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ABSTRACT

Hydrogen enhanced combustion (HEC) is promotednas a

end-user add-on that has the capability of redubty engine
tailpipe emissions and fuel consumption. An experital
investigation was carried out to measure the effe€tHEC in
typical engines through laboratory dynamometeirtgstThree
engines — (1) a carburetted petrol engine, (2) & ifjected
petrol engine and (3) a diesel engine — were tedted
investigate the effects of adding hydrogen to tinaraake of
the engines and measure the effects on performancke

emissions (HC, CO and GP The engines were tested at

different engine speeds and loads to simulate @ wathge of
operating conditions. The hydrogen was producedn fthe
electrolysis of a solution of distilled water anddaim
hydroxide using two different electrolyser designghe
electrolyser constructions were suitable for auttiveo
applications, that is, small in size and consuntimgent within
the capability of a typical car alternator. Botle thydrogen and
oxygen that were produced by electrolysis were dddethe
engine's intake during the tests. Results showedt the
addition of HHO is most effective in stabilizingdaenhancing
the combustion of lean air-fuel mixtures inside tpetrol

injected engine, allowing for lower HC, CO and CO2

emissions. Thus hydrogen enhanced combustion qaald a
role in stabilizing lean burn petrol engines.

INTRODUCTION

Cassidy [1] investigated the effect of adding sraatlounts
of hydrogen to a carburetted petrol engine. Thalteshowed
that for all equivalence ratios, the addition ofainmmounts of
hydrogen significantly increased the flame speedindu
combustion. The increase was more pronounced as
equivalence ratio decreased. The same experimeoiges that
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at an equivalence ratio of 0.69 the flame speed pétrol-air

mixture with some added hydrogen (0.07 mass frartieas as
fast as the flame speed of a petrol-air mixturareéquivalence
ratio of 0.98 The effect of hydrogen on flame spded
confirmed by experiments carried out by IvarEt al. [2].

Similar experiments by Conte and Boulouchos [3]owWtave

studied the effects of adding increasing amountseédrmer

gas composed of 21%,H4% CO and 55% N\ have indicated
an increase in the rate of heat release with ateshiog of the
interval required when more reformer gas was added.

As a result of faster combustion, the engine’sceficy and
power output increase because the actual combuptimress
becomes closer to the reversible constant voluna¢ dddition
as modelled by the Otto and Dual cycles. In fagpegiments
by various researchers have shown that when adudidgpgen
the engine’s efficiency increases. Ji et al. [4ted a petrol
engine at 1400rpm at different loads for two AFRs1(2 &

A=1.4). For the two AFRs, 3% by gas intake volume of

hydrogen was added and increases in the thermaeieeffy of
the engine were observed. The increase in effigiele to the
addition of hydrogen relative to operation on petioly was
greater for the leaner mixture.

Efficiency increases and specific energy consumptio
reductions with hydrogen addition were also obsgrae all
load conditions by Saravanan and Nagarajan [5] idiesel
engine running at 1500rpm and equipped with hydnogert
injection. The increases in efficiency and reduddiin specific
fuel consumption changed with hydrogen injectiomitig,
while diesel injection timing was kept constanteTéfficiency
at 75% of full load increased from 21.6% for diesslly
operation to 25.6% when an optimized hydrogen ftate of

the7.5 Ipm was added. By adding 0.78% hydrogen-oxygen

intake gas volume of a small single cylinder diesegine,



Samuel and McCormick [6] reported a 5.4% decreaskiél
consumption, signifying an increase in the engirdficiency.
Bari and Esmaeil [7] also saw increases in theciefficy of a
diesel engine as more hydrogen-oxygen gas was aiddésd
intake. The increases observed were of 2.6%, 2.886126%
for loads of 19kW, 22kW and 28kW respectively atcmstant
speed of 1500rpm. However, ho more increases iniaity
were observed when more than 5% by total equivalégel
content of hydrogen-oxygen gas were added. Higleak p
pressures located closer to TDC as a result offabter and
improved combustion of diesel with added hydrogeosdpce a
higher effective pressure for the same fuel supiplgreasing
the engine’s efficiency [7]. Diilger and Ozgelik [8pted an on-
board electrolysis unit producing 20 litres per thoof
hydrogen-oxygen gas on four cars for fuel econoragulting
in savings of 43% for a 1993 Volvo 940, 36% for @9G
Mercedes 280, 26% for a 1992 Fiat Kartal and 33f@f@992
Fiat Dazan.

Conte and Boulouchos [3] have reported an incre84%
in efficiency of the petrol engine when the petnoks
completely substituted with reformer gas, lower ngaiin
efficiency were observed for lower petrol-reformegas
substitution levels. However, an analysis on theefficiency
gain showed that the reformer efficiency shouldobeat least
80% in order to obtain a net increase in efficiefurylean limit
and EGR limit mixture operation. Similarly, Iv&net al. [2]
have seen up to 12% increases in efficiency whelingd30%
plasmatron gas to a lean mixture but when the fosdethe
plasmatron (assumed as 84% efficient) were considéhnis
gain was reduced to 7%. This meant that the inerdas
efficiency due to leaning without adding hydrogeasvslightly
higher but it also meant that a net increase iitieffcy could
still be achieved using the plasmatron and thaetigine could
be run at leaner mixtures, thus resulting in redupellutant
emissions. Thus a very important consideration hether the
gain in efficiency is enough to compensate for drergy
required to produce the hydrogen.

