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This paper studies the effect of the electrically-driven pump on improving the efficiency
of internal combustion engine cooling systems. Numerical one-dimensional simulation of
the system operation was performed according to the European transient cycle (ETC). The
paper compares the cooling system with a belt-driven pump and electrically-driven pump.
It was found that the electrically-driven cooling system not only could maintain a more
stable coolant temperature, and also provided energy savings for the pump drive. It can be
noted that the mechanically-driven cooling system has disproportionately high energy
costs, unstable coolant temperature, so in case of sudden changes in operating modes, the
built-in thermostat cannot keep it within two degrees Celsius. At high engine speeds and
low load, the drive consumes too much power, and when thermostat is faulty and the
coolant is overcooled, at low speeds and high load, the coolant is overheating. The paper
also considers options with electric-driven pump with and without an enabled thermostat.
With a working thermostat and electrically driven pump, the system consumes a little more
energy, because the thermostat does not open fully and as a result, the pump speed is 8.2%

higher than in a cooling system without a thermostat.

1. INTRODUCTION

Improving the performance of engine cooling systems
allows achieving various positive effects, such as reducing the
cost of mechanical energy and, as a result, saving fuel and
reducing CO; emissions to the environment.

The latest trends in modernization of engine cooling
systems in automotive industry are shifting to electric pump
cooling systems, which break the mechanical coupling
between the pump and the engine, reducing losses at high
speeds. Thus, Castiglione et al. [1] contains the results of the
temperature control in the cooling system through the electric
pump speed taking into account the boiling point of the liquid.

Map-controlled thermostats are also used to improve the
cooling system performance, which allows to keep a high
temperature of the coolant at partial load and reduce it when
the load is close to maximum. Jeong et al. [2] studies the
cooling system with a map-controlled thermostat in two
transient cycles.

The operation of these systems is researched and refined
using one-dimensional simulation with transient cycles. The
article presents a compilation and simplification of the engine
cooling system for research in a one-dimensional package for
subsequent research on optimizing engine power consumption
[3]. Thus, for example, Finesso et al. [4] is using the method
of researching and optimizing parameters of the diesel engine
operation using the WHTC cycle, and Dahl et al. [5] contains
the research on the WHTC cycle using a PID controller to
control the coordination of air passage drives in order to
achieve NOx emissions in accordance with EU6. In the
transient cycle, researches are also used to improve the
efficiency of electric vehicles [6].

Also, some studies are under way using transient cycles to
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assess the environmental performance of emissions [7] and
non-volatile particle (PN) emissions in heavy-duty diesel
vehicles (HDV) using the WHTC cycle [8], and Willems et al.
[9] presents an integrated power control strategy (IPC) for
power and emissions for the Euro-VI diesel engine with a
waste-heat recovery system (WHR) and reduced fuel
consumption for trucks, which provides an additional 2.6%
reduction in CO, compared to the base strategy while meeting
the NOx limit in the exhaust pipe. Sala et al. [10] analyses
emission compounds within WHTC with a focus on the
emission of nitrogen oxides (NOx).

Using an electric pump provides the following advantages
compared to a belt drive: it reduces the warm-up time by about
30 seconds compared to a standard belt drive and, as a result,
reduces fuel consumption by about 2%, and also reduces the
lubricant warm-up by about 2.5 to 3 minutes, while fuel
consumption reduces by about 2.5%-3% throughout the
NEDC cycle [11].

Cortia et al. [12] proposed to reduce energy consumption by
using an electric pump. Besides, the absence of dependence of
the coolant consumption on the engine speed allows for better
warm-up. The verified model is used to compare two different
cooling system circuits (mechanical and electric pump) and
highlight the potential benefits of the second solution.

This article offers a strategy to control minimum fuel
consumption, which takes into account both engine friction
depending on the coolant temperature and the power of the
cooling system drive. A physical model of dynamic heat
exchange for an electrified cooling system has been developed.
Two main intermediate variables are concentrated, such as the
heating power from cylinder to sleeve and the cooling power
of the radiator, and their characteristic variables are obtained
by analyzing the heat transfer process, so the accuracy of their
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fitting models has improved by at least 6.4% and 17.2%. To
evaluate the effectiveness of the proposed strategy, a cause-
dependent controller using this strategy is compared with a
controller that monitors the coolant temperature, which
provides a 1.29% to 2.76% reduction in fuel consumption for
various driving cycles, and an optimal DP-based solution
using this strategy is compared with that to minimize the drive
power, at which fuel consumption reduces by 0.25%-0.46%,
and this effect can increase when the ambient temperature is
decreasing. In addition, this improvement is almost costless. A
comparison of the cause-effect optimal solution and the DP-
based optimal solution is also represented to investigate the
prediction capacity, and the results show that when the entire
driving cycle is known, fuel consumption is reduced by
0.27%-0.78%. In addition, the behavior of each controller is
discussed and analyzed in detail according to the comparisons,
which provides a basis for possible emerging heuristic
controllers. Real-time implementation using PSO-MPC with a
limited horizon is implemented on the hardware platform, and
the results indicate the feasibility and efficiency of the
proposed strategy [13].

