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Highlights

* The coolant flow rate is 10.6% lower than the conventional system in the full load.

* 21.3% changes in comparison to the conventional cooling is seen for the part load.

» More uniform temperature distribution is achieved by applying smart cooling.

* Neither overcooling in the part load nor undercooling in the full load happens.

» Compared to the conventional cooling, pump power consumption gets 44.3% lower.

Abstract

Considering the fact that electrification is increasingly used in internal combustion engines, this
paper aims at presenting a smart speed-load sensitive cooling map for better thermal
management. For this purpose, first, thermal boundary conditions for the engine cooling passage
were obtained by thermodynamic and combustion simulation. Next, the temperature distribution
of the cooling passage walls was determined using conjugate heat transfer method. Then, the
effect of engine load on wall temperature distribution was investigated, and it was observed that
in the conventional mode where the cooling flow is only affected by the engine speed, the engine
is faced with over-cooling and under-cooling. Therefore, the optimum flow for cooling the
engine was achieved in such a way that the engine is hot enough and kept free from damage,
while the engine has a more uniform temperature distribution. These calculations were
performed by considering the boiling phenomenon. The results showed using the cooling map
leads to a significant reduction in coolant flow, which in turn reduces the power consumption of
the water pump and size of the radiator. Moreover, fuel consumption, hydrocarbon emission
production, and the needed power of the coolant pump are enhanced by 2.1, 8.6, and 44.3%,
respectively.
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Nomenclature

Nomenclature T Turbocharger
PIV Particle image velocimetry

A Area (m?) Sl Spark ignition

q Heat flux (1) RPM Round per minute

h Heat transfer coefficient (F"-'VTK) BC Boundary condition

v Velocity () 1D One dimensional

P Pressure (kPa) 3D Three dimensional

’ CHT Conjugated heat transfer
i Mass flow (%’ CFD Computational fluid dynamics
I Compression ratio ROHR Rate of heat release

G Specific heat coefficient (Eé?’ Hca Homogeneous charge compression ignition
T Temperature (K) CFR Cooperative fuel research
t Time (s) FEM Finite element method

u Velocity (Z) THC Total hydrocarbon

k Heat conductivity (2%) NOx Nitrogen oxides

Re Reynolds co Carbon monoxide

D Diameter (m) GDI Gasoline direct injection
Pr Parental 0> Carbon dioxide
S Suppression factor WOoT Wide open throttle

hop Nudeate boiling convection heat transfer coefficient

(%) Greek symbols
y Saturation temperature (K) p Density (T‘;'IE‘)
ke Coolant conductivity (ml‘k) [7,] Dissipation
u Viscosity (%)

Abbreviations [ Throttle angle (degree)
HTC Heat transfer coefficient

1LC Internal combustion

1. Introduction

Engine cooling is an important area in the design of the internal combustion (1.C) engines [[1],
[2], [3], [4]], because it has a direct influence on the efficiency [5,6], fuel consumption [7,8], and
emissions of the system [[9], [10], [11]].

The use of a mechanical pump in the conventional cooling system decreases engine efficiency
due to excessive cooling during cold-start or part-load conditions [12]. Moreover, when the
engine rotational speed is high, the excessive flow of cooling fluid can reduce combustion
efficiency [13,14]. Moreover, since the cooling pump is often working even when it is not
needed, the fuel consumption increases, as well [15].

In the conventional cooling system, a mechanical pump is linked to the crankshaft, and
consequently, the coolant flow rate does not reach the required level during low-speed and high
load operation (e.g., driving uphill) [[16], [17], [18]]. As a result, the engine temperature rises
excessively. Similarly, while driving downhill on a steep, due to the high engine speed, excessive
coolant flow is circulated, which results in lower thermal efficiency [[19], [20], [21]].

Considering the mentioned points, the need for the use of innovative engine cooling systems has
increased over the years, which leads to the development of different technologies such as
intelligent cooling systems, precision cooling systems, nucleate boiling cooling systems, and so
on. Among the variety of developed technologies, electric cooling pumps are a good case in
point.

Electric pumps becoming increasingly popular with the advancement of the electronics industry
can be controlled by the engine control unit regardless of engine speed. It can bring benefits to
engine performance, such as improving the engine warm-up condition [22], which can reduce
fuel consumption and emissions during cold-start [23]. Moreover, the size of the cooling system



becomes smaller, which is taken into account as another advantage of the electric pumps
compared to the mechanical ones. For instance, as it was shown in the study of Cho et al. [24],
by using electric pumps, the radiator size for the investigated engine can be reduced by 27% of
the original size. It is worth mentioning that the improvement refers to the enhancement in fuel
consumption, hydrocarbon emission production, and the needed power of the coolant pump.

1.1. Literature review

In order to discuss the novelty of the study, the literature review is divided into two parts. One
part investigates the studies done with the subject of bringing new cooling systems. Another part
provides an overview of the works carried out in the engine thermal modeling area. As it will be
described in detail, in order to study the performance of a cooling system, thermal modeling of
the engine is necessary.

1.1.1. The studies with the subject of bringing new cooling systems

Choi et al. [25], Jeong et al. [26], and Wang et al. [27] investigated the effect of a new cooling
system on the exhaust emissions and fuel consumption of diesel engines experimentally. They
used a clutch-type water pump, variable speed electric pump, and variable speed electric radiator
fan in the cooling system to control coolant flow rate and temperature. The results of these
studies showed that using electrical actuators instead of mechanical ones, the engine
performance was improved from different points of view. For instance, based on the results of
the study conducted by Jeong et al. [26], CO,emission was reduced by around 3%, while Wang
et al. [27] demonstrated that the fuel economy was improved 3%-5%.

