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Reducing fuel consumption and greenhouse gas emissions in internal combustion
engines is a key objective for automobile manufacturers. Employing advanced cooling
systems is an effective solution to achieve this goal. In this study, the impact of coolant
temperature on brake-specific fuel consumption (BSFC), HC, CO, and NOX emissions, as
well as blowby, was first investigated experimentally at the most frequent operating
point of the European driving cycle (2000 rpm, 2 bar brake mean effective pressure) in a
naturally aspirated engine using an electric thermostat. Subsequently, the influence of an
externally driven water pump’s speed on fuel consumption was evaluated at the eleven
most frequent operating points of the European driving cycle, with consideration given to
the coolant temperature difference between the engine’s inlet and outlet as a function of
coolant flow rate. By determining the minimum required flow rate for each of these
points, the optimal speed of the electric water pump was established, constrained by a
maximum allowable temperature difference of 6°C between the engine’s inlet and outlet.
Additionally, the pre- and post-catalyst temperatures at these eleven operating points
were compared for both mechanical and variable-speed water pumps. Finally, a
simulation using GT-SUITE software, validated with experimental data, was conducted to
analyze the performance, cooling system, and power transmission circuit of the Samand
vehicle equipped with the domestic naturally aspirated engine under the European
driving cycle. The results demonstrate that adopting a smart cooling system in place of a
conventional mechanical cooling system reduces fuel consumption (in terms of CO2
emissions) by 1.2%. Furthermore, HC and CO emissions decreased by 10% and 43%,
respectively, while NOx emissions increased by 27%.
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1- Introduction

As the automotive industry continues to prioritize sustainability and efficiency, reducing
fuel consumption and emissions remains a primary concern for vehicle manufacturers.
One innovative approach to addressing this challenge is the adoption of advanced thermal
management systems to replace conventional cooling systems. By integrating these
advanced technologies, vehicles can achieve significant improvements in both fuel
efficiency and emission reduction [1].

During the combustion process in an SI engine, the burned gas temperature rises to
approximately 2500K. The engine generates heat, part of it is absorbed by the coolant
circulating through the cylinder head, piston, and cylinder. However, improper cooling can
lead to high temperature gradients in the cylinder head, highlights the critical role of the
cooling system in engine performance, efficiency, and emissions control.

Increasing heat loss from the burned fuel to the combustion chamber reduces output
power and torque, while decreasing it raises cylinder wall temperatures, which can trigger
knocking. Gas temperature during combustion also affects emissions. Additionally,
friction—which is influenced by engine heat transfer—contributes to parasitic losses in
the cooling system. The cylinder liner temperature further determines lubricating oil
viscosity, and temperature gradients may cause bore distortion. A portion of mechanical
energy is converted into power loss and dissipated through the cooling system.

Traditional automotive cooling systems consist of the engine, thermostat, an air-cooled
radiator, and a centrifugal pump driven by the crankshaft belt. The thermostat typically
comprises a temperature-sensitive wax element that regulates coolant flow to the
radiator. As temperature rises, the wax liquefies, opening the thermostat and allowing
coolant to circulate through the radiator, where it cools before returning to the engine to
absorb heat. Upon engine shutdown, the coolant temperature drops, causing the wax to
solidify and close the valve [1].

The thermostat’s operating temperature depends on the wax element’s properties,
which activate at a predetermined coolant temperature. In contrast, modern map-
controlled thermostats incorporate a small resistor into the wax element, enabling
expansion at a secondary fixed-point temperature—particularly beneficial for flex-fuel
vehicles. This system allows multiple temperature settings regulated by the engine ECU,
adjustable based on fuel type, load conditions, and sensor feedback [2]. A schematic of the
map-controlled thermostat is shown in Figure 1.

Plug

Heating resistor

Valve disc

Compression spring
Case (operating element)
Elastomer insert

Working piston
Guide (bypass valve)

Housing

Figure 1 Schematic of map-controlled thermostat
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This leads to several positive effects:

1. Optimal combustion due to increased wall and component temperatures;

2. Reduced fuel consumption resulting from decreased viscosity of the engine oil and a

corresponding reduction in frictional losses;

3. Lower emissions due to improved combustion;

4. Enhanced power output at full load owing to reduced coolant temperature;

5. Higher coolant temperatures and an improved interior heating and ventilation

system [2].