The article presents some considerations concerning the
parameters of the internal combustion engine performance in
dynamic tests for official ETC type approval [14].

Thus, using one-dimensional simulation of cooling systems
with transient cycles allows to assess fuel efficiency and
environmental performance of emissions when upgrading
engine cooling systems and is a worldwide practice.

2. RESULTS

The object of research in this paper is the cooling system of
the truck engine, its diagram is shown in Figure 1.
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Figure 1. Diagram of the cooling system for one-dimensional
simulation

Individual characteristics were introduced in each
component, such as pump, radiator, intercooler, fan, expansion
tank etc., depending on mass flow and temperature, and then
these characteristics were verified separately.

As a mathematical model for calculating heat exchangers, a
model with semi-empirical coefficients is used; these
coefficients are recalculated based on experimental data on the
specified consumption, temperatures and heat flows in the heat
exchanger, and as a result, the heat flow is calculated
according to the formula (1):
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where, 4 is the heat exchange area [m?], Gex, Gix is the mass
flow rate of the external and internal heat carrier, ki, Oy, Gine
is the estimated semi-empirical coefficients determined by
regression from the heat exchanger performance
measurements.

The pressure loss in the heat exchanger is calculated
according to the formula (2):
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where, ¢ is the hydraulic resistance coefficient, p is liquid
density [kg/m?], v is the speed of the coolant [m/s].

The pump output pressure is calculated according to the
formula (3):

Poyt = Py +dP (3)
where, Pj, is the input pressure [Pa], dP is the pressure increase
in the pump [Pf].

The volume flow rate O of the pump fluid is recalculated
depending on the hydraulic losses across the system according
to the performance map set as a dependency Q=f(dP).

The power consumed by the pump drive is calculated
according to the formula (4):

Q-dp

Prech = ﬁ
e

“4)

where, fois the efficiency of the pump.

For a full-fledged study of the cooling system operation, a
non-stationary ETC cycle is used [15]. Operating the engine in
this mode allows simulating its operation in real operating
conditions. The engine speed and ETC cycle load converted to
absolute values are shown in Figure 2.
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Figure 2. ETC transient cycle



The truck's cooling system as a whole was studied with the
ETC cycle experimentally at the bench of the Science and
Technology Center of KAMAZ PJSC.
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Figure 3. Verification of the numerical model by
experimental data

The average temperature of the coolant in one-dimensional
simulation is 91.41°C, and 92.13°C in experimental studies on
the bench. Operating the cooling system in a non-stationary
cycle is consistent with experimental data, and a numerical
model can be used for further research (Figure 3).

To modernize the cooling system, a liquid transfer pump
with electric drive was developed.

In the PID controller of the electric liquid transfer pump, the
temperature was set to 91°C. Speed control range was set to
100 to 3,000 rpm.

Simulation of the cooling system operation according to the
ETC cycle was carried out:

- for a mechanically-driven pump with a working thermostat;
- for an electrically-driven pump where the thermostat was
turned off and terminated to an external radiator;

- for an electrically-driven pump with a working thermostat.

The coolant temperature in the cooling system based on the
simulation results is shown in Figure 4.
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Figure 4. Coolant temperature

The cooling system for a mechanically-driven pump has an
extremely unstable coolant temperature, since the pump speed
is directly related to the engine speed, i.e. at partial load and
high speeds, the liquid is supercooled and the temperature can
fall to 87.5°C, and at low speeds and partial load, the
temperature can increase to 95°C. The average coolant
temperature for a mechanically-driven pump is 91.4°C, and the
average deviation is 1.18°C.

The operation of the cooling system with an electrically-
driven pump is the most stable both in temperature and
deviations. The average temperature is 91.2°C, and the
average deviation is 0.22°C. In general, upward fluctuations
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do not exceed 1°C. The system responds well to changes in
load and releases the required amount of heat in time.

In a system with an electrically-driven pump and a working
thermostat, because the thermostat does not fully open and has
inertia, the temperature is kept higher by 1.5°C, otherwise, the
system responds like a system with an electrically-driven
pump.

Based on the simulation results shown in Figure 5, we see
that the electrically-driven pump speed is lower across the
entire range of the ETC cycle, which means that the pump
consumes less energy to transfer the liquid. The average speed
of an electrically-driven pump is 742 rpm, with the working
thermostat and electrically-driven pump, the speed is 8.2%
higher, i.e. 808 rpm, while with a mechanical drive, the
average value is 1,285 rpm, which is 42.2% more than that of
the electric pump. These data show that the thermostat with an
electrically-driven pump negatively affects the energy
consumption in the cooling system. The power consumed by
electrically-driven pump during the cycle was 1,199 W, while
for a mechanically driven pump, it was 4,724 W, so an
electrically-driven pump consumes 3.9 times less energy. The
electrically-driven pump with a working thermostat consumes
1,294 watts.