As another study in the field, Wagner et al. [28] investigated the enhancement in the
performance of an engine when a smart thermostat valve and a variable speed pump were used
in a diesel engine cooling system. They employed numerical simulation to study the thermal
behavior of the engine and determined required heat rejection per unit volumetric flow rate of
the pump.

Moreover, Negandhi et al. [29] carried out an extensive study investigating the use of dual-mode
coolant pump (DMCP) in the cooling system of a V6 diesel engine. They used GT-SUITE

software to control coolant temperature with the pump speed. It was demonstrated that the fuel
economy was improved by more than 2% by replacing DMCP with the conventional mechanical

pump.

The experimental works done by Cai et al. [30], Chastain et al. [31], Shin et al. [32], and
Mohamed et al. [33,34] have focused on developing intelligent cooling systems for Sl engines. In
the mentioned investigations, innovative cooling strategies, such as electromagnetic clutch water
pumps and variable position electromagnetic thermostat (VPEMT), were used for modification
of Sl engine cooling system. Like what has been found for diesel engines, the improvement in
the system performance has been shown for SI engines. For example, the results of the study
performed by Mohamed et al. [34] indicated that, after applying the proposed advanced coolant
control strategy, the warm-up period could be decreased by 31% compared to the conventional
system. In addition, employing the intelligent engine cooling method employed in the study of
Cai et al. [30] was accompanied by 7% decrease in the fuel economy.

Haghighat et al. [35] also developed an experimental model for a proposed dual-fuel engine
cooling system, which worked based on the engine speed. The developed model was employed
to evaluate the improvement in engine performance. It was found that by replacing the proposed
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engine intelligent cooling system with the conventional one, the HC and CO emissions
decreased by 5.3% and 6.1%, respectively, while fuel consumption had 1.1% reduction during
NEDC cycle operation. Castiglione et al. [36] also conducted experiments to study nucleate
boiling in small displacement spark S.I engine. Several parameters, such as temperature and
pressure of coolant as well as wall temperature, were measured.

1.1.2. The works carried out in the engine thermal modeling area

In addition to proposing a smart cooling system and evaluating the performance improvement
of that, studying the thermal behavior of the engine is taken into account as another hot topic in
the field of intelligent cooling. In such investigations, the criteria such as temperature field and
heat flux have been investigated by experimental analysis or numerical methods, including CFD,
FEM, CHT, 1D, and quasi dimensional simulations in some studies, as reviewed in the
following.

As an example of the studies with the subject of studying the thermal behavior, Annabatulla et al.
[37] used STAR-CCM+ and design of experiment (DOE) to improve the engine design coolant
passage. Having developed the approach, thermal behavior was also analyzed. In another study,
Mohamed Hassan et al. [38] applied STAR-CD to demonstrate the consequences of water
injection on the wall heat transfer and temperature. Moreover, in order to simulate engine heat
transfer after shut down considering nucleate boiling, Ali et al. [39] studied the combination of
integrated heat transfer analysis and CFD finite volume method with a triangular grid.

Decan et al. [40,41] also took advantage of using open-source software, Open FOAM®), to carry
out simulations of a CFR engine, under both motored and HCCI operation, with special
attention on the performance of various heat flux models. Modeling included the equilibrium
wall models as in the standard use, an improved empirical heat flux correlation, and a numerically
intensive low Reynolds formulation. Moreover, for analyzing the heat flux distribution on the
walls of a hydrogen-air mixture cylinder during the compression stroke, Schmitt et al. [42] used
direct numerical simulation (DNS) and investigated the relationship between the temperature
field and the local heat flux distribution.

In order to explore the accuracy of the single zone thermodynamic model compared to the 3D
CFD model, Mauro et al. [43] carried out a comparative study. Considering the simplicity and
speed of the single-zone model, they illustrated that the estimation of the heat release was
reasonably accurate, which means the results of that can be the basis of the combustion process.
Furthermore, Jo et al. [44] studied the thermal efficiency of a downsized turbocharged engine
with respect to the rate of compression, considering the knock limitation by 1D quasi
dimensional simulation.

The effectiveness of wall temperature on evaporation and mixing characteristics of impingement
spray was also examined by Wu et al. [45]. They investigated the combustion process and
emissions of GDI engines as well. In addition, they provided an integrated approach to
accurately estimate the in-cylinder combustion process and engine temperature field consisting
of engine head/block/gasket and water jacket elements. In this research, like the last two
reviewed papers, the 1D simulation was applied to find boundary conditions of transient
pressure and temperature and gas side time-averaged HTC.

Saric et al. [46] and Berni et al. [47] worked on the role of the law of the wall in the reliability of

heat transfer parameters of an Sl engine through the wall. Saric et al. [46] found that the standard
or low-Re variants of the k-¢ turbulence model were not appropriate for this purpose.
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Considering this point, they suggested the compressible wall function of Han and Reitz in the
framework of hybrid wall treatment by the k-¢-f turbulence model as a more reliable option.

Furthermore, Berni et al. [47] proposed a novel heat transfer model to simulate wall heat fluxes,
which was in good agreement with both the experimental engine thermal survey and local
temperature measurements for all engines and operating conditions. In that study, CHT and 3D-
CFD methods were used to investigate the thermal behavior of the engine. The simulation
results were compared with Han and Reitz's and Angelberger's models [48,49]. These two
models are both known and they are available in CFD commercial codes, and operate properly
in engine test case (i.e., the GM pancake).

With respect to 3D-CFD and CHT method, Cicalese et al. [50] used this method in a high
power-density diesel engine and indicated the predictive capabilities of this technique both for
global thermal balance and local engine temperature distribution.