Hydrogen addition reduces the cycle-to-cycle v in
S| engines by stabilizing the combustion procegnder very
lean mixtures [1][3]. In lean mixtures the excesspaovides
more oxygen to fully oxidize the fuel while at teame time
lower peak combustion temperatures are reached.|Gvier
combustion temperatures result in a greater spekédat ratio
because net dissociation losses are reduced arsd hilgher
thermal efficiencies can be achieved [1] while hémses
across the cylinder wall to the cooling systemals® reduced
[9]. Using hydrogen combustion enhancement to kizabiean
petrol engine operation would also allow for
compression ratios because hydrogen suppressaseekmgick
[2] while lean mixtures are more resilient to knimgk than
stoichiometric ones [10].

For these reasons Ji and Wang [11] have investigdue
effects on the lean burn limits of a hydrogen-pegmgine. In
their experiments the lean limits of the engineenextended to
a combined lambda (for an air-hydrogen-petrol nrituof
1.55, 1.97 and 2.55 for hydrogen intake gas frastiof 1%,
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higher

3% and 4.5% respectively when the engine’s origieah limit
was at a lambda of 1.45.

When adding hydrogen at a constant AFR the in-dglin
temperature increases for both SI and Cl engin§g][IThe
higher temperatures promote the oxidization of HEgl, and
CO and thus their emissions are reduced. Moreotles,
increased presence of hydrogen increases the fréoentation
of the OH radical which helps oxidize HCs, PM and Better
(3][11][12].

Hydrogen also reduces the quenching distance irtide
cylinder [11] and therefore lesser HCs are emitiedause the
wall quenching and crevice HC formation mechanisans
dependent on the quenching distance [13][10]. Ctherovay
of reducing HC and CO emissions by hydrogen addiitnen
maintaining the output power constant is by thdaegment of
some of the carbon based fuel during combustioh earbon-
free hydrogen [7]. The reduced carbon content fheze
reduces HC, CO and also €@ a manner similar to lean
operation. The experiments by Ji and Wang [11], t€and
Boulouchos [14], and Bari and Esmaeil [7] have ltesuin a
drop in HC and/or CO emissions by the engines unest.
Yilmaz et al. [15] also added hydrogen-oxygen gaa diesel
engine and reported an average reduction of 5%18r&P6 in
HC and CO emissions respectively with an averageease in
torque output of 19.1%.

The effect of hydrogen addition on HC and CO eroissi
does not always result in their reduction. Sarama@ad
Nagarajan [16] found that the addition of hydrodecreased
HC emissions from 28ppm when running on diesel doly
31ppm at 25% of full load while at 75% of full lodatie
emissions with and without hydrogen were similaowéver,
CO and exhaust smoke were reduced by adding hydregen
when EGR was added for up to 75% of full load. Selnaund
McCormick [6] also noticed no change in CO emissiand an
increase in smoke and HC emissions when addingolygdr
oxygen to their diesel engine but the changes irs M@ere
within the uncertainties of the readings and tremeefno
definitive conclusion could be arrived at. The tesobtained
by Cassidy [1] show that hydrogen enhancement mexiu
lower HC emissions for equivalence ratios above &rgl
higher HC emission for lower equivalence ratios l&hCO
emissions were reduced for all equivalence ratidhen
experimenting with lean mixtures, Ji and Wang [foljnd that
the addition of hydrogen gas resulted in increased
emissions in close to stoichiometric lean mixturékis was
attributed to the faster reaction of hydrogen vagygen in air
compared to petrol resulting in oxygen depletedezowithin
the mixture and also because of the longer posbostion
period (resulting from the faster combustion) ttatled the in-
cylinder gases before being exhausted thereby megitice rate
of CO oxidization into CQ

The aim of this experimental work was to invesggéte
effects of hydrogen addition in engine air intaken o
performance and exhaust emissions.



NOMENCLATURE

AFR [ka/kg] Air Fuel Ratio

ATC After Top Centre

BTC Before Top Centre

DOI Duration of injection

EGR Exhaust Gas Recirculation

HEC Hydrogen Enhanced Combustion
HHO Hydrogen Hydrogen Oxygen
IMEP [bar] Indicated Mean Effective Pressure
LHV kJ/kg Lower Heating Value

Ipm [I/min] Litres per minute

MAP [kPa] Manifold Absolute Pressure

MBT Minimum timing for Best Torque
rpm [/min] revolutions per minute

SA [degrees] Spark Advance

TDC Top Dead Centre

A Equivalence ratio

GENERAL EQUIPMENT SETUP

A schematic representation of the setup used dutieg
tests can be seen in Figure 1. The data from thardgmeter,
engine and the Plint exhaust gas analyser weretanedi and
logged via a LabVIEW program every 100 ms. The daim
the KANE exhaust gas analyser was recorded manaalyy
10 seconds.

