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Resumo

ALVES, F.J. (2007)Produgo e fornecimento de vapor de etanol para motor de cordbust
interna operando com combirg| pré-vaporizadoDissertacao (Mestrado). Escola de Engen-
haria de Sao Carlos, Universidade de Sao Paulo, Saos=aRo

O Motor aAlcool Pré-vaporizado tem potencial para ser uma altéraatais eficiente e menos
poluente aos motores a alcool convencionais. Nele, o cetivMall &€ vaporizado com calor
rejeitado pelo proprio motor e admitido na fase gasosavaiando-se das vantagens dos mo-
tores com combustiveis nessa fase sem alguns dos seugan@rtes. O projeto foi aperfeicoa-
do buscando viabilidade técnica e econdmica para sualagéb em veiiculos automotores.
Agua do sistema de arrefecimento cede calor para a ebuligzcombustivel. As novas tec-
nologias para injecao de combustiveis gasosos coetrilpara esse objetivo, bem como o de-
senvolvimento de um sistema sustentavel e auto-ajustageracao de vapor de etanol que usa
a agua do sistema de arrefecimento. Conseguiu-se mai@neie em quase todos os regimes
de funcionamento estudados, bem como meios de reduzirraspais emissdes automotivas
indesejaveis.

Palavras-chave: Combustiveis gasosos, energia realpudjecao de combustivel.






Abstract

ALVES, F.J. (2007)Ethanol vapor production and feeding for an internal conttmrsengine
operating with pre-vaporized fuel.hesis (M. Sc.). Sao Carlos Engineering School, Sao Paulo
University, Sao Carlos-SP, Brazil.

Pre-vaporized ethanol engine (PVEE) has potential to beerafficient and less pollutant than
conventional ethanol-powered engines. In it, fuel is vageat with heat rejected by engine it-
self and intook in gaseous form, taking advantage of thid kihfuel but without some of its

inconveniences. The PVEE project was polished looking éonemical and technical liability

to future use in automotive vehicles. New gaseous fuel ilgpd¢echnologies contribute to this
goal, together the development of a sustainable and sgi§tatble ethanol vapor generating
system who uses water from engine’s cooling system. Beffieramcy was achieved in almost
all investigated regimes, as well as were found ways to redlue main undesirable automotive

emissions.

Keywords: Gaseous fuels, renewable energy, fuel injection






Resune

ALVES, F.J. (2007Production et fournissement de vapeugtiianol pour moteu#t combustion
interne alimené par du carburant pe-vapori€. Dissertation (Master). Escola de Engenharia
de S&o Carlos, Universidade de S&o Paulo, S&o CarloE&fe(d’ Ingénieurie de Sao Carlos,
Université de Sao Paulo, Sao Carlos-SP, Brésil).

Le moteur a alcool pré-vaporisé est potentiellementlterr@ative plus efficace et moins pollu-
antes que les moteurs a alcool conventionnels. Le carbymest vaporisé en grace a la chaleur
émise par le moteur méme puis admis sous forme gaseuddéaprales avantages des mo-
teurs a carburant sous cette phase éliminant, de styrcesfains invonvénients. Le projet fut
amelioré visant sa viabilité téchnique et écononoraigaur étre installé sur des véhicules au-
tomoteurs. L'eau du systeme de refroidissement cede deadaur pour que le carburant entre
en €ébullition. Les nouvelles téchnologies d’injectianahrburant gaseux permettent que ce but
soit viable, ainsi que le développement d’'un systemelgiab soi-réglable de production de
vapeur d’éthanol qui utilise I'eau du systeme de refrgséiment. Furent atteintes une efficacité
supérieure pour 'ensemble des régimes de fonctionneétadiés, ainsi qu’une réduction des
principales eémissions automotives indésirables.

Mots-clé: Carburants gazeux, énergies renouvellabigsstion de carburant.






Regimen

ALVES, F.J. (2007Produccbn y suministro de vapor de etanol para un motor de combusti
interna que opera con combustiblegpevaporadoTesis de Maestria. Escuela de Ingenieria de
Sao Carlos, Universidad de Sao Paulo, Sao Carlos-SP, Brasil

El Motor a Alcohol Pré-evaporado (MAPE) tiene potenciatgpaer una alternativa mas efi-
ciente y menos contaminante a los motores a alcohol corveaiels. En él, el combustible
es evaporado utilizandose calor despreciado por el rapotor y admitido en fase gaseosa,
aprovechandose las ventajas de los motores que operanmobustibles en esta forma, pero sin
algunos de sus inconvenientes. El proyecto ha sido refinasicAbdose su viabilidad técnica
y econdomica, con el objetivo de lograr su instalacion emicglos automotores. El agua del
sistema de enfriamiento provee calor para la vaporizadgicombustible. Nuevas tecnologias
para inyeccion de combustibles gaseosos contribuyenlpgrar ese objetivo, ademas el de-
sarrollo de un sistema sustentable y auto adjustable deayéme de vapor de etanol que usa
agua del sistema de enfriamiento. Se logré6 mas eficiemc@si todos los régimenes de fun-
cionamiento estudiados, ademas como maneras de dishaispiincipales emisiones automo-
tivas indeseables.

Palabras-clave: Combustibles gaseosos, energia rdepwafeccion de combustible.






Chapter 1

Introduction

After difficult years for Proalcodl, which occoured between the end of 1980’s and almost all
the 1990’s, comsumption of this renewable fuel has incietaseBrazil and is considered again
an energetic alternative for Internal Combustion Engin€&] which operate in Otto cycle.
Other countries also question the possibility to incentisig it in their fleets, pure or blended
to gasoline [1]. According to Anfavea (Brazilian Nationasgociation of Automotive Vehicle
Makers) [2], trade of new ethanol-powered vehicles had beeliplied by 40 between 1998
(“bottom of pit” for Proalcool, when we came to the sell ofskior engine conversion to gasoline
feeding), and 2002. The main factors which contributed ¢vaton of its prestige are:

e Need to fit to grenhouse gas and other pollutants reductiemissions, like Kyoto proto-
col. Use of ethanol, even patrtially, decreases respoitgibilits participants in elevation
of carbon dioxide concentration on the atmosphere, bedagisg ethanol a renewable
energy source the tailpipe emitted gas is re-absorbed glstagar cane growth. Worry
on greenhouse effect has become more intense on the latsr yath announcement of
grave climate changes on our planet and melting of polarajgethat would lead to sea
level raise and flood of seashore cities.

e Political unstabilites on the main oil-production regipmgich allied to the strong in-
crease in its demand have elevated the price of this supgliNdember 2007 oil barrel
price had break the US$ 100 barrier, forcing upwards fosgl prices throughout the
world. Despite seasonal oscillations due to its produatigrie (annual harvest), ethanol’s
price is kept in advantage in relation to gasoline’e valusaweral regions of Brazil. An
additional increase in fossil fuels price can turn this adgge more scandalous.

¢ Investments on logistics and infra-structure to enhansgidution and trasnport of carbu-
rating ethanol, both for internal market and for export [Bmpliations of harbours and

1The Brazilian pro-ethanol program, which stimulated depetent in production and use of this fuel in auto-
mobiles after the first oil crisis of 1970’s

23
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hydroways, dedicated modal terminals ans even ethanal@uetin the plans of state-
owned and private companies for the next years.

In February 2007 IPCC (Intergovernamental Panel on ClilGatenge) released its Fourth
Assessment Report [4], publsihing results of their studiagch give trustability to the
hypothesis of the climate changes are due to human intadesg which have increased
concentretion of some gases on the atmosphere, discatungassibility to attribute
it to natural causes. That document had wide world broadmadgthas been too much
discussed in the media worldwide; leading to many peoplspamies and government
administrations to think about these issues and to look lferreatives. Ethanol fuel is
one among them.

Trade agreements made with countires interested in buynagilBn ethanol stimulate
compromise by part of producers in keep supplying of it inabkt and regular form.
Supply crisis, as occoured in Brazil in 1989 and 1990 would olir image, as also
would take difficult celebration of new trade contracts imiag this commodity. Ethanol
plant owners have a dilemma on Brazil, which lies on direetdbrrect proportion of cane
harvested to ethanol and sugar procudtion according doehddmand and internatioal
prices for sugar, once ethanol is not an international codityget. Elevation in inter-
national sugar prices is a strong temptation on sugar/etlpdant owners to produce less
fuel.

On Brazil, release of flex-fuel vehiclee 2003 has allowed customer to decide which
fuel use without engine alterations or other techinical pboations. Despite being not
the more efficient choice compared to the dedicated ethargdihe, such a engine setup
gives psychological comfort to the Brazilian driver, wharsumathized with recent lacks
in ethanol supply and now has the possibility to use gasdfiethanol prices are pro-
hibitive in some months of the year or in some non-ethanallpecing regions.

New tehcnologies which take easier cold starting, progddbig electronic fuel injection
development. There are people thinking in cold start systetally independent of more
volatile fuels like gasoline or propanone, focusing on gsedgvem by the ausence of new
fuel reservoirs and rreduction in development costs brobghthe need to lose many
prototypes in crash tests need to homologate vehicle webetimew resevoirs.

2Fuel injection systems of these vehicles detect etharsbliee proportion by Lambda sensor signal, adapting

fuel amount and ignition timing onthe first crankcase retiohs if tank was fed. More than half of new Brazilian
automobiles are flex fuel currently.
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¢ Oil is not renewable, which means some day we will not havesthirce of energy and
chemical supplies. Estimates preview 40 to 50 years of curddr world reserves, since
curent patterns of population number, income and consamgbntinue growing at the
same ratios. [5]. So, the worry appears on obtain other goofrenergy for Otto ICE’s
which allow operate it in condicions near or even better tase seen on gasoline.

e Carvalho [6] appoints to a scenery in which ethanol produnctin Brazil leads to nearly
150 times the number of employments by the same amount ajgpevduced, compared
to gasoline.

Despite the spread use of ethanol blended to gasoline, ifiqa@ (part of pre-2003 Brazilian
automobiles and maybe other countirs’ ones in the futuredrdom (flex fuel) amount; an ICE
dedicated to operate exclusivally with ethanol allows take it in vaporized form. Being a
pure substance, in opposition of gasoline which is made kg®of hydrocarbons with differ-
ent boiling points, its boiling temperature depends onlypogssure.

The fact of be a pure substance, without light or heavy foasj also gives to ethanol advan-
tages of less evaporative losses, also taken as air pallobwadays, and the absence of dirt
deposits in the combustion chamber and in the carburettriijectors. Absence of aromatic
compounds and other hydrocarbons commonly found in gasaliso are good in the way to
lead to less emissions of health hazardous substances.

An Otto ICE supplied with pre-vaporized ethanol can obtaimaamtages to its similar fed by
liquid ethanol; as lower pollutant emissions and bettertiealinamic efficiency. There is also
advantages in storing fuel in liquid state, boil it in progiene and just so intake it in vapor
form. Such advantages will be discussed in the next chapter.

Other renewable fuel which appears as an alternative fat IGtE’s is 2,5 dimethylfurane(2,5-
DMF). Roman-Leshkov et al. [7] describe a chemical routprimduce it from isomerization
of any kind of biomass, what can turn feasible its productioimdustrial scale for the next
years, using vegetable raw materials. There are advandagesisavantages of this fuel related
to ethanol. 2,5-DMF has combustion heat power and vapaizddtent heat similar to those
found in gasoline, and by being capable to be synthesiseddiryy kind of biomass may come
to present good productivity in relation to the agricultuaeea used for its production; but on
the other hand it boils at higher temperatures than thoserebg ofr ethanol, for given pres-
sures. 2,5-DMF is not water soluble, so it does not absortistare from atmosphefe The
shape of its molecule (a four-carbon-one-oxygen ring, wittthyl group in two oxygen-sided
carbons), leads to the suppose ofitsan numberor resistance to self ignition, be high enough

3Pure ethanol can suck air moisture until reach 7% of mixtueggit in water, turning itself into hydrated
ethanol. Dehydrating it before blending to gasoline is datreely expensive process
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to allow its use in engines whose compression ratio andiamiiming is set up to gasoline, or
maybe in more aggressive values. On the other hand, 2,5-BNtxic and would cause more
environmental and human health damage if it leaks, accdigribhalated or drunk Ethanol
used as fuel has addition of denaturants to prevent its usev@sage. These denaturants must
have higher volatility (higher vapor pressure) than ethamdoil before it and do not be accu-
mulated in ethanol vapor production circuits.

It must be clearly pointed that adaptations for gaseous forely would be possible in flex fuel
vehicles if different fuels be stored in separated tankssaBae in any part of ethanol vapor
production system is strictly forbidden.

4Ethanol is 40% of cachaca, one of the most popular alcobeNerages of Brazil, the remainder is compund
almostly by water; so accidental contact with ethanol watddse the same health injuries of those caused by
distilled alcoholic beverages



Chapter 2

Bibliographic Revision

2.1 Concern on air pollution

On the past, when internal combustion engines has appeasshrches was directed almost
exclusively to rech maximum power. After oil shocks of 195 @vorry was moved to fuel econ-
omy. Nowadays the main goal is holding emissions of polligtamo acceptable levels which
does not threat life quality and sustainability, speciailgreat metropolis with many automo-
tive vehicles circulating.

On Brazil, Ibamalfistituto Brasileiro do Meio Ambiente e dos Recursos NasurRenoaveis

or Brazilian Institute for Environment and Renewable Natitesources) had created, in 1986,
Proconve Progrma para Controle de Emi8ss Veicularesor Program for Vehicle Emissions
Control), aiming to loose impact caused by automotive eimssin Brazilian cities. Signfica-
tive results were reached since its implantation, in 198@&am be seen in table 2.1.

Current and future for emissions are in table 2.2. One caa tiwre are specific restrictions
for GNG (Compressed Natural Gas) propelled vehicles, mx#ue importance this fuel has
achieved in the fleet of the most important Brazilian regjdike Sao Paulo and Rio de Janeiro
States.

