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RESEARCH ARTICLE

Cooling Performance Analysis for Mobile Vehicles by
Thermal Resistance Network

Chia-An Yang ?, Pi-Hsia Yen "*, Jung-Chang Wang ***

? Department of Marine Engineering(DME), National Taiwan Ocean University(NTOU), Keelung, 202301, Taiwan
b Department of Tourism and Leisure Management, Yu Da University of Science and Technology, Miaoli County, 36143, Taiwan, ROC

Abstract

This paper used CFD software to simulate the cooling situation of the engine space of a mobile vehicle. In particular,
we used a thermal resistance network diagram to calculate the heat flux at each position of the power system. The CFD
simulation results are discussed in Section 3 of this paper: the error between the simulation results and the experiment
was 10.07 %. Noteworthily, the thermal resistance network diagram proposed in this paper can reduce the time for

numerical simulation by evaluating the heat flux at each position of the power system.

Key words: Heat dissipation, Heat transfer parameters, Armored car

1. Introduction

n this study, we investigated the cooling per-
formance of a powertrain room in a four-stroke,
six-cylinder diesel engine vehicle. The analysis
encompassed the engine, gearbox, and turbo-
charger, as well as other subsystems such as the
cooling system, intake and exhaust system, AC
generator, air compressor, power steering pump,
hydraulic pump, and brake system. The entire
powertrain system was electronically controlled,
with the electronic control unit (ECU) partitioning
and managing the system behavior through real-
time sensing and feedback signals from the engine
and gearbox. It must be noted, however, that the
high loads imposed on the powertrain system dur-
ing mobile operations can result in higher temper-
atures in the powertrain room. In addition,
inadequate cooling system performance may lead to
failures in electronic systems such as the ECU.
Based on the existing cooling system design, we
measured the surface temperatures of the power-
train components, analyzed their potential impact,

and integrated experimental and simulation anal-
ysis techniques to establish the powertrain system's
numerical simulation model of the powertrain sys-
tem. Furthermore, we employed Newton's cooling
law and thermal resistance analysis to express the
relationship between cooling performance and
power room heat source distribution.

Murakami and Kato [1] used the k-g¢ model to
simulate the interior flow field situation. Mean-
while, Han [2] extended this application to cars and
analyzed the heat transfer distribution. The simu-
lation parameters were set through experimental
values, including the air outlet temperature. The
vehicle was set to two conditions, namely the
isothermal boundary and adiabatic wall. The results
showed that the conditions of the isothermal
boundary are more consistent than the adiabatic
wall. The research involving mobile states and nu-
merical simulation processes needed to consider the
aerodynamics of the vehicle's external airflow to
match the pressure and velocity distribution in the
real operational flow field.

Related research discussed numerical simulations
of vehicle aerodynamic resistance. For instance,
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Makowski [3] used Fluent to perform modifications
on the intake of the F-1 race car's inlet-air box, with
the calculation domain including the inlet-air box
and its surrounding areas and using a hybrid mesh
with 1.04 million cells. Kleber [4] also used Fluent to
simulate the external flow field of a sedan, with
approximately 3 million hybrid mesh in the nu-
merical simulation process. In accelerating conver-
gence, a first-order upwind scheme was used for the
first 300 iterations of the simulation process, fol-
lowed by a second-order upwind scheme for further
iterations. The error between the estimated drag
coefficient and experimental values was approxi-
mately 5—10 %. Current simulations of vehicle
aerodynamics use steady-state and incompressible
flows. The accuracy of simulation results was highly
dependent on the quality of the mesh, usually
compared with experimental data.

