Journal of Research and Applications in Mechanical Engineering
ISSN: 2229-2152 (Print); 2697-424x (Online)

(2024) Vol. 12, No. 2, Paper No. JRAME-24-12-029

[DOI: 10.14456/jrame.2024.29]

Research Article
Efficiency and Control: Modelling and Validation of an Electric
Fan Bus Cooling System

A Kosin Abstract:
A. Kosiyanurak The cooling systems in the majority of passenger buses typically depend on
T. Sri-on mechanical or hydraulic cooling systems. These systems utilize the engine's
N. Pothi . generated energy to function, leading to increased engine workload and higher
JG'ég:fgtretdpg'mgram 0 fuel consumption. However, an electric cooling system presents the advantage of
Mechatronic Engineering, School reducing the engine's workload and providing enhanced control. This paper
of Mechanical Engineering, focuses on modelling, validating, and presenting experimental results of an
Institute of Engineering, electric fan cooling system. Based on the accuracy assessment of the heat
?Zﬁﬁﬁifﬁgyuﬁ'lﬁﬁi'ﬁy of exchange system's mathematical model studied in this research, the evaluation
Ratchasima, 30000, Thailand was conducted using the Root Mean Square Error (RMSE) of the mathematical
model's response compared to the actual system response obtained from
gg\j?si‘e’gdz?ég%ggb%ffzs experiments. It was observed that the RMSE of the outlet air temperature is 0.50,
Accepted 3 March 2024 and the RMSE of the cooling water temperature at the water outlet is 0.21.
Therefore, it can be concluded that the estimated mathematical model is accurate
and closely approximates the real system. Additionally, it aims to utilize the
benefits of the mathematical model to design a control system specifically tailored
to the engine's operating conditions.
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1. Introduction

Currently, electric vehicles (EVs) for mass transportation have gained significant attention in the automotive industry,
surpassing the production of internal combustion engine (ICE) vehicles [1]. This is because ICE engines require fossil
fuels as an energy source, resulting in energy losses through incomplete combustion (exhaust gas), leading to
environmental pollution [1, 2]. Additionally, energy losses occur from the cooling system and internal friction,
reducing the engine's overall efficiency to approximately 34-38% [3]. Consequently, automotive manufacturers have
been modifying the powertrain components from ICE engines to efficient electric motors, with lower maintenance
costs, to meet increasing consumer demands. The conventional cooling system of the engine consists of fans and
water pumps that require power from the engine to operate. These components work to drive air through the radiator
and circulate coolant within the system. As a result, the engine experiences an increased load for its operation.
Additionally, there is a thermostat valve that regulates the flow area of the coolant to adjust the flow rate and control
its temperature, contributing to increased engine load due to elevated pressure losses in the cooling circuit [4, 5].
Usually, such systems are designed to operate under the worst conditions, and they cannot maintain the higher
efficiency of the system. However, advancements have led to the introduction of electrically driven fans and water
pumps, providing the ability to dissipate heat from the engine based on its operating conditions. This approach has
resulted in reduced fuel consumption [4] and improved engine stability [6]. Researchers [6] have proposed utilizing
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a cooling system with electrically driven water pumps and fans for a 1.4 liter engine, controlling both components to
meet the conditions specified by the New European Driving Cycle (NEDC). The study shows that using electric
pumps and fans can lead to a maximum reduction in fuel consumption by 1.1%, along with a decrease in hydrocarbon
and carbon monoxide gas emissions by 5.3% and 6.1% [7], respectively. Moreover, the study suggests that employing
an electrically driven cooling system with water pumps and fans can reduce pollutant emissions by 10% and decrease
fuel consumption by 3% [7]. The ability to control the operating conditions for maximum efficiency is achieved
through the design of a suitable control system tailored to the engine's operation and internal components. Researchers
[8] present the use of a proportional and derivative (PD) control system to regulate the cooling system's operation,
highlighting a potential reduction in fuel consumption by 1.5% for city driving conditions. Similarly, another study
[9] suggests the use of a proportional and integral (PI) control system for an engine utilizing water pumps, fans, and
a three-way valve to control the coolant temperature under specified conditions, achieving satisfactory and accurate
results. In a different approach, researchers [10] propose using a Model Predictive Control (MPC) system for a 1.2-
liter engine's cooling system. The study finds that the system can control the flow rate of coolant, leading to a
reduction in power required to drive the water pump, thereby improving overall efficiency.