Hydrogen KANE Gas PLINT Gas
Generator Analyser Analyser
Flame
Arrestor exhaust ’
gases
hydrogen + oxygen
v
# Engine Air # Engine s Dynamometer
air Intalze N output
A shaft
A 4
Engine < Data
Control Logging

Figure 1 General equipment setup schematic

ENGINES USED FOR THE TESTS

Three different engines were used during the testsder
to obtain a clearer picture of the effects of addmnydrogen in
different kinds of engines. The following tableustrates the
specifications of the engines used. The testingewaged for
each engine are described in later sections.

643

Table 1: Engine specifications

Engine 1 Engine 2 Engine 3
Manufacturer Ford Ford Peugeot
_ Total ~ 1000cc 1392cc ~ 1900cc
Displacement
Bore * 77.24mm 85mm
Stroke * 74.30mm 88mm
No. of
Cylinders 4 4 4
Compression * 9.5:1 18:1
Ratio T )
Air Intake Natural Natural
Aspiration Aspiration Turbocharged
Fuel Petrol Petrol Diesel
Fuel System Carburetted Fuel Injection Com|_n|1[c)>in Rail
Air-Fuel
- . - Programmable Throttle
Mixture Fixed,A=~ 1 ECU Controlled
Control
Ignition Mechanical | Programmableé Manufacturer
Timing ECU ECU
Control
Dynamometer Stuska Plint Electric | Froude Water
Water Brake Generator Brake
* Unavailable data

EMISSIONS ANALYSING EQUIPMENT
A modified Plint RE200 and Kane Auto 2-2 gas apalg
were used to measure the concentrations of CO,G{%,and

O, in the exhaust gases as shown Table 2. The emissio

readings could be assumed to be on a dry basis #iecpipes
connecting the gas analysers to the engine exipapstwere
long enough to condense the water vapour preseoth B
analysers were calibrated before testing.

Table 2: Exhaust gas analysing equipment

Gas Gas Measurement Measurement
Analyser Unit Technique

CcO Kane Auto % of exhaust gases Non-dispersive
2-2 Infrared (NDIR)
Kane Auto ppm (by volume, Non-dispersive

HC 2-2* based on ¢ Infrared (NDIR)
Plint RE200 ppm (by volume, Non-dispersive

based on § Infrared (NDIR)
CcO, Plint RE200 .. Non-dispersive
% of exhaust gases Infrared (NDIR)

0O, Plint RE200| % of exhaust gases -
* used to verify trends in HC data from the Pliasgnalyser

HYDROGEN GENERATORS

Two hydrogen generators (alkaline electrolysersewesed
during the tests producing different flow rates hgfdrogen-
oxygen (HHO) gas. For both generators a solutiodisfilled
water and sodium hydroxide (NaOH) was used as
electrolyte. Table 3 shows the specifications oé ttwo
generators as used during the tests.

an



Table 3: Hydrogen-oxygen generator specifications as used

during the tests

Table 4: Engine 1 test matrix

Property HHO Generator 1 | HHO Generator 2

Solution Used

0, 0
(% wt NaOH)* 0.105% 12.04%
HHO Flow Rate 0.3 Ipm 1.67 Ipm
Energy in H,
(based on LHV) dwW 190w
Efficiency 10.06% 48.01%
Solution 40-50°C 45-55°C
Temperature

Stainless Steel, Stainless Steel,

Electrode Material

0.8mm 1.0mm
E!ectrode Horizontal Vertical
Orientation
Active Electrode 1508 mm 12100 mnA
Area
Electrode Spacing 5mm 15mm
Number of Cells 4 5
Supply Voltage 13.75V 13.75V
Total Current Draw 2473 A 29.36 A
Power Consumption 340 W 404 W
Cell Voltage 13.75V 275V
Cell Current 6.18 A 29.36 A
Cell Current Density 0.0041 A/mm 0.0024 A/mm

*The solution used for the two generators was ifié because of
the differences in cell voltage and current aridiogn the

differences in their designs.

Both generators were calibrated and tested befefagb
used in the tests using solutions of different eotiations (%
by weight of NaOH) to correlate the current constiomp
hydrogen-oxygen flow rate and solution temperatufbe
results obtained for the two generators were diffeand are
discussed in more detail in the following sectionkhe
maximum allowable current draw for both generateas set to
30A, assumed to be the continuous current limitao€ar’s
standard alternator. Further details of the gd¢nesancluding
the designs of the in-house built Generator 2 carfoind in
Zammit [17].

TESTING PROCEDURES

For each test mode the following procedure wag¥ed: i)
engine tested at stable conditions without hydregergen
addition; ii) engine tested at stable conditionshwiydrogen-
oxygen gas addition; iii) move on to the next testde. After
all the test modes were completed, the first teghawut
hydrogen addition was repeated to make sure tleatettorded
values would match the original corresponding valaed thus
ensure no distortions were present in the datath@lengine
parameters were kept constant or according to
manufacturer’s specifications except for the oisted in Table
4 to Table 6 for each engine respectively.