Broatch et al. [51] focused on the heat transfer of the walls in a spark ignition (SI) engine. In this
study, in order to reduce the required computing time for performing CHT simulation, the
authors replaced the combustion process with the Rate of Heat Release (ROHR) derived from a
CFD calculation. They proved that the CHT-RoHR approach provides an acceptable outcome in
regards to spatially averaged values throughout the whole engine cycle while it is able to reduce
the computational cost significantly.

Moreover, Arada et al. [52] simulated the velocity distribution and wall heat flux near the engine
wall. With highly resolved calculation mesh, they were able to change the turbulent Reynolds
number wall in the boundary layer according to the near-wall flow condition. Based on the
obtained result, a new model was formulated by which the prediction accuracy of wall heat flux
even in near-wall flow was improved, especially in HCCI engines.

Ma et al. [53] verified the validity of the equilibrium and non-equilibrium wall-function model in
predicting wall heat transfer of internal combustion engines. Verification of the validity was done
by simultaneous high-speed, high-resolution particle image velocimetry and heat-flux
measurements. According to the results, it was found that the equilibrium wall-function model
under predicts the heat flux significantly. Nonetheless, the non-equilibrium wall model was
shown to be able to capture the structure and dynamics of both momentum and thermal
boundary layers adequately.

Li and Kong [54] established a numerical procedure, coupling in-cylinder combustion modeling
with CHT, to model in-cylinder flow and solid heat conduction at the same time. In this
research, in both the fluid and solid domains, the temperature fields were coupled by applying
equal heat flux and equal temperature at the fluid—solid interface. The results showed a correct
prediction of unsteady and non-uniform temperature distributions on the chamber surface.

Zhang [55] applied CHT into KIVA-4 in order to investigate solid engine components'
temperature range. Based on the results, the CHT modeling provided a reasonable, realistic
temperature distribution on the chamber wall compared to the constant wall temperature. In
addition, Keum et al. [56] suggested and simulated a modified wall function model by KIVA-3,
in which the effect of variable density and variable viscosity was taken into account.



1.2. Gap of the study

According to what discussed, to the best of our knowledge, the following item is taken into
account as the gap of the research:

e The intelligent cooling strategies to utilize the electric pump, including the reviewed ones,
are introduced in a way that only the speed has been taken into account. It means that,
the load, as a very important effective parameter, has not been considered to obtain the
performance map for cooling the engine. As discussed in detail in the results and
discussion section of this study, not considering the load leads to overcooling and
undercooling of the engine which is known as a harmful phenomenon in the internal
combustion engines.

1.3. Novelty of the research

Based on the gap of the study, which has been mentioned in the previous part, to contribute to
this line of research, this study takes the initiative in determining the required coolant flow rate
of a downsized turbocharged I.C engine as a function of load and speed based on the interaction
of 1D and 3D simulations. It is to be noted that, as the comprehensive literature review
demonstrates, to the best of our knowledge, none of the previous studies has developed such a
cooling system that is affected by both engine load and speed simultaneously. Accordingly, this
study aims at proposing a scientific and engineering methodology, with the least computational
complexity, based on 1D and 3D simulations in order to obtain the required flow rate of the
cooling system as a function of engine load and speed. In this method, instead of full CHT,
temperature and heat transfer coefficient is calculated by 1D simulation and then, as boundary
conditions, inserted into a 3D CFD simulation. Applying 1D simulation leads to a significant
decrease in computing volume and run-time. Moreover, as it has been already discussed in the
literature review part, the employed methodology is accurate to describe the system performance.
This concept is introduced as a “smart speed-load sensitive engine cooling map” in the present
study. By providing the developed performance map, an appropriate solution to employ the
water pump efficiently is introduced.

1.4. Structure of paper

This research is organized as follows. After this part (introduction), the methodology is
explained. Then, the results are presented, and discussion on them was done. Finally, the main
outcomes of the study were given in the conclusion part.

2. Methodology

The proposed methodology to determine the smart speed-load sensitive engine cooling map is
introduced in this section. All the required information, including the description about 1D and
3D simulations and validation, in addition to the details about modeling the boiling are
explained. Moreover, the specifications of the investigated 1.C engine are also given.

Fig. 1 shows the flowchart of the methodology applied in this study. As it is shown, the
presented methodology obtains the suitable coolant mass flow rate based on the following
procedure:

1. Initially, the 1D simulation for the engine is carried out.



2. Then, the pressure, temperature, and HTC are determined in different values for load

and speed.

After that, the BCs, including mean temperature, heat transfer, and so on, are derived.

Next, 3D simulation is done by employing CHT.

Here, setting the mass flow rate is done. As the first guess, the value for the conventional

cooling system can be used.

After that, the temperature distribution is found.

Then, the effect of boiling is considered using the developed MATLAB code.

The values of temperature for the critical regions are checked:

If it is equal to the appropriate set-point, the required mass flow rate is introduced as the

map suggested one.

e Otherwise, the mass flow rate changes one step. If with the current value, over cooling
happens, the new value decreases one step. On the other hand, if under cooling takes
places, the new value increases one step, and then, the process is repeated from stage 5.
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Fig. 1. Flowchart of the methodology used in the present study.

2.1. The investigated internal combustion engine

Today, the need for energy sources with high energy density has made the use of technologies
such as downsizing and turbocharging a necessity. Energy management and cooling of this kind
of high energy density engines should be carefully considered and studied. As a result, this study
investigates a downsized turbocharged internal combustion engine. The specifications of the
investigated engine are given in Table 1.



Table 1. The specifications of the investigated engine.