The system can also maintain the coolant temperature within desired limits under varying operating conditions. As
mentioned above, the utilization of electrically driven water pumps and fans in the cooling system contributes to the
engine's enhanced capabilities and improved performance in terms of mechanical aspects, operational stability, and
a potential reduction in cost and fuel consumption.

This research study investigates and tests a water and air-based heat dissipation system, particularly the radiator, to
assess the temperature response of the radiator system. The data obtained is used to estimate the parameters of the
radiator system in a mathematical model. This mathematical model's results are compared and validated against the
actual system's responses to confirm that the mathematical model of the heat exchange system using the radiator is
accurate and suitable for future applications [9, 11-13]. This model can be effectively employed for the design of a
radiator cooling system controller that is both accurate and suitable for future applications.

2. Experimental Setup

The experimental equipment utilized in this research was sourced from the cooling unit of an internal combustion
engine passenger bus from Cherdchai Corporation Co., Ltd. The aim was to investigate potential applications for
cooling electric passenger buses in the future. Consequently, the experimental setup for the passenger bus cooling
experiment was devised with multiple components, as illustrated in Fig. 1, to replicate the heat dissipation process.
This setup incorporates a hot water bath equipped with an electric heater to simulate heat generation within the
system. A PID controller-managed engine water pump ensures a consistent water flow rate. The hot water generated
is directed into a radiator, where it transfers heat through tubes and fins to the incoming air, assisted by three fans.
To monitor and regulate temperatures within the system, various sensors are employed. Specifically, an NTC
thermistor sensor is used to measure the water's temperature both as it enters and exits the radiator, while a K-type
thermocouple sensor gauges the air's temperature as it enters and exits the radiator. The primary objective of this
setup is to collect experimental data enabling the control of water flow rates, maintaining them at a constant level
throughout testing. To manipulate the air flow rate, adjustments are made by altering fan speed or changing the
number of fans in operation. In the testing phase, the temperature from the hot water bath is around 70-80 °C (Studying
the operating range of coolant temperature in an internal combustion engine [9]), and the water pump speed is
maintained at 800 rpm, with a constant water flow rate of 0.45 kg/s. Four distinct cases are tested: Case 1, three fans
are activated at 85% speed, running at 2500 rpm. Case 2, three fans are active at 60% speed, operating at 1680 rpm.
Case 3 involves activating two fans at 85% speed. Case 4 features two fans operating at 60% speed.

These cases aim to observe the system's response to temperature changes in both the water and air inlet and outlet.

The obtained experimental values will be compared to simulation data generated using MATLAB/Simulink. This
comparison will serve to validate the Simulink model against real-world experimental results.
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Fig. 1. The experimental setup.
3. Mathematic Model

The study explores the thermodynamic characteristics of a heat exchange system utilizing water and air within the
radiator system of an internal combustion engine. In this research, mathematical models based on the energy balance
within the radiator system, accounting for both the coolant water and the cooling air, are examined using Equations
1 and 2. The mass flow rates of both types of flows are presumed to vary under experimental conditions, influencing
the alteration in the system's heat exchange rate represented by the term Qe, as presented in Equation 3. The
investigation centers on the crossflow heat exchange apparatus in the radiator, considering the correction factor (F)
that affects the heat exchange rate of the system. This leads to variations in the heat transfer coefficient in response
to the heat exchange operation of the system, assessable from Equations 4 and 5. These equations are employed to
estimate the temperature difference between the coolant water and the cooling air at the system's inlet and outlet
positions. Moreover, the flow rate of the system flow is an additional variable impacting the observed heat exchange
rate, as indicated in Equations 6, 7, and 8. Equation 9 is employed to estimate the Prandtl number, and the entire set
of equations mentioned above is applied for the mathematical model approximation and the study of the
thermodynamic behavior of the heat exchange system. The mass flow rate, inlet temperature, and ambient air
temperature are considered as independent variables, while the outlet temperatures of the coolant water and the
cooling air from the radiator are regarded as dependent variables, as shown below.