Engine 1 was tested at different speeds and loétthsOxB8

Ipm and 1.67 Ipm hydrogen-oxygen addition as shawthe
following Table 4.
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MAP [kPa] (% of full load
Spgggi[‘rzm] ldle 1 5o00rom | 2800rpm | 3200rpm
03 lIom 3(%(;56‘ 65kPa | 78kPa | 78kPa
O (46%) (64%) (64%)
1'&74('5’““ 3(%)(';5& 66 kPa 70 kPa 70 kPa
O (49%) (54%) (54%)

Engine 2, was tested at different speeds and l#ttisl.67
Ipm hydrogen-oxygen addition at varying AFRs andarkp

timings which were varied via a Reata Engineering

programmable ECU and monitored via LabVIEW software
The AFR was varied by changing the duration of dtigm
(DQI) in steps of 0.2ms. The test matrix can bengeélrable 5.
The ranges of DOI were chosen so that differenttumnis
varying from slightly rich up to the leanest mix¢arthat would
provide stable operation would be tested with hgdreoxygen
addition. The leanest allowable mixture was deteetliby the
smallest DOI at which HC emission readings werblsta

Table 5: Engine 2 test matrix

HHO Addition: 1.67 Spark Advance [°Crank Angle BTC],
Ipm DOI [ms]
Engine | MAP[kPa] o o o o
Speed | %full load 40 30 20 10
60 kPa 6.0- 6.0- 6.0- 6.0-
(40%) 44ms | 44ms | 4.6ms | 5.0ms
1500mm g0 kpa | 7.6- | 76- | 7.6 | 7.6
(68%) 52ms | 5.2ms | 5.4ms | 5.8ms
60 kPa 6.2- 6.2- 6.2- 6.2-
(40%) 44ms | 44ms | 4.8ms | 5.4ms
2650m g kPa | 9.0- | 90- | 9.0- | 90-
(71%) 6.0ms | 6.2ms | 6.4ms | 7.0ms

the

44

Engine 3 was tested at different speeds and lo#tisIv67
Ipm hydrogen-oxygen addition, as seen in Table 6.

Table 6: Engine 3 test matrix

HHO Addition: 1.67Ipm

Engine Idle 2040rpm
Speed 1510rpm | 1550rpm{  1995rpm

MAP &gg 120kPa | 108kPa| 122kPp 141KPa

The hydrogen-oxygen flow rates used during thestestre
comparable to those used by Diilger and Ozgelikoj8ihe first
hydrogen-oxygen generator and by Yilmaz et al. [abd
Samuel and McCormick [6] for the second generaltrese
flow rates were also chosen because of the fattetteessive
hydrogen addition could produce more N@hile currents in
excess of 30A would be required, consuming sigaific
amounts of power. In addition, the purpose of tsst was not
to test the engine with hydrogen as a secondarybfuteas an
additive to enhance combustion.



RESULTS FROM TESTS ON ENGINE 1

The torque readings for operation with and withdlug
addition of 0.3 Ipm HHO gas can be seen in Tablerte
results show minor improvements in output torque 18% and
0.75%, corresponding to increases in power outp@t IBKW
and 0.13kW, at 2200rpm and 2800rpm respectivelyienat
3200rpm a loss in torque of 2.18% was observed.obiserved
increases in power output are less than the 0.4é&quired to
produce the HHO.

Table 7: Torque readings & uncertainties for engine 1 with
0.3lpm HHO

without HHO with 0.3lpm HHO
Test Mode Torque * Ur}f\ler:]t]a inty Torque Unceftainty
[Nm] [Nm] (Nm]
2%%?(';);7] 43.253 0.190 44.030 0233
ek | seons 0.444 59.451 0.258
ok | eneor 0.350 59.507 0.329

The addition of more HHO had little effect on therformance
of the engine. The readings obtained with 1.67 MO

addition are shown in Table 8. The only increaseoimput

torque, of just 0.96Nm corresponding to a 2.17%ease, was
observed at 2200rpm. This increased the power outpthe

engine by 0.22kW. At 2800rpm the addition of morel®

produced a reduction of 1.44% in torque while 22@pm the
reduction in torque observed was of 0.28%.

Table 8: Torque readings & uncertainties for engine 1 with
1.67lpm HHO

without HHO with 1.67pm HHO
: +
Test Mode Torque * Uncl:\lertamty Torque Uncertainty
[N (il [Nr] [Nm]
2200rpm,
66kPa 44.279 0.452 45.240 0.469
2800rpm,
70kPa 49.574 0.950 48.862 0.659
3200rpm,
70kPa 49.872 0.725 49.732 0.704

The increases in output torque for both 0.3 Ipm ar&¥
Ipm HHO addition at the lower speeds could be erplh by
the higher flame speed and shortened combustiosedaby
hydrogen. The loss in torque observed at the higipereds
could also be a consequence of faster combustiochvehifts
the peak pressure BTC. As the engine speed isasedethe
spark timing is advanced because the duration ofbostion
increases [10]. Since the spark advance in theildistr was
done automatically with the spring/mass systempiild have
been advanced too early before MBT. The variatibispark
advance with engine speed, and the effects of rdiite
guantities of hydrogen addition and engine loaccambustion
duration caused the differences observed in torquiput
between the two amounts of HHO addition.
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Table 9 and Table 10 show the measurements of Kz ,a@d
CO emissions from Engine 1 with and without 0.3 lpmd 1.67
Ipm HHO addition respectively.

