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Abstract

Water injection is a technique that has been used for decades to control the combustion and emissions in diesel
engines. The effects of water injection at the intake and exhaust manifolds on the combustion and emission
characteristics of a direct injection diesel engine are studied in this work. Water injection in the intake manifold
increases engine heat losses. Therefore, waste heat in exhaust gases is used to vaporize water before
combustion and prevent the water-cooling effect. The injection of 40 mg/cycle of water into the intake and
exhaust manifolds were tested with exhaust gas recirculation (EGR) ratios of 10% and 25%. The fuel injection
timing, quantity, and engine speed were maintained at constant values to keep the cylinder combustion
condition constant. The results show that the exhaust manifold water injection improves engine performance
and combustion characteristics and reduces emissions compared to intake manifold water injection. The peak
improvement is achieved at exhaust manifold water injection at 25% EGR where the reduction in the brake
specific fuel consumption (bsfc) is about 5%, while the increase in the indicated mean effective pressure
(IMEP) and the indicated thermal efficiency (ITE) is by 7% and 3%, respectively. On the other hand, the
maximum reduction in soot was obtained with exhaust manifold water injection at 10% EGR ratio with
reduction ratios of 55%. The intake manifold water injection gives the lowest NO, emissions with a 88%
reduction ratio. The exhaust manifold injection is the recommended technique for water injection to improve
engine performance and reduce emissions to avoid the disadvantages of the previously applied techniques.

Key words: Exhaust manifold injection, Water injection, Diesel engine, Waste heat recovery, Heat release rate,
Engine performance, Emission characteristics

1. Introduction

Diesel engines play a crucial role in energy economy as they are extensively used in transportation, electrical
power generators, and agricultural machines. However, diesel engines contribute to air pollution significantly because
of their high level of soot and NO, emissions. Therefore, development of new combustion strategies is essential to
improve fuel combustion efficiency and reduce soot and NO, emissions. Such improvements can be achieved through
preventing emissions formation at the source to reduce the dependence on after-treatment systems. However, soot and
NO, formation in diesel engines have a tradeoff relationship, and the simultaneous reduction for both is difficult.
Therefore, water injection into diesel engine is a technique used for in-cylinder combustion control since it is an
efficient way for a concomitant reduction in soot and NO, emissions (Greeves et al., 1977). One effect of water
injection on diesel engines is cooling of the intake charge and the flame temperature which is known as the thermal
effect. This effect is attributed to the high latent heat of vaporization and specific heat capacity of the injected water,
which result in lower flame temperature. Since the formation reaction of NO, has a high activation energy as indicated
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by Turns (1999), the low flame temperature leads to a reduction in NO, emissions (Armas et al., 2005, Ghojel et al.,
2006, Alahmer et al., 2010, Subramanian, 2011, Ma et al., 2014). The other effect of water injection is the cooling of
the intake charge. Consequently, the density of in-cylinder air is increased. Then, the total injected mass is increased at
the same volume followed by sudden expansion due to water vaporizing within the fuel droplets during the droplet
heating period, and this is known as dilution effect (Greeves et al., 1977, Tarlet et al., 2009, Maiboom and Tauzia,
2011). This effect enhances mixing of fuel and air before the start of combustion. Therefore, the fuel rich regions are
diminished, and soot formation is reduced (Maiboom and Tauzia, 2011). However, both dilution effect and thermal
effect are related as water vapor may terminate the chemical reaction in the gas phase due to the reduced apparent heat
release rate (AHRR). The suppression of the chemical reaction may also cause a reduction in flame temperature and
consequently a reduction of thermal NO, emissions (Kadota and Yamasaki, 2002). On the other hand, water injection
increases OH radicals that contribute significantly in soot oxidation and reduce the soot emissions, and this is known as
the chemical effect (Greeves et al., 1977, Kadota and Yamasaki, 2002).

Water is utilized in the diesel engines either through intake manifold injection or direct water injection into the
engine cylinder (Miyamoto et al., 1995, Bedford et al., 2000, Udayakumar et al., 2003, Armas et al., 2005, Tauzia et al.,
2010, Subramanian, 2011, Tesfa et al., 2012, Kumar et al., 2013, Ithnin et al., 2014, Mingrui et al., 2016). The direct
water injection into the engine cylinder includes injection through separate water injection pump and nozzle, injection
through the fuel injector, or water and diesel fuel emulsion. The diesel fuel and water emulsion studies concluded that
the emulsion technique reduces flame temperature (Abu-Zaid, 2004, Ithnin et al., 2014). The reduction of the flame
temperature results in longer ignition delay and higher engine noise. Additionally, water/diesel emulsion has a
disadvantage that the water/fuel blend is constant over a wide range of engine operating conditions and different engine
loads may require different blend ratios (Abu-Zaid, 2004). Therefore, water injection in the intake manifold and direct
water injection techniques can overcome this problem (Bedford et al., 2000). However, most studies of water injection
in the intake manifold confirmed that water exists in areas where it is less efficient in reducing emissions in the
combustion chamber. Therefore, intake manifold water injection requires approximately twice the liquid volume for the
same reduction in NO, compared to direct water injection or water/fuel emulsion (Bedford et al., 2000). Tauzia et al.
(Tauzia et al., 2010) cited that water to fuel mass fraction of 60-65% is needed to obtain a 50% NO, reduction. They
also mentioned that increase in the injected water quantity leads to a decrease in flame temperature and heat release rate
together with a drop in the cylinder pressure and burning rate combined with an increase in the combustion duration.
Most studies of water injection into the intake manifold confirmed reduced in NO, accompanied by a slight growth in
PM emissions with an increase in CO and HC emissions (Odaka et al., 1991, Nazha et al., 2001). Therefore, direct
in-cylinder water injection through a separate water injection pump and nozzle or injection through the fuel injector has
the advantage of changing the water/fuel ratio with engine speed and load. Additionally, the injected water exists in
areas where it is more efficient to reduce emissions. However, the main disadvantage of this technique is that an
additional water injector should be installed to the engine cylinder and more advanced control system should be used
(Bedford et al., 2000, Nishijima et al., 2002).