Heat balance on cooling water side

dT,
pwvradcpywd—gzm c, T —Q, —m,c, T, +M.C, T (1)

w~p,w'h wpw'c res”p,w c,t=0

Heat balance on cooling air side

PaVairCpa % =My Coair Tamb — Qex — MairCp air Tao + Mair et C p.air amp 2
heat exchange rate

Q. =UAAT, o F (3)
The overall heat transfer coefficient (U)

U= hi + E + hi 4)
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Log mean temperature difference
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4. Experimental and Simulation Results
4.1 Static Performance

Table 1: Result of parameter estimation.

fan pump mass flow rate (kg/s) _
caseno. condition condition water air Muw Ma  Mu resicusl  Mamb effect
1 3-85% 800 rpm 0.45 2.88 14.062 8.201 0.067 0.102
2 3-60% 800 rpm 0.45 1.95 13.458 8.472 0.045 0.275
3 2-85% 800 rpm 0.45 1.92 13.931 7.208 0.038 0.287
4 2-60% 800 rpm 0.45 1.3 12.368 4.94 0.028 0.288

The provided equation (1, 2) serves as the basis for constructing a mathematical model that encompasses several key
parameters, including Parameter Estimator, Mw, Ma, My _residual, @nd Mamb_efrect, across four distinct cases. When
examining Mw, Ma, My resiqual, it becomes evident that lower airflow rates result in a corresponding decrease in the
values of these parameters. This trend can be attributed to the roles played by My, (representing the mass of water
responsible for heat transfer) and M. (representing the mass of air contributing to heat transfer). My resiquat denotes
the mass of water that remains within the pipeline. As the airflow rate decreases, the available air mass for heat
exchange diminishes, consequently leading to reduced values for Mw, Ma, My resiqual. On the other hand, an inverse
relationship is observed with Mamp_efrect (represent the ambient air at the outlet of the radiator as induced by the fan.)
in relation to airflow rate. As the airflow rate increases, Mamy_effect diminishes. This phenomenon arises due to the fact
that higher airflow rates limit the fan's intake of ambient air that has not accumulated heat. In essence, elevated airflow
rates reduce the fan's capacity to draw in cooler ambient air. As a result, the Mamp_efrect Value decreases. Conversely,
lower airflow rates prompt the fan to intake a larger mass of air from the environment, which possesses less
accumulated heat, leading to an increase in the Mamp_efrect Value. This can be observed in Table 1.

The airflow rate plays a pivotal role in influencing the behavior of these parameters within the mathematical model.
Lower airflow rates tend to decrease the values of Mw, Ma, My resiquar While increasing the value of Mamb effect.
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Conversely, higher airflow rates exert the opposite effect on these parameters. This observation underscores the
crucial role of airflow rate in shaping the dynamics of heat transfer under investigation.

Table 2: Steady state response, water mass flow is 0.452 kg/s at 800 rpm pump condition.

Air mass Water Air )
flow (kg/s) _ T_in () T out (C) T in (C) T out (C) QW) A(m)
2.88 77.15 65.49 35.67 44.12 22142.47 422
1.95 72.95 65.54 33.64 45.6 16373.44 3.23
192 83.27 76.3 35.29 47.38 13229.17 2.36
13 83.39 78.63 34.84 47.83 9025.19 177

From the Table 2, demonstrates a clear relationship between heat transfer area (A) and airflow rate, revealing a direct
correlation. This connection arises because higher airflow rates result in greater temperature differences (AT),
consequently leading to higher Q values. This relationship is mathematically represented by the heat transfer rate
equation. From Fig. 1 that the heat transfer area is not uniformly distributed across the entire cross-section of the
radiator.

Case 1, boasting an airflow rate of 2.88 kg/s and the operation of all three fans at 85% power, exhibits the largest heat
transfer area, measuring 4.22 m?. Conversely, Case 4, with an airflow rate of 1.3 kg/s and the activation of both fans
at 60% power, demonstrates the smallest heat transfer area of 1.77 m?. Cases 2 and 3, with airflow rates of 1.95 kg/s
and 1.92 kg/s, respectively, exhibit slightly different airflow rates, resulting in distinct heat transfer areas of 3.23 m?
and 2.36 m?, respectively. This divergence can be attributed to the number of fans in operation. Case 2 employs three
fans at 85% fan power, while Case 3 utilizes only two fans at 60% fan power. Despite their similar airflow rates, the
presence of additional fans in Case 2 allows for more efficient heat exchange, leading to noticeable differences in
heat transfer area.