Engine characteristics

Type 51

Charging TC

Injection type Port fuel infection (PFI)
No. of cylinder 4

Volume 1649 cc

Bore 78.6 mm

Stroke 85 mm

Valves 4 per cylinder
Compression ratio 112

Maximum torque 215 Nm at 4800 rpm
Maximum power 150 hp at 5500 rpm

2.2. 1D simulation

In order to determine boundary conditions (BCs) of combustion chamber, GT-POWER
software is used. These parameters are used as BCs in 3D simulations. Processes such as
combustion, fuel injection, intake, and exhaust gas flow are modeled 1D.

As various engine operating conditions, five different engine speeds 1500, 2500, 3500, 4500 and
5500 rpm at four different throttle angles including 35°, 45°, 67° and 90° are chosen in this study.
Therefore, twenty different cases are considered for investigating the effects of engine load and
speed on the coolant flow rate. In Table 2, the corresponding brake mean effective pressure
(BMEP) of the engine at the mentioned conditions for the throttle position (THPS) are given in
two engine speeds of 3500 and 5500 rpm.

Table 2. Engine BMEP at different throttle position and two engine speeds.

5500 rpm 3500 rpm

THPS (degrees) BMEPF (bar) THPS (degrees) EMEP (bar)
90 18.00 a0 18.00

67 14.25 67 1521

45 9.90 45 10.20

5 8.00 s 2.00



Following this, in each given speed and throttle angle, in-cylinder temperature and heat transfer
coefficient (HTC) is calculated. Then, equations (1), (2)) are used to obtain the average HTC and
temperature as BCs [57].

=
By =L [ db
’ (1)

? dx
Ty = i J by Ty db
e @

The heat flux into the containing walls changes continuously from a small negative value during
the intake process to a positive value of order several megawatts per square meter early in the
expansion process. Some studies focused on the effect of in-cylinder pressure and temperature
oscillation on the wall temperature of the internal combustion engine [58,59]. However,
Heywood [60] put, investigators have concluded that the assumption of quasi-steady heat
transfer is sufficiently accurate for most calculation purposes.

The concept of penetration depth is highly considerable here. The penetration distance Jis a
measure of how far into the material fluctuations about the mean heat flux penetrates. As
mentioned by Ferguson [57], for distances x greater than , the temperature profile is more or less
steady and driven only by the time-average heat flux. Since the length ¢ is small compared with
the dimensions (wall thickness, bore, etc.) over which conduction heat transfer occurs, the
conduction heat transfer in the various parts can be assumed steady and driven by the average
flux.

Here the oscillating flux applied to the cylinder acts as the oscillating force on the crankshaft.
Just as there is no fluctuation at the engine outlet shaft due to the flywheel, there is no
temperature fluctuation in the coolant side of cylinder head water jacket due to the metal
thickness. The most important reason for this phenomenon is related to the high speed of
engine cycles.

One of the boundary conditions needed for 1D simulation is the wall temperature of the
different parts of the combustion chamber. After examining the small effect of the wall
temperature on the gas temperature and the heat transfer coefficient, the average temperature of
each part is set as given in Table 3 using three-dimensional simulations and data provided by the
manufacturer and validated references [57,60].

Table 3. The combustion chamber wall temperature as the boundary condition of 1D simulation.

Engine part Wall temperature ("C)
Cylinder block 145
Cylinder head 195
Piston 285



2.3. 3D modeling and meshing

Pro-Engineer software is used for 3D CAD modeling of the engine. In this software, the engine
is discretized into three main parts: cylinder block, cylinder head, and coolant passage with all
details.

Cylinder block, head, and coolant passage are meshed in HYPERMESH. High accuracy in
complex areas and areas with rough angles are the most important advantage of this software.
Parts of the coolant passage, cylinder block, and cylinder head mesh are depicted in Fig. 2, Fig. 3,
and Fig. 4, respectively.

Fig. 2. Mesh of coolant passage in HYPERMESH.

Fig. 3. Mesh of cylinder block in HYPERMESH.

Fig. 4. Mesh of cylinder head in HYPERMESH.
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In order to achieve an accurate and stable solution, tetra — hexagonal elements are utilized for
mesh generating. Fig. 5 illustrates total mesh quality by skewness and aspect ratio. According to
fluent guide [61], a precise mesh should have skewness lower than 2 and aspect ratio lower than
5. Furthermore, this mesh should be small enough near sensitive areas.
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Fig. 5. Mesh quality in HYPERMESH. (a) Aspect ratio, (b) Skewness.

According to Fig. 5, the total percentage related to elements that have an aspect ratio lower than
2 is 93%, and a negligible amount of them have an aspect ratio greater than 3 (0.01%). Moreover,
up to 90% of the elements have a skewness lower than 0.5. As demonstrated in Fig. 6, mesh size
near sensitive areas such as the exhaust ports are smaller and finer than other areas. The
minimum and maximum mesh sizes are 0.15 mm and 4.4 mm, respectively. Total elements used
in this model are 7,178,833 which include 2,832,881 elements for coolant passage, 2,804,450
elements for cylinder head and 1,541,522 elements for cylinder block.
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Fig. 6. Mesh size in different area in HYPREMESH. (a) Total coolant mesh. (b) Different mesh size.
2.3.1. Governing equations

Equations (3)—(5) are three main equations of fluid flow; continuity, momentum, and energy
[62].
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2.3.2. Solution method

CHT method is used for 3D simulation of the engine in FLUENT software. In regard to
turbulence modeling, k-€ solution method is chosen due to shorter run-time with the same
accuracy in comparison with other turbulence models. The “standard wall function” is used for
fluid flow near the walls.

is higher than 100 in all regions [61].