On the other hand, conventional cooling systems utilize a mechanical water pump
driven by a pulley with a constant ratio relative to engine speed. These systems are
designed based on worst-case engine operating conditions (full load at all engine speeds),
leading to excessive heat loss during part-load operation. To decouple the water pump
speed from engine speed, a variable water pump can be employed. One approach in
thermal management systems involves replacing the conventional mechanical pump with
an electronically controllable electric pump. This modification can contribute to reducing
emissions and improving brake-specific fuel consumption.

2- Literature Review

Extensive research has been conducted on the application of map-controlled thermostats.
Guillemot et al. [3] demonstrated that the temperature of the cylinder head exerts a greater
influence on HC emissions than that of the block. They also found that mixture preparation
and blow-by in commercial gasoline engines are significantly improved by increasing the
coolant temperature. Tomlinson et al. [4] described the capabilities of a map-controlled
thermostat with PID closed-loop control for precise and stable operation. A parametric study
was conducted through simulation to optimize engine performance.

Khanjani et al. [5] examined the feasibility of controlling coolant temperature across
multiple drive cycles using an electric flow-control valveas a replacement for the
conventional thermostat. The engine speed and load were used as inputs to a MATLAB
Simulink  model ofthe engine cooling system,incorporating an optimization
algorithm. Consequently, a set of optimized coolant temperatures and corresponding
brake-specific fuel consumption values were calculated. Their results demonstrated a
reduction in fuel consumption of over 1% in urban and extra-urban cycles.

Fang et al. [6] investigated the effect of coolant temperature on performance and
exhaust emissions (both gaseous and particulate) during the cold-start phase of a diesel
engine. A simulated platform controlled the coolant pressure to replicate altitude
conditions ranging from 0 m to 4500 m, with coolant temperatures varying between 20°C
and 60°C. As the coolant temperature increased, CO and THC emissions decreased during
the first 30 seconds of cold start. However, CO2 emissions remained relatively unaffected
by changes in coolant temperature. Additionally, NOX emissions declined with higher
coolant temperatures.

Bakatwar et al. [7] analyzed the performance of an engine cooling system equipped
with an electronically controlled coolant thermostat to improve thermal efficiency. To
integrate this technology with an IC engine, modifications were made to the thermostat
housing geometry for mounting on the cylinder head. The ECU was programmed to
regulate thermostat opening based on coolant temperature. The prototype system was
evaluated in-vehicle to assess the impact of elevated coolant temperatures on engine
performance. Results indicated significant improvementsin thermal efficiency
and exhaust emissions.

On the other hand, previous studies have investigated the use of variable-speed water
pumps and the effects of coolant flow rate. In 2004, Jawad [8] simulated an engine cooling
system with an electric water pump for vehicles and validated the model experimentally.
The results demonstrated an increase in engine power output.

The Journal of Engine Research, Vol 71, No 4 (Winter 2025), pp. 58-76 60



Reduction of fuel consumption and emissions of Iranian naturally aspirated ... ~ Arash Mohammadi et al.

In 2005, Chalgren [9] analyzed a cooling system by substituting the mechanical water
pump with an electric pump in a 5.7-liter diesel engine, achieving an 8% reduction in
power losses.

In 2007, Chou [10]implemented a controllable electric water pump in a 4.6-liter six-
cylinder diesel engine, showing that this replacement enabled a 27% reduction in radiator
size.

Also in 2007, Michel [11] proposed a cooling system featuring a mathematical model of
a controllable electromechanical actuator. This study maintained constant water pump
and fan speeds while using an electric thermostat valve to regulate coolant temperature.

Ribeiro [12] demonstrated in 2007 that an electric water pump cooling system reduces fuel
consumption, cylinder wall temperature, and emissions of NOx, CO, and HC.

In 2008, Turgut [13] performed experimental tests on a vehicle with a controllable
thermal management system, evaluating factors such as full-load fuel consumption and
coolant temperature.