Table 3: Experimental and modelling comparing.

» Mass flow rate Water outlet Air outlet temperature Heat exchange rate
@ (kg/s) temperature ('C) (°C) (W)

Water Air Exp. Sim.  %Err. Exp. Sim.  %Err. Exp. Sim. %ErT.
1 0.45 288 6549 6578 044 4412 4312 226 22179.37 2161423 255
2 0.45 195 6554 6540 022 4560 40.95 10.19 14079.90 14349.28 1.91
3 0.45 192 7630 76.17 017 47.38 4227 10.79 13251.22 1349522 1.84
4 0.45 130 7863 7845 023 47.83 42,01 1217 9040.23 9386.00  3.82

The Table 3 was utilized to compare the experimental and modelling values, assessing the accuracy of the created
model. The water outlet temperature, with a water mass flow rate of 0.45 kg/s and an air mass flow rate of 2.88 kg/s,
exhibited the highest error value at 0.44%. In contrast, the lowest error value of 0.17% was observed at a water mass
flow rate of 0.45 kg/s and an air mass flow rate of 1.92 kg/s. Regarding the air outlet temperature, the highest error
value, 12.17%, was recorded at a water mass flow rate of 0.45 kg/s and an air mass flow rate of 1.30 kg/s. Conversely,
the lowest error value of 2.26% was registered at a water mass flow rate of 0.45 kg/s and an air mass flow rate of 2.88
kals.

In terms of the heat exchange rate, the greatest error value of 3.82% was observed at a water mass flow rate of 0.45
kg/s and an air mass flow rate of 1.30 kg/s, while the lowest error value, 1.84%, was noted at a water mass flow rate
of 0.45 kg/s and an air mass flow rate of 1.92 kg/s. These comparisons provide insights into the model's accuracy
across various conditions and highlight areas where adjustments or improvements may be needed.

From the experimental the temperature changes in the heat exchange system while controlling the water pump speed
at a constant level of 800 rpm (constant water flow rate) and adjusting the airflow rate by controlling the operation
of the system's fans at four different levels: 2.88 kg/s (Case 1: Turn on all fans at 85%), 1.95 kg/s (Case 2: Turn on
all fans at 60%), 1.92 kg/s (Case 3: Turn on fan No. 1 & 2 at 85%), and 1.30 kg/s (Case 4: Turn on fan No. 1 & 2 at
60%), to study the results of the heat exchange system response for the radiator equipment. The results shown by the
changes in the inlet water temperature (Twi), outlet water temperature (Two), inlet air temperature (Tai), and outlet
air temperature (Tao) as displayed in Fig. 2.
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Fig. 2. The outlet temperature of cooling air and cooling water (a) Case 1: Turn On all fan at 85 % (b) Case 2: Turn
On all fan at 60 % (3) Case c: Turn Onfan No 1 & 2 at 85 % (4) Case d: Turn On fan No. 1 & 2 at 60 %.
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Fig. 3. The dynamic behavior of heat exchange rate.

From the test results, the temperature response parameters for the system are as follows: temperature difference of
water (diff_Ty), temperature difference of air (diff_T.), settling time duration (Ts). These parameters represent the
temperature differences between various points in the system and the time it takes for the system to reach a steady-
state condition. The values for these parameters are presented in Table 4.

Additionally, based on the parameters obtained from the testing, we can calculate and present the dynamic heat
transfer rate of the heat exchange system as follows, dynamic heat transfer rate Fig. 3. These calculations and data
will provide insights into how the heat transfer rate changes over time in the heat exchange system.

Table 4: The heat transfer rate and settling time of dynamics response of cooling system.

condition air mass flow rate settling increasing rate of heat Heat transfer rate
(kg/s) time (s) transfer (W/s) (W)
Case 1 2.88 95.1 217.31 21,753.94
Case 2 1.95 85.5 152.61 13,734.94
Case 3 1.92 88.6 141.95 13,238.6
Case 4 1.30 90.2 97.36 9,244.01