The previously studied injection techniques have a limitation of reduction of the in-cylinder temperature and heat
release rate that occurs due to the charge cooling effect and combustion quenching. The lower in-cylinder temperature
leads to a decrease in the thermal NOy, but a simultaneous increase in CO and HC emissions is reported. Tauzia et al.
(Tauzia et al., 2010) cited that the cooling effect of water injection is only responsible for around 30% of NO, reduction
and the other 70% is attributed to other effects of water injection, such as dilution. The evaporation of the injected
water before entering the engine cylinder is a proposed way to reduce the NO, emissions without affecting the
combustion temperature and engine efficiency.

The primary objective of this study is to evaluate diesel engine combustion, performance and emissions reduction
using water injection into the exhaust manifold. By injecting water into the exhaust manifold, the waste heat of exhaust
gases is utilized to vaporize the injected water. Then, the variable valve actuating system controls the opening of
exhaust valve during the intake stroke to bring the evaporated water inside engine cylinder with some of the exhaust
gases and waste heat. Therefore, the effect of water on charge cooling will be eliminated through this study. Also, the
intake and exhaust manifolds injection are compared at the same combustion conditions.

2. Experimental setup
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This study was carried out using a Nissan single cylinder direct injection water-cooled diesel engine. The engine
technical specifications are summarized in Table 1. The experimental layout, the measurements and installed
instrumentation are shown in Fig. 1(a). The variable valve actuating system, water injection control system and fuel
injection control system are shown in Fig. 1(b). The engine was connected to a dynamometer used for engine motoring
and absorbing the output power. The dynamometer also controlled the engine load and speed and was equipped with a
load cell to measure the engine torque. The engine was also equipped with an electronically-controlled common rail
injection system, hydraulic variable valve actuating (VVVA) system, and exhaust gas recirculation (EGR) system. The
VVA system controls the valve timing and valve lift. Additionally, the diesel fuel and water injection timing and
duration were also monitored. The VVA system and the supercharger were operated independent of the engine.
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Fig. 1 Diesel engine test system (a) Experimental system overview and measurement instrumentation (b) Variable valve
actuating, diesel fuel injection and water injection control system

Cylinder pressure measurements were carried out using piezoelectric pressure transducer of Kistler 6123 type. The
intake pressure was measured using the strain gauge pressure transducer (Kyowa) that was installed in the intake
manifold. However, for the exhaust pressure measurements a water-cooled strain gauge pressure sensor (Kyowa) was
used to measure the exhaust pressure at high exhaust temperatures. Several K-type thermocouples were installed at
various points throughout the piping to monitor the intake air, exhaust gases, lubricant oil and cooling water
temperatures. Heaters and thermal controllers were used with thermocouples to control the intake air, cooling water,
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and lubricant oil temperatures. The air mass flow rate was measured by a laminar air flow meter (Sokken), which was
installed just before the surge tank. Electronically-controlled pressure regulating valve was mounted on the intake
manifold to control the desirable boost pressure. Similarly, exhaust pressure regulating valve was installed to allow the
raising of exhaust pressure and controlling the internal EGR ratio as well. A rotary encoder (Nikon) that produces 5000
pulses per revolution was connected to the crankcase camshaft. A photosensor was also attached to the flange of the
crankcase camshaft to produce one pulse per revolution. Pulses from the rotary encoder and the photo sensor were
necessary for sampling of cylinder pressure and controlling injection timing and valve timing. Developed program
based on LabVIEW software and FPGA system were used to monitor the system and data acquisition depending on the
signal from the rotary encoder and photosensor. The exhaust gases were sampled just after the exhaust manifold for the
measurement of NO,, O, and soot concentrations. The smoke meter was used for soot concentration measurement. The
soot sampling line was heated up to 200° C to prevent soot condensation. A NO, sensor (Horiba, MEXA-720) was used
for NO, measurements.

A quantitative estimation of the uncertainty in the present measurements was calculated using the procedure by
Kline (Kline, 1985). The uncertainties in the measurement of bsfc, IMEP, and engine speed were found to be in the
range of 1.8%, 2%, and 0.3% (x 3 rpm), respectively.