Nasim [14] in 2012 conducted a simulation of a six-cylinder, four-stroke diesel engine
using GT-Suite software toinvestigate warm-up time reduction through thermal
management. By incorporating an electric pump and thermostat, they achieved a 200-
second reduction in warm-up time and 3-9% improvement in specific fuel consumption
compared to conventional systems.

In 2012 Santosh [15] developeda smart cooling system simulation for internal
combustion engines using LabVIEW, controlling fan and water pump speeds based on
coolant temperature. This approach yielded a 15% reduction in fuel consumption versus
conventional cooling.

Iskander [16] in 2012 modeled a diesel engine cooling circuit with an electric water
pump using GT-Suite, implementing a PID controller for pump speed regulation.

In 2013, Shin et al. [17] applied an electromagnetic clutch to a water pump, operating it
in on-off mode to reduce warm-up time by 24.7% and fuel consumption by 4%.

That same year, Jung [18] in 2013 simulated a diesel engine cooling system with an
electric water pump in AMESim, obtaining a 2.5% fuel consumption reduction and 21.3%
shorter warm-up time (85 seconds faster than conventional systems).

In 2014, Arunachalam [19] reported a 3% fuel consumption reduction during warm-up
after replacing a mechanical pump with an electric unit.

Tamim [20]in 2014 solved the coupled nonlinear equations of an engine cooling
system, optimizing warm-up time via fuzzy control.

Masjoki et al. [21] in 2014 upgraded a cooling system by adopting an electric main
pump. The electric pump’s power demand (36-120 W) was significantly lower than
mechanical pumps (800-1000 W), thereby reducing engine power losses.

In 2016, Mohammadi et al. [22] used GT-SUITE to simulate the cooling circuit of a
naturally aspirated EF7 engine. By replacing the mechanical pump with an electric unit
and developinga MATLAB Simulink fuzzy controller for speed regulation,
they achieved a 39% reduction in warm-up time.

Despite these advancements, further research is needed to optimize coolant flow rate
and temperature control strategies in naturally aspirated engines. This study addresses
this gap by examining the combined effects of a variable-speed water pump and map-
controlled thermostat on fuel consumption and emissions in an EF7 engine.

The research methodology comprised three phases:

1. Evaluation of coolant temperature’s impact on fuel consumption, brake-specific fuel

consumption (BSFC), and HC/NOx/CO emissions.

2. Analysis of coolant flow rate effects on BSFC and temperature differentials across the

engine cooling jacket.

3. Simulation of a variable-speed water pump implementation in the EF7 engine using

GT-SUITE software to quantify potential fuel and emissions reductions.
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3- Methodology

First, to implement the map-controlled thermostat, the effects of coolant temperature (35-
110°C) were experimentally investigated at 2000 rpm and 2 bar load (the most frequently
repeated operating point in the NEDC cycle) on fuel consumption, brake-specific fuel
consumption (BSFC), and HC, NOx, and CO emissions. The resulting data was used
to program the thermostatto open athigher temperatures (110°C) under part-load
conditions, while maintaining the conventional set point (90°C) for high-load operation.

Next, to determine the minimum allowable water pump speed (based on a maximum
6°C temperature difference between the inlet and outlet of the coolant jacket), the impact
of coolant flow rate on BSFC and temperature differentials across the cooling jacket was
analyzed. For these tests, eleven of the most frequent operating points in the NEDC cycle
were selected (based on prior simulation experience) to identify the minimum permissible
flow rate while adhering to the allowable temperature gradient. From these experimental
results, a new water pump control map was derived.

Finally, to quantify potential reductions in fuel consumption and emissions, a variable-
speed water pump was simulated on the EF7 naturally aspirated engine using GT-POWER
software. By integrating the optimized coolant flow rates and temperatures as inputs for
the variable-speed pump and map-controlled thermostat, a numerical model of the EF7
engine (as installed in the Samand vehicle) was developed in GT-POWER. This model was
used to evaluate improvements in warm-up time and fuel consumption over the NEDC cycle.

3-1- Experimental setup for investigation of coolant temperature

The objective of this studyis to analyze the effect of coolant temperature
on the performance of naturally aspirated EF7 engines. To achieve this, experiments were
conducted under controlled laboratory conditions. Figure 2 illustrates the test setup of the
naturally aspirated engine in the laboratory environment. The coolant temperature
was regulated through a heat exchanger and PID control system.A schematic diagram
of all data acquisition systems used in this study is presented in Figure 3.

