than that in the rotor domain. This result is due 
to the mounting of the inlet and the outlet on the stator 
domain and the filling of both with coolant without 
air. 

The engine drives the pump in the HDV coolant 
circulation system, thus, the mass flow rate of the 
coolant is determined by the rotational speed of the 
engine. When the vehicle is being driven on the road, 
the mass flow rate of the coolant circulation system is 
dynamically changed. Figure 13 shows the compari- 
son between the CFD simulation and the experimental 
results against the braking torque with respect to the 
outlet pressure when the mass flow rate varies. The 
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results show that the mass flow rate does not influence 
the braking torque. In conclusion, the braking torque 
is totally determined by the rotational speed and the 
filling ratio, which is controlled only by the outlet 
pressure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.12 CFD simulation results 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.13 Braking torques for different mass flow rates 
 
2.4 Flow distribution analysis 
    Figure 14(a) shows the positions of the analytic 
planes. Figure 14(b) shows the flow distributions in 
the planes when the rotational speed is 1 500 rpm. The 
red area represents the coolant, whereas the blue area 
represents the air. Rows X , Y  and Z  show the 
flow distributions when the filling ratios are 92.9%, 
73.3%, and 58.5%, respectively. In row X , the fluid 
volume fraction is 92.9%, and the amount of air is 
relatively small. The flow distribution in the plane 

mainly reflects the red region. However in row Z , 
the air volume fraction increases, and the flow 
distribution reflects a large blue region. The flow 
distributions represented in column A, Row Y  and 
column E, row Y  show that the fluid is mainly 
concentrated outside the circulation circle because of 
the centrifugal force and the inertial force caused by 
the rotational rotor. Moreover, the air is distributed at 
the center of the circulation circle. The flow distri- 
butions represented in column A, row Z  and column 
B, row Z  show that the coolant is mainly concen- 
trated on the pressure side of the blades and that the 
air is concentrated on the suction side of the blades 
because of the centrifugal force and the inertial force. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.14 (Color online) Flow distribution analysis for partly filled 

cases 
 
 
3. Conclusions 

This paper presents the construction of a WM 
retarder and the coolant circulation system when a 
WM retarder is involved. On the basis of the 
mathematical model of a WM retarder, the filling ratio 
control method is analyzed. The CFD simulations are 
carried out by using RANS and SST turbulent models. 
Experiments are conducted to verify the CFD simula- 
tion results and justify the control method proposed in 
this study. Compared with the experimental results, 
the results of the CFD simulation by using the SST 
turbulent model is more accurate than those obtained 
by using the RANS turbulent model. The results also 
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show that the control method obtained by the CFD 
and fluid mechanics analysis in this paper can 
effectively control the filling ratio of the WM retarder. 
Finally, the flow field of the working chamber is 
examined to analyze the character of the flow distribu- 
tion. Several conclusions are as follows: 

(1) The filling ratio of the WM retarder is 
determined by the rotational speed of the rotor and the 
outlet pressure but is not influenced by the mass flow 
rate into and out of the working chamber. 

(2) The braking torque of the hydraulic retarder, 
when the model is confirmed, is determined by 
Eqs.(5)-(7), which indicates that the blades angle, the 
working fluid rate into and out of the rotor and the 
average velocity of the working fluid are the key 
parameters. To maximize the braking torque, the 
desirable blade angle should be selected with aspecific 
model and the smooth circulation circle should be 
preferred to increase the mass flow rate and the 
average velocity of the working fluid. 
    (3) The fluid is mainly concentrated outside the 
circulation circle and on the pressure side of the 
blades because of the centrifugal force and the inertial 
force. The air is mainly concentrated at the center of 
the circulation and on the suction side of the blades. 
The outlet for the air should be located at the center of 
the circulation, where the air is concentrated. 

(4) In the analysis of the control strategy of the 
WM retarder, the relationships among the rotational 
speed, the outlet pressure, and the filling ratio can be 
obtained by CFD simulations. The relationship bet- 
ween the position of the spool of the valve and the 
outlet pressure can be obtained by experiments. Then, 
the braking torque can be controlled by controlling the 
outlet pressure of the WM retarder, and the braking 
requirements can consequently be satisfied. 
    (5) The SST turbulent model is more accurate in 
the CFD simulation, especially in the simulations of 
the rotational flows, as is verified in this research. The 
braking torque temperature rise errors between the 
CFD and the experiments are within 5%. 
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