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Original Research Article
Effect of Active Cooling Control on Internal Combustion Engine

Exhaust Emissions and | nstantaneous Per for mance
Enhancement

Abstract: Energy flows and energy efficiencies in the operatof a modern automobile are development
expressed and corresponding on reduction of @altiemission from spark ignition (SI) enginesesidable due to
reduce the highly impact on the green environm#md, trend toward high engines efficiency has ledhéov
implementation of more intelligent engine thermanmagement (ETM) systems. However, the present wionk to
clear the effect of different cooling systems aperating parameters of the Sl engine on their engerformance
and emission characteristics. An active coolantrobfACC) as well as of engine ETM has been realinsing a
variable-speed electrical pump, and a variabletppossmart valve which controls the fluid flow ratéstribution
between the radiator and its bypass line to bettgulate heat rejection. Experimental engine cgoiystems have
been operating assembled two different coolingesgst(conventional or ACC). The Niss8hengine was used as
the experimental set-up and equipped with exhaast analyzer, Thermocouple sensors and magnetiapick
transducer to measure the exhaust emissions, ¢aelamperature and engine rotational speed resgdgetiThe
measurements were conducted at different engiredsped load torque. The results indicate that mibtte carbon
monoxide (CO), carbon dioxide (GQand unburned total hydrocarbons (THC) emissjgpears at higher load as
well as near the coolant temperature. Nitrogen exi(NOXx) emission was observed to increases bedagher
coolant temperature contributed to raising combustemperature, the results show that the arrangeaieACC
flow rate and operation in idle state is very efifex to reduce exhaust emissions. The assessmauitsref the
experimental tests revealed that warm up period WEC was decreased by 31%, In addition,,3COD, THC, and
NOx, of Sl engine with ACC were reduced by 11%5%3, 8.4%, 6.2%, and 26.0%, respectively.

Keywords: Active cooling control; Exhaust emission; Thermal management; engine warm up; engine
performance coolant temperature.

1. Introduction
One effective way to alleviate the air pollutionusition in a city is to issue regulations on maximallowable
limits of vehicle Internal Combustion Engine (IC&haust gas release, the effect of engine operpingmeters
like mixture quality, Engine thermal management NBTand ignition systems were studied intensivelgr Bpark
ignition (SI) engine a reasonable solution for @dg emissions is by controlling some advancedingaystems,
in such way engine performance is kept unalteredofbustion engine consists of different subsystdraswork
together to achieve efficient combustion. Improvihg efficiency or reducing the losses in one esthsubsystems
can reduce the fuel consumption. One such subsyistdma cooling system.
The heat transfer rate in an engine is dependerthercoolant temperature and the engine size, anotimey
variables. Complex interactions exist between verioperational parameters. For example, as theetatyse of
the engine coolant decreases, the heat transféretecoolant will increase, and the combustion tenatpee will
decreasgl]. The engine-cooling system can be improved sigifily with the inclusion of advanced design and
operating features, allowing the engine-coolingteaaysto operate efficiently and effectively, indilgcimproving
fuel economy and lowering emission output. Withagee emphasis placed on improving fuel economyawering
emissions output from modern IC engines, enginendi®ing & raising power density are the favorediaps.
Through this route, modern engines can attain ampbwer outputs to larger convectional engines wéduced
frictional losses?].
Dynamic models for the thermal system, smart thetatosalve, coolant pump, and radiator fan have loescribed
in [3:5], where the cooling system configuration has beestete by replacing the engine with an electronic
immersion heater and by operating the actuators vian-linear tracking controlled, servo motor valve and a pump
were installed into the cooling system to reguthtecoolant flow with engine control unEnhancement of gasoline and
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50 diesel engine thermal management systems throwghaat thermostat valve and a variable speed wat@pphas
51 been discussed if6], where a non-linear tracking controller has bearppsed to ensure that engine temperature
52 follows the desired trajectory. A non-linear cotieohas also been designed for transient temperatacking in an
53 experimental system involving a variable positionagt valve, a variable speed electrical water puanpariable
54  speed electrical radiator fan, an engine block, @aibus sensors, in this system a steam-basedelxebtinger
55 mimics the heat generated by the engine’s combugtimcess. The power consumption associated witin fo
56 different simulated solutions has been compared aomprehensive assessment of different configanatfor a
57 heavy-duty diesel engirl@, 8]. A reduction of coolant flow is mentioned by varicausthors as an important point
58 for the improvement of engine efficiency. Some awmhhave proposed to throttle the conventional-déen
59 cooling pump. It is evident that this method isslefficient than the substitution of the convergilopump with an
60 electrical ond9, 10]. Nevertheless the importance of a better contrghefflow partitioning between the bypass
61 duct and the radiator has been largely ignored. ESidlies have drawn attention as a high-potentéddl fto
62 improve efficiency and reduce emissions of inteaqmhbustion engines. As a primary route for wasieat energy,
63 the cooling system particularly affects the thermfiiciency through the combustion temperature. Ewsv, the
64 conventional cooling system has structural problémas are directly dependent on engine speed. ditiad, the
65 coolant flow can only travel in one route: from ¢#ao head. Because the flow rate of the cooladetermined by
66  the thermal limitations of specific components rieqg the largest cooling loads, this conventionahfiguration
67 led to the problem of over cooling problem in thgeafic components because of the difference innthé
68 limitations. Several ETM studies have been condliote coolant systems with electric devices, whiatréase the
69 advantages of thermal managemgit, 13]. An automotive company launched the split cooliggtesm in a small
70 gasoline engine to control each component temperatdependentlj14].