The fuel consumption was measured using a fuel monitoring system, while emissions
were analyzed with an exhaust gas analyzer. The coolant temperature was varied between
35°C and 110°C. All tests were performed at a constant engine speed of 2000 rpm, 2 bar
load, and A=1. Once the coolant reached and stabilized at the target temperature,
performance tests were conducted to measure fuel consumption and emissions. Engine
specifications are presented in Table 1.

Figure 2 Experimental setup in test room
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Figure 3 Schematic experimental test-room
Table 1 The engine specifications

Bore 78.6 mm
Stroke 85 mm
Compression ratio 11.5
Connecting rod length 133.5 mm
Displacement volume 1646 cc
Fuel Gasoline
Engine speed 2000 rpm
Engine Load 2 bar

3-2- Experimental study of coolant flow rate of naturally aspirated on performance

The study examined a variable-speed water pump's impact on fuel consumption reduction
using Iran's national naturally aspirated EF7 engine. Figure 4 illustrates the schematic
diagram of the engine cooling system equipped with a mechanically-driven water pump
powered by an external electric motor. As shown, the engine's coolant output splits into two
pathways: one to the heater and another to the gas regulator. Two K-type thermocouples
measure the coolant temperatures at the engine inlet (T;,) and outlet (T,,:)- These
thermocouples, along with other laboratory instruments, enabled measurement of both
coolant flow rate and emissions. All engine sensors were connected to a data logger interfaced
with a computer for comprehensive monitoring.
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Figure 4 Schematic of the EF7 engine cooling circuit
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3-3- Numerical model setup in GT-SUITE software
The complete cooling circuit of a Samand vehicle equipped with a naturally aspirated EF7
engine was simulated using GT-SUITE software. As illustrated in Figure 5, the system
comprises three primary components:

1. EF7 engine operating circuit

2. EF7 engine cooling circuit

3. Vehicle power transmission system

The simulation examined the cooling circuit in two configurations:
- Conventional cooling system
- Advanced system with map-controlled thermostat and variable-speed water pump

Key input parameters included:
- Performance characteristics of the water pump and thermostat
- Heat exchanger specifications
- HVAC system parameters
- Fan performance curves
- Oil cooler characteristics
- Pressure drops versus flow rate data for both radiator and heater

The hydraulic modeling approach divided the EF7 cooling system into:
1. Internal system (block and cylinder head cooling circuit)
2. External circuit (piping, radiator, fan, pump, thermostat, and heater)

This hydraulic modeling enabled determination of:
- Pressure distribution throughout the circuit
- Coolant flow rates in all system components

The simulation incorporated comprehensive engine specifications:

- Displacement volume

- Compression ratio

- Material properties

- Component dimensions

- Empirical test data (fuel consumption, friction losses, fan/pump performance) across
various operating conditions

The cooling circuit modeling included detailed representation of:
- Internal coolant passages in the block and cylinder head
- Pipe network characteristics (diameters, lengths, materials, bend angles)
- Major components (radiator, pump, fan, thermostat)

The final simulation coupled engine performance with thermo-fluid analysis, tracking
coolant flow:

1. Pump discharge into the engine block

2. Block cooling process

3. Flow transition to cylinder head

4. Final exit from cylinder head

For the power transmission system, input data included:
- Gearbox specifications
- Differential parameters
- Gearshift mechanism details
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Cooling_Circuit Fan-Radiator

Figure 5 Samand vehicle performance, cooling, and power transmission circuit

Figure 6 presents the standard operating and cooling circuit schematic for the EF7
engine. Following catalyst performance validation, the predetermined flow rates from
Table 2 were implemented as control inputs for the variable-speed water pump. The
power transmission circuit (Figure 7) models the complete drivetrain:

- Gearbox

- Differential

- Axles

- Wheels

All gear ratios (gearbox and differential) were input according to Samand vehicle
specifications to ensure accurate simulation results.

bt
N

e
W P

Figure 6 Fluidic circuit simulation model of EF7 performance and cooling system
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Figure 7 Circuit simulation model of the Samand vehicle power transmission system

3-4- Governing Equations

The cooling circuit simulation was performed using GT-Cool, while engine performance
was simulated with GT-Power, both within the Gamma Technology GT-Suite software
environment. This 1D simulation platform models cooling system behavior under both
transient and steady-state conditions. The numerical solution for fluid flow in the
simulated circuit is obtained by solving the fundamental governing equations: continuity
(Eg- 1), momentum (Eg. 2), and energy (Eq. 3).