The results and discussions of the cooling per-
formance analysis can be presented not only by
temperature but also through the Nusselt number,
equivalent heat transfer coefficient, thermal resis-
tance, and other methods [5—7]. Olsson et al. [8]
used computational fluid dynamics (CFD) to inves-
tigate the heat transfer phenomenon of a cylinder
placed in a semi-enclosed area and subjected to
impinging airflow. Noteworthily, the SST (Shear
Stress Transport) model in CFX 5.5 with k-¢, k-w
and SST modes provided the most accurate pre-
diction. The local Nusselt number was used to
represent the heat transfer effectiveness at different
locations, and the correlation between the Nusselt
number and factors — such as Reynolds number
(23000—100000) around the cylinder, distance from
the jet inlet to the cylinder, ratio of the distance from
the jet inlet to the cylinder diameter, and cylinder
curvature — was discussed. The results showed that
the local Nusselt number varied with the surface
position of the cylinder but was less influenced by
the distance from the jet flow to the cylinder.

Yang et al. [9] conducted a study on the influence
of a nozzle angle on the cooling effectiveness of an
aluminum plate during the aluminum plate pro-
cessing cooling process. The cooling target was a
300 mm x 10 mm aluminum alloy flat plate with a
nozzle diameter of 2 mm. The distance between the
flat plate and the nozzle was 150 mm, and the spray
angle ranged from 10° to 110°. In addition, the
simulation process used the SIMPLE algorithm. The
results were discussed based on the average surface
temperature and heat transfer coefficient. The re-
sults showed that larger spray angles resulted in a
more uniform average surface temperature, thus
improving the uniformity of the cooling process.
The optimal range of spray angles for cooling was

found to be 70°—90°. At a spray angle of 70°, the
average heat transfer coefficient reached approxi-
mately 280 W/m?K], and the average temperature of
the aluminum plate dropped to 685 °C.

Li et al. [10] conducted a study on the heat dissi-
pation effectiveness of plate-fin heat sinks. They
investigated parameters, including Reynolds num-
ber (5000—25000), the distance ratio between the
inlet and the fin to the nozzle diameter (Y/D),
ranging from 4 to 28, the ratio of the single fin width
to overall fin length (W/L) ranging from 0.08125 to
0.15625, and the ratio of the single fin height to the
overall fin length (H/L), ranging from 0.375 to 0.625.
The results were discussed based on thermal resis-
tance. In particular, the findings showed that
increasing the Reynolds number reduced thermal
resistance and improved cooling effectiveness. The
appropriate distance between the nozzle and the fin
also reduced the thermal resistance. Additionally,
the height of the fin had a more significant impact
on the thermal resistance compared to the width.
Through thermal resistance analysis, the Reynolds
number of 20000, Y/D of 16, W/L of 0.1375, and H/L
of 0.625 were found to be the optimal parameters for
the lowest thermal resistance and the best cooling
effectiveness. Notably, the heat dissipation effec-
tiveness discussed in thermal resistance analyses
has been applied in various fields.

2. Research methods

2.1. Experimental program

The vehicle dimensions are shown in Fig. 1, with
the powertrain system located in the front of the
vehicle, serving as the heat source in the engine
room. The vehicle had two air intakes and one
exhaust outlet for dissipating heat from the engine
room, which included two radiator fans to remove
the heat. It must be noted that the thermal perfor-
mance experiments in this study were conducted
under mobile operation. Therefore, the experi-
mental process involved increasing the vehicle load
by driving on an uphill road segment, followed by
driving on a flat road segment and repeating the
uphill process about 15 times. The total testing time
was 30 min, with the air conditioning system turned
off during the experiments. In addition, the experi-
ment was briefly paused twice during the process,
with an ambient temperature of 16 °C. The heat
generated by the engine after starting was dissi-
pated by the incoming air into the engine room. The
temperatures were measured using thermocouples
and infrared thermography, while the wind speed
was measured using the TES hot-wire anemometer.
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Fig. 1. Vehicle dimensions.

The schematic diagram of the experimental setup is
shown in Fig. 2.

During the mobile testing process, the vehicle was
driven on a flat road at approximately 20 km/hr, with
an external wind speed ranging from 4.6 m/s to 6.5 m/
s. The temperatures were measured at eight posi-
tions, including inlet 1, inlet 2, outlet, engine surface,
charge cooler's inlet, charge cooler's outlet, radiator's
inlet, and radiator's outlet, as shown in Fig. 3.