71 The exhaust gas emission and fuel consumption @ytdyhrelated to driving modes: idle, steady-stateaise,
72 acceleration and deceleration. It can be notedtti@fpollutant emission is relatively sensitivetibe quality and
73 accuracy of description to the driving speeds. Thusertain level of detail in the speed descript®onecessary for
74 an accurate evaluation of emission. The emissiom fvehicles equipped with Sl engines contributeaising the
75 pollutants level of atmosphere and consequentlygibbal environment. This pushes the scientificietycand
76 authorized institutions to review the current léagisns to reduce the emissi¢h5, 16].Most of previous work
77  focused on studying the engines performance andsémi in labs and not in their real environmente Phesent
78  work is oriented towards the evaluation of emissfoom vehicle engines at real road test conditidhe
79 measurements were carried out at different velsiseeds and gearshifts. The concentrations gf CO, THC and

g(l) NOx as well as engine speed are recorded for ezlulle speed and gearshift.

82 The paper is organized as follows. Section 2 pteste structure of the cooling system developnmatiel
83 based on a variable-speed electrical fluid pumpl anvariable-position smart valve. Section 3 déswithe
84 experimental apparatand instrumentation. Section 4 presents the siiouland experimental results, the actual
85 measurements of coolant temperature and exhaussiems of an engine tests, these measurementasdacted

26 at different engine operating conditions. Sec#aonclusions.
7

88 2. Cooling System Model

89 2.1 Principles of cooling system active thermal management

90 The typical automotive cooling system has two ntagrmal components: engine and radiator. The codlaw

91 through the engine loop transports excess combudieat to the radiator loop which dissipates thémth

92 Controlling and directing coolant flow between théwso loops is the main function of most thermostdves.

93 Traditional cooling systemthe common cooling system has three key compongatking to regulate engine

94  temperature: thermostat, water pump, and radiatorfEfer to Figure 1a). In operation, when the engine is cold,

95 the thermostat is closed and coolant is forcedaw through an internal engine bypass (usually tewpassage

96 parallel to the engine water jackets). Once theatdareaches the desired operating temperaturethtérenostat

97 begins to open and allow coolant to flow througé thdiator where excess heat can be rejected. @dtdaving

98 through the radiator is further cooled by the rtatigan pulling air across the radiator. When tlwlant has

99 dropped below the thermostat temperature rating,védve closes (via spring force) directing the lanb again
100 through the bypass. Conventional thermostats asebaaed; their operation depends on the materadgrties of
101 the wax in the thermostat housing and the coolamiptrature surrounding [i16]. Traditional water pumps and
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radiator fans are generally mechanically driverth®yengine’s crankshaft. Specifically, the watempus driven as
an accessory load while the radiator fan is oftemected directly to the crankshaft with a clutch.