P (pu) =0 (1)
dt axk
auj n au] _ aO'ij n 2
P ot Ug axk - axi pﬁ ( )
de " de _ au] aq]
Por TP g, ~ %ax,  ox; (3)

For the coupled simulation of both performance and cooling circuits, heat transfer
modeling must account for both conduction and convection mechanisms. The Fourier heat
conduction equation (per unit area and time) can be expressed as:

P )
A dx

where k is the thermal conductivity. Heat is transferred by conduction from the inner
surface of the block and cylinder head walls to the outer surface adjacent to the coolant.
The amount of convection heat transfer is transferred by a fluid and a solid surface. The
forced convection heat flux transferred to a solid surface with temperature T, by a fluid
flow with average temperature T is calculated from equation (5).
q= he(T—Ty) (5)

where h. is the convection heat transfer coefficient, the value of which is calculated by
the following equation:

h.L pVLN™ (Cop\™
(K)—const.x(y) (K) (6)

The constants m and n are empirical, determined experimentally based on the physics

of the problem.

3-5- Numerical Methods

The integration accuracy (maximum relative error) for the Runge-Kutta solution
algorithm determines the precision of numerical simulations. The relative error
represents the difference between sixth-order and fifth-order Runge-Kutta solutions.
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When this error exceeds the specified tolerance (€), the time step is automatically reduced
to maintain the desired accuracy level, ensuring consistent precision throughout
simulations.

Users may adjust the accuracy parameter for two primary purposes:

- Computational Efficiency: Increasing € (e.g., from 0.001 to 0.01) reduces simulation
time when analyzing general trends where high precision is unnecessary.

- Solution Convergence: When anomalous results appear, decreasing € helps verify
whether they represent physical phenomena or numerical artifacts, thereby ensuring
proper solution convergence.

This adaptive approach maintains an optimal balance between computational
efficiency and solution accuracy while preserving numerical stability.

4- Results and Discussion

Figure 8 shows the fuel consumption and brake-specific fuel consumption (BSFC) of the
engine as a function of coolant temperature at 2000 rpm and 2 bar load. The results
demonstrate thatboth fuel consumption and BSFC decrease with increasing coolant
temperature.

This trend can be attributed toreduced inducted air densityin the combustion
chamber at higher coolant temperatures, which increases the in-cylinder air temperature.
Consequently, the engine control unit (ECU) maintains a constant air-fuel ratio (A = 1)
by reducing fuel injection, thereby lowering fuel consumption.

Additionally, the improvement in BSFC at higher coolant temperatures results
from reduced heat loss to the cooling system, leading to better thermal efficiency. At lower
coolant temperatures, more fuel is required to maintain the same brake mean effective
pressure (BMEP= 2 bar), resulting in higher BSFC.

2.5 440
= 245 "‘-,_ ==Ml-- Fuel Consumption
5 cooodgees 430
® 24 m, .__1 BSFC
E 2.35 ~\\-\'..._._.. 420 <
B 23 \\\ .. 3
£ Sl i
5 225 L N 410 =
g 22 T, %)
o = o
=~ - 400 &
s 25 R -— z
=21 R T L IRV
2.05 )
2 380
30 50 70 90 110

Coolant Temperature , oC
Figure 8 Fuel consumption and BSFC for different coolant temperatures (2000 rpm, 2 bar)

Exhaust emissions were measured as a function of coolant temperature using an
exhaust gas analyzer. Figure 9 presents the variations in unburned hydrocarbon (HC) and
nitrogen oxides (NOx) emissions with coolant temperature at 2000 rpm and 2 bar load.

The results indicate that HC emissions decrease with increasing coolant temperature. This
trend occurs because the cylinder wall temperature—which is directly influenced by coolant
temperature—rises, promoting more complete fuel oxidation and reducing unburned HC
formation.