Another class which had it importance strongly increasesltiva motorcycles one. Accoring to
Abraciclo (Associaéo Brasileira dos Fabricantes de Motocicletas, CiclomerMotonetas,
Bicicletas e Similaresor the Brazilian Association of Manufacturers of Motortsa; Bycicles
and Similar Vehicles) [9], production of this kind of vehechas jumped from 83,458 units in
1993 to 1,057,333 in 2004, an increase of 1167%, which mdeyshave elevated too much
their importance on Brazilian fleet share. Use in them oferamixtures and carburettors in-
stead electronic injection in majotrity of models soldjedlto absence of catalytic converters
and the huge increase in number of these vehicles are fabttrsvorry so much Proconve’s
authorities. To contour this problem Ibama created Profmigrama de Controle da Poluép

do Ar por Motociclos, Ciclomotores e Similares Program for Air Pollution Control from

27
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Table 2.1: Mean emissions in new Brazilian light vehicl@s¢s 1980.
Year/model Fuel CO THC NOy Aldehydes | Evaporative
(g/km) (g/km) (g/km) (g/km) emissions
(gltest)
Pre-1980 Gasoline 54 4.7 1.2 0.050 NDT
1980-83 E22F 33 3.0 1.4 0.050 ND
Ethanol 18 1.6 1.0 0.160 ND
1984-85 E22 28.0 2.4 1.0 0.050 23.0
Ethanol 16.9 1.6 1.6 0.180 10.0
1986-87 E22 22.0 2.0 1.9 0.040 23.0
Ethanol 16.0 1.6 1.8 0.110 10.0
1988 E22 18.5 1.7 1.8 0.040 23.0
Ethanol 13.3 1.7 1.4 0.110 10.0
1989 E22 15.2(46% 5 | 1.6 (33% )| 1.6(0%) | 0.040(20% )| 23.0(0% )
Ethanol 12.8(24% )| 1.6(0%) | 1.1(8% ) | 0.110(39% )| 10.0(0% )
1990 E22 13.3(53% )| 1.4(42% ) | 1.4(13%) | 0.040(20% )| 2.7(88%)
Ethanol 10.8(36% )| 1.3(19% )| 1.2(0% ) | 0.110(39% )| 1.8(82%)
1991 E22 11.5(59% )| 1.3(46% ) | 1.3(19%) | 0.040(20% )| 2.7(88% )
Ethanol 8.4(50%) | 1.1(31%) | 1.0(17% ) | 0.110(39% ) 1.8(82%)
1992 E22 6.2(78% ) | 0.6(75% ) | 0.6(63% ) | 0.013(74% )| 2.0(91%)
Ethanol 3.6(79% ) | 0.6(63%) | 0.5(58% ) | 0.035(81% ) 0.9(91%)
1993 E22 6.3(77% ) | 0.6(75% ) | 0.8(50% ) | 0.022(56% )| 1.7(03% )
Ethanol 4.2(75%) | 0.7(56% ) | 0.6(50% ) | 0.040(78% )| 1.1(89% )
1994 E22 6.0(79% ) | 0.6(75% ) | 0.7(56% ) | 0.036(28% )| 1.6(93% )
Ethanol 4.6(73%) | 0.7(56% ) | 0.7(42% ) | 0.042(77% )| 0.9(91%)
1995 E22 4.7(83%) | 0.6(75%) | 0.6(62% ) | 0.025(50% )| 1.6(93% )
Ethanol 4.6(73%) | 0.7(56% ) | 0.7(42% ) | 0.042(77% )| 0.9(91%)
1996 E22 3.8(86% ) | 0.4(83%) | 0.5(69% ) | 0.019(62% ) 1.2(95% )
Ethanol 3.9(77%) | 0.6(63%) | 0.7(42% ) | 0.040(78% ) 0.8(92% )
1997 E22 1.2(96% ) | 0.2(92% )| 0.3(81% ) | 0.007(86% )| 1.0(96% )
Ethanol 0.9(95% ) | 0.3(84%) | 0.3(75% ) | 0.012(93% ) 1.1(89%)
1998 E22 0.8(97% ) | 0.1(96% ) | 0.2(88% ) | 0.004(92% ) 0.8(97%)
Ethanol 0.7(96% ) | 0.2(88% ) | 0.2(83% ) | 0.014(92% ) 1.3(87%)
1999 E22 0.7(98% ) | 0.1(96% ) | 0.2(88% ) | 0.004(92% ) 0.8(97%)
Ethanol 0.6(96% ) | 0.2(88% ) | 0.2(83% ) | 0.013(93% ) 1.6(84%)
2000 E22 0.73(97% ) | 0.13(95% )| 0.21(87% )| 0.004(92% )| 0.73(97% )
Ethanol 0.63(96% ) | 0.18(89% )| 0.21(83% )| 0.014(92% )| 1.35(87% )
2001 E22 0.48(98% ) | 0.11(95% )| 0.14(91% )| 0.004(92% )| 0.68(97% )
Ethanol 0.66(96% ) | 0.15(56% )| 0.08(93% )| 0.017(91% )| 1.31(87%)
2002 E22 0.43(98% ) | 0.11(95% )| 0.12(95% )| 0.004(92% )| 0.61(97% )
Ethanol 0.74(96% ) | 0.16(90% )| 0.08(93% )| 0.017(77% ) ND
2003 E22 0.4(98% ) | 0.11(95% )| 0.12(93% )| 0.004(92% )| 0.75(97% )
Ethanol 0.77(95% ) | 0.16(90% )| 0.09(93% )| 0.019(89% ) ND
Flex-E22 0.5(98% ) | 0.05(98% )| 0.04(98% )| 0.004(92% ) ND
Flex-Ethanol| 0.51(88% ) | 0.15(90% )| 0.14(93% )| 0.020(89% ) ND

Continued




Bibliographic Revision 29

Conclusion
2004 E22 0.35(99% )| 0.11(95% )| 0.09(94% )| 0.004(92% )| 0.69(97% )

Ethanol | 0.82(95% )| 0.17(89% )| 0.08(94% )| 0.016(91% ) ND
Flex-E22 | 0.39(99% )| 0.08(97% )| 0.05(97% )| 0.003(94% ) ND
Flex-Ethanol| 0.46(97% )| 0.14(91% )| 0.14(91% )| 0.014(92% ) ND
T ND=Nao Disponivel=Not Available
T E22=22% Ethanol - 78% gasoline blend, sold in Brazilian $t&tions instead pure gasoline.
< Emission reduction compared to pre-Proconvian era.
Source: Ibama [8].

Table 2.2: Emission limit of pollutants for light non-comroml vehicles

Pollutants: Maximum limit until since from
dec 31 2006 jan 01 2005t | jan 01 2009

Carbon monoxide (CO, in g/Km) 2.00 2.00 2.00
Hydrocarbons (HC, in g/Km) 0.30 0.30F 0.30F
Hydrocarbons not methane (NMHC, em NE° 0.16 0.05
g/Km)

Nitrogen oxides (NQ. in g/Km) 0.60 0.25 0r0.60' | 0.1ZF or 0.29" |
Particulate material (MP, in g/Km) 0.05 0.05 0.05
Aldehydes (CHO, in g/Km) 0.03 0.03 0.02
Evaporative emissions (g/test) 2.00 2.00 2.00
Crankcase emissions null null null

T Requirement for 40% of vehicles sold in 2005, 70% in 2006@4.@ 2007.
1 Just for CNG vehicles.

§ Gasoline or Ethanol powered vehicles.

9 Diesel powered vehicles.

< Not required.

Source: Ibama [8].

Motorcicles and Similar Vehicles) in 2002, aiming establimits for their emissions. Current
limits and those stipulated for new motorcycles from 2008head are described on table 2.3.

Aiming to fit to Proconve’s requirements automobiles areigoed with catalytic converters
(simply known as catalysers), which are devices which zgtiome chemical recations which
would occour naturally but taking more time, and turn pahis into less dangerous substances.
Calalyzers, therefore, have some inconveniences:

e They work well after some warming up time. During this peribe majority of travels
are done by drivers and air-fuel mixture is generally rich &m engine working with
its part cold yet. This implies on lower conversion efficigmxactly when its capacities
would be more desirable. Alternatives to contour it are @tygetainer molecular sieves
which hold excedent oxygen when mixture is lean; or everntiaémsulated conversors
which keep themselves hot enough until the next use of velgelnerally on the next day.
Brandtet al. [12] developed models for study three-way catalysts teartsbehaviour

during its warm up and taking into account oxygen storingnameenon made possible
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Table 2.3: Promot’s established limits for motorcycle esitas

Motorcycles Similar Idle engine
after CO: 6.0g/km CO: 13.0g/km | 6.0% CO vol.
jan 01 2003 HC+NOy: 3.0g/km| HC: 3.00g/km | up to 250cc

NOy: 0.3g/km | 4.5% CO vol.
above 250cc

Manufactured CO: 5.5g/km CO: 7.0g/km idem
or resset-up HC: 1.2g/km HC: 1.5g/km

after 1.0 g/km> 150cc | NOy: 0.4g/km
01/01/2005 NOx: 0.3g/km

From Up to 150cc Above 150cc idem
01/01/2009 CO: 2.0g/km CO: 2.0g/km

HC: 0.8g/km HC: 0.3g/km
NOy: 0.15g/m NOy: 0.15g/km

Source: Ibama’s resolutions number 297, (feb 26 2002) anmtben 342, (25 sep 2003) [10, 11].

by cerium oxide, which corrects slight variatons in airifuatio during engine operation.

e Catalytic converter can be deactivated during its lifeeylsy thermal and/or chemical
reasons. Chemical contamination is caused mainly by sulahad phosporus found on
gasoline. Thermal deactivation can happen due to unreguiding of engine, which can
lead to feeding it with air streams higher than it supportgtta device is not substituted
when it breaks or melts because its high price (nearly thévabtpnt to US$ 700 actually,
on Brazil).

e The small channels in which exhaust gases pass througheegyaat head losses for their
passage. According to Martins [13] this kind of head loss thQliter engine can reach
24%.

There is expectation to satisfact Proconve’s requiremeiitsa pre-vaporized ethanol engine
(PVEE), operating without catalyst converter. On PVEE ¢hae other way to control Brazilian
law-regulated emissions: use of leaner mixtures. Thregwcedalysts currently used need an
air-fuel ratio very close to stoichiometric to convert sessfuly both CO, HC and NO's.

On United States, EPA (Environmental Protection Agencgdnemends use of oxygenated fu-
els, it means, with one or more oxygen atoms in its moleculles\ded to gasoline to mitigate
CO emissions. Main additive are MTBE (Methil-terc-butykter), ethanol and methanol. A
higher content of oxygen is required on the winter (minimuf2 in weight), when the effect
of CO’s emissions are more grave. Such an advise is based itedtstatesian law on air pol-
lution, the Clean Air Act [14, 15].

Poulopoulost al. [16] and Pau [17] studied emissions influence of blendingrmdhon gaso-
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line. It was observed slight decrease on CO and HC emissiem&mbering higher latent heat
of ethanol delays its evaporation compared to gasolineinisming its effcet of oxygen pres-

ence on emissions and leading also to non-burnt ethanolldatyale emissions.

The main cause of CO emissions is the incomplete fuel buhjtancreases quickly with en-

richment of air-fuel mixture, as related by Hochgreb [18]xy@enated fuels like ethanol ans

methanol take atom meeting easier, taking oxidation easier

2.2 Development of hydrated ethanol-powered engine

The Internal Combustion Engines Laboratory of EESC-USRritaries to the development of
ethanol powered engine, pre-vaprozed or not, since RyoBdcearly years, in late 1970’s. One
important Brazilian military Engineering college, ITAnétituto Tecnadgico de Aeroautica, or
Aeronautics Technological Institute), contributed tcsttask too in its first years.

Pioneer studies of Celere [19] and Venanzi [20] already rehwvevn that use of vaporized
ethanol has potential to turn this kind of engine more efficiend less pollutant. Bergman
[21] adapted an originally designed Diesel engine to inttk@anol vapor together Diesel from
original fuel injection. Notable torque increase were aled at low speeds, like emissions
decrease compared to original similar Diesel engines.r€eled Venanzi used electrical resis-
tances to boil fuel, while on Bergman andAwila’s [22, 23] researches the worry in design an
auto-sufficient energy supply for vaporize fuel was presmbugh making use of heat rejected
by the engine annd present on exhaust gases or water frorodhieg system.

Main feasible advangates of PVEE are referred to specifiswmption and pollutant emissions.
Better tolerance of gaseous fuels to operation on leanelungix in comparation to liquid fuels,
allied to the oxygen atom present on its molecule, can lebmit&€O and HC emissions, despite
the lower energy content by unit of mass compared to hetesmes and non-oxygenated fuels.
On several countries there is interest in add to gasolineesaxfitive like ethanol, methanol or
MTBE, aiming their advantages (which are more difficult todieserved in ancient vehicles).
Ethanol has the advantage to be non-toxic as the other omg®quiring lesser care procedures
in its handling.

Evaporative emissions are fuel losses caused befor it canuire still in the fuel tank, and
can reach 50 grams per day for an automobile parked in a ho¢ pleemperature oscillation
through the day make not hermetically closed tanks to byéatheasing mass transport to the
environment by renewing of air inside the tank. Light fracis of fossil fuels like gasoline con-
tribute to this phenomenon too [24]. Current electronid fogction systems have sealed tanks
and vapor storing devices made of activated coal, In theel,apors are released to intake
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manifold and consequently combustion.

Nitrogen Oxides (NQ) also can be controlled according to air-fuel ratio, whics feffect on
maximum flame temperature, closely linked to these kind asions [18]. There are other
mechanisms not temperature-related which formyN@b, but with lower share on the total
emissions of this substance [25].

Gaseous fuels, like LPG (Liquified Petroleum Gas) and CN@ affer the chance to control
flame temperature through the quantity of fuel intook (andseguently the quantity of heat
released), but have the inconveniences of requiring healymous and requiring of special
safety devices tanks fot its storage.

Influence of air-fuel ratio on gasoline-powered emissioas &lso investigated by Harrington
e Shishu [26] apud [18]. One can note leaner mixtures takierefael and oxidant molecule
meeting, lowering CO and HC down to a given point, beyond whiwere is no more stable
flame spreading, leading to misfires and consequent emssefgrartially burnt hydrocarbons.
Slightly lean mixtures, o = 1,1 range, are used to reach maximum flame temperatures,
which is good for thermal efficiency but bad for human healdtduse high NO emissions.
Leaner mixtures, possible with gaseous fuels, can leadtiodulower temperatures and give a
bit of each advantage.