Table 9: Pollutant emission readings & uncertainties for
engine lwith 0.3lpm HHO addition

Measurement
Measurement Uncertainties
Pollutant HC Co, co | HC | co, | co
Unit ppm % % * ppm +% +%
Speed, Load without HHO
Idle 3044.1| 15331 8429 5292 0012 0.986
2200rpm, | 46809 | 17575| 3903 1.831 0008 0.4b1
65kPa
2800rpm, 1446.0| 18.837| 353d 1951 0.007 0.420
78kPa
3200rpm, | 435501 19.398| 3453 1380 0003 0413
78kPa
Speed, Load with 0.3 Ipm HHO addition
Idle 2079.9| 15.299| 8700 5330 0011 1.018
2200rpm, 1633.3| 17.832| 4.148 1228 0.008 0.479
65kPa
2800rpm, 1391.1| 19.107| 3684 0909 0.005 0.481
78kPa
3200rom, | 45479 19.415| 3760 1.085 0004 0443
78kPa

Table 10: Pollutant emission readings & uncertainties for
Engine 1 with 1.67lpm HHO addition

Measurement

Measurement Uncertainties
pollutant HC | co, | co | HC | co, | co
Unit ppm % % tppm| =% + %
Speed, Load without HHO
Idle 26700| 16.755| 5084 263 001 0665
2200rpm,
oomn 1758.1| 18.208) 406§ 109 001 00
2800rpm,
ionisl 1504.4| 19.427| 3650 031 094 ;.0
3200rpm, | 497071 19982| 3581 124 000  0.420
78kPa
Speed, Load with 1.67 Ipm HHO addition
Idle 2780.7| 16.675| 5455 225 001 0.6%4
2200rpm,
oomn 16758| 18554) 4500 117 001 ;g0
2800rpm,
iowish 14420| 19501 3894 031 094 ..,
3200rom, | 4401 1| 19.993| 3770 12d 000  0.441
78kPa

The HC emissions were reduced with engine speedoaid
for both operation without and with flows of HHO sgjaln
general, the addition of HHO has reduced the eonissiof
HCs, with the only exception being at idle when71gm HHO
increased HC emissions by 4.15%. The reductiondH@
emissions are probably caused by the higher flapeed and
diffusivity of hydrogen resulting in more compleberrning of
the fuel to form more CO and G@s discussed later. The lower



guenching distance of hydrogen could have helped more
of the HCs found in crevices and at cylinder widls

The biggest reduction in HC emissions, by 7.76%s wa
observed when 0.3 Ipm HHO gas was added at 32004pm.
2200rpm and 2800rpm the reductions in HC emissions
resulting from the addition of 1.67 Ipm HHO werglnér than
those achieved when 0.3 Ipm were added. With 18 HHO
the HC emissions were reduced more as the enginedsp
increased starting from a reduction of 64ppm HOdé to
105ppm HC at 3200rpm. When 1.67 Ipm HHO were adted
effect on HC emissions was more complex, startiriip \&n
increase in HC emissions at idling to reductiongl.&8% and
4.14% at 2200rpm and 2800rpm respectively, endiith &
reduction of 5.08% at 3200rpm.

Apart from at idling the addition of HHO gas resudltin
slightly higher emissions of GQsignifying that some extra
carbon was being oxidized and which could be rdlatethe
reduction in HC emissions. However, the observedngks
were very small, with the biggest being observe@200rpm
with 1.67 Ipm HHO and amounting to an increase 190%.

At all test conditions the addition of HHO gas désdi in
increases in CO emissions. The addition of 0.3 KHO gas
resulted in a maximum increase of 8.90% at 3200mbe the
lowest increase was by 3.23% at idle. On the oltzed, the
largest increase by the addition of 1.67 Ipm HHG gas by
10.71% at 2200rpm and the lowest increase was 25%6.at
idle.

Thus the higher HHO flow rate resulted in higher CO
emission increases. This is also confirmed by thghdr
average increase in CO/g@tio of 0.016, caused by the 1.67
Ipm addition compared to the 0.013 average increassed by
the 0.3 Ipm addition. A possible explanation colddthat the
higher amount of HHO improved combustion and thus
promoted the oxidation of carbon but the increase i
temperature and concentration of oxygen were rgit Bhough
to fully oxidize it into CQ. The effectiveness of the fuel-air
mixing inside the cylinder could have also had #ect in this
respect [11].

RESULTS FROM TESTS ON ENGINE 2

The addition of HHO gas had a measurable effecthen
output torque of engine 2. At 1500rpm 60kPa MAPe th
addition of 1.67 Ipm HHO produced a reduction ie #ngine’s
maximum output torque by 1% at 40° SA and increases
2.1%, 3.9% and 12.4% at SA of 30°, 20° and 10°eetyely,
it also resulted in a consistent increase in outpujue for
almost all AFRs and spark timings. In many casedribreased
torque resulted in increases in output power greidtan the
0.19kW that the complete combustion of the addedirdgen
would have given. This signifies that the additafrhydrogen
has improved the combustion efficiency. Figure Bveh the
effect on the efficiency when HHO gas was addede Th
maximum efficiency was increased by 2.3%, 4.2%%6ahd
9.3% resulting in reductions in specific fuel comgption of
22.46, 36.21, 57.45, 133.53g/kWhr for spark tinsiraf 40°,
30°, 20° and 10° BTC respectively.

