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Experiments were conducted on a four-cylinder, four-stroke, direct-injected diesel engine to
study the effects of engine coolant temperature on both performance parameters and exhaust
emissions. The energy balance is discussed on the bases of first-law analysis and second-law
analysis. The range of speed investigated was 1000-2000 RPM for the torque range of 25-152
N m. The coolant temperature was varied from 50 to 95 ‘C. The present study shows that the
coolant temperature has a significant effect on the volumetric efficiency. It also shows that
increasing coolr:ut temperature decreases the mass flow rate of fuel consumption and the
cooling losses. As a result, the brake specific fuel consumption decreases and the brake thermal
efficiency incrcases. A chart was developed for showing the relationship between the coolant
temperature, equivalence ratio, brake torque, and brake specific fuel consumption. The study
shows that the coolant temperature has a significant effect on NOx emissions and minor effects
on the volumetric percentages of oxygen, carbon dioxide, and carbon monoxide. The unburned
hydrocarbens show insignificant variation. This work also shows that increasing coolant
temperature slightly increases the availability of the coolant and decreases the total availability
losses.
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1. Introduction

The engine coolant temperature affects
engine performance, efficiency, and emissions.
Lower coolant temperature increases heat
transfer and reduces temperatures of the
metal of cylinder head, cylinder, and piston.
However, this lowers the average gas
temperature and pressure, increases frictional
losses, and reduces the work per cycle
transferred to the piston. Thermal stresses
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due to temperature gradients increase with
lower coolant temperatures. Changes in gas
temperature due to the change in coolant
temperature influence the emission formation
of nitrogen oxides, carbon monoxide, carbon
dioxide, and unburned hydrocarbons.

The interaction between engine coolant
and engine performance can be classified,
according to the literature review, into three
main categories of studies:

- engine heat transfer studies,
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- emission-oriented studies, and
- thermodynamic analysis studies.
The following is an account of the relevant
investigations cited.

1.1. Engine heat transfer studies

Woschni [1] introduced a method for
determining the heat-transfer coefficient in
terms of piston speed and convection due to
combustion. Taylor [2] studied the effects of
operating conditions on the rate of heat
transfer in a 12-cylinder liquid-cooled aircraft
engine. Assanis and Heywood [3] studied
diesel engines and their cooling systems in
order to increase the engine efficiency to the
highest possible value. Alkidas [4] studied the
influences of operational parameters on the
heat release and heat transfer characteristics
of a divided-chamber diesel engine. Woschni
and Spindler [5] studied the effect of
insulating the combustion chamber wall on
the rate of the heat transfer and the
performance of diesel engine. Heywood [6]
studied the effect of engine variables on the
rate of heat transfer and the effect of coolant
temperature on the temperature of the
components of a spark-ignited engine. Assanis
and  Badillo (7] used fast-response
thermocouples for heat transfer
measurements in diesel engines.

1.2. Emission-oriented studies

Patterson and Henein [8] showed that
increasing the coolant temperature increases
NO emissions as it also reduces heat losses
leading to an increase in peak cycle
temperature. Scharnweber and Hoppie [9]
showed that preheating the fuel prior to direct
cylinder injection in diesel engines reduces
particulate and NOyx emissions. Murayama et
al. [10] showed that higher fuel temperatures
significantly reduce the brake specific fuel
consumption and smoke emissions. Kaplan
and Heywood [11] found that a reduction in
piston thermal capacity would reduce the total
amount of unburned hydrocarbons during
warm up due to the piston/liner crevice
region. Miyamoto et al. [12] found that HC
emissions decrease with increasing the wall
temperature, while NOy increased slightly with

increases in piston wall temperature during
the load increase.