Ethanol has lower affinity to lubricating oil than hydrocarbbased fossil fuels, like gasoline
and Diesel. This leads to less lubricant contaminatiorereking its lifecycle. Injection vapor-
ized ethanol fuel-oil contact is further low, because thieneo fuel bubbles contacting the oil
film inside the cylinder walls.

Crevices on combustion chamber and on piston ring packsesponsible for a great part of
solid deposits of unburnt fuel, accordingly to Hochgreb][1®uch a phenomenon occours due
to flame extinction on the narrow channels in which flame pgagian is difficult, because their
higher local area-volume relation suitable for higher heatsfer rates. Gasoline-powered en-
gines tend to present more solid deposits due to the heasididns of its composition, while
on gaseous engines density (and consequently quantitiyjsabiwer, reducing fuel losses and
keeping the combustion chamber clean. Ethanol enginesdhieaeer combustion chamber too
due to absence of heavy compounds which are difficult to vaporAccording to Ferguson
[27], unburnt fuel deposits formed initally on gasoline KCiBcrease contact area between fuel
and combustion chamber surface due to its porosity, tumioge intense flame extinction and
unburnt fuel emissions.

In carburetted engines, or even on those indirectly fugeted use of gaseous fuel the use of
gaseous fuels can bring advantages in transient regimesiéaation). Transport of fuel mixed
to air is faster than those made by aerodynamic drag thraughke manifold and valve walls.
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Second mode of fuel transport is too much slower, which detayival of it to the cylinders.
Hohshoet al. [28] studied the behavior of an 1.3 liter displacement eaginder transient ac-
celerating condictions. Tight increase on throttle valpeming have lead to torque and speed
floatings, having a slight drop after beginning of suddereation. The responsible for that
is the delay of fuel supply caused by its lower speed relateti¢ air flowing through intake
manifolds. Hohshet al. also have realized tests on the same engine using eledtgatdrs on
the lower part of intake manifold, where higher amounts@diid fuel were seen. Lower torque
floating and absence of speed drop were achieved.

One solution for this problem in conventional carburettedires is to use a slightly rich air-
fuel ratio for compensate leaning effect of transient am@ions, having the inconveniences of
rise consumption and pollution natural of operating ICEthiese conditions, as is verified by
Ferguson [27], Sher [24], Cooper [29] and by da Silva [30]ha tase of the ethanol-powered
engine.

The motorcycle Honda CB 500, assembled in Brazil until nd@4, has a partial fuel vapor-
ization system through pipes which use water of its cooliygtesn passing on its carburettor
bowls. Such a device gives to that vehicle a better answerdelaration (either starting from
stand or from intermediate speeds) requirements in cortgrata its direct concurrents in the
same range of power and displacement, according to thetigatsd by Brazilian motorcycle
specialized magazine Duas Rodas (Two Wheels) [31]. One ataven on motorcycle en-
gines, which are used to have short intake manifolds, angraidge which aims to turn fuel flow
faster is welcome. Engines equipped with indirect eletrdnel injection, even multipoint, can
achieve such advantages using gaseous fuels.

A positive consequence of a faster fuel burn is a slight iasesof thermal efficiency. In an ideal
Otto cycle, the heat addition process (air-fuel mixtureny) occours at constant volume. In
the real cycle, combustion time is finite, with piston movithduring it. Observing figure 2.1
one can note a slower combustion with former beginning emes pressure inside cylinder
during compression phase, which increases compressidh \R&alizing the same amount of
work during expansion phase decreases net work, accorditig tsimulations made by Fergu-
son [27]. On that figure, compression stage of an Otto cydeede four different possibilities:
the superior line, continuous, normal condition mixturenguwession; dashed line represents a
faster combustion with spark ignition delay; dash-andipbne defines an ideal combustion
whose times tend to zero and so at constant volume. Dottedaniine represents a constant
volume compression with in-cylinder refrigeration due e thigher latent heat (ethanol has
higher latent heat than gasoline) of vaporization of thé. f@& the three last alternatives there
are reduction of compression work, leading to better thégfimiencies. The simulaton done
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Figure 2.1: Different Otto cycles with different combustiimes and cylinder refrigeration
during compression phase.
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Figure 2.2: Numeric simulation of thermodynamic efficieray a function of spark ignition
timing and of combustion time.
Source: Ferguson [27].
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by Ferguson [27] relating thermal efficiency, combustiondiand ignition delay, whose result
is on the figure 2.2, shows the two main condition for maximdiiciency being achieved: end
of combustion exactly when the piston reaches the Top Deatie€and combustion time as
short as possible. Combustion chambers with more than car& gpres agility to this process,
as its adequate localization for allow flame fronts run ttoagmbustion chamber in the lower
time interval as possible. The hemispherical combusti@mder with one spark on its center
is one of the most favorable setups. Souza’s study [32] abombustion chamber formats
throughout the whole history of Otto ICEs indicates thigmlative and completes it saying
the use of pre-vaporized ethanol could dispensate the ussidé or outside chamber devices
which aim to mix and atomize liquid fuel, allowing to concexté efforts on production of
combustion chambers which avoid knocking, heat lossesradekirable flame extinction. On
conventional engines, performance is a bit sacrified inffafbigher durability, mainly thorugh
some ignition delay which decreases maximum pressureglthiacycle.

On the other hand, an advantage of liquid fuels, speciatigtails like ethanol and methanol, is
the ability to retire heat from the environment during itpwazation, due to their higher vapor-
ization latent heats. Heat needed to their evaporatiorkentérom air inside intake manifold
and even inside cylinder, increasing its density (incregsolumetric efficiency) and decreas-
ing the mechanical work required during compression phigeré 2.1). Such a phenomenon
and its influence on engine efficiency were studied by Feif83hon his Thesis about cold
starting on ethanol engines. Satical. [34] studied the influence of ethanol and methanol injec-
tion in ATREX (Air Turbo Ram-jet Engine Expander-cycle) gngines, aiming to cool some
regions. These fuels are not suitable for jet propulsionregydue to their lower heat com-
bustion capacities in relation to those derived from folemls like kerosene or even hydrogen.
Their advantage consists on injecting some alcohol in loangjtes in relation to the main fuel
(nearly 3%), to cool the intaken air, increasing the efficienf the Brayton thermodynamical
cycle in which it operates. Such a method is cheaper and nealfie than cool air through
heat exchangers, which require maintenance and form i@styon their surfaces.

Souza [32], however, claims attention to the undesired &eaaction of combustion chamber
walls, which decreases their temperatures, increases #atirection and its soon unsesirable
cooling. On Brazil ethanol use as a fuel is ecnomically ath@eous in relation to gasoline. The
last has higher inferior heat power (IHP) than ethanol bysmamst: 40019J/g against 26838J/qg,
according to [37]. IHP is used for energetic power comparakiecause the exhaust gases have
water vapor because they let the engine at temperaturestrttiggn those of dew point for the
pressure they are at, being impossible to them to supplyatieat heat of water condensation.
Gasoline sold on Brazil and ethanol densities are, resmyti746kg/n? e 735kg/n3, accord-
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Table 2.4: Latent heat and heat power for come fuels

Methanol| Ethanol | Heptane| 2,2,4-trimethylpentang Methane
(CH40) | (C2HeO) | (C7H1e) (CgH1sg) (CHy)
h,(3/9) 1180 1020 317.8 297.5 -
SHP (J/g) 21100 27710 | 44444 44350 56375

Source: Gutheil [35] apud Feitosa [33] and Wikipedia [36].

ing to PetrobrasHetroleo Brasileiro S.Aor Brazilian Petroleum Inc.) [38]. It is important to

include density on economic viability calculations beactigels are sold by volume units, and
efficiency/energy ones are done using mass units. On thengrease, one liter of ethanol has
more mass than one liter of gasoline, having influence onrni@uat of energy available.

For defining the price limit above which ethanol is not adegebus, it is still needed the theo-
retical thermal efficiency of an Otto ICE according to its qguession ratio and air fuel mixture

used.
1

)

Typical values for compression ratio) for passenger automobiles can be taken as 9:1 for gaso-

n=1 (2.1)

line and 12:1 for hydrated ethanol. For stoichiometric migs, the constant volume/constant
pressure specific ratig | values 1,34 for air-ethanol and 1,355 for air-iso-octangtunes [37].
For each configuration, theoretical Otto cycle efficiengyis:

1
Ntextrmethanol= 1 — 15038 = 0.5734 (2.2)

1
Ngasoline= 1 — 50355 = 0.5416 (2.3)

With these data (IHP, density and theoretical Otto effigygrke limit for price ratio in volu-

metric measures is:
26838 05734 735

40019~ 0.5416 746
It is, while ethanol price of one liter is lower than 69,95% tprice of one liter of gasoline,

— 0.6995 (2.4)

it is cheaper to run with it, since similar vehicles are addpib each fuel. The 70% mark is
commonly accepted by Brazilian engineeers.

Higher compression ratios are possible with ethanol becaisa more resistant to knock fuel,
in comparation to gasoline. Such a phenomenon is causedrbgression of unburnt gases
inside combustion chamber, leading them to temperatuigds émough to cause spontaneous
ignition on them before the flame front arrival, with undebile consequences for Otto engine
working. Together knocking higher pressure peaks whichagerpiston ans cylinder head
walls, with their shock waves audible on its characteristietallic sound. Shorter and more

ramified molecules like ethanol’'s one are a feature of fuetsstant to spontaneous ignition
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Figure 2.3: Ignition delay for some fuels.
Source: Warnatet al. [25].
[25].

Shock waves created on detonation reach supersonic sa®En®(340m/s), while flame speed
on Otto ICEs are of the order of dozens of meter per secondrmaaonditions. According to
Souza [32], even using gaseous fuels flame speed does nevadhitical values (near sound
speed), having no risk of detonation regimes. Higher flanedmf air-ethanol mixture con-
tributes to its arrival at the most far places in relationtie spark, of a combustion chamber,
before self-ignition conditions happen. Warnatzl. [25] describe mechanisms, dependent or
not of self-ignition at high (range of 1200K) and low (8008®0range) temperatures. Burning
fuels at there is a phenomenon caligdition delaywhich during some time interval keeps
some chemical reactions which consume few chemical radlaad release litle heat. After a
determined instant the concentration of these radicalgjis énough to start a faster reaction,
leading to an explosion/detonation. Spontaneous igndiglay time also depends on mixture
temperature, as is shown at figure 2.3. For a given temperatwan be noted ethanol resists to
spontaneous ignition for more time than n-hepthane, artdlledater resists to the same time

for self-ignition at lower temperatures than ethanol doethe same conditions.
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Figure 2.4: Influence of fresh misture pressure and tempezain flamability limits, as a func-
tion of adimensional concentration.
Source: Kanury [40].

2.3 Physical advantages on burning gaseous fuels

Tolerance of gaseous fuels for operating in a wider air-faglge maybe can allow an Otto
engine to work with its throttle valve totally open in somgiraes, where working conditions
would be controlled only through ratio of fuel supply, like @iesel ICEs, but keeping the
spark ignition. Without the need to control the amount obk&n air through throttle better
thermal and volumetric efficiencies could be achieved, daheee would be one less obstacle to
air passage. This goal was pursuit in earlier works inv@WVEE [19, 21, 22, 23]. Accord-
ing to Strahle [39], previously homogeneized flammable ores are capable to keep a stable
flamefor A between 0,3 and 2,0 in a coarse estimative, which can beetitféor each fuel.
Flamability limits depend also on pressure and tempeatuvehich misture is at ignition mo-
ment, being aided by increase in any of these quantitiep@srted by Kanury [40]. However,
one should atempt to the fact of burning flammable mixturebérange oft = 1, 1 leads to
higher flame temperatures, reflecting on high nitrogen axahaissions; while burning them in
so poor limits flame stability is affected, causing high esiuas of nonburnt fuels or even lower
flame speeds.

More homogeneous mixtures burn in a more fast and compleye imgaking liquid fuel not
totally vaporized into the chamber, it needs more time toscome it completely because it is
needed penetrate onto the drops, supply heat to vaporipel ijust at this stage burn the fuel
contained on them. According to Warnadizal. [25], these phenomena cause ignition delays,
which retard the start of burning process in each drop. Relair speed impressed to these
drops by intaken air aims to their evaporation, becauseshelss and heat convection; reduc-
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ing its diameter and the inconvenience of bigger drops duick

Experciences realized under microgravity environmentsatnternational Space Station (ISS)
by Kazakovet al. [41] allied to computational simulations also show smatdlermeter drops
burn more quickly than the bigger ones, because there isethé for heating the fuel drops and
diffuse their vapor into the air with a more adequate ardase in the case of smaller drops.
On this kind of experiment it was still noted the influence wffaumidity on these mass and
heat transfer, thanks to ethanol solubility on water. Adawy to Feitosa [33] and Kazaket al.
[41], sensible and latent heat transfer, after water vaptmaat dew point, supplies heat which
helps in ethanol evaporation in this phase. But in some tiomdi where flammable mixture
starts before total vaporization of fuel drops, water conicion on drop borders can be high

enough to turn difficult to burn remaining ethanol on it.

2.4 External surface boiling (pool boiling)

Phase change heat transfer obey rules different to thosevaukin heat transfer without phase
change. Temperature of the surface supplying heat to tHe@aiquid is slightly above to
saturation temperature for that liquid at a given pressgikéng an important parameter called
wall superheat. Other properties like liquid surface tensiatent heat, viscosity, solid-liquid
contact angle and surface finish treatment determine thditbmms in which phase-changing
heat transfer occours [42, 43, 44].

Figure 2.5 shows boiling regimes in an external smoth serf@&i-Cr wire), accordingly to
Nukiyama’s experiments [45] apud Incropera [42]. A=bdilistart; B=absence of alone bub-
bles; P=maximum heat transfer coefficieht £ éfAi’T’); C=maximum heat flux; D=minimum
flux, Leidenfrost’point.