It can be observed in this study that the outlet
temperature from the engine room immediately
dropped to about 15 °C, as shown in Fig. 3(a). On the
other hand, the charge cooler's inlet temperature
was directly related to the exhaust temperature
decreasing around 40 °C, as shown in Fig. 3(b).

Thermocouples

& F

Data
PC Recorder

/B —

Hot-wire
anemometer

IR thermal
imaging device

Fig. 2. Schematic diagram of the experimental setup.

These results are due to the brief pause during the
process. Thus, the cylinder's internal temperature
was less affected by the ambient temperature,
resulting in the water cooler's inlet temperature
remaining relatively stable, as shown in Fig. 3(c).
The inlet temperature of the water cooler could be
used to determine the engine experiences at a
maximum thermal load condition during the entire
mobile experiment. Through this mobile testing
process, the heat dissipation capability and charac-
teristics of the powertrain system under a maximum
thermal load during driving conditions were ob-
tained, as shown in Fig. 4.

Under mobile operation, the cooling air entered
the powertrain room through inlet 1 and inlet 2.
Subsequently, it was exhausted from the powertrain
room by a fan, with an exhaust temperature of
75.9 °C. The cooling air inside the powertrain room
cooled the engine, turbocharger, air cooler, and
water cooler. Consequently, the surface tempera-
ture of the engine was 88.7 °C while that of the
turbocharger was 190.8 °C.

2.2. Numerical simulation

Numerical analysis is a field of CFD that in-
tegrates fluid mechanics, discrete mathematics, nu-
merical methods, and computer technology. It can
be wused after experiments to conduct more
comprehensive flow field analysis by adjusting pa-
rameters and discuss experimental scenarios under
different simulation parameter settings.
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Fig. 3. (a) Temperature during the experiment. (b) Temperature during the experiment. (c) Temperature during the experiment.

This study used ANSYS ICEPAK for analysis and
to simplify the vehicle body and powertrain com-
ponents into a simulation model, as shown in Fig. 5.
The model includes several block-shaped heat
sources, such as the engine, turbocharger, gearbox,
water cooler, and air cooler.

The mobile operation simulation used the zero-
equation model for turbulent flow analysis. The
meshes were approximately 3.62 million. The
boundary conditions are as follows:

1. The working fluid was assumed to be
incompressible.

2. The ambient temperature was 16 °C.

3. The flow condition was turbulent, with gravity

acting in the negative y-direction.

4. Radiative heat effects were neglected.

5. The mobile motion process was approximated
by a maximum wind speed of —4.9 m/s in the x-
direction.

During the operation process, the engine drove the
propulsion bearing as energy passed through several
mechanical structures, causing wear losses. This part
of the loss was simplified at a gearbox position in the
simulation process. In particular, the fan speed was
2200 rpm, the volume flow was 2.64 m>/s, and the fan
static pressure was 759.611 N/m?. The fuel oil con-
sumption was 11.594 L, the oil density was 0.8 kg/m?,
and the heating value was 11,025 kcal/kg.

The thermal energy provided by fuel oil was
237.787 (kW), calculated using Eq (1).
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Fig. 4. Heat dissipation capability and characteristics of the powertrain
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Qi = consumption x heating valuex (1 0

— Engine heat efficiency—2.0%)
In Eq (1), 2.0% represents the losses from incom-
plete combustion. The engine heat efficiency was
around 34 %. The remaining energy is lost through
friction, exhaust, and heat consumption. The heat
transfer loss should be 147.666 (kW).