1.3. Thermodynamic analysis studies

The first- and the second-law analyses in
internal combustion engines have been used
by investigators since the late 1950s. One of
the earliest documented studies was a brief
report presented by Traupel [13] in 1957.
Other investigations were conducted on diesel
engines such as the one by Primus and Flynn
[14] and the data provided by Heywood [6].
Alkidas [15, 16] examined the application of a

second-law analysis to a 2-liter, single-
cylinder, direct-injection, open-chamber,
diesel engine. Availability values were

calculated from the thermodynamic states
based on the measured values. Alasfour [17]
presented the results of an availability
analysis for a single cylinder, spark-ignition
fuel-injected Hydra engine using both gasoline
and a 30 % butanol-gasoline blend. He found
at the equivalence ratio of 0.9 for the butanol-
gasoline blend that 49.4 % of the fuel
availability was not used to produce useful
work. Caton [18-21] reported the results of a
comprehensive thermodynamic cycle
simulation using the approach of second-law
analysis. In one portion of this study [20], a
commercial, V-8, spark-ignition engine was
tested at various engine loads and speeds. It
was found that the availability displaced to the
cylinder wall via heat transfer (as a percentage
of the fuel availability) ranged between 15.9
and 31.5 %. The net availability expelled with
the exhaust gases ranged between 21 and
28.1 %, and the availability destroyed by the
combustion process ranged between 20.3 and
21.4 %. More details are documented in the
revieus paper by caton [22].

2. Objectives of present work

The present study is concerned with the
effects of coolant temperature on various
performance parameters for a four-cylinder,
four-stroke, direct-injected diesel engine. The
effects on exhaust emissions are investigated.
The energy balance is discussed on the bases
of first-law analysis and second-law analysis.
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3. Experimental apparatus and procedures
3.1. Engine and dynamometer

A four-cylinder, four-stroke, direct injected
diesel engine was used for conducting this
study. The engine has a bore of 91.4 mm,
stroke of 127 mm, displacement of 3330 cm3,
nominal compression ratio of 17.4, maximum
pover of 48 kW at 2300 rpm, and maximum
torque of 220 N m at 1350 rpm. The engine is
provided with a surge tank to absorb the
pressure pulsation at the intake. The engine
cooler is a double-pass, liquid-liquid heat
exchanger of the shell-and-tube type. The
engine coolant (hot flow) is pumped through
the tube pass meanwiile the city water is
used as the cold flow on the shell side. The
engine is coupled to a hydraulic dynamometer
of the Froude type. The dynamometer is
equipped with a load control, a tachometer,
and a revolution counter. A schematic layout
of the experimental set up is shown in fig. 1.

3.2. Instrumentation and measurements

Temperature measurements were
routinely taken at nine locations: engine
exhaust, engine oil, engine intake, entry and
exit of engine coolant, entry and exit of tube
water, and entry and exit of shell water. A
thermocouple of the J-type (iron-constantan)
for exhaust gas, and thermocouples of the T-
type (copper-constantan) for other
temperatures were assembled, calibrated, and
securely installed. The thermocouples are
connected to a temperature compensated
digital readout through a six- channel
selector. The mass flow rate of intake air was
measured using an orifice meter-manometer
arrangement. The mass flow rate of engine
coolant was measured using a calibrated
orifice meter. The exhaust gases were analyzed
by an exhaust gas analyzer (Multigas- mod
488). The analyzer detects carbon monoxide,

carbon dioxide, oxygen, unburned
hydrocarbons, and nitrogen oxides. More
details are given in the reference by

Abdelghaffar [23].

3.3. Test procedures

The engine was started and warmed up for
25 to 30 minutes in order to reach steady-
state operational conditions. The speed was
adjusted to the required value. The flow rate of
shell water through the cooler was regulated
until the required coolant temperature was
attained. The required engine load was
obtained through the dynamometer controls.
The flow rate of shell water through the cooler
was decreased down to the new required
coolant temperature, while the speed and the
load were constant. The following quantities
were routinely measured during each test:
- Intake air temperature.
- Exhaust-gas temperature.
- Engine oil temperature.
- Engine coolant temperatures.
- Tube water temperatures.
- Shell water temperatures.
- Mass flow rate of fuel.
- Mass flow rate of intake air.
- Mass flow rate of engine coolant.
- Engine rotational speed.
- Engine brake torque.
- Exhaust gas emissions (02, CO, CO,,

HC, NOy).