2.3.3. Boundary conditions

A mixture of 50-50 water and ethylene glycol is considered as engine coolant with thermo-
physical properties given in Table 4.

Table 4. Coolant properties at 100° C

property symbols units quantity
density p 1055
Specific heat , ﬁ 3730
Heat conductivity k 2 0.415
viscosity " & 0.00095

[N}

Convective heat transfer coefficient at WOT and part load, the temperature of the combustion
chamber, and also exhaust port temperature obtained by 1D simulation in different engine
speeds and WOT are shown in Fig. 7, Fig. 8, Fig. 9, Fig. 10, respectively
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Fig. 7. Combustion chamber HTC in different engine speeds and WOT.
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Fig. 10. Exhaust port temperature in different engine speeds and WOT.

HTC of exhaust and intake ports, in which one-dimensional simulation cannot be sufficient,
some correlations such as equation (6) is applied, respectively [63].

h .HU.UTRE (6)

It should be noted that the values of HTC and temperature of under hood are given in the
[49,64]. Furthermore, in FLUENT software, velocity inlet boundary condition is used for
defining coolant flow properties at inlet boundary, and pressure outlet boundary condition is
considered for specifying pressure of coolant flow at outlet boundary. Table 5 gives the
information related to the coolant mass flow rate of the engine measured experimentally.

Table 5. Coolant mass flow rate in different engine speeds.

Engine speed (rpm) Coolant mass flow rate (kg/'s)
1500 1.10
2500 145
3500 1.70
4500 2.00
5500 2.35

The values reported in Table 5 are used as the initial guess for velocity inlet boundary condition.
Then, due to the influence of engine load on engine cooling, these values are modified so that
the optimum coolant flow rate, which will be discussed in the following section, is derived.
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According to Ref. [65] and the manufacturer, water jacket wall temperature at critical areas such
as valve bridge is considered 413 K.

CHT method is used to predict the temperature of water jacket walls. This method simulates
heat transfer between solid and fluid domains by exchanging thermal energy at the interfaces
between them. Therefore, an interface that contains surfaces of solid parts and fluid parts should
be defined due to different heat transfer equations for solid and fluid parts and also mesh
changes because of material changes.

2.4. Boiling

In the engine water jacket, generally pure forced convection occurs, but in some critical regions
such as the regions around the spark plug and exhaust valves, the temperature may exceed
coolant saturation temperature. This circumstance leads to boiling. A MATLAB code is used to
simulate the flow boiling phenomenon. The general equation for evaluating the subcooled flow
boiling heat transfer is followed by equation (7) [66].

'-'-‘l“ = hx' lirl‘u'stl'. TL‘] | 11,,:-. 'ITwu:I T:ﬁli} % 8 (7)

where he is given by equation (8).
he = 0.023(k./D)Re"® Pr% (8)

In equations (7), (8)), hns is nucleate boiling convection coefficient, is coolant temperature, is the
surface temperature of the heated wall, is saturation temperature, S is suppression factor and is
coolant conductivity. The suppression factor, at first, was presented by Chen [67], but later,
Steiner [68] presented a new and more precise suppression factor called Sgpi. Multiple
correlations for predicting was proposed by some researchers. Qasemian and Keshavarz [66]
showed that the combination of Sgo. and hy, proposed by Gorenflo et al. [69] could estimate
flow boiling heat transfer more accurately. Therefore, the heat transfer equation in the regions in
which subcooled flow boiling occurs is as follows:

q“ = hx' {rl‘wetl'_ TL] | hu"r. Gorenflo I{Fr'.'\n'illl r_-[—-h_:“} * SHJ.’?L (9)

2.5. The appropriate value for the temperature of the engine water jacket

In today's ICEs, due to downsizing, the cooling system design should be based on using boiling
phenomena in critical regions of the water jacket to enhance the cooling effect. The saturation
temperature of the 50/50 water-EG at the pressure of 2 bar is 121 °C. Yu et al. [70] showed that
the subcooled flow boiling in the ICE heat transfer condition generally occurs when the wall
superheat is higher than 10°C. Furthermore, studying the subcooled flow boiling phenomena
indicates that considering wall temperature up to 10 °C higher than the ONB is safe enough that
it does not go over the critical heat flux (CHF). Therefore, the wall temperature of 140 °C can be
considered as an appropriate wall temperature in critical temperature regions of the engine water
jacket, as reported by Decan et al. [40]. As will be described in the rest of the paper, the smart
cooling load-speed sensitive map is designed in a way that by changing the coolant mass flow
rate, the temperature is kept at 140°C level.
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3. Results and discussion

In this part, the results are given and discussed. As an important point, before any other
explanations, it should be noted that the employed models have been validated for the
investigated engine in the previous study of the research team [71] (as discussed completely in
the introduction, the novelty of this paper is bringing a smart load-sensitive engine cooling map,
and not presenting new models to simulate the engine performance). However, they are
validated again in this part, as well. The details of validation are found in section 3.3. Before
validation, the proposed smart engine cooling map is presented in section 3.1, and then, the
enhancement potential of that is investigated in section 3.2.

3.1. The proposed smart engine cooling map

The proposed smart engine cooling map is presented here. Using the method whose flow chart
is shown in Fig. 1, the profiles for the smart cooling map are determined. The process
introduced in Fig. 1 is repeated for all the speeds and loads to obtain the engine cooling map.
The values of flow rate are shown for the full load in Table 6. Water flow rates for 35°, 45°, and
67° open throttle angles are also given in Table 7a, Table 7b, and Table 7c, respectively.

Table 6. Flow rate and temperature at area between exhaust ports of 2nd cylinder head in WOT.