4.2 Dynamic Performance and Simulation Results
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Fig. 4. The compare of outlet temperature between simulation and experimental.
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The Fig. 4 presented in the upper frame of the figure illustrates the behavior of the outlet air temperature obtained
from experiments, shown as a solid line, in conjunction with the temperature values predicted by the mathematical
model of the system, represented by a dashed line. Both sets of data reveal that the outlet air temperature increases
rapidly in the initial phase of system operation and stabilizes around the 20-second mark. Additionally, the values
obtained from the model closely match the experimental results, demonstrating an acceptable level of accuracy. In
the lower frame, the behavior of the cooling water temperature at the water outlet of the radiator is presented. The
solid line represents the data obtained from experiments, while the dashed line represents the results from the
mathematical model. The data indicates that the cooling water temperature remains relatively constant during the
early moments of system operation and decreases as it approaches the 10-second mark. After that, it stabilizes and
remains relatively constant until around the 80-second mark. This information highlights that both temperature
changes, for air and cooling water, occur rapidly during the initial phase of system operation and then stabilize, with
settling times within acceptable limits. The simulation results obtained from the mathematical model for a cooling
water flow rate of 0.425 kg/s and an airflow rate of 1.3 kg/s. The RMSE of the outlet air temperature is 0.50, and the
RMSE of the cooling water temperature at the water outlet is 0.21, appear to closely match the experimental data,
further validating the model's reliability for the cooling system using water.
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Fig. 5. The system performance with dynamic operation.
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Fig. 5. (continued) The system performance with dynamic operation.

In Fig. 5, the results of testing the dynamic behavior of the heat dissipation system are presented under steady-state
conditions, where the cooling water flow rate is kept constant by setting the pump's rotational speed to 800 rpm.
Water is supplied at a flow rate of 0.425 kg/s, and the inlet water temperature is set at 80°C. At the 30 s., three fans
are activated to dissipate air, with fan speed controlled at 60% of the maximum rotational speed. This results in an
airflow rate of 1.95 kg/s. At the 650 s., the system's operation is altered by reducing the number of fans to two and
increasing their rotational speed to 85% of the maximum. This leads to an airflow rate of 1.92 kg/s. At 800 s., the fan
speed of the two remaining fans is further reduced to 60% of the maximum, resulting in an airflow rate of 1.3 kg/s.
The system's response indicates that when the fans start operating, there is a delay in the temperature response of both
the air and the cooling water. This delay time is higher for the cooling water compared to the air. Additionally, it is
observed that as the airflow rate decreases, the air temperature response increases. In contrast, the airflow rate
decreases when the outlet air temperature increases. These observations are evident at the 650 s. and 800 s.
Furthermore, it is noted that the cooling water temperature responds with an increase in temperature as the airflow
rate decreases, and it exhibits an opposite behavior when the airflow rate is increased. These observations are
particularly evident at the 650 s. and 800 s. In summary, the temperature response of the air and the cooling water in
the heat dissipation system exhibits delay times, and changes influence these responses in the airflow rates. The
relationship between the airflow rate and temperature response is complex. It is evident in the test results at various
time intervals.

5. Conclusion

This research aims to study the dynamic behavior of heat dissipation in an internal combustion engine to apply it to
the cooling system of vehicles. The results indicate that the heat transfer capability is directly influenced by the flow
rate of cooling water and the airflow through the radiator, as well as the temperature of the exiting cooling water,
which varies with the airflow rate. It is noted that in order to achieve lower cooling water temperatures, it is necessary
to increase the airflow rate through the radiator. Furthermore, the study reveals that the actual heat exchange area is
affected by airflow rate in an inversely proportional manner. The cooling system's performance is influenced by the
surrounding environment, as indicated by the data in Table 2, which shows diminishing effects as airflow rates
increase. Additionally, the mass of water and air impacts the cooling water's thermal behavior, which varies with
their respective flow rates. The air exhibits clear and distinct changes in behavior.
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Nomenclature

A heat transfer surface area, m?

Cp specific heat of fluid, J/kg-K

Dn hydraulic diameter, m

h convective heat transfer coefficient, W/m?-K
k thermal conductivity of fluid, W/m-K

m mass flow rate, kg/s

Nu Nusselt number
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Pr Prandtl number

Q heat transfer rate, W

Re Reynolds number

T temperature, K

U the overall heat transfer coefficient,

p fluid density, kg/m?

Subscripts

a air

amb ambient

ao air outlet

c cool

ex exchanger

eff effect

h hot

i inlet

LMD Log Mean Difference

0 outlet

rad radiator

res residual

t time

w water
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