Conversely, NOx emissions increase with higher coolant temperatures. In spark-
ignition (SI) engines, NOx formation depends strongly on combustion temperature. As
coolant temperature rises, the combustion chamber temperature increases, leading to
greater thermal NOx production.
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Figure 9 unburned hydrocarbon and NOx for different coolant temperatures (2000 rpm, 2 bar)

Figure 10 shows carbon monoxide (CO) and Blowby versus coolant temperature.
Carbon monoxide increases with rising coolant temperature. With increasing coolant
temperature, combustion product temperature increases and more CO is generated during
combustion.
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Figure 10 Carbon monoxide and Blowby for different coolant temperatures (2000 rpm-2 bar)

4-1- Experimental Results of coolant flow rate

Figure 11 presents the test results of engine speed at full load conditions, showing the
relationship between brake-specific fuel consumption (BSFC) and coolant flow rate for the
mechanical water pump. The measured coolant flow rates ranged from 23.5 L/min at
1000 rpm to 142 L/min at 6000 rpm.

These flow rates are typically designed for worst-case operating conditions (full load),
which differ significantly from the partial-load conditions encountered in the NEDC
driving cycle. This presents an opportunity to reduce fuel consumption by optimizing
coolant flow rates during NEDC operation. Lowering the coolant flow rate can improve
engine output power and consequently decrease BSFC.

The critical consideration then becomes determining the minimum permissible coolant
flow reduction that maintains adequate engine cooling while maximizing these efficiency
gains.
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Figure 11 Graph of brake specific fuel consumption and coolant flow rate at full load versus engine speed
(Mechanical water pump)

To determine the minimum allowable coolant flow rate, the temperature difference
between the engine's coolant inlet and outlet was measured, as shown in Figure 12. The
results indicate a maximum temperature difference of 7.0°C at 1000 rpm and a minimum
of 4.8°C. Accounting for experimental uncertainties, a conservative maximum temperature
difference of 6°C was established as the threshold for determining minimum flow
requirements. Exceeding this permissible temperature differential may lead to:

1. Excessive thermal gradients in the cylinder head

2. Elevated thermal stresses

3. Potential failure of the cylinder head gasket

4. Increased risk of engine knock

These constraints highlight the importance of maintaining proper coolant flow rates to
ensure engine durability while optimizing fuel efficiency.

7.5
Coolant temperature difference with Mechanical Water Pump

o1 o
15 TS NS BN

T out- T in (oC)

v

b
3

1000 2000 3000 4000 5000 6000

Engine speed, rpm
Figure 12 Diagram of the difference in coolant temperature at the engine inlet and outlet versus engine speed
4-2- Determining the flow rate of a variable speed water pump in eleven points of the NEDC cycle
11 points that are most frequently repeated in the NEDC cycle (speed and load of engine),

were considered according to Table 2 and then in every of this11 points, minimum water
pump speed is determined.

69 The Journal of Engine Research, Vol 71, No 4 (Winter 2025), pp. 58-76



Reduction of fuel consumption and emissions of Iranian naturally aspirated ... ~ Arash Mohammadi et al.

Table 2 11 operating points of the EF7 engine in the NEDC cycle

Speed (rpm) BMEP (bar)
834 0.403
915 2.46
1412 3.486
1857 1.39
2031 0.438
2047 4.338
2055 2.675
2439 0.972
2473 4.925
3099 3.498
3181 6.583

Figures 13 and 14 present the brake-specific fuel consumption (BSFC) and coolant
temperature difference (between engine inlet and outlet) as functions of coolant flow rate
for Cases 5 and 7 (referenced in Table 1). Similar trends were observed for the remaining
test points.

Case 5 Analysis (Figure 13)

- Represents the 5th most frequent operating point in the NEDC cycle.

- A flow rate of 38 L/min was selected, maintaining a temperature difference of

5.5°C (below the 6°C threshold).

- At this flow rate, BSFC = 637 g/kWh, representing a 0.5% reduction compared to

higher flow rates.

- No significant changes in temperature difference or BSFC were observed beyond 42-

45 L/min.

Case 7 Analysis (Figure 14)

- Represents the 7th most frequent operating point in the NEDC cycle.