2.3. Thermal resistance analysis

The thermal performance's experimental envi-
ronment was limited. Hence, this study proposed a

Outlet

Inlet 2
Cooling fan
Radiaror and Air cooler

Turbo charge
Inlet 1
Transmission

Engine

Fig. 5. Simulation model.

thermal resistance network diagram to analyze the
heat dissipation of each power system heat source
(i.e., engine, turbocharger, gearbox, water cooler,
and air cooler) as a setting parameter for the simu-
lation. Thermal resistance is defined by Eq (2).

AT
Rthermul Ea (2)

where Rinermal represents the thermal resistance
(°CIW), AT is the temperature difference (°C), and Q
is the heating power (Watt).

Based on the definition, thermal resistance can be
used to evaluate the heat dissipation performance of
a heat sink. A larger thermal resistance indicates
that heat transfer is less efficient, resulting in a
higher temperature of the heat source for the same
heating power. Conversely, a smaller thermal
resistance results in a lower temperature of the heat
source and a better heat dissipation performance.
Therefore, this study proposed a thermal resistance
network during mobile operation, as shown in
Fig. 6.

As shown in Fig. 6, the total heat energy generated
by the engine is referred to as Q;,, which is divided
into three parts transferred out of the engine. The
first part is Q;, the heat energy carried away by the
exhaust. The second part is Q,, the heat energy
carried away by the cooling water, and the third part
is Qg, the heat energy transferred to the bearing
through the crankshaft. Among them, the heat en-
ergy of Q, is divided into three parts after passing
through the turbocharger: Q; is the heat energy
discharged to the atmosphere through the exhaust
pipe; Qg is the heat energy transferred to the surface
of the turbocharger; Qs is the heat energy trans-
ferred to the intake side of the turbocharger.
Further, the energy of Q, is divided into two parts:
Qg is transferred through the jacket cooling water,
while Q7 is transferred through the cylinder's cover
to the surface of the engine.

Rs R
Q‘ |—. A A
o T,
|—> R, Q‘. Ru Ru
T: Ts
R Rs Ris
Nl A% N A
Ul Ts T,
om_R . R
Qm_, 9‘ Rs Ts
T: Ts i |
Rs Rie 10
()'_> P 3 ey
L' Ro Rus
Qx T”

Fig. 6. Thermal resistance network for powertrain system during mobile
operation.
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The temperature values are defined as follows:
T, is the average temperature inside the engine;
T, is the exhaust temperature of the engine;

T; is the inlet temperature of the water cooler;

T, is the exhaust outlet temperature of the
engine;

Ts is the temperature of the turbocharger;

T is the inlet temperature of the intake cooler;

T, is the outlet temperature of the intake cooler;

Tg is the outlet temperature of the water cooler;

T is the surface temperature of the engine;

Ty is the ambient temperature;

T1, is the surface temperature of the bearing.

The thermal resistances are defined as follows:

R, is the resistance between the engine and the
turbine;

R, is the resistance between the engine and the
cooling water outlet;

Ry is the resistance made by friction;

R; is the resistance between the turbine and the
exhaust end;

R, is the resistance between the turbine bearing
and turbine surface;

Rs is the resistance between the turbine bearing
and compressor wheel;

Rg is the resistance between the compressor wheel
and the turbocharge air inlet;

R; is the resistance between the cooling water
inlet and outlet;

Rg is the resistance between the cooling water and
the engine surface;

Rpex is the resistance between the exhaust end and
ambient temperature;

Ry is the resistance between the turbine surface
and ambient temperature;

Ry, is the resistance between the turbocharge air
inlet and ambient temperature;

Ry, is the resistance between the cooling water
outlet and ambient temperature;

Ry is the resistance between the engine surface
and ambient temperature;

Ryp is the resistance between the engine shaft
surface and ambient temperature.

Exhaust gas usually contains 20—45 % fuel oil
thermal energy in the diesel engine. On the other
hand, cooling water usually contains 10—30 %, and
lubricating oil contains 5—15 % fuel oil thermal en-
ergy [11—13]. In this study, the piston was derived
after burning and transmitting to the gearbox
through the connecting shaft and crankshaft. Then,
wear occurred when power was transmitted. While
diesel engine friction losses were generally consid-
ered 10 %, this part of energy was taken into other
parts like cooling water and lubricating oil. Hence,
we removed the repeated heat calculation under

mobile operation. The turbocharge air-carried
thermal energy was calculated using Eq (3).