Another interesting fact that was observed in thtadvas
that for all spark timings the AFR at which the muitt torque
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reached a value of zero was higher when HHO wasddd
fact with HHO addition leaner mixtures have beestdd,
showing that the increased flame speed produceuytsogen
stabilized combustion and extended the lean lipatticularly
at 1500rpm.

At 1500rpm and a MAP of 80kPa, refer to Figure i3ljke
the case where the MAP was 60kPa, for 40° and 30°aS
reduction in output torque was observed for somérR&\FA
possible explanation for this could be that singghér loads
and hydrogen both increase the flame speed, the& pea
combustion pressure could have shifted more towRiids. At
30° SA the addition of HHO initially produced inases, then
decreases and then again increases in torque asFRewas
increased. This could be explained by the fact thatflame
speed of hydrogen increases as the mixture is feader [18]
while that for petrol is highest at close to stdgchetric and
decreases as the mixture is made leaner or ridhem fus for
rich and lean mixtures the combined effect on flaspeed
would keep the peak pressure location close to TD@/or
ATC while at slightly lean mixtures the peak prasscould be
pushed BTC as a higher flame speed results. Thiddaesult
in increased torque with HHO addition at the riaid dean
mixtures while at stoichiometric and slightly leamxtures a
reduction would be observed. For 20° and 10° SAeffect on
torque was similar to that observed at 60kPa MAP.

A reduction of 1.3% at 40° SA and increases of 2.3%%
and 12.4% at 30°, 20° and 10° SA respectively irximam
output torque were observed at 1500rpm and 80kMés T
caused the maximum efficiency, shown in Figure &bbe
reduced by 4.5% at 40° SA while at 10° SA it wagéased by
7%. These resulted in an increase in specific doesumption
by 19.23g/kWhr at 40° SA and a reduction of 46.8B2¢ir at
10° SA.

The addition of HHO gas at 2650rpm and 60kPa MAP
reduced the maximum output torque at 40° SA by Sviite
at 30°, 20° and 10° SA the torque was increased.&¥, 6.8%
and 6.6% respectively, refer to Figure 4. Howewar rhost
AFRs, the output torque and thus power, were ldsswHHO
was added at 30° and 20° SA, possibly for the s@asons as
explained earlier.

The results for the tests carried out at 2650rpoh @2kPa
MAP, show that the addition of HHO gas had a lesefferct on
the engine’s performance, refer to Figure 5. It fhe changes
in maximum output torque were a reduction by 0.98@ a
increases by 1.7%, 2.1% and 0.4% for spark timiofg40°,
30°, 20° and 10° BTC respectively. However, eveaugh
small, these changes produced the largest increasastput
power of all the test modes.

The increases in maximum efficiency for SA of 480",
20° and 10° were of 1.0%, 0.9%, 0.8% and -0.1%ltieg in
reductions in the specific fuel consumption of 48&Vhr,
4.53g/kWhr, 4.64g/kWhr and 0.90g/kWhr respectively.

The HC emissions at 1500rpm and 60kPa MAP show that
the effect of HHO addition had the largest effeca &A of 40°
BTC. The reduction was greatest at an AFR of 1@ a
amounted to an actual reduction of 128ppm in HC ae
reduction of 7.92%. The biggest reduction in termb
percentage was 8.29% and was observed at an AFR.Bf



The reductions in HC emissions got progressivelallEn as
the mixture was made leaner.

Efficiency vs A/F Ratio, 1500rpm, MAP: 60kPa for dfferent spark timings
[deg BTC] with and without 1.67lpm HHO
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Figure 2: Engine 2 efficiency, 1500rpm 60kPa
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At a SA of 30° and 10° the HC emissions with HHOreve
slightly higher than those without it. At 30° SAiglwas caused
by some misfires that occurred during that testchiaised the
average HC emissions. At 10° SA the increase irttechHCs
could be due to the reduced mixing time when hyeneg
oxygen gas was added which would not be compendated
more efficient burning. In lean mixtures the flappagates
slower than in rich ones and thus more time islakb for the
non-combusted mixture to mix before being engulfgdthe
flame resulting in low HC formation. Since HHO irasses the
flame speed, particularly at lean conditions, fiheetavailable
for pre-mixing would be less resulting in higher Hi&gmation

increased in-cylinder pressures and temperatungsedaby the
higher load promoted the oxidization of HCs resgjtiin

similar emissions for 30-10° SA with and without BHThis

could also explain why the reductions in HC emissiavith

HHO addition were low at 1500rpm but bigger at 2@50, as
will be seen later on. At 40° SA a reduction by4P8 in HC

emissions was observed at 1500rpm, 80kPa MAP azauesin
actual reduction in emissions of 260ppm while atA&R of

18.8 and SA of 20° the emissions were reduced h¥3%8 —

the highest percentile reduction.