- A flow rate of 41 L/min was chosen, ensuring a 5.5°C temperature difference (within

limits).

- Beyond 45-49 L/min, neither temperature difference nor BSFC exhibited notable

variations.

Summary of Findings

- Table 3 compares the mechanical water pump’s flow rates with the optimized values

for an electric pump.

- The minimum permissible flow rates were determined based on 11 frequently

occurring NEDC operating points, ensuring thermal safety (AT < 6°C) while
maximizing fuel efficiency.
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Figure 13 Graph of brake specific fuel consumption and engine inlet and outlet coolant temperature difference
versus engine coolant flow rate at 2031 rpm and 0.438 bar load
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Figure 14 Graph of brake specific fuel consumption and engine inlet and outlet coolant temperature difference
versus engine coolant flow rate at 2055 rpm and 2.675 bar load

Table 3 Estimated flow rates of variable speed water pumps compared to mechanical water pumps at eleven
duty points of the NEDC cycle

Speed (rpm) BMEP (bar) MWP (lit/min) EWP (lit/min)
834 0.403 19.0 10.0
915 2.46 21.2 12.01
1412 3.486 33.26 25.03
1857 1.39 45.02 36.0
2031 0.438 48.5 38.0
2047 4.338 49.1 43.0
2055 2.675 49.2 41.0
2439 0.972 58.0 50.0
2473 4.925 59.5 51.0
3099 3.498 72.0 62.0
3181 6.583 72.5 65.0

4-3- Data analysis
Tables 4 and 5 present pre-catalyst and post-catalyst temperature measurements using
the optimized electric water pump flow rates (from Table 4). Key observations include:
1- Pre-Catalyst Temperatures (Table 4):
o Temperature differences between mechanical and electric pump configurations
range from:
* Minimum: 2°C (Item 6)
» Maximum: 8°C (Items 1 and 5)
o The variable-speed pump increases pre-catalyst temperatures due to elevated
cylinder gas temperatures
o This enables faster catalyst light-off compared to conventional pump operation

Table 4 Temperature before the catalyst with mechanical and electric water pumps at eleven operating points
of the European driving cycle

Speed (rpm) BMEP (bar) MWP (°C) EWP (°C)
834 0.403 336 344
915 2.46 385 391
1412 3.486 451 455
1857 1.39 496 502
2031 0.438 470 478
2047 4.338 590 594
2055 2.675 520 527
2439 0.972 532 536
2473 4925 674 678
3099 3.498 641 646
3181 6.583 742 746
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2- Post-Catalyst Temperatures (Table 5):
o Temperature differences show:
* Minimum: 3°C (Item 11)
» Maximum: 10°C (Item 11)
o Higher exhaust gas temperatures with the electric pump similarly affect post-
catalyst measurements
The data demonstrate that optimized coolant flow management:
e Enhances thermal conditions for catalytic converter activation
e Improves exhaust system heat retention throughout the aftertreatment process

Table 5 Temperature after the catalyst with mechanical and electric water pumps at eleven operating points
of the European driving cycle

Speed (rpm) BMEP (bar) MWP (°C) EWP (°C)
834 0.403 370 379
915 2.46 426 432
1412 3.486 463 475
1857 1.39 496 503
2031 0.438 470 478
2047 4.338 592 602
2055 2.675 526 533
2439 0.972 524 529
2473 4925 655 667
3099 3.498 646 655
3181 6.583 724 734

4-4-Simulation Results
Figure 15 compares the engine outlet coolant temperature profiles during the NEDC cycle
for both conventional and variable-speed water pump configurations:
1. Conventional Mechanical Pump:
o Pump speed correlates directly with crankshaft speed
o Coolant temperature increases uniformly with a warm-up duration of 530 seconds
o Temperature fluctuations after 530 seconds result from thermostat activation
2. Variable-Speed Electric Pump:
Pump remains inactive until coolant reaches 30°C
Rapid temperature rise occurs after 100 seconds (pump activation)
Temperature peaks then decreases to 77°C by 195 seconds
Thermal equilibrium with mechanical pump achieved at 326 seconds
Matching temperature profiles maintained through cycle completion
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Figure 15 Engine outlet fluid temperature diagram using an electric thermostat and electrical water pump in
the European driving cycle
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Key thermal management differences:
e Electric pump enables delayed activation for faster initial warm-up
e Achieves equivalent thermal stability 204 seconds sooner than mechanical system
e Maintains equivalent temperature control once stabilized
The data demonstrate the electric pump's advantages in:
1. Accelerated warm-up phase
2. Precise temperature modulation
3. Equivalent steady-state performance with reduced energy consumption