Advanced cooling system, a three-way valve controtsiant flow through the bypass and radiator loagpshown

in Figure 1b, the coolant flow can be completely blocked fromeeing the radiator or bypass which aids in engine
warm-up time. In addition, valve geometries canadmee complicated when designing a three-way vaha th
proportionally controls coolant flow while minimiaj the pressure drophe term “thermal management” describes
the efficient control of thermal energy flows inethrehicle in accordance with the specific requinetmeand the
prevailing operating and load conditions. As a ltesngine emissions can be reduced; also the tiesmate,
friction torque and mechanical engine efficiency ¢@ improved. This leads to lower fuel consumptionger
engine life and upswing in thermal comfdrhe thermal response of advanced cooling systenbeaapresented by
a suite of lumped parameter mathematical descripti®he automotive cooling elements inclu@etb00cc petrol
engine. The engine’s thermal management systerarésaa three—way smart valve, variable speed &laxiolant
pump, and a variable speed electric radiator famally, the charge—air—cooler was a simple loopdduce air
temperature after compression with an integratedacd pumpg17].

P Radlator Three way valve Engine

Radiator =

P Electrical
~= aril !p-eed
/ Engine Ebectrical fan pume
Machnkcal drive fan
(a) Traditional cooling system configuration (b) Advanced thermal management system

Figure 1: Traditional and advanced spark ignition enginerttaé management system

2.2 Cooling-system thermal descriptions and operating strategy

Complete engine behaviour simulations were runfégrdnt thermal levels, ranging from cold to fulyarm up. In
the boost program the different thermal levels wsiraulated by taking different values for the linerean
temperature, which for the present engine rangas 85C (fully warmed up), a simplified circuit of coolings
shown inFigure 2. The heat rejection from the engine to coolant easulated at different operation conditions by
using the following equatiofi8]:

Qcooling =me Cp(TeZ _Tel) (1)

r.nc = pc\-/c

Where: m.coolant mass flow rateC, specific heat capacity of the coolaiit; temperature at engine inlét,
temperature at engine outlgi, coolant fluid densityy_coolant volume flow rate, the coolant valve letsreno

coolant through the radiator, thus increasingnd simultaneously reducing the coolant mass ﬂ%vm the by-pass

circuit. The thermal dynamics for the engine andiator nodesT(t), T.(t), the overall coolant mass flow rate is

m, =m +m, @)
The enthalpy balance for the mass of coolant indké@tor is:
r:nr*CCd-(lj-itrZ:r}]'*CC[TEZ_Trz]_ér (3)

The Effectiveness of the radiator is given below:

Quua _ M Cy(Tep = T) )
QMax r‘naca(TeZ_Ta)

E =



133 The mass flow of coolant from the by-pass circuid éhe mass flow of coolant from the radiator mixhe pump
134 inlet. Since all components except the engine hadadiator are assumed to be adiabatic, the do@mperature
135 in the pump does not change, and the same temperaturend both at the pump outlet and at the enging.inle

To Hasiar Comne
Fagine Crclirs Tsmp. Sanes ',F'
far angins comirod tynism|

Tea Ter=Ta
r’_'_'\ Three way valve 1

my m;

Wagler Pump
|¥or Pt ater)

Tu T, | sy
B o) Caolkmat Hant
0 w. h I I Strage Tam
: Pump
Engine ¢ m; i v Teme, Senens
136 e Radiator e
137 (@) a simplified circuit (b) actual circuit
138 Figure 2: active cooling system

139

140 2.3 Electrical coolant pump

141 The application of electric coolant pump enables thduction of the power consumption by optimizowplant flow
142 control. In addition, an electric coolant pump hégher efficiency than a mechanical pump. One efrémsons is that a
143 mechanical pump receives driving power throughsbeit gears. Its configuration such as drive shaft auxiliary
144 elements restrict to increase hydraulic efficientdgwever, an electric pump is directly driven bgattic brushless DC
145 motor (BLDC) which can eliminate external elements such as fngley and offer the more flexibility of pump
146 configuration design to enhance the efficientlge speed control Input unit provides motor spegdt to the control
147  system. The actual motor speed is fed back toltsed-loop controller. The PI controller is usedtesclosed-loop
148 control algorithm to track the actual motor speed also apply the speed control input. Based oedpentrol
149 input and present and past errors (proportional iatefral values), the closed-loop control eithecréases or
150 decreases the pulse width modulation (PWM) dutyesyehich in turn controls the speed of the motor.