Table 1 Engine specifications

. 4-Stroke single cylinder water-cooled direct
Engine type S . .
injection diesel engine
Bore [mm] 89
Stroke [mm] 100
Displacement [cm®] 622
Compression ratio 15:1
Combustion chamber Reentrant type
Injection system Common rail injection system
Diesel fuel injector Solenoid injector type with 8 holes, ¢ = 0.158 mm
Intake system Supercharged
. Hydraulic variable valves
Valve train .
two intake valves and one exhaust valve
A commercial gasoline direct injector with slit hole
size 0of 0.135 mm x 0.775 mm. The spray is fan type
Water injector with an angle of 75.6° achieved at 10 MPa injection
pressure, 0.1 MPa surrounding pressure, and 293 K
surrounding temperature.

3. Methodology

In this study, the IMEP was used as a measure of the output power. It is considered a measure of engine capacity to
do work independent of engine displacement. The IMEP is defined in equation (1) as indicated work divided by the
displacement. It is calculated by trapezoidal integration of the cylinder pressure and volume in the expansion stroke for
each cycle as follows:

[ pdv

IMEP =
Vdisplace

(1)
where p is the cylinder pressure, V is the cylinder volume, and Vigiace iS the cylinder displacement volume.

Cylinder pressure data was sampled at every 0.144° crank angle. For each tested condition, 200 consecutive cycles
were sampled and averaged. The average cycle was used to represent the cylinder pressure. Also, the cycle-to-cycle
variations were evaluated by calculating the coefficient of variance (COVipep) at each experimental condition according
to equation (2). The stability of engine operation was assessed by calculating COVinep, Which is defined as the ratio of
the standard deviation in IMEP to the mean IMEP over the sampled cycles (Dempsey et al., 2014).
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Z|IMEPaverage — IMEPil

cov = n %100 2)
IMEPaveTage

where n is the number of samples.

The acceptable level of load variation was somewhat subjective but typically taken to be a COVine, less than 4%
(Dempsey et al., 2014). Fig. 2 shows an example of the average cycle used to represent the data obtained from 200
cycles, where the COVine, is equal to 0.8%. For all the tested conditions, the COVine, Was not higher than 1%.

For the analysis of in-cylinder pressure, the AHRR was calculated from the measured pressure data and the
cylinder volume according to equation (3) (Heywood, 1988).

dQpet 1 dP  k _dV PV dk
a6 x—1'detx-1"de (x—1D7de )

where Q¢ is the apparent rate of heat release, « is the specific heat ratio and &is the crank angle
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Fig. 2 The average cycle of the conventional diesel combustion that was used to represent the 200 cycles with COVipe, =
0.8% (a) p-#diagram (b) AHRR.

The value of specific heat ratio («) depends on the gas temperature, and it was calculated from equation (4) as a

function of average gas temperature (T).
k= 1386+ 1.776 X 107*T — 5.293 x 107/T? + 4.004 x 1071073 — 9,932
x 1071414 @)

The combustion phasing was determined at CA03, CA50, and CA90. CAO03 here refers to the crank angle at which
3% of the total heat is released as illustrated in Fig. 3. The heat release amount was calculated according to equation
(5). The CAO03 calculation was used as an indication of the start of the combustion process, and it is used for ignition
delay estimation. Similarly, CA50 and CA90 are defined as the crank angle at which 50% and 90% of the total heat is
released respectively. The CA50 determines the end of premixed combustion phase and the start of the late combustion
stage. The duration between CA03 and CA50 shows the burn duration for the premixed combustion stage. CA90
indicates the end of the combustion process. The late combustion phase duration was determined as the duration
between CA50 and CA90. Therefore, the control of CA50 timing leads to control of combustion phasing (premixed
combustion phase and late combustion phase).

_ o dQnet
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[DOI: 10.1299/jtst.2017]tst0014] © 2017 The Japan Society of Mechanical Engineers



Farag, Kosaka, Bady and Abdel-Rahman, Journal of Thermal Science and Technology, Vol.12, No.1 (2017)

1000— '
=
o 8001 ]
=
©
= B0 Total 4
3 Heat Release!
& 400+ )
£ 50% of Total
® 200+ Heat Release |
[0}
oL
0 ; 1 .
0 30 50
CAO03 CA50 CA90

Crank angle [degATDC]
Fig. 3 Definition of CA03, CA50, and CA90.

4. Experimental conditions and procedure

The experimental investigation was carried out at conditions shown in Table 2. The cooling water, lubrication oil,
and intake air temperature were controlled at the listed values to maintain a constant heat loss for all conditions. Also,
the fuel injection timing, quantity, and engine speed were controlled at the desired values to keep the cylinder
combustion condition constant. Additionally, the used experimental conditions targeted a high load conventional
combustion for high soot concentration. The intake and exhaust manifold pressures were controlled at 0.12 MPa to
attain a balance between the intake and exhaust manifolds pressures. The balance between the intake and exhaust
manifolds pressures allows the water injected into exhaust manifold to re-enter the combustion chamber when opening
the exhaust valve during the intake stroke. The primary variable in this investigation is the water injection location
either in the intake or exhaust manifolds.