4. Results and discussions
4.1. Engine performance

4.1.1. Effect of coolant
volumetric efficiency

The volumetric efficiency is used as an
overall measure of the effectiveness of the
four-stroke cycle engine and its intake and
exhaust systems as an air-pumping device. It
is defined as:

temperature on

Nvo=2 M a/paVa.n . (1)

The effect of the engine coolant
temperature on the volumetric efficiency is
shown in fig. 2. The data show that the
volumetric efficiency decreases with increasing
the engine coolant temperature. This trend is
explained by that increasing the engine
coolant temperature
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Fig. 1. Schematic layout of the experimental set-up.

leads to an increase in the cylinder wall
temperature, which leads to increase the heat
transfer from the wall to the relatively cold
charge during the intake stroke and increases
its temperature. This results in decreasing the
density and the mass flow rate of air m°,
whicl: can consequently decreases the
volumetric efficiency.
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Fig. 2. Effect of coolant temperature on volumetric
efficiency

4.2. Effect of coolant temperature on
equivalence ratio

Mixture composition effects are usually
discussed in terms of the air/fuel ratio (or
fuel/air ratio) because in engine tests, the air
and fuel flow rates to the engine can be
measured directly and because the fuel

678

metering system is designed to provide the
appropriate fuel flow for the actual air flow at
each speed and load. However, the relative
proportions of fuel and air can be stated more
generally in terms of the fuel / air equivalence
ratio ¢:

actual fuel /air ratio
stoichiometric fuel /air

¢= (2)

ratio

Fig. 3 shows the effect of engine coolant
temperature on equivalence ratio. The data
show that the equivalence ratio decreases with
increasing the engine coolant temperature.
This is explained by the fact that the mass
flow rate of fuel decreases by a larger rate
than the corresponding decrease in mass flow

rate of air.
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Fig. 3. Effect of coolant temperature equivalence ratio.
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4.3. Effect of coolant temperature on cooling
losses

Heat transfer . affects engine performance,
efficiency, and emissions. For a given mass of
fuel within the cylinder, higher heat transfer
to the combustion chamber walls will reduce
the work per cycle transferred to the piston.
Thus the specific power and efficiency are
affected by the magnitude of engine heat

transfer. The heat transfer rate Q (cooling
losses) can be evaluated by:

Qc= m ¢.Cp.(Teout=Tein) . (3)

Fig. 4 shows the effect of the coolant
temperature on the cooling losses as a
percentage of fuel power. The data show that
the cooling losses drop from about 25% at
Teout = 60 “C to 15% at Teout close to 100 “C.

4.4. Effect of coolant temperature on brake
thermal efficiency and fuel economy

The brake thermal efficiency nuwm is a good
representation of converting fuel energy to
brake power. It is defined as:

nun = brake power / (fuel mass flow rate
xfuel lower heating value). 4)

Fig. 5 shows the effect of engine coolant
temperature on brake thermal efficiency. The
data show that brake thermal efficiency
increases with increasing engine coolant
temperature.  Increasing the coolant
temperature decreases the mass rate of fuel
and the equivalence ratio as shown in fig. 3,
and decreases the cooling losses as shown in
fig. 4, that increases brake thermal efficiency.
Fig. 6 shows the effect of engine coolant
temperature on Brake Specific Fuel
Consumption (BSFC). The data show that
BSFC decreases as the engine coolant
temperature increases.

4.5. A chart for fuel economy
The data in fig. 7 show that for a constant

torque of 51 N m BSFC increases with
increasing the equivalence ratio. The

correlation between BSFC and the equivalence
ratio is given by the linear correlation:

BSFC (g.kW-Lhr) = a$-B . (5)
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Fig. 4. Effect of coolant temperature on cooling losses as a
percentage of fuel power.
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Fig. 5. Effect of coolant temperature on brake thermal
efficiency.
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Fig. 6. Correlation of equivalence ratio and brake specific
fuel consumption, g.kW™"hr".

The figure also shows that the speed has no
significant effect on the correlation. Other
torques have been investigated and the results
are shown in the chart of fig. 8 together with
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the effect of coolant temperature Teu. The efficiency. The data show that the volumetric
constants a and B of eq. 5 are shown in table 1. percentage of oxygen in exhaust gases

decreases with increasing the engine speed.
This is because increasing the engine speed

&
J
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4.6.2. Nitrogen oxides

Fig. 10 shows that NOx emissions (PPM)
increase with increasing the engine coolant
temperature due to the increase in the charge