In water ebulition, as superheat gets higher and highet,fheabegins as purely convective.
After achieving some wall temperature separated bubblpsap Its separation of the wall
shakes liquis in its surroundings, improving heat transéafficient. Above the maximum heat
flux allowed (P point), heat transfer regime passes thostabfesfilm which envolves the wall
surface permanently, difficulting thermal excahge. If stpat is controlled instead heat flux,
there is a heat flow fall between points P and D, marking ttenmsto the stable film regime.
Increasing further heat flux or superheat at stable film regsame time fusion temperature of
material will be achieved, breaking the wire in the case okidmna’s experiment [45] apud
Incropera [42].

There are surface treatments suitable to enhance phasgechaat transfer conditions, like
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Figure 2.5: Water boiling at 1atm in a Ni-Cr external surface
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Figure 2.6: Transmitted heat on boiling several fluids, as&tion of wall superheat.
Source: Thome [44].

heat transfer coefficient and minimum wall superheat reglii6andblast, oxidation, microfins,
sintherizations ans micromachining are used. Researcpeaxiad surfaces however privileges
some fluids used in refrigeration systems, some hydrocatheater, ammonia, liquid oxygen
and nitrogen. There are few studies on ethanol boiling, gibbbbecause there are (still) few
processes where vapor of ethanol is needed. Thome’s stisdiedlustrate the influence of
latent heat flux caused by parameters like wall materiafasartreatment, wall superheat and
fluid used. Development of several available surface treatmis also discussed, as well as
superheat need for start boiling in each case.

Basically, ebulition surfaces can be changed through nsaopic ways (fins) or microscopic
(abrasion, sintherization, oxidation). On microscogdicaktended surfaces there are enhance-
ment on bubble formation due to heat transfer to small gtiastof liquid through relatively

higher areas. After initiated, some bubble has more easev@ab itself until be released from
the wall surface. For ethanol ebuliton in some surfaces,afrexisting relations is on figure

2.6. Thome also determined minimum values for wall supedrfm@atransition from merely
convective heat transfer to starting ebuliton in the speciise of ethanol. In smooth mettalic
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surfaces superheat needed can vary in the range of 6-23gh“Hux” surfaces (trademark for
some boiling surface treatment) assures boiling with aguselvin superheat.
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Materials and methods

3.1 Engine

Engine: Volkswagen AP, Otto cycle, four in-line cylindensgter cooled with forced circulation,

manufacturing year 2001.

Bore/stroke: 67.1mm/70.6mm

Displacement: 999cfn

Original compression ratio: 14.1:1[46]

Original fuel feeding: Hydrated ethanol. Indiretiultipointinjection with Bosch electronic

management. Changes done on fuel injection system arelukon section 3.3.

During the test performed, the engine ran without air filter oatalytic converter. Diferences
on atmospheric pressure, air humidity and others due totatiaps done may lead to different
mesaures of consumption, torque and emisssions. So, it ison@ct to compare data of the
present study with those presented on the owner's manuahothies equiped with the engine
used [46].

3.2 Steam production

There are three alternatives to supply heat needed fomigditjuid fuel for feed a PVEE: wa-
ter from cooling system, exhaust gases and lubricating ©it. D’Avila’s work [23] exhaust
gases were used, taking advantage of the high temperatiutiesno to enhance heat transfer.
However, were found obstacles in problems like wide ranggtrature and mass flow change,
which caused unstabilities on ethanol vapor supply to thggnen Depending on the heat ex-
change setup, other possible inconvenient is the sudderizapion of huge quantities of fuel
in case of it contacts a surface which is at temperaturestheae of exhaust gases.

On the present study the option for using water from cooliygtesn was made beacuse it op-
erates in a closer temperature range and these temperatanesver too, turning its deal safer.

43
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Closer temperature difference, oscillating near preaeiteed values, offers less heat to boill
fuel, which is in part compensated by the higher mass flow &ad tapacity of water in rela-
tion to the air. It is difficult to measure the flow of water of angine’s cooling system, and
there are no data from water pump operating conditions aviglfrom its manufaturer (Dana
Corporation).

To design the heat exchanger, however, it was assumed rgaf éhergy content on fuel is
wasted on the cooling system. It as also assumed a first aggpada\ T = 10°C for tempe-
rature difference through water cooler, based on thermpleomeasured data with both engine
and cooler fan working. Inferior Heat Power of ethanol valaearly 27700J/g. Water flow on
cooling system,(), is given by:

. _ Qfyel x IHP
G = OwatelCp ATeooler= % — 456900/ (3.1)
Owater™ — 39— — 970y/s (3.2)
Cp ATcooler

Where( is the available rate of heat rejection aoglis the sensible heat of warming fuel.
Heat exchange area should be enough to supply the amouneajyeneeded to raise fuel
temperature (sensible heat) and to its boiling (latent)héi the tests performed by Bvila
on the same engine [23] the maximum observed fuel consumiatie was 5.2g/s. Starting from
a room temperature of 2Q until its boiling at 82C (corresponding to the 120kPa pressure),
heat power needed is

Q [cp(Teb — Tinjep) + hiv] = 5700V (3.3)

Whereh,, represents latent heat of vaporization of fuel. Inside sbmis that does not com-
promise engine working nor liquid phase of cooling wates,témperature can be controlled
using a proper thermostatic swifchFor calculations effects, it was assumed water lets engine
at 96 C and ethanol was boiling as 82, generating a £ temperature difference. Water
tempearture should vary a little during its passage thrdagjter in relation to the temperature
drop suffered on the cooler, once heat used for boil fuel asniach lower than those rejected
by the cooler (nearly 1/8). Such temperature floating do¢slamage fuel boiling, as it will be
seen later.

Several models were evaluated for the setam generator. aireariteria were: Possibility to
put it into the hood of an 1.0 liter displacement endirsafety; ability to serve quickly to sud-
den changes on fuel demand; ease of manufacturing and mante and; avoid liquid hammer
shocks inside fuel pipeline. Measures were taken in a Vadigem Gol’s hood (the car equipped

1Known on Brazil aeboBo, which can be translated as “big onion”.
2The most sold kind of automobile on Brazil
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with the engine used) in order to assure the boiler size islsia for use in pasenger cars in
future driveability tests.

The heat exchanger was built in a shell-and-tube model, wéter flowing through internal
side of tubes and ethanol on the external side of them. Rpiliel inside the tubes woud be
safer and would avoid fuel skaking caused by longitudina eentrifugal forces the vehicle
would be subjected. However it was opted by its flow outisetthmes beacuse the ease of
sandblasting the tubes’ external surface, needed to ealinat transfer ability in phase change
conditions. Such an equipment oworks on vertical position.

Acocording to existent relationiships for ethanol ebalitpresented on Chapter 2, minimum su-
perheat temperature which allows ethanol ebulition in simoeetallic surfaces can vary from
6°C up to 23C. In surfaces with “High Flux” treatment ebulition it is gaateed to happen
at 6°C superheat [44]. On the same study it is observed that sastitidy a smooth chromium
surface, a relatively simple and cheap process, may risgeptiaange heat transfer coefficient
nearly 25%, and double it using oxidation followed by saadbhg. One may note on figure
2.6 that there are few measurement points for heat flux asaifumof wall superheat, which
forces anybody to adopt conservative estimates when dagigimese kind of equipment.
Ebulition surface of steam generator used on the presert was polished with a “160” sand-
paper, oxidized during oxi-acetylene welding, followeddaydblast cleanup of excessive oxide
layer. Such a tratment would be more difficult to perform ie thternal side of the tubes, so
the boiling on their external side was chosen.

Available space for install the boiler under the hood imposeelatively big distance between
steam exit and its intake into the engine’s throat. In ordeavioid risk of condensation a jack-
eted tube was manufactured, that is, a tube protected by er witk which transports part of
water from cooling system, keeping its walls at temperatafgove those riskful to ethanol va-
por condensation. This tube is still protected by a nearljnibthick layer of polyurethane
foam. Part of cooling water destinated to this task is alssduer keeping Venturi (throat)

warm.

3.2.1 Thermal exchange area calculations

To determine a suitable extension for boiling fuel, it is de@ to find thermal transfer coef-
ficients in both sides, as well as those related to condudiothe tubes. Having no phase
change it is also needed to know mass flow ratios and sengpibtéfic heats of involved fliuds,

in order to determine temperature change as each one adwveside heat exchanger. On the
case of the ethanol boiler there is phase change only ondtb@e, while on water side there

is just a little temperature change which will be neglectgahbw, because the amount of heat
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rejected by it for boiling fuel is small in comparison to theat rejected on the cooler. Cooling
system water also suffer other kinds of variation duringieegperation, the important is to
have a conservative estimate of the minimum temperatuferdifce and say if these minimum
is enough to lead boiling surafces to the desired tempeasiwhich allow phase change.
Tube beam was built using copper, with 48 3/16” outside diantebes. They are 235mm long
and have 1/8” as internal diameter. Thermal exchange amdeinal side is, therefore:

3
0.00254 x 16~ 48 x 21 x 0.235= 0.3375m° (3.4)

Where the 0.00254 factor converts inches to meters. On thenal side, where cooling water
flows:

1
0.00254 x 3 x 48 x 21 x 0.235= 0.2250m? (3.5)

Area of transversal section where flows water which suplesg,Hor the 1/8” diameter 48-tube
beam, values:

A = 48rr? = 487 (1.6 x 10°m)? = 3.86 x 107*m? (3.6)

For the internal side, subject to almost constant temperditeat conduction, convection coef-
ficient is calculated by the subsequent Reynolds(Re) andéliiiNu) relations:

Q 0.97

=— = =2,65m/s 3.7
Ap 3.86x 10*x0,9615 / (3.7)

D

_ poD 9615 x 2.65x 3.175x 1073

R = = 27992 3.8
= 2.89 x 104 (3:8)
hD
Nu= == 0.023R8Pr%3 = 0.023 x 279928 x 1.80°3 = 99.07 (3.9)
Nuk 9907 x 0.679
he= o X — 21188V/m?K (3.10)

D  3.1785x 103
Wherev means fluid speed, A represents thermal exchange areansity; k, thermal conduc-
tivity; D, diameter and water properties are used at 370K§S€).

Thermal resistance)c,) for heat conduction on copper tube walls values:

__In(rz/r1)  In(0.00476250.0031783

Q — —
CU = kel 6.2832x 397 x 0.235

= 6.917 x 107*m?K /W (3.11)

It remains to determine thermal exchange coefficient onreateide of the tubes, where there
is ebulition. For a heat exchanger, global heat transmmssiefficient is given by the following

relation:

1
U= (3.12)

Di 1 1
Do T £2Cu+ Rg
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For the present heat exchanger, the engine’s maximum pegine requires 5700W as thermal
load. Being its boiling area 0.33768grmaximum heat flux required is:

5700V

4= 0337612

W
— 16886 (3.13)
m

With an estimated temperature difference between fluidst&f, minimum thermal exchange

coefficient should be:

qr w

— =1206—— (3.14)
AT m2K

To reach this valudey: should have a minimum value, calculated under the follovadogdi-

Umin =

tions:
1

1206= 51 : I
ﬁem'F 1441 x 10~ + m

1
12064.5879%x 10°+ —) =1
Next

1206

ext

5.5221x 1072 4+ 1

1206

hext

1206 \W
———— = 12765—— 3.15
0.944779 m2K ( )

One can note minimum heat exchange coefficient requiredxtermal side is near the global

= 0.944779

hex'[,min =

one, and both are much lower if compared to th other onesr(iatside and copper walls);

so these later have few importance. If the external surfasethe heat transfer coefficient
enoughly high, temperature difference of boiling ethamul boiling surface is almost the same
difference between ethanol and water. In these conditivak superheat can be estimated as:

qy _ 16888N/m?
hext 12765W/m2K

— 1307K (3.16)

Which is near the difference of 14K between fluids and is ehdogdoil ethanol, according to
the figure 2.6. Using trial and error method, convection ficetns and wall superheat can be
more exactly determined, converging to values which fit aotbktical relations.

Vehicle’s vibrations (if tests were not performed on statiny engine) would improve boil-
ing because it would help bubble release, freeing warm serfa transmit heat to new liquid
amounts, with higher transfer coefficients. Lekeal. [47] have studied influence of vibra-
tions on phase-change thermal exchange, arriving to tregrdatation of vibrational Reynolds
and Nusselt numbers as a function of its frequence and ardplitThese parameters were not
taken into account because they require vibration measmenon vehicle chassis or on the
dynamometer, but it must be pointed they would be a positiflaence on fuel boiling.
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3.2.2 Head losses

Operation curve of water pump (relating flow and pressurfeifice) is not known, also not the
hydraullic behaviour of engine’s internal cavities. It westimated only head losses on cooling
system due to hoses and on the boiler, to evaluate impad iofsitallation on the original cool-
ing system. calculations refer to the maximum flow regimewesion (around 1kg/s), allowing
admission of head loss proportional to the square of mass flow

With a Reynolds number formerly estimated as 27992, surfisa@ment of extruded copper
tubes (dimensionless rugosity= % =~ 2,410°%), which leads to a friction factor (f) of 0.023;
head loss AH) on them values, proportionally to the length L of each tube

L »?2 2.35x 1071259
AH =f—— =0.023 = 5.665mca 3.17
beam= ' 32x103 2 (3.17)

At the boiler's water inlet and outlet there are sudden di@mexpansions/reductions. These di-
ameters are respectively 31.75mm(1.25”), 28mm and 108mthetop (inlet) side and reverse
order at its bottom (outliet) side. Localized head loss ficiehts are 0.06 for 31.75mm-28mm
diameter rediction/expansion. For the 108mm-28mm dianstéden reduction this coeffi-
cient values nearly 0.46 and, for its reciprocral expansb86. Such results were collected

from [48]. ,

()]
AHy 2528 = K125-28— = 0.2mca (3.18)
02
AHog 105 = K28_1.25w§ = 0.2mca (3.19)
1)2
AHjiog-28 = K108—28E = 2.88mca (3.20)
1)2
AHzg 108 = K28—1085 = 1.54mca (3.21)

For a 28mm internal diameter connection which links two hesetions between boiler outlet
and original cooler’s inlet:

2 1.622

= 0.15mca (3.22)

And finally the head loss caused by water admission on 1/8dulom the 128mm length
chamber (considered an infinite reservoir for these calimrgourposes). Similar head loss
occours at beam exit.