Efficiency vs A/F Ratio, 2650rpm, MAP: 60kPa for dfferent spark timings
[deg BTC] with and without 1.67Ipm HHO
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Figure 5: Engine 2 efficiency, 2650rpm 82kPa

At 2650rpm and 60kPa MAP the most significant
reductions in emitted HC were observed. At an ARRL®.5
and 30°, adding HHO gas reduced the HC emissioos fr
1058ppm to 683pmm, a reduction of over 35%. A rédncof
408pmm was also observed at an AFR of 14.6 ancs40For

because at low load and engine speed the combustionall spark timings the observed reductions were ésghat the

temperatures would be relatively low and HC oxigiativould
not be as promoted as it would be at higher loadk faster
speeds. The effect would be similar to having adednthe
spark timing. In petrol engines, the increase in ét@issions
with HHO addition would therefore be peculiar taviepeed
and load operation. In fact the same behaviourom@snoticed
at idling during the testing of engine 1 with 116w hydrogen-
oxygen addition.

richer mixtures and decreased as the mixture bedaarer.
Unlike at 1500rpm the combustion temperatures athiigher
engine speed contribute to the oxidation of HC miyrthe
longer post combustion period resulting from HHO.

At 2650rpm and 82kPa MAP the reductions in HC
emissions were less than those noticed at the sagiee speed
and lower load even though significant reducticorsdll spark

timings tested were observed. The highest obsemsddction

The same behaviour was not observed when the MA® wa was of 25.54% at a SA of 10° and an AFR of 16.His test

increased to 80kPa at the same engine speed metainthe
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condition, the oxidation of HCs was already highl d@inus the

Table 11: Torque readings & uncertainties for engine 3

effect of HHO addition was less marked.
The increased oxidation of HCs resulted in incrdase

emissions of C@Qas would be expected. At 1500rpm, 60kPa
MAP the most significant increase in g@missions of 3.74%

occurred at 40° SA at an AFR of 14.2, which coirdidvith
the largest actual reduction in HC emissions. Terease of

CGO, with hydrogen-oxygen addition was somewhat coesist

for all AFRs and SA with an average increase 02%7
At 1500rpm and a MAP of 80kPa, reductions in ,CO

emissions were observed when HHO was added. Fér $Ac

the reductions in emissions decreased graduallyrtointo an

increase as the AFR was increased. However thegebkan

Engine 3 without HHO with 1.67lpm HHO
Speed, Load T[Ol\lrﬂﬁe Unceftainty T[O,\:qu]je Unceftainty

[Nm] [Nm]
|d|el:0943k4'13rgm, 11.36 0.004 11.52 0.003
1fg§|£‘;’;" 41.03 0.013 41.28 0.012
o, 103.57 0.023 104.11 0.026
13232;’2' 73.08 0.019 73.17 0.018
Zfiflzg:' 120.109 0.019 120.359 0.019

observed were very small with the average incrdasiag
0.47%. This very small change tallies with the &mi
emissions of HCs observed with and without HHO.

The CQ emissions increased with HHO addition in a
similar manner during the tests performed on thgiren at
2650rpm with MAPs of 60kPa and 82kPa. Peak @@mation
shifted towards richer mixtures when HHO was adidedoth
loads at 2650rpm. At 60kPa MAP, the increase in, CO
emissions was the greatest at an AFR of 14.6 an®fS20°
resulting in a 3.78% increase. At MAP of 82kPa, tineatest
increase, of 9.5%, was observed at an AFR of 18d73A of
40°.

The increased emissions of €@ith HHO addition indicate
that more complete combustion has taken placeeheml the
measurements showed that the emissions of CO dectedth
increasing AFR and increased with HHO addition. 8l8o
influenced the emissions of CO but its effect oa &missions
became less with higher engine speed and load.iritheases
in CO could be the result of insufficiently highrtperatures to
fully oxidize the HCs and/or due to the increasedoentration
of CO, which would increase the concentration of CO due t
dissociation, even at weak mixtures [19].

The CO/CQ ratio was used to determine if the increases in
CO were due to the partial combustion of HCs or ttu¢he
increased C@ concentration. The differences between the
CO/CG, ratios without and with HHO addition for the given
test conditions were therefore calculated. Theedtifices in the
CO/CQG, ratio at 1500rpm were mostly positive meaning that
the combustion temperatures were not high enougfultp
oxidize the HCs. At 2650rpm and lower load theadihces in
COICQG, ratio, vary from positive to negative meaning ttred
prevailing CO formation mechanism was dependenttian
AFR and SA (thus CO formation kinetics could halaypd a
role too).

RESULTS FROM TESTS ON ENGINE 3

The addition of hydrogen-oxygen gas in the diesajjire
resulted in very small improvements in the outpugitie of the
engine as seen in Table 11. The biggest increask.4&%
occurred at the near idle condition. The improvetsiémtorque
decreased as the engine speed and load increasssiblp
because of the reduced energy input contributiomyarogen
when compared to the total energy input at suclitions.
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During the tests the fuel consumption was alsorckmb but
as shown in Table 12 the addition of hydrogen-orygad no
appreciable effect on the specific fuel consumption

Table 12: Engine 3 specific fuel consumption

Speed dle: 1550 1510 1995 2040
LF())ad ’ 934rpm, rpm, rpm, rpm, rpm,
104kPa | 108kPa | 120kPa | 122kPa | 141kPa
W;gbcut 468.01 | 247.73 | 207.60 22005 | 215.13
HHO o/kWhr o/kWhr o/kWhr o/kWhr o/kWhr
Sif'6°7' IW::‘ 46134 | 24626 | 20651 | 219.80 | 214.69
.HHCE) o/kWhr a/kWhr a/kWhr g/kWhr o/kWhr

In all cases, the measured increases in torquesymnd to
a much lower increase in power output than the édutever
input supplied by hydrogen (0.19kW) and thus wererem
likely caused by this extra energy input rathenthg improved
combustion, even though the addition of hydrogemldto
provide a more homogenous combustion.