Water injection timings and durations for both locations are presented in Table 2. The water injection quantity was
fixed at 40 mg/cycle, corresponding to two injections of 8 ms duration separated by 1 ms duration (8 ms — 1ms — 8 ms)
at an injection pressure of 2 MPa. The injector signal and the valve timings for both cases are shown in Fig. 4. The
diesel fuel injection quantity was fixed at 32 mg/cycle, corresponding to 1100 ps at an injection pressure of 100 MPa.

The comparison of combustion process between intake and exhaust manifold injection was done with respect to
cylinder pressure, AHRR, ignition delay, and combustion phasing. While, the IMEP, bsfc, ITE and total heat generated
per cycle were considered to evaluate engine performance. Also, NO, and soot emissions were measured for exhaust
emissions analysis.

Table 2 Experimental conditions

Engine speed [rpm] 1000

Fuel injection quantity [mg/cycle] 32 (1100 ps)

Fuel injection timing [ATDC] -6

Fuel injection pressure [MPa] 100

Exhaust manifold injection timing [0 -720 deg] SOI 400° (8ms-1ms-8ms)

Intake manifold injection timing [0 -720 deg] SOI 250° (8ms-1ms-8ms)

Water injection amount [mg/cycle] 40

Water injection pressure [MPa] 2

Intake air temperature [°C] 65

Cooling water temperature [°C] 85

Lubrication oil temperature [°C] 70

Intake pressure [MPa] 0.12

Exhaust pressure [MPa] 0.12

Intake valve lift, IVO, IVC 8 mm, 14 °BTDC, 30 "ABDC
Exhaust valve lift, EVO, EVC 8 mm, 39 °BBDC, 5 °ATDC
Exhaust valve reopen lift [mm] and EGR ratio [%] 3mm (10% EGR), 4mm (25% EGR)
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Fig. 4 Water injection timing and duration with valve timing for (a) Exhaust injection (b) Intake injection.

The experimental test procedure discussed in the present study starts by switching on the cooling water and
lubricant oil systems and then enabling their heating systems to raise the cooling water and lubrication oil temperatures
to 85° C and 70° C, respectively. Then, the engine motoring is started by operating the supercharger, intake air heating
system, and the VVA system. After that, the fuel injection pressure was raised up to 100 MPa, and the fuel injection
timing and duration were set at -6 ATDC and 1100 us and the fuel injection started. Next, the rack arm was used to
control the engine speed at 1000 rpm. After operating the engine for more than 1500 cycles using diesel fuel, the steady
state condition was achieved, and data sampling started. For exhaust gas recirculation, the exhaust valve was opened
during the intake stroke using the VVVA control system according to the timing shown in Table 2 and Fig. 4. For water
injection, the water pump was switched on, and the water line pressure increased to 2 MPa and the water injection
timing and duration specified to start injection into the intake or exhaust manifold as shown in Table 2 and Fig. 4.

The CA50 control was enabled by setting the required crank angle for controlling CA50 in the program. The CA50
control was based on a calculation of CA50 in the previous cycle using cylinder pressure data and equations (3)-(5).
The duration from the start of injection to CA50 was also determined. Then, the start of injection in the following cycle
was adjusted to a proper timing to control CA50 at the desired value. Therefore, CA50 control is based on
cycle-to-cycle control strategy and based on the variation of the start of injection timing from cycle-to-cycle to
maintain the CAS50 at the desired crank angle as shown in Fig. 5. The previously described control strategy is illustrated
in Fig. 5(a) for 20 consecutive cycles for conventional diesel combustion using normal operating conditions and CA50
control. For normal operating conditions the start of injection (SOI) was fixed at -6° ATDC, and the CA50 varied
accordingly. For CA50 control, the SOI was varied depending on the value of CA50 in the previous cycle to maintain
the CA50 in the next cycle according to the control condition. Fig. 5(b) shows the difference between normal operating
conditions and CA50 control for various water injection conditions. The plotted points in CA50 control value is the
average value for 200 consecutive cycles, and the error bar is added to show the maximum and minimum CA50 value
in the sampled 200 points. For normal operating condition, the SOI was fixed at -6° ATDC, and the CA50 varied
accordingly while for CA50 control, the SOI was varied to control CA50 at 4.8°ATDC.

Finally, the different readings from the measuring devices for a particular test were recorded at steady state
condition of the engine operation. This step was repeated to cover the EGR conditions and water injection conditions
according to the test program summarized in Table 3.

5. Results and discussion

The combustion analysis, mechanical performance and the exhaust emissions of a diesel engine are discussed when
water was injected into intake and exhaust manifolds with and without CA50 control. The experimental work was
conducted as stated in the test program shown in Table 3. For combustion analysis, the cylinder pressure, AHRR,
ignition delay and combustion phasing are illustrated versus the crank angle. The performance parameters such as bsfc,
ITE, IMEP, and total heat generation are discussed at different water injection conditions. Similarly, the emission
concentrations of NO, and soot are introduced for the various tested conditions.