Brake Specific Fuel Consumption, g kW he'!
&
[~}
©
|

200 T T T I 1 7 | i | T
100 200 300 400 500 600 700

1000 Equivalence Ratio temperature, which increases the burned gas
Fig. 8. Correlation of equivalence ratio and brake specific temperature, which in turn leads to an
fuel consumption. increase of NOy.
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Fig. 9 shows the effect of the engine % o 1600
coolant temperature on the volumetric - oo 0 & -
percentage of oxygen in exhaust gases. The B A Al B2 | B 20
data show that the percentage of oxygen 100 T T T
slightly decreases with increasing the coolax:xt 0 B ® o
temperature. As the coolant temperature is
increased, the charge temperature increases, Fig. 10. Effect of coolant temperature on NO emissions.
which gives the chance for carbon and
hydrogen in the hydrocarbon fuel to react with
oxygen and improves the combustion

Table 1
Correlation of eq. (5)

—Engine torque, N m 25 a1 76 102 127

ange o : i i - ; 7 : ;
ta point 42 64 60 43 “+

- dau o o 2397.1 1253.4 847.2 630 505.8
B 16.636 30.457 33.605 31.971 35.501
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4.6.3. Carbon monoxide

Fig. 11 shows the effect of engine coolant
temperature on CO (% volume). The figure
shows the following:

1. The level of CO is relatively low as it comes
mainly from dissociation.

2. The level of CO is nearly constant with
increasing engine coolant temperature, as the
increase in engine coolant temperature does
not change the combustion temperature with
the level that makes large variation in CO level
due to dissociation.

The same trend was observed at various brake
torques.
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Fig. 11. Effect of coolant temperature on carbon
monoxide.

4.6.4. Carbon dioxide

Fig. 12 shows the effect of engine coolant
temperature on CO:z (% volume). The data
show that CO; slightly increases with
increasing engine coolant temperature. This
can be explained by the combined effect of the
lean mixture and increasing charge
temperature, due to increasing engine coolant
temperature, on improving the combustion
process, and resulted increase in COy,

4.6.5. Unburned hydrocarbons

Fig. 13 shows an insignificant effect of
engine coolant temperature and engine speeds
on unburned hydrocarbon emissions (HC) for
the highest torque of 152 N m. This can be
attributed to the little effect of engine coolant
temperature on the mass flow rate of air and
the decreasing effect of coolant temperature
on the mass flow rate of fuel. Consequently,

this will result in an increase in the
temperature of combustion.
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Fig. 12. Effect of coolant temperature on carbon dioxide.

4.6.6. Energy balance

First-law energy balance for an engine
provides  useful information on the
distribution of the initial fuel energy. The
steady-flow energy-conservation equation for
an engine is:

m';xL.H .V=w'b+Q.c+Q.cx+Q.misc. (6)

The energy balance for the engine speed of
1500 RPM and engine torque of 76-N m is
shown in table 2. This table shows that the
reduction of the heat losses would allow a
fraction of the heat transferred to the
combustion walls to be converted to useful
work, which is represented by increasing in
Nbth. The remainder would leave the engine as
sensible = exhaust enthalpy, which is
represented by increasing in Q°ex. The data
shown in table 2 are plotted in fig. 14.
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Fig. 13. Effect temperature at engine outlet, °C.
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4.6.7. Availability balance

The maximum brake power that can be
extracted from the system may be obtained
from the application of the second law of
thermodynamics (availability balance). This is
given as:
Wmax=Al+Ac+Aenv+Aint'Aex . (7)
Several significant observations can be made
from these results:

- For the same fuel input, the brake power

increases with  increasing the coolant
temperature.
- The ayailability of the exhaust slightly
decreases with increasing the coolant
temperature due to the decrease in exhaust
temperature,

- Next to the brake power availability, the
exhaust availability is the most important, °
- The availability loss, which is a result of the
irreversibilities ‘of the system, such as heat
transfer, friction, mixing, and combustion,
appears to be very significant, and decreases
with increasing the coolant temperature.
The availability balance at 76 N m and 1500
RPM is shown in fig. 15.

An alternative way to examine the loss of
availability from the engine is to consider the second-
law efficiency ny;, which is defined as:

7]1|=W/Wmax=l'Aloss/Wmax . (8)
100 -
MISC. Losses
PRI, o ol Tolile
z, - Exhaust Losses
i1“] oooo
g 7 = L
; 20— Coolant losses
{ IR ¢ ©
R 'j T e Brake power
0 LI ER B N B B S
50 60 70 80 90 100
Coolant Temperature at Engine Outlet, °C

Fig. 14. Availability balance.