151 Pump performance maps were used in order to céécplamp power consumption. Pump performance mapsisto
152 of pressure rise, flow rate, pump speeds, andieffites. Based on these map data, the pump powsucgtion
153  was calculated using the following equation.

154 p . =Q,*n*aP (5)

155  WhereP: pump power consumptiom: pump efficiency,Q,: volumetric flow rate Ap: pressure rise across the
156 pump. A computer-controlled electric motor operdbeshigh capacity centrifugal water pump.

157  The motor’s armature currenp(t) can be described as:

158 di, _ 1

: 6
T: Lap (Vp_RapIap_thwp) ( )

159  where the motor’s angular velocigy(t) can be computed as
d
0 s b, RV, K i)
p

161 The coolant mass flow rate for a centrifugal watemp depends on the coolant density, shaft spgstimns
162 geometry, and pump configuration, the mass flow raty be computed as:

163 M= p.@2rr, bt ) ®)

(7)

2rm
V=w,r, tan § = ?”rptan B

164 It is assumed that the inlet radiator velogitg equal to the inlet fluid velocity, and that h@w enters normal to
165 the impeller.
166

167 2.4 Variable-Position Smart Valve

168 A DC servo-motor has been actuated in both diraestitm operate the multiposition smart thermostdtevarhe

169 compact motor, with integrated external potentie@néor position feedback, is attached to a wornrgesembly
4
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that is connected to the valve’s piston. The gowerequation for the motor’'s armature curreift) can be written

as: dlav = ! (Vv - Raviav - Kbv dgvj (9)
dt L dt

av

2.5 Variables-Speed Radiator Fan

A cross-flow heat exchanger and a dc servo-motimedrfan form the radiator assembly. The electrigondirectly
drives a multi-blade fan that pulls the surroundagthrough the radiator assembly. The air mass flate going
through the radiator is affected directly by the’'$arotational speed; so that:

d:f :i(_bfwf +K iy =0 ARVE) (10)
t J,

The fan motor’s armature curragt(t) can be described as

di, (11)

1 .
at :E(Vf “Ryiy ~Kywy)

A voltage-divider circuit has been inserted inte #xperimental system to measure the current dogwhe fan and
estimate the power consuméig]

3. Experimental Apparatus
3.1Description of experimental tests

Therevised cooling systemsed in this study is shown Figure 3a. It consisted of a cooler substituted for a raatiat
in realvehicles, an electric water pump, and a variabkstjp;m smart valve replaced with the wax-type thestat.
The engine for this experiment was the 1.6L Sl magioupled with hydraulidynamometer. The specifications of
the Nissan engine are summarized Tinble 1. The setup is also provided with necessary instrnisndor
measurements of engine torque. Thermocouple semsoesused to measure the coolant temperdufteandT,(t).
, and the temperature data were sent to a contsduba circuit to determine a variable-position sivatve opening
ratio and the temperature sensors are connectéiiet®AQ controller. The electrical water pump waeated
electrically by connecting it with a DC motdrro select the capacity of DC motor, the drivingiue of thewvater pump
was measured. This motor had a uniform driving uerdpr all pump speed range. The (K8004) sendgtimep
signal through a driver circuit which amplifies thignal to a recognizable level for the pump. Théots of the
microcontroller (K8004) will be modulated using PWHBMWM will allow for greater control of the speedda
operation time of the water pumpand USB experiment interface board (K8055) has 5 digital inputs and 8
outputs and the operation controls the rate of a variable-position smart valve openiagd closing of to be 10
KHz, the maximum supply voltage is limited to 24V.

The future modifications to the oil and coolantaits allowed control with different fuels should bxplained of
the following parameters:

The engine-out coolant flow control.

The coolant flow in the exhaust gas recirculati@Recooler circuit.

The coolant flow to the oil cooler.

The oil pressures using the variable-flow oil pufapOP).

The use of coolant- or oil-cooled EGR.

A change in the other common calibration paramgetertably the injection timing.