[DOI: 10.1299/jtst.2017]tst0014] © 2017 The Japan Society of Mechanical Engineers



Farag, Kosaka, Bady and Abdel-Rahman, Journal of Thermal Science and Technology, Vol.12, No.1 (2017)

r 64
o o o
@ = S Loz
o
9 oo o g
o o o o 6.0
58 ~—
a o 8 00 70
®  CAS0 with CAS0 control at 4.8° rse £ 081 T - 65
O CAS50 normal operation 54 ai 104 % T [0) 6.0
- ts2 3 il I 1 R 55
? 50 g 20 5 i i ° + 50 CAS0 control
° e o @ ®re target CASO control angle® o o i 25 T & & 15 a4
. ¢ . ® o o om0 T -
° ° 46 8 -354 @ SOl normal 40 ©
[ ] L Laa l:( 404 = SOl with CAS0 control L 35 E
59 I ! ! I g E sl g CAS0 normal ib i
6.0 4 o B o O 0O O B O 0O 0O 0 0 0 0 0 0 0008 b 8 504 CAS0 with CAS0 control at 4.8 I 8
“ <
3 551 Fixed SOl at -6 20 ©
6.2 4 o ° * . ° ° ° °
B - 1.5
o -6.3 4 ® SOl with CAS0 control 65 1 T
0O 64 O SOl normal operation 704 = - = 1.0
= !
< 65 754 L] & " - 0.5
g 6.6 -80 T T 0.0
o + & o > 2 &
? 574 0.9“ R P @\
< N & < L
6.8 & s
N o o
[ L4 o o e o o o
7.0 .’ L ] L I ° L4 L[] L ]
@ L]
-71 T T T T T T T T T
80 82 84 86 88 90 92 94 96 98 100

Cycle Number

(@) (b)
Fig. 5 Definition of CA50 control (a) Conventional diesel cycle-to-cycle variation of SOI for CA50 control at 4.8°
for 20 consecutive cycles (b) SOI and CA50 for the different condition with and without CA50 control.

Table 3 Experimental program

Condition Equivalence ratio EGR ratio Water injection location Speed, rpm
D100 - -
EGR10 10% -
EGR10WEX 10% Exhaust manifold
EGR10WIn 0.72 10% Intake manifold 1000
EGR25 25% -
EGR25WEX 25% Exhaust manifold
EGR25WIn 25% Intake manifold

5.1 Combustion characteristics

The investigation of the EGR effect on the combustion and emission of the diesel engine was conducted first as a
preliminary experiment to differentiate between the effect of EGR and the effect of water injection. The experimental
conditions and adapted program of this experiment are shown in Table 2 and Table 3. The values of exhaust gases
recirculation ratio were 10% (EGR10) and 25% EGR (EGR25). Fig. 6 and Fig. 7 show the cylinder pressure and AHRR
for EGR10 and EGR25, respectively. Fig. 8 shows the ignition delay and combustion phasing for EGR10 and EGR25
with and without water injection. The cylinder pressure decreased by 6.5% and 13.6% for EGR10 and EGR25
respectively compared to conventional diesel combustion. This reduction can be attributed to the fact that increasing
EGR ratio decreases the inlet O, concentration which decelerates mixing between O, and fuel resulting in the extension
of the flame region. Also, the quantity of CO, gas and H,0O vapor that absorb the released heat increased. The higher
the amount of H,O and CO,, the higher the inlet heat capacity which decreases the flame temperature and AHRR as
illustrated in Fig. 6(b) and Fig. 7(b). Additionally, the EGR leads to poor mixing process between the fuel and oxygen
resulting in longer ignition delay and lower AHRR at the premixed combustion zone. However, the AHRR at the
mixing controlled combustion phase was higher with an increase in the EGR ratio. The CA03 (which gives an
indication of ignition delay) increased with increasing rate of EGR where it become 2.72° and 3.00° ATDC for EGR10
and EGR25 compared to 2.69° ATDC for conventional diesel. Similarly, CA50 was 5.2° and 5.8° ATDC for EGR10 and
EGR25 compared to 4.7° ATDC for regular diesel. The higher the EGR ratio, the shorter the combustion duration
(duration from CAO03 to CA90).

With injection of water into the exhaust manifold, the start of combustion was similar to that of regular diesel fuel.
However, the AHRR for EGR25WEX and EGR10WEX was increased at the premixed combustion phase compared to
EGR25. This increase is attributed to the dilution effect of water that enhances the mixing process between fuel and air
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and results in a higher premixed combustion while the diffusion combustion remains the same. Also, the charge cooling
effect eliminated and no change was noted in the ignition delay due to water evaporation in exhaust manifold before
combustion. On the other hand, the injection of water into intake manifold led to cooling of the intake charge. The
reduction of the intake air temperature increases the in-cylinder air density which means that a given volume of gas
entrained by fuel spray contains a bigger mass of air. Thus, the fuel and air mixing process was enhanced and resulted
in a higher combustion pressure and a higher AHRR at the premixed phase, and this was evident with 10% EGR ratio
as shown in Fig. 6(a). Also, the influence of water injection into intake manifold on ignition delay is given in Fig. 8.
The intake manifold water injection achieves longer ignition delay compared to exhaust manifold injection. The longer
ignition delay is also responsible for increasing the time at which the fuel and air are mixed. Consequently, diesel fuel
is mostly burned under a premixed condition with intake manifold water injection as shown in Fig. 6(b) and Fig. 7(b).
Also, Fig. 8(a) indicates that intake manifold water injection has a longer combustion duration compared to exhaust
manifold injection and conventional diesel combustion.