259
K=05 — AHenysai = O'5T — 1.67mca (3.23)

Total head loss, taking out of account distributed lossesgdide tubes and connections, is:

2 1.622
AH = Z AH; % = (0.06+ 0.86+ 0.46+ 0.06+ 2.0.5+ 2.0.06)T (3.24)
i
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AH = 3.22mca (3.25)

Summation of distributed head losses of tube beam to lemhliasses are 8.88 mca (meters
column of water). For a mass flow estimated in 1kg/s these lusags require an additional
pumping power estimated as:

3
3m”

K
Poump= AH » g Q = 8.88m x 103%33 X 9.815—”; x 1075 = 87w (3.26)

proportional to the cube of mass flow.

3.3 Fuelinjection

The original fuel injection system was substituted by a-teaé programmable one, brand Fu-
eltech, model RacePRO-1Fi. With it parameters like fuegctipr time and spark ignition angle
can be adjusted with the engine running. This way it is pdssdchange the moment of spark
without rotate spark distributor shell and read data froralsiscopical beam at once. Spark ig-
nition timing control was also used for allow to run the erggin conditions near to those define
in its original fuel injection, allowing more fair comparans between liquid and vaporized fuel
injection.

Parts of Natural Gas conversion kit, supplied by Netga®yKGMS-7 also were used, in its
version 5.0. Cylinder used to store gas and the pressuret@duere not purchased because
they are not required in a pre-vaporized liquid fuel system.

Vaporized fuel intake was made thorugh gas carburetionsimdar way of earlier PVEE stud-
ies as those of [22, 23] and Celere [19]. Main differenceegetin some technological advances
on equipment used.

Brazilian GNG fleet has increased too much in recent years,rdainly to the price of this
energy source which allows to save up to 50% of cost by distame in relation to gasoline,
according to Brazilian prices. Spreading of CNG conversiibs without care on consumption
and environment has forced Conan@fselho Nacional de Meio Ambiente National Envi-
ronment Council) to determine emission limits since 200.[£missions of methane, ethanal
(acetaldehyde) and methanal (formaldehyde) are the m@sirtamt on vehicles which operate
with this fuel.

Ancient CNG kits have a valve between pressure reductor aciibs device (Venturi), regu-
lated at end of installation process just with experienamethanical repeirer (known on Brazil
by “ear adjustement” method, because uses engine noistetordiee the better point of adjust).
These adjustes were used to be made at nearly 3000rpm (dfrteetkr is present, else the en-
gine speed would be “ear supposed” too), with shifter in redyosition.
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The partially purchased CNG kit, supplied by Brazilian mi@cturers KGM and Netgas, has
a gate valve with step motor which allows fine adjusts in iteropg (concentrated head loss)
with engine running. Its 8mm stroke is divided into 250 stepdsecondary Electronic Central
Unit (ECU) acquires data from original ECU, from Lambda serend from other ones which
compose vehicle’s fuel injection system. Such apparatdace consumption and pollutant
emissions on the atmosphere.

A joystick used for on-the-fly gate valve opening adjustetriersome position different of
those pre-set was also supplied. This makes possible toadghe signal of Lambda sensor and
another ones which make the engine run with mistures closetohiometric. This is needed
to increase air-fuel ratio, looking for better thermodynewefficiencies and lowering air chok-
ing at throttle valve. This joystick controller has two kars which order to the valve to open
or close it in one step each. There are also green and red LHER$wdicate if the air fuel
mixture is lean or rich, respectively.

The acquired CNG kit has also a switch which allow to changmfthe original fuel injection
system to it and vice versa. On the current passenger veladigpted to CNG there is the need
to run the engine for some seconds with the original fuel am@witch to the gaseous one.
Despite the easiest to burn previously mixed gaseous nestiepecially at low temperatures,
engines not originally designed to run with CNG need that.

In the PVEE case there is also the need of operating the ef@irs®@me minutes with liquid
fuel until water of cooling sysem reach a high enough tentpegssuitable to produce ethanol
steam at specified pressure and ratios. Experiments hawastearly 10 minutes were enough
to that, once the thermostatic switch which allows watecuation through cooler when it
reaches a determined temperature.

3.3.1 Other accessories

The ethanol boiler has a float valve to control liquid fuektrdnd keep it as a correct level in or-
der to keep the tubes immersed in fuel without overflow théitgpichamber limits. Such a fail
would put liquid fuel when the ECU is programmed to run witlsgaus fuel, with disasterous
consequences. A polyamide (Nylgy) float, described in details on the Appendix D, with mass
of 117.3g and volume estimated in 239.3dmstored into the heat exchanger’s auxiliary cham-
ber (2” tube), under the lid where fuel comes in. With all tkeéwme of cylindrical part made of
polyamide immersed on ethanol, whose density at 360KGBValues 728.3kg/fM[50], a net
thrust (discounted the gross float weight) of 57.0 gramsda@ppears, more than the enough
to keep closed this valve. Such a valve (used on carburetiwish has an orifice in which
fuel passes through, which diameter is 2.2mm. It requirdsast force of (112 x 7 x AP)
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mm? to keep it closed, wherd P means the pressure difference between exchanger’s inner
and outer sides. A fuel doser Racing Parts model HPi (usenhéoease pressure in carburet-
tor bowls too) was regulated to release fuel to the exchafegeling hose at a pressure nearly
0.35kgf/cnt higher than those found inside it. This is done through a losmected to the
lower part of the heat exchanger which carries its pressutieet fuel doser. Adjusting the doser
for a lower pressure difference the fuel level stabilizegdg because a lower thrust is required
to close the valve. The opposite occours when higher pregtifferences are set up on the
fuel doser. This way is possible to adjust the desired lef/diaid inside the fuel boiler. It
was observed during ethanol boiling the bubbles rose upnen3@bove fuel level, which lead
to an adjust in the range of 30—40mm below the top of ebulitikamber. In this case a 13.3
gram-force net thrust was enough for keeping the fuel in table level.

Once consertative estimates were made for the heat exclaaagiethe boiler was able to feed
satisfactory amounts of steam in all the working regimedisti

At heat exchanger’s outlet there is a 3/8” diameter spheleeyananually operated. This
way switching fuel feeding system from liquid to gaseous lbarmade smoothly or suddenly.
Solenoid of original CNG kit does not allow fuel rates abovag?s on given conditions. Taking
into account data from table 2.4, heat exchanger workingBkigl/cn? above local atmospheric
pressure in the range of 690mmHg; ethanol vapor densitying180kg/n? (calculated using
the interpoler polynomuim of Appendix B.1), while methanetlvits molecular weight valuing
16g/mol and heat combustion power as 56375J/g would haverarpemlume relation of:

5637%J/kg x 0.714g/m? = 4025k J/m° (3.27)
While saturated ethanol vapor at 172kPa has an amount opbear which values:
2771k J/kg x 2.797g/m? = 7750% J/m° (3.28)

It indicates the same volume of gaseous ethanol generatéldebgescribed boiler has more
energy available than methane in the nermal conditionsrop&ature and pressure (normal
cubic meter). At 25C (297K) one cubic meter of methane at 1 atm of pressure has:

273
40255 = = 3699%J/m3 (3.29)

Anyway the amount of energy is greater in ethanol case. Thuosvs the lack of capacity to

allow ethanol vapor passage through piping is due to carosf ethanol on aluminum parts
of original solenoid valve. Gas viscosities are not inflleshby pressure if they are near their
critical values [51], and increases together temepratatel00°C values 1040 x 10~* poise

for ethanol vapor ans.231 x 10~* for methane[52].
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On the smooth opening mode, sphere valve was open with eogat@nd step valve closed. As
pressure inside exchanger increased, vaporized fuel ptioduarised and liquid fuel injection
lose participation through real time injection time adgment. The programmable ECU has
also a fast-adjustemet mode, which allows to increase aedse instantaneously the whole
injection map in 1% steps, as well as to advance or delay thelevbpark timing map in 1
degree steps. This way the fuel injectors get out scene wlomill fuel feeding were done just
by gaseous ethanol.

With this condition reached the CNG kit was switched to gasdael supply in order to allow
its control by KGM/Netgas fuel injection module, restimgthe Fueltech programmable ECU
the task of control spark timing and supply accurate MAP messsto the other fuel managers.
An injector simulator, part of CNG kit, sends signals to thiegimal ECU lying to it, so its
behaviour is like fuel injectors were still working. Fuedteprogrammable fuel injector have
shown on its screen fuel injector opening time even whenaipey with gaseous fuel because
it.

It was needed to keep the solenoid of CNG kit connected torigae’s electrical system, be-
cause switching from liquid to gaseous fuel has not been ddmepresence of this part was not
detected. Greater solenoid valves were not acted, neislireg velays or resistive impedances in
order to lie to it. Solid-state relays could be used, bec#iusgare acted with too low amounts
of energy.

After passing through both gate valve and sphere valvenethapor follows a jacketed (pro-
tected) tube by another one in which passes water from apsiistem. So, fuel is transported
until the throat without risk of condensation. This throltass made, also has holes which
receives hot water for the same goal. Between this jacketegldnd the fuel intake throat there
is a 20mm transparent hose in order to assure there is nodndensation on the steam supply
system. The opaque part of vapor transport was protectécpmityurethane expansible foam,
while tha valves which need to be unmounted to much times w@aged with fiberglass. The
hose which carried water from the engine to the boiler wese aisulated.

The same 12 \Wolts signal is forked to both solenoid and injesitnulator. So one can think the
later is turned on onky when the engine starts to run with gaséuel. Due to the distance be-
tween vapor generation and intake, (nearly 700mm) a sigtalder (figure 3.3.1) was installed
in order to assure there is a time interval between the baggrof gaseous fuel injection work
and the cut on liquid fuel supply. The retarder is adjustablgait from 0.5s to 5.s, keeping the
12 \olts on the fuel injector simulator.
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3.3.2 Adptations on gate valve

Initially trials were made on the way of run PVEE with the ongl gate valve from CNG Kkit,
which was damaged by corrosion, high temperatures andliyigl caused by fails on steam
generator fails. Its coils had lost their varnish and sluinduited. Other valve, the same model,
was used, with some adaptations. in order to protect itsldensarts from excessive heat and
fuel chemical attacks. Spheric point of original valve washeanged by a pin which moves in-
side a cylindrical calibrated plug, in order to pass gasethanol through a narrower window
than the originally designed for CNG. This was needed bexaogressure reducer was used,
which would require a low head loss coefficient gate valve whéth would allow a quasi-
linear relationship between gate area and mass flow. Theosheted was reducing vapor from
boiler's pressure to a value near to that found at air inthkeugh a restrictive passage. Such
adaptations are described on the Appendix D.

3.3.3 Suction throat or Venturi

The Venturi supplied has shown to be not suitable for use MBER The main reasons were:

e Non-uniform fuel distribution due to its inlet happen pard&ularly to air passage. Be-
ing throttle axis not paralell to the crankshaft unequal fimcentrations can happen in
some places, and this is highly undesirable; because ite@ahtb different air-fuel ratios
on the cylinders. The new Venturi receives ethanol vapoamgéntial way, in a thoroidal
chamber (with a doughnut shape), being so sucked by int@ok ai

e Need to keep this device warm in order to avoid vapor condarsaside it, periodic
drainages and liquid shocks. Because that the Venturi witsrbbrass, a good heat con-
ductor, and endowed with channels in which water from ca@psipstem passes through,
keeping these pieces warm at temperatures higher than dfesieganol condensation.

e Adequate fixation to throttle body. Original Venturi was ceived to be attached to
throttle body with aid of its fixation on air filter, which is hpresent.

e Seal. By same reason of previous item, there are O’rings #ret devices for avoid fuel
leakages in the new way it was attached to the engine.

e Minimize head losses; producing a piece with smoother sarfaughness, increasing
minumum air passage diameter, eliminating undesirabléearand sharpen edges.
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Throat'’s internal side was insulated with non-acetic eitie rubber, having internal channels to
store it. This was neccessary to minimise heat transmigsiartook air, which may lower its
density and cause damages to volumetric efficiency. Whdbreaa problem in gaseous fuels
indirect injection engines.

Pressure in different Venturi sections was calculatedrfemhaximum power regime (maximum
air flow rate) based on equations which define air propertiess gompressible flow through a
convergent-divergent throat [53]. There was a concern terdg@ne absolute presure in the
smallest section of the throat, where fuel suction occours.

Air consumption with the same engine was previously meashyeD'Avila [23]. At full load,

at 5000rpm, the engine requires 29.56g/s of air being fueligd vaporized ethanol at room
temperature 328 and pressure of 696mmHg (92793Pa). Pressure and speedvafraical-
culated on the 2” hose which linkdenumto throttle body and on the smallest throat section,

with 35mm diameter.

p

po = 5= = 109K g/m’ (3.30)
Q Y 2105751
=~ po/LM[14+ 050 — M 31
A= Moy gEM[1+050 - DM (3.31)
% — 1458%g/m?s —> M; = 0, 0386913, 2m/s) (3.32)
05—
AL M [14050 —pM3] 7 3.33)
A2 Mi|1+05( —1HM?2 '
__1
p [1+05( —HmM2]>TT .30
P2 |1+05(y — M2 '
M, = 0.146349.81m/s) Mg = 0.081827.85m/s) (3.35)
P 00989 P2 _o0oss2 B _ 09053 (3.36)
Po Po Po

Sections 0, 1, 2 e 3 refer to, respectively, genumwhere air is found at stagnation properties;
the 2” hose already described; the 29 mm diameter sectioohaikithe smallest of the throat
of original CNG kit and; the 35mm diameter section of the neamtri built. M means Mach
number, T is the temperature, R the universal gas constanp ameans absolute pressure.
The higher air speed calculated are too low in comparisotmd speed in given conditions,
which turns these flows pratically incompressible. Pressiiop values are low to, in compa-
ration to atmospheric pressure, leading to lesser preskfieeences in relation o the ethanol
vapor produced, easing control os fuel flow ratio througip stetor gate valve. The 35mm
diameter for suction was needed just for give place to theoidal chamber in which vapor
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circulates before being intook and to force alight increiasair speed at this point aiming to
create a more homogeneous air-fuel mixture.