Let's analyze the operation of the thermostat itself when
working in a transient ETC cycle shown in Figure 6. When
operating a mechanically-driven pump, you can see how the
thermostat changes the flow section of the channel to the
cooling radiator, but when operating an electrically-driven
pump, this section changes slightly and the thermostat cannot
open fully, thus increasing the resistance and pump speed.

Then, we will examine the operation of the cooling system
in the warm-up mode, starting with the ambient temperature-
20°C.
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The dynamics of heating the liquid in the cooling system at
constant speeds of the mechanically-driven pump 600 rpm
corresponding to the idle speed and that of the electrically-
driven pump with a minimum speed of 300 rpm is shown in
Figure 7.
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Figure 7. Dynamics of heating the cooling system

Pay attention to two points here. Firstly, when the
thermostat is opening, the temperature in the cooling system
with a mechanical drive is 78°C for about 2,500 seconds, and
with an electric drive 70.5°C, then the cold liquid from the
radiator is mixed with a small circuit and the temperature
growth is slowing down. Secondly, the operating temperature
of 91°C is reached in the electrically-driven system with
disabled thermostat in 3,300 seconds, while the temperature of
the liquid, when the mechanically-driven pump is operating is
82°C.
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Figure 8. Warming up in a transient ETC cycle

In the transient ETC cycle (Figure 8), the cooling system
with an electrically-driven pump takes the same time to warm
up as in the system with a mechanically driven pump and a
working thermostat. The thermostat is opening in about 400
seconds and the heating of the mechanically driven cooling
system is slowing down. In general, during the ETC cycle,
warming up is 6 times faster than at idle speed.

3. DISCUSSION

Using a non-stationary ETC cycle allows obtaining good
results to study of ways to modernize cooling systems for both
internal combustion engines and electric transport, as well as
in the papers [1-14].

The results of the researches show that the warm-up of the
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truck engine takes a long time: up to 40°C about 25 minutes,
and up to 90°C - 45 minutes, and it is more appropriate to use
autonomous heaters.

It was also found that using an electric pump without a
thermostat slightly increases the warm-up time to 90°C, even
though the flows do not divide into a large and small circle,
and the liquid circulates through the external radiator. In the
ETC cycle, the heating of the cooling system with the working
thermostat and the electrically-driven pump is 20 seconds
faster (5% of the total warm-up time) than when using an
electrically-driven pump with disabled thermostat.

It was found that using a thermostat is unreasonable when
the pump is electrically-driven, because the system fails to
keep the required temperature and since the thermostat does
not open fully, pumping the liquid requires additional energy.

The efficiency of the cooling system can also be increased
by using a paddle wheel designed for an electric pump with
maximum efficiency at medium speeds [16], or by increasing
the efficiency of the cooling system radiator [17, 18].

This study is applicable to trucks, but for passenger cars,
data may differ due to the smaller engine volume, the amount
of coolant in the system and different transient cycle.

4. CONCLUSIONS

In this paper, a study was carried out to improve the
efficiency of the engine cooling system with the transition
from a mechanically driven pump to an electrically driven
pump. We also investigated two options for modernizing the
cooling system with removing the thermostat and leaving the
thermostat in the cooling system for faster engine warm-up.

To compare cooling systems in conditions close to real
operation, the study was carried out on the basis of the non-
stationary cycle of the ETC. The most promising is using an
electrically driven pump with the thermostat removed from the
cooling system circuit. This saves energy on the pump drive
(3.9 times less than the cost of a mechanical drive). The
coolant temperature is more stable at sharply changing engine
speeds and load: the average deviation is 0.22°C for the
electrically-driven pump and 1.18°C for mechanically-driven
pump. Also, the negative effect of the thermostat on the
coolant temperature control when switching to an electrically
driven pump was revealed. A system with a working
thermostat and an electrically driven pump consumes 7.9%
more energy since the thermostat does not open fully, as a
result, the pump speed is 8.2% higher. Also, the quality of
temperature control is reduced and the deviation from the
average value is 0.36°C. Thus, it was revealed that the use of
a thermostat in a cooling system with an electric drive pump
is undesirable.
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NOMENCLATURE

AR %ZDC

mech

heat flow, W

heat exchange area, m?
pressure loss, Pa

speed of the coolant, m.s!
volume flow rate, m>.s!
mechanical power, W

Greek symbols

S

hydraulic resistance coefficient
density, kg.m3