Table 1. engine specificatian

S/No. 1 2 3 4 5 6 7
Cylinder Swept | valves per | Compression| Maximum | Maximum
Parameters Type . .
array volume cylinder ratio power torque
Values Nissan/ In line 4 1600 Four 10:1 92 HP@ 165 Nm @
gasoline | cylinder (cn) 5000 rpm 3200 rpm

Figure 3b presents an overview of the laboratory dynamomsfee DT400-1land engine is supported in
experimental workFigure 3c shows Interfaces of hydraulic dynamometer type Diihwontroller packet; the
braking power of the dynamometer is controlled tigto the water filling level by a motor-operated rohvalve
installed in the cooling water outlet at the bottohine lowest torque of the dynamometer, the scedaillling

5
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characteristics, results from minimal water fillinghis characteristic is not zero if there is notewain the
dynamometer because in this case air wiinstead of water whirls develop,ittv minimal water filling neither ai
nor water whirls can develop completely which cau$e lowest torque. This-called “idling power” is highest ¢
maximal speed of the dynamometer and correspondiogler at lower spee. The specitations of the engin
Dynamometer are summarizedTiable 2.

Table 2. Dynamometer specifications

Dyno. type HORIBA /DT400-1
Max. torque 1300 N.m

Max. speed 10000 rpm

Max. power 400 kw

Inertia 0.08 kg/nt

Weight 200 kg

! PR SN T A B PR B
7 Emrmem im Bt tee e T & P Ml Vs e P il e el

@)

I I:Ijrnﬂfun'.'r;ifl |
PR @00

~ Wateroutiel | esufma |

(c)
Figure 3: Schematics of revised cooling system schemati dynamometer controller pacl

3.2 Instrumentation

Portable version of infrared gas analyzer is usathgd the experimental tests. A HOMANS gas analyise
equipped with gas sampling probe to collect theaesh gas from the muffler. The gas is then filteaed driec
before entering the analyzer, indwetispeed transducer is used also to measure theeesgeed in rpm. Tt
measuring range and accuracy for measuring institsvege presented alsFigure 4 presentsan overview of the
laboratory engine dynamometer and the instrumemtatyster, while the installation of instruments, during -
exhaust emissions test continuously proportionedpses of the dilute exhaust mixture and the dilutar are
collected and using sample engine exhaust for aisalA gas analyzer is utilized to mece diluted exhaust
concentrations of carbon monoxide (C(Nitrogen oxides (NOx)total unburnt hydrocarbonsTHC), and carbon
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dioxide (CO2). Gas analyser were used to measunausk THC, CO, C& and NQ concentrations, and the
analysers have the measuring accuracy of 1ppmH&,D.01 per cent for CO, 0.01 per cent for2C&ahd 2ppm for
NOx.

A thermocouplés a sensor for measuring temperature. This sermwists of two dissimilar metal wires, joined at
one end, and connected to a thermocouple thermoroetether thermocouple-capable device at the oémat.
When properly configured, thermocouples can protéseperature measurements over wide range of tetypes.
Table 3 shows the specifications of K-type thermocoupleseenit is based on using the AD8495 thermocouple
amplifier, which is designed specifically to measHr-type thermocouples. This analog solution isrojzed for
minimum design time: It has a straightforward sigi®in and requires no software coding.

Table 3: Thermocouple sensor specifications

Ther mocouple Measurement Junction | Reference Junction| Accuracy at Power Voltage Change
Type Temperature Range Temperature Range 25°C Consumption | Seebeck Coeff.
s 5 5 5 +3°C (A grade) =
= + i
K 25°C to +400°C 0°C to 50°C +1°C (C grade) 1.25 mW 41 uV/°C)

(a) Electric water pump and microcontroller (b) a variable-position smart valve © Iaout of th gas analyzer
Figure 4: The electrical water pump with driving controll&lectronic control valve with driving controllena the measuring
equipment’s

4. Resultsand Discussions

4.1 Simulation results

A numerical simulation has been used to evaluateptrformance of coolant systems by using Matiafink
software packageThe initial simulation conditions were set to be falows T,(0)=20 C° and the reference
temperatures were selected toTyg = 100 + sin (0.06 t). The engine temperatures response with mechanidal an
electrical pumps is presented Fiigure 5, the coolant temperature reached up to 95ifCcase of conventional
cooling system. However, the maximum coolant termjuee attained with the electric pump system iselothan
the conventional pump. This result shows that theling system with the electric pump could openatith the
downsized radiator and still satisfy the tempemtimit established for the conventional systemilevthe flow rate
with time and temperature response is showkigpure 6.