Engine RFM rin(kg/s) Ty ("C){with boiling) Ty (" C)(without boiling)
1500 1.20 140 175
2500 1.60 140 174
3500 1.85 140 174
4500 210 140 170
53500 2.60 140 171

Table 7a. Flow rate and temperature between exhaust ports of 2nd cylinder head at 35° open throttle
angle.

Engine RPM i{kg/s) Ty, (" C){with boiling) T, (" C){without boiling)
1500 .75 140 174
2500 1.05 140 172
3500 1.22 140 172
4500 1.40 140 171
5500 185 140 170

Table 7b. Flow rate and temperature between exhaust ports of 2nd cylinder head at 45° open throttle
angle.
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Engine RPM mfkg/s) T (" C){with boiling) Ty (" C){without beiling)

1500 0.90 140 174
2500 115 140 173
3500 1.30 140 173
4500 1.55 140 172
5500 2.00 140 170

Table 7c. Flow rate and temperature between exhaust ports of 2nd cylinder head at 67° open throttle
angle.

Engine RPM 1i(kgfs) Ty | " C){with boiling) Ty (" C){without boiling)
1500 1.05 140 174
2500 1.25 140 174
3500 1.45 140 173
4500 1.75 140 172
5500 2.20 140 170

Fig. 11 shows the coolant flow rate depending on the engine speed and load, which is obtained
from the proposed method indicated in Fig. 1. In fact, Fig. 11 depicts the smart speed-load
sensitive engine cooling map.
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Fig. 11. Coolant flow rate (kg/s) map at different loads and speeds of the engine.
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Fig. 11 shows that by the increase in speed and load, the coolant mass flow rate has an upward
trend. In addition, at the higher speeds and load levels, the increase rate in the coolant mass flow
rate is more than the lower values. The reason is by increasing engine load, the energy released in
the engine increases because of increasing fuel flow rate. It raises heat dissipation by combustion
process and temperature of engine parts, which means more coolant flow rate is needed.
Moreover, when engine speed increases, number of cycles increases in a time unit. Like the
increase in the engine load, increasing the speed leads to more heat release and higher
temperature, which increases the required coolant flow rate. Between the speed and load
(throttle angle), as Fig. 11 demonstrates, the impact of speed is more, but the effect of both of
them is considerable.

Fig. 12 interprets the engine cooling map in a different way. In Fig. 12, variation of the coolant
mass flow rate with engine speed in a constant throttle angle is presented.
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Fig. 12. Changes in the coolant flow rate by increase in engine speed.

The upward trend for coolant mass flow rate by increase in the engine speed at a constant load
can be explained better with more details and quantitatively based on Fig. 12. For instance, in
case the throttle angle of 67° is considered, changing the speed from 1500 to 3500 rpm is
accompanied by 38% increase in the coolant mass flow rate while the corresponding value when
the speed changes from 3500 to 5500 rpm is 51%. Fig. 13 provides the variation of coolant mass
flow rate as a function of load for a number of engine speeds. Fig. 14 also represents a 3D
picture of the engine cooling map.
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Fig. 14. The Contour map of coolant flow rate at different engine speeds and throttle angles.

The result shows that at a constant speed, increasing the load is accompanied by an almost linear
increase in the coolant mass flow rate. However, the increase rate has an upward trend by an
increase in the load, which leads to diverging the variation trend at high loads. Moreover, at a
constant throttle angle, when speed goes up, the increase rate in the coolant mass flow rate
increases as shown in Fig. 13. For instance, at the throttle angle of 67°, changing the speed from
2500 to 3500 rpm increases the coolant mass flow rate from 1.25 to 1.45 kg/s, which means
0.20 kg/s increase. When the speed goes 1000 rpm higher, and it reaches 4500 rpm, the mass
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flow rate has 0.30 kg/s growth, and it is equal to 1.75 kg/s. The coolant mass flow rate for the
speed of 5500 rpm is 2.20 kg/s, which shows it goes up 0.45 kg/s in comparison to 4500 rpm.

For further explanation, the values of reduction in pump power for different coolant flow rates
due to applying coolant flow map at throttle position (THPS) of 45° are given in Table 8.
Without a cooling flow map, the coolant flow rate is constant at any load and varies just in terms
of engine speed. However, using a cooling flow map according to Fig. 12 or 13, the coolant flow
rate changes at different loads, as well. As shown, applying smart cooling map leads to at least
35% reduction in pump power consumption. In addition, this coolant mass flow reduction
decreases the size of the radiator and water pump.

Table 8. Effect of using cooling flow map on the water pump power reduction.

RPM Conventional (constant at any load) Smart cooling (@ THPS 45°) Reduction of
TR i APy AP..g  pump e AL gine AP puimp s {%}
gfs) () (P2 O G ) @)

1500 1.10 17,508 10387 20.08 0.00 14,325 5030 1728 40.59

2500 145 24037 16,207 5531 1.15 18,304 10653.7 31.56 4293

3500 1.70 30480 22845 8593 1.30 21,075 13,436 4252 5051

4500 2.00 42,000 30,024 136.54 1.55 26,012 18,786  65.82 5180

5500 235 57,100 38111 212.084 2.00 42,000 30,024 136.54 35.62

It is worth mentioning that for higher speeds, due to the higher coolant velocity, the convective
heat transfer coefficient is higher, and the effect of boiling is reduced. Therefore, once again, it is
proven that there is a need for a coolant flow rate map, similar to some other engine parameters
such as spark.

3.2. Enhancement potential of applying the smart cooling map
In order to evaluate the enhancement potential of the proposed smart cooling map, the results of
applying the map for two conditions from employing mechanical pump, which is shown in

Fig. 15 and Fig. 16, are considered, and they are compared with the condition of employing the
smart load-speed sensitive cooling map.
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Fig. 15. Coolant temperature contour in 5500 rpm and 35° open throttle angle with 2.35 kg/s coolant
flow rate (the conventional cooling system).