3.3.4 System response to fuel demand variations

An important concern on a fuel feeding system project for &E\s the fuel feeding rate ac-
cording to its instantaneous requiremeoh @demandupply). It is also needed to deal quickly
to fuel consumption alterations, feeding the quantity egpondent to the operation regime de-
sired by the vehicle conductor. As fuel is not already tramsgal in gaseous form, which is the
case of LPG, CNG and some Hydrogen ICE’s; it is important twdpce fuel vapor at a rate
which is the nearest the possible the required rate. Clgsiaduction and consumption rates
great vaporized fuel accumulations or disaccumulatioasagoided on he fuel supply system.
The ideal stored quantity of vaporized fuel is a match betwssfety (the lesser quantity of
saturated fuel) and capacity in support sudden demandasese

In PVEE, fuel admission on the steam generator is contrdiied float and a needle valve, fol-
lowing he principle of carburettor bowls. At rate in whicheluenters into the heat exchanger,
its level raises raising together float thrust, until reaghan enough value to seal the 2mm di-
ameter hole making force to resist to fuel feeding systemva®rized fuel is consumed and
leaves the chamber, level lowers again allowing new fuettifdr reposition.

On the heat exchange surface, ebulition rate is not exaptelyortional to the temperature
difference between fluid and wall. There is a minimum tempeeato start ebulition, which
depends on saturation temperature. Any way, as boiling fentperature gets close to the tem-
perature of fluid/wall which supplies heat (in this case wétem cooling system) there is a
decrease of steam production, until reaching zero when ¢estyre difference is lower than
those minimum value needed to start ebulition. This way,wiuel demans decreases, readily
produced steam accumulates on the heat exchanger andsesnts pressure, leading to an
increase on its saturation temperature; allowing it to Indlaigher temperatures before take its
steam form. The meeting to water/wall temperature decseaagor production rate, adequat-
ing it to the demand after a small quantity of time which defsean the vapor volume on the
chamber and other heat exchanger features.

In the opposite case, when demand for fuel increases sudderéxample when the driver
requires higher power for climbings and overtakings, egiesfuel vapor exit decreases pres-
sure of that vapor which is still in the exchanger, with insditemperature decrease. The
temperature drop is like those observed in refrigeraticsteays when refigeration fluid suffers
a sudden pressure reduction. On this case temperatureeditie between vaporizing fuel and
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wall increases. While vapor production rate does not rebeldesired rate, part of saturated
liquid vaporizes without receive more heat from thermallexgye surface than it has already
received. This happens just because vapor title increaslesion-resisted expansion of a fluid.
hat isflash vapomgeneration, found normally in refrigeration systems antewsteam facilities.
While vapor production is not adjusteitgsh vaporanserws to the engine’s requirements.
This way the fuel feeding system proposed to the PVEE maysadgelf to floatings in fuel
consumption rates, normal in non-stationary ICE’s.
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Figure 3.2 shows a pressure-enthalpy diagram for ethannolit,Gt can be seen relations
among some physical and thermodynamical properties fersthbstance.

3.3.5 Control of vapor pressure

As cooling water temperature is not constant through operadf an ICE, the difference be-
tween it and saturating ethanol may vary too. As describdgeaonsumption variations also
change the pressure inside heat exchanger.

In a first approach a pressure regulator valve, used in daereBG ovens, with nominal flow
rate of 1kg/h, wad used. This way the pressure inside hediagger could vary but its exit
would happen at constant pressure, of just some kPa abowspl@ric pressure, such a way
the original step motor and gate valve of GNG engine congarkit could be used. At this stage
step motor was already protected from high temperature®toohtamination by ethanol. The
other important difference in comparison to the originategaalve was the replacement of
original aluminum spherical point (15mm diameter) by amoticonical, made with PTFE (Po-
litetrafluorethylene) followed by an adequate hole, conlppato its dimensions, on gate valve's
case. Regulator pressure valve also was jacketed with \iratarcooling system in order to
avoid steam condensation and heat loss to its relativebt gnetallic mass.

This sollution has shown unadequated because this reguwiaiee is not capable to feed the
required fuel rate for the engine. Higher flow rate valveslddae used, using the same physical
principle. Experience have shown maximum masss flow ratetfeanol vapor is nearly the
half of those marked on it as nominal mass flow for the origfoals it was designed, as LPG
or CNG. Higher viscosity of ethanol vapor (not measured htdrred because van der Waals
interactions between gaseous ethanol molecules) is magheain cause of this difference.
Using in the further trial a brass plug on the gate valve brated hole and pin; pressure reg-
ulator was discharged and fuel was intook directly at thesguee it was produced at heat ex-
changer, in such a way the fuel passage was regulated by dovesy tranversal area in order
to cause the required pressure drop, as explained earlre.inconvenient phenomenon ob-
served was the influence of cooling water temperature flgatecording to the cooler’s fan
operating cycles. Original thermostatic switch closegliégtrical contact allowing electric cur-
rent passsage when water temperature reachi&s &5d opens its electrical contact when this
temperature falls under 8C. This thermostatic switch was replaced for another widses its
contact at 100C and opens it at 9&. It was noted for this case the heat exchanger pressure
varied on the 0.7-1.0kgf/chrange. Such floating is undesirable for a stable operatioa of
PVEE. In permanent regime of engine speed and throttleipostr fuel mixture had travelled
from rich to lean and to rich again, cyclically; forbiddingeguate measurements to be made.
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Taking the decision of keeping water cooler’s fan turnedwhtime its temperature had fallen
under 80C, and when the difference between it and saturating etivea®linder the €C limit,
ethanol vapor production had ceased immediately and theEPWént without gaseous fuel
supply, confirming theory presented by Thome [44].

An almost readly available and adequate solution for expental purposes was installing some
device to control fan speed, in order to keep constant cgaliater temperature.

3.4 Other experimental apparatus

Foucault current dynamometer brand Schenck, model W70.

Load cell Alfa Instrumentos, model IC331/0

Electronic fuel injection scanner Tecnomotor Rasther TN.13

Temperature acquisition system Strawberry Tree ACPC, &whl analogic, using cromel-
alumel thermocouples. Temperatures measured were: 8ubtioat; intake manifold. exhaust
manifold; ethanol vapor at exchanger’s exit; lubricatingamoling water before and after its
passage through steam generator.

Water cooler brand Bongotti, unknown model. Its is well kmothis coler was used in Ford
Corcel 2, a 1.6 liter sedan manufacturedd on Brazil in the-h880’s.

Weighing device Hobart Dayton model CB15 with 15kg load citgaand 10g resolution,
cronometer Alfa Instrumentos TCC11 and optical sensorfulgirconsumption measurements.
Air flow meter Bosch part number 0 280 218 053.

Manometer Class B ABNT (Brazilian Technical Norm Assoda)ifrom 0 to 3 kgf/cm for
monotoring steam generator.

Manometer Emfase from 600mmHg(vacuum) up to 0.5kgf/tan MAP measurements.

Gas analyzer Tecnomotor TM131.

3.5 Bench setup

Equipment are disposed and communicate themselves aggdualithe figure3.5. Electronic
devices built are described in detail in previous figuresighieg scale had some mounted op-
tical devices in it, connceted to a chronometer (38), tordatee time needed for consumption
of some quantity of fuel, when opening of valve (21) fills sedary tank (18) over the weighing
scale (16) for a new consumption measurement. Signal igii®r¢ sends the signal from the
first passage of weighing scale hand through optical sewsthret chronometer, ignorates the
signal of second interruption of light when scale hand megutransmitts the third signal to the
chronometer in order to stop time count and on the fourthgessessets up the chrnomoeter for



60 Chapter 3

a new measurement, when secondary tank is refilled. Afterfassage a 100g weigh was put
over the secondary tank, such a way at third hand passageweee 100g less fuel on the tank
in comparation to the fisrst passage. This way consumptiohd0g of ethanol was measured,
either in liquid and gaseous way, because fuel return to timeppis in both forms directed to
the secondary tank and just fuel effectively consumed waasored. Each fuel supply mode
has its own return device, the original reducer for liquidi éime carburettor doser return port in
the case of gaseous fuel line.

Secondary ECU acquired from CNG kit cuts fuel supply wheregas fuel is required, inter-
rupting electric signal of fuel injectors, but keeping feimp running and fuel rallpressure.
On the other hand, valve (25) is open, allowing passage afayssfuel. Manometer (29) in-
dicates if there are good conditions for that, pressures @&&gf/cn? indicate it is already
possible to operate the engine with gaseous fuel. Liquglsydtch is in this case manually
made on both CNG kit and on sphere valve (31). Manometer (B6yms pressure in which
heat exchanger is supplied, having inside it (exchangeBedlle valve and a float like in car-
burettor bowls. HP Racing Parts doser (20) acquired allosviouadjust pressure difference
between heat exchanger and pump supply, which is informédhimugh the 3/16” hose (28).
A 0.22 kgficn? pressure difference was adjusted in order to ajusat an ateedpvel of liquid
inside the exchanger. Exchager supply was made throughritiieal fuel pump and the origi-
nal pressure regulator close, once the doser is operatitogvas pressures when ethanol vapor
is produced and no fuel goes to the liquid fuel rail.

Exhaust gases pass through refrigeration coils before gasaanalyzer, in order to retire any
water vapor from it. This vapor could damage such an equipm&ater from cooling system
passes through steam generator (22) before follow its whtdaooler (23), having part of it
deviated to the line (27) in order to keep warm the Venturi tiedjacketed tube (26), avoiding
fuel condensation since its production site until intakenifrad.

Description: 1-Air intake with flow meter; 2-Plenum; 3-HoseHollow Venturi; 5-Throttle
body; 6-Intake manifold; 7-Fuel rail; 8-Engine; 9-Exhausanifold; 10-Condenser; 11-Gas
analyzer; 12-Flywheel and Cardan axis; 13-Dynamometerl@ad cell; 14-Accelerator ca-
ble; 15-Dynamometer readings; 16-Weighing device; 17+#Makel tank; 18-Secondary fuel
tank; 19-Fuel pump; 20-Carburettor doser; 21-Valve of sdeoy tank; 22-Steam generator;
23-Water cooler; 24-Gate valve with step motor (fine adjlgiaseous fuel flow); 25-Solenod
valve of gaseous fuel system on-off; 26-Jacketed tube; am\Wvater of Venturi and jacketed
tube line); 28-Pressure infomation to the doser; 29-Pressn steam generator; 30-Generator
feeding pressure; 31-Sphere valve (on-off gas feeding/M3® manometer; 33-ECU Netgas

3Known on Brazil adlauta, which means “flute”.
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with injector simulator; 33-ECU Fueltech; 35-Netgas lmys 36-Spark plugs and distributor;
37-Signal ignorer; 38-Chronometer; 39-Signal retard€+F&n speed controller; 41-Pressure

reducer for original fuel injection system.
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Chapter 4

Experimental Results

4.1 Original fuel injection system

For comparison effects the engine was tested with its aaigefectronic fuel injection system
before running it on vaporized ethanol. Following Tablek 4.2 and 4.3 supply results about
the engine operating under these conditions. The aim optiase of experiments is to compare
fuel consumption and emissions among both fuel injecticrtesys for the same torque-speed
combinations. Ten regimes were studied, being nine forimexigh combination of three throt-
tle valve openings (25%, 50% e 100%) to three crankshaftdgp&000. 3000 e 4000 rpm);
and idle.

One could note with accelerator cable totally released #gmndmotor fiel injection scanner
presented a“throttle valve opening, while Fueltech’s ECU was calibdate indicade 0.00%
in this condition. The same way maximum opening was detems$eg? and 100.00% by the
same equipments, respectively. To work with measuremsrdagarcentage of maximum open-
ing, degree-based measurements from original ECU wereettaa/to percentage through the
expression

d-4
(W) x 100= porcentual (4.1)

Whered is the throttle opening measurement in degrees.

All tables were calculated based on collected data fromtigene (Appendix C) and calculated
in an ODF (Open Document Format) spreadsheet using the aeft@pen Office.org version
2.0.4. The formulae used are described on section B.2.

4.2 Vaporized ethanol

For each regime studied, experiments started with vapoitieanol supply from some look-
like condition in relation to those determined on the or@difuel injection system. First regime

65
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Table 4.1: Dry Base Combustion Products, with original fogction system.

® Total flow CO | THC | NOy | CO, | O N>
(rpm) | DBCP (mol/h)| (g/h) | (g/h) | (g/h) | (a/h) | (g/h)| (g/h)

| Idle |
(840 254 | 30| 2 | O | 1589 76 | 6351 |
| Throttle at 25% (23 degrees) |
2000 579 52 3 34 | 6467 | 128 | 25154
3000 1156 110 | 13 67 | 7378 | 255 | 29158
4000 1195 151 | 25 43 | 7469 | 310 | 29821
| Throttle at 50% (45 degrees) |
2000 1458 102 | 55 85 | 9107 | 387 | 36116
3000 2315 194 | 43 | 136 | 14566| 570 | 57598
4000 3183 339 | 130 | 187 | 19745| 866 | 78942
| Full throttle (82 degrees) |
2000 1460 1275 51 44 8287 | 149 | 37248
3000 2353 2214| 64 54 | 13252| 196 | 60069
4000 3381 2329 60 | 128 | 19784| 335 | 85624

Table 4.2: Specific production of some gases and specificuredumption, with original fuel
supply.

1) Specific production (g/kwh) Specific consumption
(rpm)| CO [THC|NOx | CO; | O of ethanol
| Throttle at 25% (23 degrees) |
2000| 6.6 | 0.38| 4.25| 820 | 16.2 515.5
3000 | 14.3 | 1.68 | 8.73| 956 | 33.1 585.0
4000 | 33.4 | 5.49| 9.57 | 1657| 68.7 1004.9
| Throttle at 50% (45 degrees) |
2000| 85 | 458 | 7.09| 758 | 32.2 450.5
3000| 10.2 | 2.25| 7.11| 763 | 29.9 455.9
4000 | 13.8 | 5.30| 7.64| 806 | 35.3 486.1
| Full throttle (82 degrees) |
2000 | 103.8| 4.13 | 3.56| 675 | 12.2 518.6
3000 | 109.4| 3.17| 2.65| 655 | 9.7 5114
4000 | 82.7 | 2.13| 454 | 702 | 11.9 509.9
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Table 4.3: Other calculated parameters, refering to engjr@eation with original ECU.