4.2 Experimental Results
This section will present the results obtained frtima tests carried on the ACC and conventional ardol
systems in the laboratory.
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4.2.1 Influence of fluid mass flow rate on the warm-up period

The rate of engine warm up is comparable in the gygiems, though there is a slight advantage teadewith the
ACC system. Reducing the minimum pump flow setHwry ¢ontrol strategy could reduce warm-up time fmtho
reduce the warm-up period; zero-flow rate strategg examined by closing the a variable-positionrsneve and
stopping the electrical water pump operation duthegywarm-up period=igure 7 shows an increase of the coolant
temperature as a function of time. The zero-flovatsgy helped the coolant temperature to increasekly,
thereby, shortening the warm-up period. It was okegk that the warm-up time was shortened from &28%4
second, approximately by 31% with the stratefgigure 8 depicts the effect of coolant system type on aumola
temperatureFigure 8a shows the different flow rate in ACC system, aixéd flow rate ate in conventional system
with constant idle speed at 800rpm as showRigure 8b, but from these figures it can be seen that théaobo
temperature with ACC system is equal to the desgatperature.

4.2.2 Effect of a variable-position smart valve lift on coolant temperature and flow rate

The characteristics of the two cases of controlling cooling capacity were made, by a variabletmosismart
valve discharge and change in coolant pump sgéedre 9a depicts the effect of a variable-position smattea
lift on coolant temperature, the coolant tempeetecrease when the valve lifts increase, and fltey increase
when the valve lifts increase. The effect of adpestt performance of a variable-position smart vdifteon the
intensity of the heat transfer was preceded byrohééng the intensity of the liquid flowing out tfie engine block
and flowing through the radiator as a functiontef bpening of a variable-position smart valvedift fluid flow as
a function of speed water pump. As a measure okvidit was assumed from the fully open positiorthe closed
valve position. Changes in flow rate as a functimtational speed from (600 to 3000rpm) of the watemp shown
in Figure 9b. Figure 10 depicts the repeated test to approximately tradsitate engine temperature from 58 to 95
C°, the thermal response of the engine and a radeatolant temperature is displayed. The engine awiihtor
coolant temperatures were determined versus tiroeratant values of torque (12, 25, 45 and 75 Nm).

4.2.3 Influence of coolant temperature on the engine performance

Figure 11a shows the effect of coolant temperature on en§i@ and engine torque, the SFC was reduced when
the coolant temperature increases (95:1%93&approximately 4.5%, and the optimal engingoatitorque up to
(90:108 C) coolant temperatur&igure 11b shows the effects of coolant temperature on exteanissions and

fuel consumption. The most significant fact wad #raissions of Total hydrocarbon (THC) and Carbamaxide
(CO) were reduced when the coolant temperaturehgher than 8&. Compared with data at 83C’HC and CO

at 105 € were reduced by 12% and 4.5%, respectivétywever, NQ emission was observed to increase because
higher coolant temperature contributed to raisiigpisustion temperature.

4.2.3 Influence of active coolant temperature on the exhaust gas emission

An active control of the coolant flow rate with anvariable-position smart valve enables to cortinel optimal
engine temperature, the emission figures 14 tohbivs with two constant values of dynamometer tordiZ and

75 Nm)Figure 12 illustrates the trends of variation of NOx agaieagine temperature, engine speed and engine
load. The NOx increases when the engine load peddsincreases at engine temperature incre&sgsres 13, 14

and 15 show theeffect of active cooling temperature and engirallon total THC, CO and G@espectivelythe emissions
(THC, CO and Cg) indicates that better to engine operate temperaueeto 90€.

Figure 16 shows the effect of coolant flow rate on exhausissions. To ensure engine safety, we kept coolant
temperature constant at°@5 The coolant flow rate was decreased down from 90%% of active coolant flow
rate. Compared with THC, G@nd CO emission obtained from the ACC system, THE and CO emissions were
reduced by 46.5ppm, 8.7 ppm, and 54% respectivitydecreasing the coolant flow rate when 0%. HoareMOx
emission was found to increase by 37.6 ppm usiiggstihategy as it was expected. The decreases @ atdl CO
emissions as well as the increase in NOx emissiorespond to approximately 42 %. It is believed tie low
coolant flow rate made the cylinder temperaturehhigonsequently, the high metal temperature enlafosl
evaporation and increased combustion temperatuaepetrol engine, while the CO emission was redumef8 %
with decreasing the coolant flow rate when OBtgure 17 depicts the compared exhaust emission between
conventional and ACC system, the decreases in skleamission with ACC system, the emissions (NOxXCTBO
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and CQ) decreases with ACC system by 6.2%, 8.4%, 13.5%,14%, respectively. The air inde¥ (s considered
to represent the fuel consumption, and is defireed a
(A/F)

actual

- (A / F )stoichio

(10)