Fig. 16. Coolant temperature contour in 5500 rpm and WOT with 2.35 kg/s coolant flow rate (the
conventional cooling system).

3.2.1. Employing the conventional cooling system

The boundary conditions at the combustion chamber and port walls are calculated in different
values for the engine load and speed. Then, they are applied in the 3D simulation to obtain the
thermal behavior of different parts of the engine, including water jackets. For both conditions,
the conventional cooling system offers the coolant flow rate of 2.35 kg/s. For this coolant flow
rate, i.e., the coolant flow rate of 2.35 kg/s, temperature contours of water jacket at 5500 rpm are
illustrated at full throttle and 35°throttle angle in Figs. 15 and 16, respectively.
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According to Figs. 15 and 16, it is observed that, the critical temperature region for water jacket
of each cylinder is located between the exhaust ports. Moreover, the maximum temperature is
observed in cylinder head No. 2. It happens because of the proximity of three sides of cylinder
No. 1 with the air, while cylinder No. 2 is exposed to air in two sides. Another point is, at a fixed
engine rpm, load considerably affects the temperature value, especially at the critical area.

Assuming a temperature of 140°C for water jacket wall temperature [40], Fig. 15 indicates that at
35° throttle angle (part-load) the maximum temperature without boiling assumption is 164°C,
which is equal to 131 °C in consideration of the boiling. Therefore, over cooling occurs with
flow rate of 2.35 kg/s. On the other hand, as shown in Fig. 16, the contours show that in the full
load state, the maximum temperature reaches 178°C degrees regardless of boiling, which is
equivalent to about 149°C, considering boiling. Consequently, the coolant flow rate of 2.35 kg/s
is not able to meet the cooling requirements in some critical regions, and undercooling occurs by
this flow rate. Therefore, the required flow rate should be more than 2.35 kg/s for the full load
and less than 2.35 kg/s for part-load condition. It makes the shortcoming of the conventional
cooling systems which only work based on the engine speed clear.

3.2.2. Employing the proposed smart load-speed sensitive cooling map

Fig. 17 and Fig. 18 are the temperature contours for the engine water jacket at 5500 rpm. In
Fig. 17, the engine is run at full load and coolant flow rate of 2.60 kg/s, while in Fig. 18, the
throttle angle is 35°, and coolant flow rate is 1.85 kg/s. Both coolant flow rates are obtained
from the smart presented cooling map, i.e., Fig. 11.
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Fig. 17. Coolant temperature contour when the smart cooling map is applied in 5500 rpm and WOT flow
rate of 2.60 kg/s (the smart load-speed sensitive cooling map).
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Fig. 18. Coolant temperature contour when the smart cooling map is applied in 5500 rpm and 35° open
throttle angle in coolant flow rate is 1.85 kg/s (the smart load-speed sensitive cooling map).

As a result, it is found that compared to the coolant mass flow rate in the conventional engine
cooling system for this speed, i.e., 2.35 kg/s, employing the smart load-sensitive performance
map leads to 10.6 and 21.3% changes, respectively. It is a considerable change, and also
diminishes the over and under cooling phenomena. As seen, the maximum temperature in both
cases without boiling assumption is approximately 170°C, which is equal to 140°C when boiling
effects are taken into account, and it leads to having a much greater engine performance.
Moreover, based on the methodology presented in the references [22,33], the improvement in
fuel consumption, hydrocarbon emission production, and needed power of the coolant pump
has been computed for both conventional and smart cooling system, which shows that on
average, they are enhanced by 2.1, 8.6, and 44.3%, respectively.

As the final point in this part, it should be noted that the analysis was conducted based on
implementation of the electric water pump for the cooling circuit. The variable mass flow rate
could be implemented using a valve (e.g., an electric servo valve) by which the water flow is
controlled. A controlling system could be designed which has the developed smart-cooling map
in its memory, and by giving feedback from the sensors to measure load and speed of the engine,
the signal is sent to the valve to adjust the flow at the suggestion of the map. Considering the
point that the main focus of this study was on finding the map, the comprehensive conceptual
design of the controlling strategy is suggested as an idea for future works.

3.3. Validation

The details about validation of both 1D and 3D simulation approaches are described in this part.
Validation is taken into account as a key element in each modeling approach to make sure that
the model has enough accuracy [[72], [73], [74], [75]].

3.3.1. One dimensional simulation validation

Fig. 19 shows engine cylinder pressure at 5500 rpm and full load (WOT) experimentally and
numerically. As shown in Fig. 19, there is good consistency between experimental and numerical

results. In the methodology proposed in this study, the peak pressure and the gas temperature at
the end of the power stroke should be carefully considered. The accuracy of the pressure
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transducer applied in the combustion chamber is 1 kPa. The average error of numerical
calculations and experimental data of the following diagram is 3.7%.
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Fig. 19. Cylinder pressure at 5500 rpm and WOT.

Fig. 20 also compares the in-cylinder peak pressure obtained by experimental and numerical data
at full load in terms of different engine speeds. As seen, the maximum error is related to
3000 rpm, which is around 5%. In this case, the average error is 2.66%.
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Fig. 20. The maximum cylinder pressure in different engine speeds and WOT.
Moreover, Fig. 21 compares the maximum cylinder pressure in experimental condition and
numerical simulation in different engine speed and part load (BMEP = 8 bar). The maximum

error occurs at 3500 rpm, which is 4.8%. Fig. 19, Fig. 20, Fig. 21 shows that good calculations
have been made thermodynamically as a source of thermal boundary conditions.
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Fig. 21. The maximum cylinder pressure in the experimental condition and numerical simulation in
different engine speeds and part loads (BMEP = 8 bar).