The emissions of pollutants in the diesel engineewmot
affected strongly by the addition of hydrogen-oxyge shown
in Table 13. However it is to be noticed that timeissions of
CO and HC of the diesel engine are already very &bvall
conditions when compared to those of the two petngines.

The measurements showed that contrary to the petrol
engines and to what would be expected from moreodgemous
combustion, the addition of hydrogen-oxygen gathadiesel
engine resulted in a slight increase in HC emissiohhe
biggest increase in emissions occurred at 1510rpmd a
amounted to 25.29ppm, corresponding to a 7.98%as&. The
only reduction in HC emissions, of 1.32%, was obsérat
idling. A possible explanation could be that theliidn of
hydrogen promoted the burning of some lubricatiigogand
hydrogen reacted with CO to produce some light HiSs
discussed by Conte and Boulouchos [3].

The emissions of COwere also reduced slightly by a
maximum of 2.34% at idling while at 1550rpm and @@mn no
significant change was seen. The Jgmissions at 1510rpm
and 1995rpm increased by 1.93% and 0.9% respegtivel



Table 13: Pollutant emission readings & uncertainties for
Engine 3

Measurement
Measurement Uncertainties
Pollutant HC CO, Co HC CO, Co
Unit ppm % % * ppm +% *%
Speed,
Load without HHO
Idle:
934rpm,
104kPa 156.59 11.513 0.062 0.36( 0.00p 0.010
1550rpm,
108kPa 138.88 11.665 0.100 0.3554 0.00p 0.013
1510rpm,
120kPa 316.91 15.576 0.115 0.483 0.004 0.015
1995rpm,
122kPa 236.07 14.597 0.103 0.384 0.00p 0.014
2040rpm,
141kPa 406.16 16.911 0.123 0.78] 0.00L 0.016
Speed,
Load with 1.67lpm HHO
Idle:
934rpm,
104kPa 154.53 11.243 0.071 0.344 0.008 0.010
1550rpm,
108kPa 148.14 11.665 0.099 0.37( 0.001L 0.013
1510rpm,
120kPa 342.20 15.877 0.111 0.571 0.004 0.013
1995rpm,
122kPa 245.68 14.728 0.100 0.393 0.00p 0.013
2040rpm,
141kPa 431.71 16.921 0.100 1.013 0.001L 0.013

The emissions of CO followed the inverse trend & H
emissions where they increased at idle and deaestsall the
other test conditions. At idle the increase in C&swf 13.58%
while the highest reduction in CO was of 18.75% aodurred
at 2040rpm. However, it is to be noted that sindke €O
emissions are very small the percentage changebe&arery
big even if the actual reduction would be minintadr instance
at 2040rpm the actual difference between the rgadii CO%
in the exhaust gases was of only 0.023% resultimgai
reduction of 18.75% from the no HHO addition caseduse at
the latter condition the actual reading was of B%2 This is
also indicated by the higher uncertainties of tiizr€adings.

CONCLUSION

Increases in the power output with HHO additionehbeen
observed for all the engines. The most significencteases
were observed in the petrol engines (engines 1 Zndut
depending on the engine speed, load and ignitimmg¢j even
power losses were observed. Both increases anasloiss
power output could be attributed to the faster #aspeed
induced by hydrogen addition.

Increased output power was also observed for engine
when HHO was added but the changes were insignifiaad
close to the measurement uncertainties. The snihges
relative to the petrol engines could be due to é¢hgine's
efficient injection system and because in Cl engine
combustion occurs spontaneously at various locationike in
S| engines where the flame starts at the spark pind
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propagates through the rest of the mixture. ThuSliengines
the flame speed is not as determining as it id engines.

In all test modes the increased power output ofrersgl
and 3 with hydrogen addition was not enough to camspte
for the power required to generate the hydrogenhéncase of
engine 2 this depended on engine speed and lcadRR and
SA. A comparison of operation at peak efficiencyd greak
power output with and without HHO addition showéudttin
most cases the increase in output power was stilenough to
produce the hydrogen, even if a 75% efficient hgéro
generator was to be used.

The test results showed, in agreement with theirfgsl of
other researchers, that hydrogen addition produbedbest
effects at lean mixture operation and retardedksfiaing (SA
< 20°BTC). Generally at these conditions the incedaspower
output was more than the power needed to generse t
hydrogen but since engine 2 was not designed fan le
operation this did not coincide with peak outputvpo and
efficiency. HHO addition also extended the leanitliof the
engine under many of the testing points.

HHO addition also allowed for operating engine 2ratre
retarded spark timings thanks to the faster flapeed, thus
allowing for better air-fuel mixing before combuwsij
improving its efficiency and producing fewer po#uts.

In conclusion, the results showed that the addiibhHO
is most effective in stabilizing and enhancing ¢benbustion of
lean air-fuel mixtures inside the petrol injectedjime, allowing
for lower HC, CO and C&emissions. Thus hydrogen enhanced
combustion could play a role in stabilizing leanrrbyetrol
engines.
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