1) Torque Power n | Consumption A A MAP
(rpm) | (Nm) | observed (kW) (%) | ethanol (g/s) (mmHgQ)
| Idle |
\ 840 \ - \ - \ - \ 0.26 \8.70\ 1.04\ 306.0 \
Throttle at 25% (23 degrees)

2000 | 37.7 7.89 28.0 1.13 8.07| 0.97| 513.5
3000 | 24.6 7.72 24.7 1.25 8.42]1.01| 383.5
4000 | 10.8 4.51 14.4 12.6 8.58| 1.03| 253.5
| Throttle at 50% (45 degrees) |
2000 | 57.4 12.02 32.1 1.50 8.70| 1.04| 593.5
3000 | 60.8 19.10 31.7 2.42 8.62|1.04| 573.5
4000 | 58.5 24.49 29.7 3.31 8.65|1.04| 643.5
Full throttle (82 degrees)

2000 | 58.6 12.28 27.9 1.77 7.62|0.92| 686.0
3000 | 64.4 20.23 28.2 2.87 7.5710.91| 678.0
4000 | 67.3 28.17 28.3 3.99 7.7710.93| 676.0

tested in each case was that with same throttle valve opamgsgtoichiometric air-fuel ratio,
concerned to find a spark angle which lead to the maximum &pgssible. In some exeptional
situations it was possible to influence on emissions adjgskiis parameter.

On tables C.4 and C.5 each regime is defined by the followimgrpeters: crankshaft speed,
percentual throttle opening, normalized air-fuel ratieccoéated by gas analyzer and spark igni-
tion angle measured by a stroboscopic pistol.

Several throttle positions were tested, aiming to allonatge air admission rates, looking for
the objective of operate the engine in a more efficient waycamtrolling some emissions.

It was not an usual procedure to change gate valve openinglwlbses gaseous fuel). In some
few situations it was really needed to change its passageb@teveen operating regimes which
would be compared to the same originally fuel supplied regim

It was noted for the same gate valve opening, higher air copson regimes led to higher
ethanol vapor consumption rates, what is reasonable takingaccount the Venturi suction
feature which is proportional to the air flow rate. Howeverfael ratio gone leaner as more
air was admitted, as expected. Fuel consumption increaseelatively low.

4.3 Discussion

It was observed through the steam generator’s glass winfieeésacquired an amber shade,
despite the color absence on the hydrated ethanol whichuydied. Sample analyses through



Table 4.4: Mechanical and hydraulical quantities for opetaegimes with vaporized ethanol injection apparatus.

1) |#| J | Ignition T P n | Pressure Consump.| A/Fratio | H>O Flow | Carbon balance (g/s
(rpm) | (%) °BTDC || (Nm) | (kW) | (%) | MAP | Boiler | ethanol | calculated | estimated| Inlet | Outlet| diff.

(mmHg) | (kPa) | (g/s) A A (9/s) (%)
2000 | 24.251.00| 214 | 36.77| 7.70 | 28.2| 493.6 | 151.6 1.10 8.16 | 0.98| 296.9 | 0.53| 0.48 | 8.89
2000 | 26.25|1.01| 198 | 37.66| 7.89 | 30.4| 503.6 | 166.3 1.04 859 |1.03| 3625 |051| 0.49 | 3.77
2000 | 41.25|1.19| 17.4 | 49.86|10.44| 34.3| 626.7 | 166.2 1.22 10.08| 1.21| 2705 |0.59| 0.57 | 3.52
2000 | 57.751.30| 189 | 46.99| 9.84 | 30.6| 634.7 | 161.3 1.29 9.99 | 1.20| 314.6 |0.63| 0.56 | 10.32
2000 | 3550 | 1.36| 19.5 | 40.17| 8.41 | 29.9| 624.1 | 156.3 1.13 10.65(1.28| 306.1 | 0.55| 051 | 7.74
2000 | 40.50 | 1.48| 21.7 || 38.02| 7.96 | 29.3| 655.1 | 151.4 1.09 12.00| 1.44| 221.3 | 0.53| 0.51 | 4.08
2000 | 53.00 | 1.01| 139 | 58.29|12.21|30.7| 673.6 | 151.3 1.60 7.91 1 095| 3245 |0.78| 0.67 | 13.32
2000 | 100.00{ 1.01| 13.4 | 57.93|12.13|30.9| 683.6 | 151.3 1.57 8.10 | 0.97| 3489 |0.76| 0.68 | 10.40
3000 | 2450 | 1.01| 26.9 | 22.24| 6.99 | 23.5| 3554 | 161.1 1.19 8.16 | 0.98| 484.2 |058| 0.52 | 9.31
3000 | 30.75|1.23| 29.1 || 2457| 7.72 |25.9| 4124 | 161.1 1.20 9.89 | 1.19| 4854 |0.58| 0.53 | 8.56
3000 | 31.75|1.31| 24.7 || 25.11| 7.89 | 26.0| 438.4 | 164.1 1.22 10.50( 1.26| 371.6 | 0.59| 0.54 | 8.93
3000 | 32.25|1.39| 24.1 || 26.18| 8.23 | 26.7| 463.4 | 166.0 1.24 10.96( 1.32| 376.7 | 0.60| 0.55 | 7.74
3000 | 53.00 | 1.01| 15.6 | 60.80| 19.10| 32.8| 661.8 | 151.8 2.34 8.77 |1.05| 5174 |1.13| 1.11 | 2.13
3000 | 100.00| 1.02| 149 | 60.98| 19.16| 33.1| 676.8 | 151.8 2.33 894 |1.07| 4364 |1.13| 1.10 | 2.19
3000 | 100.00| 1.22| 145 | 49.68| 15.61| 30.3| 676.8 | 141.9 2.07 10.36| 1.24| 504.8 | 1.01| 0.97 | 3.36
3000 | 100.00| 1.41| 17.1 | 39.63| 12.45|27.8| 676.8 | 134.1 1.80 11.61|1.39| 5483 |0.87| 0.84 | 3.44
4000 | 2450 | 1.00| 22.3 | 11.84| 4.96 | 16.8| 256.0 | 151.7 1.19 8.77 | 1.05| 7221 |0.58| 056 | 2.13
4000 | 29.25|1.14| 22.2 | 13.09| 5.48 | 18.6| 296.0 | 154.6 1.18 10.24|1.23| 412.1 | 0.57| 0.59 | -3.01
4000 | 33.75|2.00f 314 8.97 | 3.76 | 11.8| 396.8 | 159.6 1.27 14.281.71| 517.6 | 0.62| 0.50 | 19.61
4000 | 32.25|1.22| 19.2 | 1255| 5.26 | 14.5| 346.8 | 156.7 1.46 9.91 | 1.19| 506.8 |0.71| 0.63 | 10.23
2000 | 54.00 | 1.06| 17.3 | 53.62|11.23|30.6| 675.4 | 151.6 1.47 858 |1.03| 326.2 |0.71| 0.65 | 9.37
4000 | 52.00 | 1.37| 25.8 | 47.17| 19.76| 30.7| 646.0 | 156.6 2.59 11.24|1.35| 630.2 | 1.25| 1.18 | 5.82
4000 | 99.25|1.51| 21.3 | 39.81| 16.68| 27.0, 666.0 | 151.7 2.48 12.4711.50| 672.6 |1.21| 1.18 | 2.36
4000 | 53.00 | 1.22| 19.1 | 52.01|21.79|30.4| 646.0 | 166.4 2.88 10.02| 1.20| 702.0 | 1.40| 1.29 | 7.75
4000 | 47.50 | 1.07| 15.7 | 50.75| 21.26|29.6| 626.0 | 171.3 2.88 958 | 1.15| 6389 |1.40| 1.36 | 2.48
4000 | 4250 | 1.01| 15.0 | 49.32| 20.66|28.5| 591.0 | 181.1 2.91 841|101 4172 |141| 133 | 5.63
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Conclusion

1) | ¢ A | Ignition T P n | Pressure Consump.| A/Fratio | H»O Flow | Carbon balance (g/s
(rpom) | (%) °BTDC || (Nm) | (kW) | (%) | MAP | Boiler | ethanol | calculated | estimated| Inlet | Outlet| diff.

(mmHg) | (kPa) | (g/s) A A (9/s) (%)
2000 | 60.75|1.11| 85 4591| 9.62 | 28.6| 675.8 | 146.7 1.35 9.76 | 1.17| 366.2 | 0.66| 0.67 | -2.44
2000 | 100.00f 1.11| 11.0 | 46.81| 9.80 | 28.9| 685.8 | 146.7 1.36 9.80 | 1.18| 368.9 |0.66| 0.67 | -0.69
3000 | 55.75|1.31| 23.0 | 49.68| 15.61| 31.3| 665.8 | 141.8 2.00 10.81(1.30| 488.0 |0.97| 0.93 | 4.31
3000 | 100.00| 1.24| 20.0 | 52.19| 16.40| 32.9| 675.8 | 146.7 2.00 10.78|1.29| 4884 |0.97| 0.98 | -1.22
4000 | 67.00 | 1.47| 30.1 | 43.40|18.18| 30.7| 665.8 | 151.6 2.38 12.86| 1.54| 526.3 | 1.15| 1.17 | -1.40
2000 | 100.00| 0.86| 19.6 || 55.60| 11.64| 24.6| 685.8 | 136.9 1.90 6.74 | 0.81| 154.2 |0.92| 0.79 | 14.14
3000 | 100.00| 0.95| 15.8 | 62.05|19.49|31.7| 675.4 | 158.4 2.47 839 1.01| 5015 |1.20| 1.19 | 1.03
3000 | 100.00{ 1.00| 17.8 | 65.46| 20.56| 32.3| 685.4 | 166.3 2.56 8.41 |1.01| 2079.9 | 1.24| 1.18 | 5.09
2000 | 100.00| 0.99| 25.8 | 55.60| 11.64| 30.9| 685.0 | 92.7 1.51 8.89 | 1.07 - 0.73| 0.72 | 1.49

* Original regimes run with original Fueltech’s ECU, for coarfson effects.
| ¢ | Throttle valve opening.
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Table 4.5: Dry base emissions related to the mechanicadjgsepplied, in gaseous ethanol engine run.

w | ] A Ignition || Dry base combustion products Specific Production (g/kwh) Consump.
(rpm) | (%) °BTDC Flow CO | THC CO, 0O, NO, N, CO | THC CO, 0O, NO, Ethanol
(mol/h) | (g/h) | (g/h) | (g/h) | (g/h) | (9/h) | (g/h)
2000 | 24.25 | 1.00| 214 975 | 158.3| 5.6 | 6134.2 | 190.3 | 56.4 | 24712.4| 20.56| 0.73 | 796.64 | 24.71 | 7.32 512.64
2000 | 26.25 | 1.01| 19.8 991 | 249.7| 3.2 | 6016.6 | 256.8 | 58.6 | 24684.8| 31.66| 0.40 | 762.77 | 3256 | 7.42 | 475.22
2000 | 41.25 | 1.19| 17.4 1364 | 19.1 | 4.0 | 7503.9 | 1646.0| 80.9 | 33989.9| 1.83 | 0.38 | 718.63 | 157.63 | 7.75 | 420.95
2000 | 57.75 | 1.30| 18.9 1455 | 245 | 45 | 7364.3 | 2207.5| 86.6 | 35619.0| 2.48 | 0.45 | 748.32 | 224.32 | 880 | 472.26
2000 | 35.50 | 1.36| 19.5 1346 | 22.6 | 4.3 | 6632.7 | 2433.4| 13.9 | 33244.4| 2.69 | 0.51 | 788.32 | 289.22 | 1.66 | 483.69
2000 | 40.50 | 1.48| 21.7 1508 | 29.6 | 49 | 6635.3 | 3339.4| 6.0 | 36116.0| 3.71 | 0.61 | 833.26 | 419.36 | 0.75 | 492.69
2000 | 53.00 | 1.01| 13.9 1352 | 140.1| 7.7 | 8626.9 | 337.5| 79.6 | 34873.5| 11.48| 0.63 | 706.69 | 27.65 | 6.52 | 471.09
2000 | 100.00| 1.01| 13.4 1379 | 173.8| 9.4 | 8738.8 | 308.9 | 81.4 | 35204.9| 14.32| 0.77 | 720.29 | 25.46 | 6.71 | 467.29
3000 | 24.50 | 1.01| 26.9 1050 | 158.7| 8.2 | 6651.2 | 235.1 | 62.0 | 26866.1| 22.72| 1.17 | 952.03 | 33.66 | 8.87 614.17
3000 | 30.75|1.23| 29.1 1299 | 36.4 | 9.9 | 6914.1 | 1828.5| 76.7 | 32637.0| 4.71 | 1.29 | 895.75 | 236.89 | 9.94 | 557.35
3000 | 31.75|1.31| 24.7 1455 | 32.6 | 8.7 | 7040.3 | 2560.1| 32.7 | 35370.5| 4.13 | 1.10 | 892.55 | 324.56 | 4.15 556.72
3000 | 32.25|1.39| 24.1 1565 | 30.7 | 10.1 | 7230.3 | 3004.8| 4.7 | 37413.8| 3.73 | 1.22 | 878.97 | 365.28 | 0.57 541.10
3000 | 53.00 | 1.01| 15.6 2247 | 169.9| 12.7 | 14337.6| 481.8 | 135.1| 56576.3| 8.90 | 0.66 | 750.66 | 25.23 | 7.07 | 440.17
3000 | 100.00| 1.02| 14.9 2263 | 133.1| 12.7 | 14339.0| 782.1 | 136.9| 57432.2| 6.95 | 0.66 | 748.53 | 40.83 | 7.15 | 437.45
3000 | 100.00| 1.22| 14.5 2386 | 60.1 | 8.8 | 12701.9| 3397.4| 6.1 | 59227.0| 3.85 | 0.56 | 813.88 | 217.69 | 0.39 | 477.78
3000 | 100.00| 1.41| 17.1 2362 | 52.9 | 11.6 | 11016.4| 4860.1| 1.8 | 57680.7| 4.25 | 0.93 | 884.74 | 390.32 | 0.15 520.38
4000 | 2450 | 1.00| 22.3 1130 | 126.6| 6.5 | 7211.8 | 264.1 | 65.9 | 28688.5| 25.53 | 1.31 | 1454.55| 53.26 | 13.29| 860.50
4000 | 29.25 | 1.14| 222 1345 | 60.3 | 6.1 | 7696.1 | 1334.7| 30.3 | 33465.3| 10.99| 1.11 | 1403.40| 243.39 | 5.52 776.88
4000 | 33.75 | 2.00| 314 2098 | 111.6| 39.6 | 6276.7 | 7720.0| 0.1 | 50253.2| 29.71| 10.54| 1671.05| 2055.30| 0.02 | 1221.25
4000 | 32.25 | 1.22| 19.2 1582 | 48.7 | 28,5 | 8214.3 | 2531.4| 3.3 | 39843.6| 9.27 | 5.42 | 1562.08| 481.38 | 0.63 996.50
2000 | 54.00 | 1.06| 17.3 1378 | 23.1 | 85 | 8486.5| 701.0 | 82.5 | 34873.5| 2.06 | 0.75 | 755.65 | 62.41 | 7.35 | 471.95
4000 | 52.00 | 1.37| 25.8 3268 | 100.6| 20.2 | 15383.9| 6399.3| 193.7| 80211.8| 5.09 | 1.02 | 778.65 | 323.90 | 9.80 | 471.14
4000 | 99.25 | 1.51| 21.3 3517 | 98.5 | 21.2 | 15320.8| 8362.4| 3.2 | 85540.9| 591 | 1.27 | 918.67 | 501.43 | 0.19 536.17
4000 | 53.00 | 1.22| 19.1 3240 | 81.6 | 25.2 | 16820.3| 4551.1| 193.1| 79659.6| 3.75 | 1.16 | 772.09 | 208.90 | 8.86 | 475.94
4000 | 4750 | 1.07| 15.7 3007 | 75.8 | 11.3 | 17860.7| 2501.7| 178.8| 76235.8| 3.56 | 0.53 | 840.12 | 117.67 | 8.41 | 488.28
4000 | 4250 | 1.01| 15.0 2770 | 85.3 | 10.4 | 17425.9| 443.1 | 15.8 | 67596.1| 4.13 | 0.50 | 843.51 | 21.45 | 0.76 507.06
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Conclusion
w | ¢ y) Ignition || Dry base combustion products Specific Production (g/kWh) Consump.
(rom) | (%) °BTDC || Flow CO | THC| CO, 0O, NOy N2 CO |THC| CO; 0O, NOy | Ethanol
(mol/h) | (g/h) | (g/h) | (grh) | (grh) | (9/h) | (9/h)