Figure 16 shows the graph of fuel consumption reduction in the NEDC cycle. The
greatest reduction in fuel consumption (up to about 1.5 percent occurs after first 100 s.
Because at the start of the vehicle's movement the coolant temperature is about 30 oC and
the reduction in cooling improves combustion and increases the engine output. On
average the reduction in fuel consumption is 1.2 percent.
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Figure 16 Graph of fuel consumption reduction using an electric water pump in the European driving cycle (NEDC)

Emissions Testing Results (Tables 6 & 7):
The standardized emissions testing revealed significant differences between the
variable-speed and conventional water pump systems:
1. Fuel Efficiency & CO, Reduction:
o 1.2% decrease in fuel consumption
o Corresponding reduction in CO, emissions
2. Hydrocarbon & Carbon Monoxide Emissions:
o 43% reduction in HC emissions
o 10% reduction in CO emissions
o Primary causes:
* Improved combustion efficiency
* Reduced fuel consumption
3. Nitrogen Oxide Emissions:
o 27% increase in NOx
o Contributing factors:
» Elevated combustion temperatures
* Reduced heat rejection from engine cooling
Technical Interpretation: The variable-speed pump's thermal management strategy
creates competing effects:
e Positive Impacts: Enhanced combustion quality reduces HC/CO through more
complete oxidation
e Negative Trade-off: Higher cylinder temperatures promote thermal NOx formation
via the Zeldovich mechanism
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This analysis demonstrates the importance of balanced thermal management in
achieving both emissions compliance and fuel efficiency targets.

Table 6 Fuel consumption using an electrical thermostat and electrical water pump in the European driving cycle

Description Fuel Consumption (1/100KM) C02 (g/km)
MWP 7.73 183.202
EWP 7.62 180.521
Reduction percentage 1.2% 1.2%

Table 7 Emissions from electrical thermostat and electric water pumps in the European driving cycle

Description NOx (g/km) CO (g/km) HC (g/km)
MWP 0.022 0.325 0.105
EWP 0.028 0.293 0.06
Reduction percentage -27% 10% 43%

Fuel consumption in previous study [21, 22] is approximately 1-15. % that is in
consistent we present study.

5- Conclusion
This research investigated fuel consumption and emissions reduction in the NEDC cycle by
implementing a map-controlled thermostat and variable-speed water pump on the
naturally aspirated EF7 engine (Samand vehicle). Key steps included:
e Identifying 11 high-frequency operating points in the NEDC cycle.
e Determining optimal coolant flow rates for the variable-speed pump while
maintaining a permissible temperature differential (AT) across the engine.
e Evaluating the effects of coolant temperature modulation on emissions and
efficiency.
Key Findings
1. Thermal Response Comparison
o Conventional system: Gradual, uniform coolant temperature rise (~530 s
warm-up).
o Electric pump system: Rapid temperature increase after 100 s (delayed pump
activation).
o Post-warm-up: Both systems stabilize at comparable temperatures after ~250
S.
2. Catalyst Performance
o Higher pre-/post-catalyst temperatures with the electric pump reduce light-off
time, improving cold-start emissions control.
3. Fuel Efficiency
o 1.2% reduction in fuel consumption (NEDC cycle).
o Lower BSFC at elevated coolant temperatures due to reduced heat losses.
4. Emissions Trade-offs
o Reductions:
» HC: 43% (improved combustion efficiency).
= (CO: 10% (more complete oxidation).
o Increase:
» NOx: +27% (higher combustion temperatures from reduced cooling).
Technical Implications
The variable-speed system demonstrates:
e Faster thermal management during warm-up.
e Superior emissions control (HC/CO) but requires NOx mitigation strategies.
e Balanced efficiency gains without compromising engine reliability.
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