3.3.2. CFD simulation validation

3D simulation is validated by four parameters: mesh independency, Ap and AT of coolant along
the coolant passage, and coolant velocity measurement by PIV method in two different coolant
passage locations.

3.3.2.1. Pressure drop validation at coolant passage

Fig. 22 shows a schematic diagram of the experimental set up by which the coolant temperature
and pressure difference along the engine coolant passage are measured.

Pump : \—/
Flovwameter
Three way I
| Butterfly Transparent
valve @ Cylinder head
X 4
Butterfly Pressure - - @
; Pressure
Engine original gauge
= cylinder block

Fig. 22. Schematic layout of test bench for measuring the coolant temperature and pressure difference
along the engine coolant passage [76].
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The pressure drop and flow rate through the coolant passage is measured experimentally, as
shown in Fig. 23. At water flow rate of 65 lit/min, pressure drop was measured as 9.8 kPa. The
accuracy of pressure transmitter used for measuring the coolant pressure is £0.1 kPa. Numerical
calculation of coolant passage pressure contours is shown in Fig. 24 and compared with
experimental data in Table 9. As observed, there is a very good agreement between the model
prediction and experiment.

(b)

Fig. 23. Experimental case for pressure drop (a) Flow meter (b) Experimental setup.
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Fig. 24. Coolant pressure contour in 3000 rpm and WOT.

Table 9. Pressure drop at coolant passage.

data Pressure drop (kPa)
Experimental 0.8
Simulation 9.811

3.3.2.2. Mesh independency

Table 10 shows pressure drop value for coolant flow rate of 65 lit/min with 4 different number
of meshes. As seen in this table, for mesh numbers more than 2,832,881, despite considerable
change of mesh number, pressure drop has no significant variation. Hence, this number of
meshes is chosen for simulation.

Table 10. Pressure drop with different mesh numbers.

Mesh number Pressure drop (kPa)
2,194,709 9,579
2,832,881 9.811
3,102,247 0.812
3,314,524 9.813

3.3.2.3. Temperature difference along the coolant passage

In both 3D simulation and experiment, the entrance coolant bulk temperature is 100°. Table 11
shows outlet coolant bulk temperature in 5500 rpm and WOT obtained by 3D simulation and
experimental test. As presented in Table 11, the 3D simulation has good accuracy with the
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experimental data. Temperature contour of coolant passage is represented in Fig. 25, as well. The
accuracy of K type thermocouples used in this work is £0.1°C.

Table 11. Coolant bulk temperature in passage.

FLUENT 3D simulation (°C) Experimental data (*C) Coolant bulk temperature
100 100 inlet
104 1039 outlet
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Fig. 25. Coolant temperature contour in 5500 rpm and WOT.
3.3.3. Validation of hydraulic simulation with PI1V method

Particle Image Velocimetry (P1V) method was applied to validate CFD simulation. An
experimental set up, shown in Fig. 26, was provided for this purpose. By passing the coolant
flow through the transparent Plexiglas, shown in Fig. 27-a, coolant velocity at two different
points (A) and (B) at 4th cylinder, as shown in Fig. 27-b, were measured experimentally.

Fig. 26. Experimental setup to measure velocity [76].
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Locations where the coolant
velocity is measured by PIV method

intake side coolant passags

(a) (b)
Fig. 27. Points A and B in 4th cylinder head. (a) Transparent cylinder head. (b) Coolant passage.
Velocity vectors obtained by CFD simulation and image processing of PIV method are

demonstrated in Fig. 28-a and 28-b, respectively. Image processing of taken pictures, showed
quantities of 0.7 m/s and 1.2 m/s for locations A and B, respectively [76].
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Fig. 28. Velocity vectors at measured point A by (a) CFD simulation (b) P1V method.

Velocity of mentioned points A and B, obtained by FLUENT 3D simulation and PIV method
are given in Table 12. Comparison of the velocity values in these two locations, obtained by
numerical and experimental methods, indicates good accuracy of CFD simulation.

Table 12. Coolant velocity in points A and B.

Point Experimental data FLUENT 3D simnulation
Velocity (m/s) Velocity (m/s)

A 0.7 0.72

E 1.2 1.19

30



4. Conclusion

In order to enhance the performance of the cooling system in spark-ignition engines, a smart
cooling map was proposed, based on the concept of using electric water pump. In this study, in
addition to the speed, the engine load was taken into account for obtaining the smart cooling
map. Finding the smart performance map of the cooling strategy was done by the numerical
simulations, which worked based on 1D and 3D interactions, and in which the boiling effect is
also considered.

A comprehensive comparative study between the conventional and proposed cooling strategies
showed the huge benefits of the developed speed-load sensitive cooling map. It diminishes the
significant difference among the maximum values for the temperature of the cylinder at different
loads, which is a harmful phenomenon in the conventional cooling method. One of the most
important advantages of using the load sensitive cooling map, along with reducing the coolant
flow rate and consequently, water pump consumption and frictional mean effective pressure
(FMEP), has been the optimal cooling management in order to eliminate overcooling and
undercooling of the water jacket and creating a relatively uniform temperature distribution. On
the other hand, by keeping the engine hot in such a way that the engine is kept free from
damage, the efficiency of the internal combustion engine as a heat engine according to the ideal
Carnot cycle increases. In addition, a relatively uniform temperature in the engine body is
obtained due to reducing cylinder to cylinder variation as an undesirable phenomenon in the
engine.
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