The stander ranges bfare 1.2-0.85 between lean and rich for gasolirggnenoperations. It is clearly seen that the
recording of the vehicle air indeX)(is almost constant. The compared air index betwsmventional and ACC
system values vary 0.92 and 0.98 respectively,udlises indicts the fuel consumption at ACC consedly better
fuel consumption can be obtained.
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5. Conclusions
In this paper, we present engine ACC system anestipate the system configuration and experimexaluation

of ICE performance and emissions. The main conmhssifrom the work carried out are summarised in the

following points:
1. The new type of engine cooling system was develdpéahprove the thermal efficiency and exhaust smiss

of the internal combustion engine. This advancegirencooling system consists of microcontrollecctmtrol

the quantity of coolant fluid flow rate into the ggne cylinder block. The ETM of the internal combos
engine is increased remarkably by using this typeermgine ACC system. The laboratory apparatus and
experimental methodology capability establishedthis work could be utilised for evaluating the ACC
performance of the Sl engine coolant system. Mago8| engine was instrumented and operated witlc AC
and equipped with engine dynamometer, exhaustrgggzer to measure the exhaust emissions.

. An electric water pump and a variable-position gnaalve were adapted for ACC strategy, controlling flow

path also shortened the warm-up period. Significaduiction of the warm-up period was achieved logiog a
variable-position smart valve between the enginé te coolant pump, the effectiveness of ACC in the
condition of idle state is much better than thattfansient temperature state based on the engmentbmeter
and the experimental tests revealed that warm tipgp&om ACC was decreased by 31%.

. The coolant flow rate was decreased down from 99%% of active coolant flow rate, compared with THC

CO, and CO emission obtained from the ACC system, T4 and CO emissions were reduced by 46.5ppm,
8.7 ppm, and 54% respectively with decreasing ti@ant flow rate when 0%. However, NOx emission was
found to increase by 37.6 ppm using this strategyt avas expected. The decreases in THC, @ CO
emissions as well as the increase in NOx emissiorespond to approximately 42 %. It is believed tha low
coolant flow rate made the cylinder temperaturéhig

. Compared between conventional and ACC coolant systat partial load conditions of engine dynamomete

the results indicate that most of the CO,Cénd THC emission appears at higher load as vgefiear the
coolant temperaturé&lOx emission was observed to increases because higbkant temperature contributed to
raising combustion temperature. The assessmenrtgefuhe experimental tests revealed thatGTD, THC,
and NOX, of Sl engine with ACC were reduced by 11%5%, 8.4%, 6.2%, and 26.0%, respectively.
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Appendix |
Notation:- Abbreviations:-
m. :Coolant mass flow rate ACC :Active coolant control

A/F :Air fuel ratio

BLDC :Brushless Direct Current
(e{0) :Carbon monoxide

CO, :Carbon dioxide

ETM :Engine thermal management

G :Specific heat capacity of the coolant
Tq  :emperature at engine inlet

Te :Temperature at engine outlet

Pe :Coolant fluid density

v :Coolant volume flow rate

g ICE :Internal Combustion Engine
m, :The coolant mass flow NOx  :Nitrogen oxides

m. -The coolant mass flow in the by-pass circuit. PWM pulse ‘,’Y'dth modulation )

i SFC  :Specific fuel consumption

P : Pump power consumption S| :Spark ignition

n : Pump efficiency THC :Total hydrocarbons
Qp:  :Volumetric flow rate by -Air index

Ap : Pressure rise across the pump
Ta :Cooling air temperature
Ta :Inlet temperature at engine
Ta ‘Inlet temperature at engine
Te :Outlet temperature at engine
Tm :Mean actual engine temperature

Vep : Engine coolant pump applied voltage.
Vrf  : Radiator fan applied voltage.
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