Table 4 shows the effect of the coolant
temperature on the second law efficiency n,.
The first-law efficiency indicates how
effectively chemical energy is converted into
useful work, whereas the second-law efficiency
indicates the relative magnitude of loss of
useful work due to the irreversibilities of the
system. Fig. 16 shows the effect of coolant
temperature on both first-law and second-law
efficiencies.

Table 3
Availability balance at 76 N m and 1500 RPM as a percentage of fuel availability
) (o}
£
2 g
X ;\;
P2 F 3 § N
o S F B R
- i 5 =
a
<
~
577 100 O 100 2855 6.91 213 0.00 37.58 62.42
626 100 O 100 2899 7.00 238 0.00 3837 6163
664 100 O 100 3045 6.64 249 0.00 39.58 6042
726 100 O 100 3193 6.79 290 0.00 41.63 58.37
788 100 O 100 3193 6.93 3.07 0.00 41.93 58.07
88.8 100 O 100 32.58 6.88 3.05 0.00 4251 §57.49
98.7 0 100 33.23 653 3.27 0.00 43.04 56.96

100
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Fig. 15. Temperature at engine outlet, °C.

Table 4
The second-law efficiency at 7o N m and 1500 RPM
Winax ‘ Losses
Teout kW % kW % N %

57.70 40.007 95.21 26.226 62.42 3445
62.68 39.459 9538 25.498 61.63 35.38
66.41 37.757 95.85 23.798 60.42 36.97
7264 36.095 96.10 21923 58.37 39.26
78.86 36.110 96.14 21.808 58.07 39.61
88.82 35.398 96.17 21.161 57.49 40.22
98.78 34913 96.74 20.556 56.96 41.12

5. Conclusions

1. The volumetric efficiency decreases with
increasing the coolant temperature.

2. The mass flow rate of fuel consumption
decreases with increasing the coolant
temperature. As a result, the brake specific
fuel consumption decreases and the brake
thermal efficiency increases.

3. A chart was developed (Fig. 7) for the
relationship between the brake specific fuel
consumption and the equivalence ratio at
various brake torque and various coolant
temperatures.

4, A correlation between the brake specific
fuel consumption and the equivalence ratio is
proposed on the basis of the present work as:

BSFC (g kW-l1 hr!)=a¢ - B

where the constants a and B depend on the
range of ¢ and are shown in table 1. The
engine speed has no significant effect on the
correlation.

5. The cooling losses, as a percentage of the
fuel power, decrease with increasing the
coolant temperature. The results show that,
for constant engine torque and speed, the
cooling losses drop from about 25% of fuel
power at Teou =60 'C to 15% of fuel power at
Teout close to 100 °C.

As the coolant temperature increases, the
volumetric percentage of oxygen in the
exhaust gases slightly decreases, the NO,
emissions (PPM) increase, the level of carbon
monoxide is nearly constant, the volumetric
percentage of carbon dioxide slightly
increases, and the unburned hydrocarbons
show insignificant variation.
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Coolant Temperature at Engine Outlet, °C

Fig. 16. Effect of coolant temperature on the first a and
second-law efficiencies.

6. For the same brake torque and engine
speed, the second-law analysis shows the
following effects of increasing the coolant
temperature:

- the required fuel decreases as much as 14
%, '

- the second-law efficiency can increase by
about 6 %,

- the availability of the coolant increases by
1 %,

- the availability of the exhaust gases
slightly decreases, and

- the percentage of total availability losses
decreases by about 5 % and above.
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Nomenclature

Sy.nbols

A Availability rate

A/F Air- Fuel mass ratio

BSFC Brake specific fuel consumption
Cp Specific heat at constant pressure
L.H.V.  Lower heating value of fuel

al® Mass flow rate

N Engine speed

Q* Rate of heat transfer

T Temperature

Va Engine displacement

w Work

w* Power

Greek Letters

) Equivalence ratio

p Density

n Efficiency

M Second-law efficiency

Subscripts

A Air

A,th Theoretical air

B Brake

B,max Brake, maximum

B,th Brake, thermal

G Coolant

Cin Coolant inlet

Cout Coolant outlet

Env Environment

Ex Exhaust

F Fuel

G Gas

Int Intake

Loss Loss

Max Maximum

Misc Unaccountable miscellaneous
losses

Vol Volumetric
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