QS :mairﬂaw X Cp X (T6 - TlO) (3)

where 1, 10, Tepresents the inlet quality of com-
bustion air(kg), which is 0.47 kg/s when 2200 rpm.
Cp is the specific heat of the gas at constant
pressure.

The heat transfer model of the diesel engine
combustion chamber is displayed in Fig. 7. T, rep-
resents the combustion gas temperature in the cyl-
inder, while hg represents its convection coefficient.
T. is the cooling water temperature, with h. as its
convection coefficient. Because it could be treated as
a constant, the heat transfer process of the cylinder
wall was a periodic change and regarded as a steady
state [14,15]. The engine surface's lost thermal en-
ergy was calculated using Eq (4).

AT T;-T.
Q7:k><A><T: 3Rs 2 4)
Considering the complexity of the mechanical
structure of the engine, we treated it as a rectangular
parallelepiped to calculate its theoretical resistance
(Fig. 8).

Fig. 9 shows organized existing information on the
thermal resistance network, indicating the experi-
mental data and previous research as the red points
and orange arrows, respectively.

Water-cooled diesel engine
Cylinder wall

Te=1000C

BN

Tw-100C | T
T=105C
hg—b— e E— he
Combustion Cooling water

Fig. 7. Heat transfer model of the diesel engine combustion chamber.
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&
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Fig. 8. Simplified diagram of heat transfer on engine surface.
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Based on Fig. 9, we only had to calculate the theo-
retical resistance of R, to find Q4 and evaluate heat Q,
and Qg to determine the model parameters. R, is the
resistance between the turbine bearing and the tur-
bine surface, simplified into a cylinder, as shown in
Fig. 10. The resistance is calculated using Eq (5).

In(2

- ln(:—f) . rz) T,-Ts )
_277le 27Tk2L B Q4

The turbine was simplified as a cylinder with an
outer diameter of r, and an inner diameter of r;. The
shell was wrapped with an insulation cotton, with
an outer diameter of r;. L refers to the length, k;
refers to the heat transfer coefficient of the turbine
shell material (used 12.5 W/m - K), and k, refers to
the heat transfer coefficient of the insulation cotton
(used 0.174 W/m - K).

Ry

3. Results and discussion

The simulated result of the speed and tempera-
ture distribution in the z-direction are shown in
Fig. 11. The simulation found that the simulated
wind speed at the measurement location was

Velogity
mis
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00828

e LGTI80
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Fig. 11. (a) Speed distribution(z-direction). (b) Temperature distribution(z-direction).
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5.89 m/s, within the range of experimental wind
speeds. The comparison between the mobile
experimental and simulated results for the temper-
ature at the same measurement location is shown in
Fig. 12. Noteworthily, the largest temperature error
was 1.98 °C at inlet 1. This discrepancy is likely
caused by the simplification process of the model.

The numerical simulation results of the study are
discussed according to the temperature and the heat
transfer coefficient. The heat transfer coefficient was
calculated using Newton's law of cooling. Its valve
was 88.190 W/m’K.

4. Conclusion

(1) This study simplified the simulation process,
considering only the following heat sources:
engine, turbocharger, gearbox, air cooler, and
water cooler. The error between the simulation
and the experiment was 10.7 %.

(2) The simulation model established in this study
can be used as a reference for the cooling per-
formance of derivative vehicle models in sub-
sequent development. In particular, this model
can help reduce research costs.

(3) Based on the fitted model obtained from the
mobile experiments, the average heat transfer
coefficient inside the powertrain system was
88.190 W/m’K.

(4) The thermal resistance network diagram pro-
posed in the study can be used for future ana-
lyses of similar vehicle power rooms.
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