Combustion phasing control was applied by controlling the CA50 at 4.8° ATDC. The main purpose of CA50
control is to suppress the change in combustion phase due to water injection. The water addition changes the
combustion phase, and the thermal efficiency will be changed as well. This change should be eliminated from the
discussions on the advantages of water addition on the engine performance. Applying the CA50 control for all the test
conditions makes the SOI earlier so that the CA50 for all conditions occur at the same crank angle. Consequently,
combustion process and AHRR with applying CA50 control occurs earlier than that without CA50 control. Also, the
early start of injection elongates the time at which the fuel and air mix and results in a higher in-cylinder pressure for
all the tested conditions, and consequently a higher power as shown in Fig. 6 and Fig. 7. The AHRR curve indicates
that the amount of fuel burned under premixed condition decreased and the diffusion combustion improved with CA50
control. This change in AHRR curve is shown for EGR10CA50, EGR10CA50WEx, EGR25CA50 and
EGR25CA50WEX cases in Fig. 6(b) and Fig. 7(b). Also, Fig. 8(b) illustrates that with CA50 control, the combustion
duration increased compared to Fig. 8(a), without CA50 control.

The effect of water injection on the intake air, cylinder wall, and exhaust gases temperatures is shown in Fig. 9(a).
The intake manifold temperature was controlled at 65 + 2° C. The intake manifold temperature was approximately the
same for conventional diesel combustion, EGR without water injection and exhaust manifold water injection. However,
with water injection in the intake manifold, the intake air temperature reduced by 1.1% compared to other conditions
due to water injection. The CA50 control condition did not affect the intake air temperature variation when compared to
conditions without CAS50 control. The cylinder wall temperature attained the same trend of intake air temperature. The
cylinder wall temperature for water injection into intake air is lower than that of other conditions by 4.9% and 7% for
EGR10WIn and EGR25WIn, respectively. For exhaust gases temperature, EGR10 and EGR25 cases show an increase
in the exhaust manifold temperature compared to D100 due to partially closed pressure regulating valve, which is
installed in the exhaust manifold, to allow the raising of exhaust pressure and controlling the EGR ratio. With water
injection into the exhaust manifold, the exhaust gases temperature reduced by 6.4% and 5.2% for EGR10WEXx and
EGR25WEx compared to corresponding EGR values without water injection. This reduction is due to the water
evaporation in the exhaust pipe. For water injection in the intake manifold and conventional diesel conditions, the
exhaust manifold temperature is almost similar.

The average gas temperature was calculated for the various tested conditions as shown in Fig. 9(b) and Fig. 9(c).
For EGR10 and EGR?25, the average gas temperature reduced compared to D100 due to the increase in CO, and H,O
amount which enhance the in-cylinder heat capacity and absorb the released heat leading to a reduction in flame
temperature and average gas temperature. For water injection cases, the H,O quantity increased and in-cylinder heat
capacity was enhanced compared to EGR without water injection cases, which results in a further reduction in flame
temperature as shown for the EGR25WIn case in Fig. 9(c). Additionally, water injection into the intake manifold leads
to charge cooling because of the heat of vaporization of water. However, EGR10WIn shows a higher average gas
temperature, and this may be due to the enhancement of fuel and air mixing process as a result of water dilution effect.
Also, water injection into exhaust manifold cases (EGR1OWEx and EGR25WEX) show a higher average gas
temperature compared to EGR without water injection, and this is attributed to the fact that water vaporized in the
exhaust pipe and not in the combustion chamber. Therefore, water injection into exhaust manifold eliminates the
cooling effect of water. The CA50 control for the tested conditions enables early SOI and longer mixing time between
air and fuel leading to a rapid increase in in-cylinder temperature in premixed combustion phase, while for the late
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combustion phase, the average gas temperature is reduced for CA50 control compared to normal operating conditions.
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Fig. 9 Temperature measurement for 10% and 25% EGR and water injection into intake and exhaust manifolds (a) Intake
air, cylinder wall and exhaust gases temperatures (b) Average gas temperature for 10% EGR (c) Average gas temperature for
25% EGR with and without CA50

5.2 Engine performance

The indicated mean effective pressure and total heat generated per cycle are shown in Fig. 10. The plotted points
are the average of 200 cycles data for each condition. The error bars are added to the figure to show the maximum and
minimum value of the 200 cycles. The IMEP declined by 6% and 21% for EGR10 and EGR25 respectively. This is due
to the reduction of the cylinder pressure with the increase of the EGR ratio. By applying water injection, the IMEP
slightly increased for both of water injection into intake and exhaust manifolds compared to EGR10. Also, the IMEP
increased for EGR25WEx compared to EGR25 by 3% while the intake water injection gives the same IMEP value as
EGR25. With CA50 control, which is applied to improve the IMEP, the conventional diesel combustion and
EGR25WEX are the only conditions at which the IMEP improved by 4% and 7% respectively. However, the other
condition does not show significant difference between with or without CA50 control. As IMEP provides a measure of
the engine output power, water injection into exhaust manifold for EGR25 improves the engine power compared to the
intake manifold injection. This improvement is because the exhaust manifold water injection eliminates the water
cooling effect and enhances the combustion process by reuse of the waste heat from exhaust gases. However, the intake
manifold injection decreases the combustion pressure and temperature and consequently the engine output power.

The total heat generated which is calculated from the integration of the AHRR decreased by 3% and 16% for
EGR10 and EGR25 compared to that of conventional diesel. However, there was no effect of water injection on the
heat generation in the case of EGR10. At EGR25, the total heat generation remains the same for EGR25 and
EGR25WEX, while, it decreased for EGR25WIn case by 10% compared to EGR25. This behavior confirms that the
cooling effect is eliminated by exhaust manifold injection but exists for intake manifold injection although the energy
balance for both cases is the same. Also, water injection into intake manifold increases the heat losses in the engine
cylinder. The CA50 control achieves a noticeable improvement in the total heat generated except for the intake
manifold water injection. The heat generated in the case of EGR25WEX with CA50 control is higher by 5% compared
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to without CA50 control.

The bsfc and ITE are shown in Fig. 11 for the different tested conditions. The bsfc increased with increasing EGR
ratio. By applying exhaust manifold water injection, the EGRLO0WEX case enhanced the bsfc by 19% compared to
EGR10 case, while the bsfc decreased by 5% for EGR25WEX compared to the EGR25 without water injection.
However, for intake manifold water injection, the bsfc increased drastically by 127% and 70% for EGR10WIn and
EGR25WIn respectively compared to EGR without water injection. This increase is due to the reduction of the engine
output power that results from the cooling effect of water injection and the increase of the heat losses due to intake
manifold water injection. Applying the CA50 control shows a reduction in bsfc with EGR10WIn and EGR25WEX
cases by 6% and 7%, respectively. The other cases show no change even with CA50 control. The indicated thermal
efficiency reduced by 6% and 21% for EGR10 and EGR25 respectively compared to conventional diesel as shown in
Fig. 11. For exhaust manifold water injection, the indicated thermal efficiency improved by 3% for both of EGR10WEX
and EGR25WEXx compared to EGR without water injection. For intake manifold water injection, the ITE increased by
4% for EGR10WIn and decreased by 2% for EGR25WIn compared to EGR without water injection. By applying CA50
control, the ITE reduced for most of the tested cases except for the conventional diesel and EGR25WEX cases.

1400

0.7

40

i I 1300

N

- 1100
: 25
IMEP with CAS50 control -
Total Heat Released With CA50 Control E s u

byog

Indicated Thermal Efficiecny with CA50
bsfc with CA50

Indicated Thermal Efficiecny without CAS0
bsfc without CA50

35

Eome

30 A

I 1000

Total Heat Released [J/cycle]
Indicated Thermal Efficiency [%]

Ha—s——F 00+

IMEP without CA50 Control - 900

[Nl N J

Total Heat Released Without CA50 Control
T 20

o4 O &+ & 2
& Q/OQ— \Qq\ \Qé ({/0‘2-

& &

without CA50 control and without CA50 control

5.3 Soot and NO, emissions

The EGR led to a reduction in flame temperature due to the higher heat capacity of H,O and CO,. EGR also
decreases the inlet O, concentration and accordingly the mixing efficiency with the fuel. Consequently, the NOy
emissions decreased due to the low flame temperature and soot emissions increased due to the poor mixing between the
fuel and the air as shown in Fig. 12. The NO, emissions were reduced by 52% and 85% for EGR10 and EGR25,
respectively. The NO, emissions reduced further with water injection by 16% and 56% for EGR10WEx and
EGR10WIn respectively compared to EGR10’s case. For the case of EGR25, EGR25WIn reduced NO, emissions by
41% while EGR25WEX increased NO, by 5%. Hence, it is clear that the reduction in NO, emissions with intake
manifold water injection is more than that of exhaust manifold water injection. This is due to a combination of dilution
and thermal effect and the higher heat losses. However, the reduction noted with exhaust manifold water injection is
mostly due to the dilution effect of water injection as cited by Tauzia et al. (Tauzia et al., 2010). Applying CA50 control
leads to increase in NO, emissions for all the tested conditions. As there is a tradeoff between NO, and soot, soot
emissions increased with EGR10 by 44%. However, EGR10WEX reduced soot emissions by 55% compared to the case
of EGR without water injection. Also, the soot emissions were reduced by 10% for the case of EGR10WIn. For 25%
EGR, soot emission increased significantly. However, it is worth noting that water injection into exhaust manifold
reduces the soot emissions by 35% compared to EGR25 without water injection. Also, with EGR25WIn, soot
emissions reduced by 7% compared to EGR25. The reduction in soot emissions using water injection in exhaust
manifold is higher than that of intake manifold. The decrease in soot emissions is as a result of the enhancement of fuel
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and air mixing due to the dilution effect by exhaust manifold water injection. However, the lowering of flame
temperature by intake manifold water injection affects soot oxidation and consequently increases the soot formation.
Applying CA50 control reduced soot emissions by 10%, 23%, 7% and 5% for D100, EGR10WIn, EGR25WEX, and
EGR25WIn respectively. Soot emissions on the other hand increased by 4%, 68%, and 13% for EGR10, EGR10WEX,
and EGR25.
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Fig. 12 Soot and NO, emissions for10% and 25% EGR with water injection into intake and exhaust manifold with and
without CA50 control

Several practical questions arise when dealing with water injection into the exhaust manifold. The technique used
throughout this research work shows that the water injected to exhaust manifold evaporates and enters to the cylinder
during valve overlapping period at the intake stroke. The experimental results of this study indicate that the
combustion, engine performance and exhaust emissions are influenced by water injection into exhaust manifold, which
confirms that the water injected into exhaust manifold is sucked inside the cylinder. However, it is speculated that
entire quantity of injected water at exhaust manifold will not enter to the cylinder as part of evaporated water will flow
to the exhaust pipe. Therefore, further investigation is required to accurately quantify the amount of water sucked into
the combustion chamber and the amount that escapes in the exhaust system. Additionally, more research work should
be conducted to study the variation of initial H,O concentration of intake air while using water injection in the exhaust
manifold. The effect of exhaust manifold temperature on injector performance is also an important factor that effect on
the exhaust manifold injection strategy and needs further investigations including spray characteristics. Further studies
are required to investigate the dual fuel technique using exhaust manifold injection and the investigation should be
extended to include several fuels and various engine operating conditions.

6. Conclusions

In this study, the effects of water injection into the intake manifold and exhaust manifold on the combustion and
exhaust emissions of the direct injection diesel engine have been investigated experimentally. Major conclusions can be
revealed as follows:

e The combustion analysis showed a reduction in cylinder peak pressure by 6.5% and 13.6% for EGR10 and
EGR25 respectively, compared to pure diesel fuel combustion without EGR.

e The water injection into intake and exhaust manifold led to an increase in the cylinder peak pressure compared
to EGR without water injection. The increase in cylinder peak pressure for intake manifold water injection was
higher than that of exhaust manifold water injection. This is due to the reduction of the intake air temperature
increasing the in-cylinder air density. Thus the volume of gas entrained by the fuel spray contains a bigger mass
of air that improves the mixing with fuel and results in a higher combustion pressure.

e The intake manifold water injection results in longer ignition delay compared to exhaust manifold injection.
The longer ignition delay is also responsible for the increase in time at which the fuel and air are mixed.
Consequently, diesel fuel is mostly burned under a premixed condition with intake manifold water injection.

e Water injection into exhaust manifold achieves a higher average gas temperature compared to EGR without
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water injection, and this is owing to the latent heat of vaporization of water being extracted from the exhaust
pipe and not from in-cylinder heat. However, the charge cooling and combustion quenching are observed with
water injection in the intake manifold.

e The total heat generated per cycle was not affected by exhaust manifold water injection while it decreased by
10% in the case of intake manifold water injection owing to the fact that water injection into intake manifold
increasing the heat losses in the engine cylinder.

e The exhaust manifold water injection increased the bsfc by 19% compared to EGR10’s case, while the bsfc
decreased by 5% for EGR25WEX compared to the EGR25 without water injection. With intake manifold water
injection, the bsfc is increased drastically by 127% and 70% for EGR10WIn and EGR25WIn respectively
compared to EGR without water injection.

e The indicated thermal efficiency improved with exhaust manifold water injection compared to water injection
into intake manifold due to the high heat losses in intake manifold water injection.

e The reduction in NO, emissions with intake manifold water injection is more than that of exhaust manifold
water injection due to the combination of dilution and thermal effect and the higher heat losses. The NOy
emissions reduced with water injection by 16% and 56% for EGR10WEx and EGR10WIn respectively
compared to EGR10 case. For EGR25 case, EGR25WIn reduce NO, emissions by 41% while EGR25WEXx
increase NO, by 5%. The reduction with exhaust manifold water injection is attributed mostly to the dilution
effect of water injection.

e The decrease in soot emissions with water exhaust manifold injection is higher than that of intake manifold
water injection. The reduction in soot emissions is due to the enhancement of fuel and air mixing as a result of
the dilution effect of exhaust manifold water injection. However, the lowering of flame temperature due to the
intake manifold water injection affects soot oxidation and consequently increases the soot formation.

This study recommends the use of exhaust manifold water injection as it improves the engine emissions without
increasing the in-cylinder heat losses. The waste heat recovery that is associated with exhaust manifold injection
improves the engine efficiency and heat balance. However, further investigations are required to accurately quantify the
amount of water sucked into the combustion chamber and the amount that escapes into the exhaust system. Also, the
effect of exhaust manifold temperature on injector performance is also an important factor that affects the exhaust
manifold injection strategy and needs further investigation including spray characteristics. Further studies are required
to investigate the dual fuel technique using exhaust manifold injection and extending the investigations to include
several fuels and various engine operating conditions.
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