2000 | 60.75 | 1.11 8.5 1502 29.4 | 12.0 | 8792.1 | 956.7 | 86.7 | 36419.8| 3.06 | 1.24 | 914.35| 99.50 | 9.02 | 506.20
2000 | 100.00| 1.11| 11.0 1486 33.3 | 129 | 8698.1 | 1170.1| 87.8 | 36861.6| 3.40 | 1.31 | 887.25| 119.35| 8.96 | 500.29
3000 | 55.75 | 1.31| 23.0 2397 53.7 | 21.9 | 12127.7| 4057.3| 141.9| 59779.2| 3.44 | 1.41 | 777.08| 259.97| 9.09 | 461.89
3000 | 100.00| 1.24| 20.0 2438 47.8 | 15.3 | 12874.7| 3277.2| 144.1| 59641.2| 2.91 | 0.93 | 785.26| 199.88| 8.79 | 440.03
4000 | 67.00 | 1.47| 30.1 3475 97.3 | 50.3 | 15135.9| 8205.9| 51.3 | 84353.6| 5.35 | 2.76 | 832.58| 451.38| 2.82 | 470.36
2000 | 100.00| 0.86| 19.6 1311 | 2562.9| 2.6 | 6404.7 | 79.7 | 11.8 | 35315.3| 220.11| 0.23 | 550.05| 6.85 | 1.01 | 586.89
3000 | 100.00| 0.95| 15.8 2267 | 1301.3| 14.4 | 13566.5| 188.6 | 133.3| 57183.7| 66.75 | 0.74 | 695.92| 9.68 | 6.84 | 455.97
3000 | 100.00| 1.00| 17.8 2360 | 376.6 | 7.2 | 14950.8| 339.8 | 137.8| 59447.9| 18.31 | 0.35 | 727.01| 16.52 | 6.70 | 448.17
2000 | 100.00| 0.99| 25.8 1480 66.3 | 47.2 | 9311.7 | 440.4 | 88.3 | 37137.7| 5.69 | 4.05| 799.70| 37.82 | 7.58 | 467.73

* Original regimes run with original Fueltech’s ECU, for coarjson effects.
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atomic absorption spectrometry had shown presence of 1gpmopper and 20 ppb of iron,
probably come from contact with these metals into the boiler

There is a transparent plastic cord-reinforced hose betyakwted tube and Venturi, having
nearly 20mm available for observation of fuel flow. Duringxdynometric runs it was not noted
any presence of liquid in this place, this indicates the magvas supplied just with saturated
or superheated ethanol vapor. Fuel level inside the boites kept in a safe range, producing
bubbles nearly 25mm high above liquid fuel level. Once tkiel was nearly 40mm below
the top surface of the boiling chamber, there was no riskaafitl fuel transport to the intake
manifold.

It was impossible to use the pressure-enthalphy diagraratf@nol (figure 3.2) to evaluate its
state because its pressure and temperatures were measditfdrent places (inside the boiler
and after gete valve, respectively).

Some running regimes presented coarse errors on theirlagddunlet-outlet carbon balances,
probably due to measurement instrument misprecisions earing leakages.

Appendix D has building details of steam generator and aheesories used on this study.

4.3.1 Idle engine

It was pursuit a stable idle condition, through the regimarahterized by 920rpm, 0.00% throt-
tle opening,. = 1.00 and 6.5 degrees BTDC sparking advance; on vaporized @throm
here the engine running regimes will be denoted by these gatmmeters, put in this order
and into parenthesis, in example (920/0.00/1.00/6.5) deioto refer to the idle regime of this
paragraph. It was impossible, however, keep the engineisnctindition for a long, due to
huge oscillations in boiler inlet water temperature, whesbility is fundamental for keeping
the engine in a steady-state condition. There is just anstoms record, where it is possible
to observe a very higher THC emissions with vaporized fuéb@ppm against 296ppm) and
lower CO levels (0.16% against 0.42% with the original fungéction).

4.3.2 Intermediate running regimes

For the vaporized ethanol operating regime of 2000rpm andbttie at 23(24.25%) the ori-
ginally-fueled torque of 37.7Nm was pursuit. The studiegimees on vaporized ethanol run
for comparison to the original one, from (2000/26.25/11®18) to (2000/40.50/1.48/21.7),
had given better torques and efficiencies, while the firsegas ethanol fueled regime tested
(2000/24.25/1.00/21.4) supplied the same torque withiqaiy the same efficiency. The op-
erating regime (2000/41.25/1.19/17.4) was those run wagegus ethanol which presented the
higher mechanical efficiency (34.3%). An efficiency raisetib@range 1L < 1 < 1.2 is ex-
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pected for any fuel injection system and comes with highepgen oxide emissions. In this
case it was possible a more intense reduction irx [d@ounts with values fot from 1.35. Any
way it was impossible to reduce THC emissions in relationrigial fuel injectino system. If

it be possible, leading to a more efficient flammable mixturenlng, efficiency could be still
better.

As regime (2000/41.25/1.19/17.4) offers a too higher terthan those used as base of com-
parison with the original ECU, (49.8Nm against 37.7Nm), @samade its comparison with
other regime also tested with original ECU (2000/34.6/019%), which supplies nearly the
same torque (50.04Nm). Vaporized ethanol supplied regiammore efficient (34.3% against
27.1%) and has achieved good reduction on CO and THC amplgtting just NGQ’s ones on
the same level.

For comparison to the regime of 2000rpm and throttle &{8%.50%) the tests (2000/53.00/1.01/
13.9), (2000/54.00/1.06/17.3), (2000/60.75/1.11/8r%) §£000/100.00/1.11/11.0) were per-
formed. On the first gaseous ethanol fueled regime of thistsete was an efficiency drop
of neraly 4.3% and torque increase of 1.5%. Lowering of CO @H& emissions were too
higher than efficiency loss, on the other hand,Ngnissions were higher. On the other regimes
of this set the same tendency is observed. One can note dmith@mnd fourth studied regimes
of this row (ranging from 60.75% to 100.00% of throttle, resfively) there is a little on differ-
ence on both torque, efficiency and specific emissions; oindéelet rate is nearly the same at
the end of throttle angle displacement.

For the regime of 3000rpm and throttle at°34.25%) the tests from (3000/24.50/1.01/26.9)
to (3000/32.25/1.39/24.1) were performed. The second btteésorow (3000/30.75/1.23/29.1)
had exactely the same torque of the reference regime, fugtadiquid ethanol. On it, an effi-
ciency increase of 4.9% was observed, having a cost of isesean NQ and THC emissions.
The next regime (3000/31.75/1.31/24.7) causes a slighictexh on THC amounts and further
reductions on CO and NQquantities, with a raise in torque of 2.2% and of 5.3% in efficly
compared to the originally fueled regime. The fourth reginvéh an increase on porcentual
throttle opening of 1.50% (from 30.75% to 32.25%), lead tghleir values of torque and ef-
ficiency than the other ones, but emitting higher quantiwe$HC by amount of mechanical
work delivered to the crankshaft (1.22g/kWh against 1.&%1). With wider throttle positions
the engine became unstable, but without increase in itsciugdumption. Due to the increase
on THC emissions on this air excess range it can be presuneefiatine inside combustion
chamber becomes unstable for this regime as air-fuel rati® ¢jose to 1.4.

1The word “amount” is out to let clear the difference to cheahimeaning of “reduction” as the donation of
electrons to an atom, radical or substance.
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Other comparison is those made among the regimes (3006/3232/24.1)(vaporized) and
(3000/28.20/0.97/17.6)(Original ECU), which has the séongue-speed couple. With a wider
throttle opening and 39 % of air excess there was an efficiemagase and reduction on spe-
cific emissions of 76.4% for CO, 80.9% for THC and 94.1% for,NO

For the regime characterized by 3000 rpm and throttle &5%50%) the regime fueled with
vaporized ethanol (3000/53.00/1.01/15.6) presentedamegorque (60.8Nm) with an increase
of 3.5% in efficiency. Specific emissions of M@aised 15.7% (less than on other stoichio-
metric vaporized fuel supply regimes) while those onesvaerirom partially burnt fuels were
reduced. On the next regime studied (3000/100.00/1.22)14ere was reduction of nearly
68% on CO and THC specific emissions and 93.6% for NTorque was reduced on 18.3%
keeping the original efficiency. The third regime evaluatedhis row (3000/100.00/1.41/17.1)
presented a slight increase on THC and CO in relation to ttmedobone, indicating deficiencies
on flame propagation. There was also losses in efficienc§%eYand torque (-34.8%).

The last regime of this series (3000/55.75/1.31/23.0)ertexd lower efficiency drops (-1.3%),
the same torque decrease of the regime (3000/100.00/4.824nd higher NQemissions. Be-
cause the so different torque in relation to those used as tueted through the original ECU,
both ones having 49.7Nm at 3000rpm can be compared to theed000/35.9/0.97/15.9) run
with the original ECU. The operating regime (3000/100.022114.5) kept the same efficiency
level with a strong decrease of specific emissions, whileggane (3000/55.75/1.31/23.0) con-
guested an increase of nearly 1.0% in efficiency bringinghendther hand increases of NO
emissions 18.2% above that observed for this torque-spmgaefor the original fuel injection
system.

FOr the regime of 4000 and throttle at°234.25%) the tests (4000/24.50/1.00/22.3) through
(4000/32.25/1.22/19.2) were performed. The first one saggn increase of 10.0% in torque
and of 6.7% in efficiency, bringing also an increase of 38. 1/MN@y specific emissions. One
can note even running with stoichiometric mixture highéicefnces were achieved, due mainly
to the more complete fuel burn and to the energy releasedtlygen oxidation. The second
regime studied, (4000/29.25/1.14/22.2), obtained exgdregains in both torque and efficiency
and decrease on the threee pollutant emissions which aréorexh The last regime of this
series (4000/32.25/1.22/19.2) had similar efficiency ihpared to those fueled with the origi-
nal ECU and higher THC specific emission, indicating the xidle of the curve which related
this emission to the air-fuel ratio can happen at differaitgs forl in each regime, once on
the other ones THE emissions raised again with an air exceieeaange of 40%. The former
regime (4000/33.75/2.00/31.4) shows it is possible to henRVEE up to the double amount of
stoichiometric air, even at expense of fails on flame propagavhich are disclosured by the
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combination of low efficiency and high THC tailpipe concexions.

For the regime of 4000 rpm and throttle at*¢&2.50%) torque was lower (on the 10% — 20%
range) in all regimes evaluated, fueled with gaseous eth&moom (4000/52.00/1.37/25.8) to
(4000/42.50/1.01/15.0). Efficiency, however, was higimeall of them (up to 8.5%). In all
these regimes there was decrease on CO specific emissior &Bét, while THC specific
emission had a drop higher than 40%. Specific emission of RDs just on the regime
(4000/67.00/1.47/30.1), keeping high on the others wherexa@ess is lower. To get close
of stoichiometric conditions it was needed to close thettle@alve, because the steam gener-
ator was unable to feed the engine at ratios higher than8ddg@aporized ethanol. There were
performed just the tests (4000/47.50/1.07/15.0) and (4205/1.01/15.0), included on previ-
ous analysis. The last cited regime has efficiency of 28.5 same range of the originally
fueled regime used for comparison, but with too lower speeifissions.

Regime (4000/53.00/1.22/19.1) must be compared to thenee(@#000/41.1/1.00/1.27), corre-
sponding to the same torque-speed couple on the original EG6&regime fed with vaporized
ethanol presented higher efficiency (30.4% against 29.3fb)@ver specific emissions for CO
and THC. Specific emission for NQaised 13.9%.

Ordenating operating regimes in decrescent order of effagieit can be noted the regimes
which take better use of chemical energy contained on fetharse of speed on 3000rpm with
| ¢ | above 50%, ocurring with values fdrin the range from 0.95 (it is unusual a rich misture
operation lead to good efficiency) to 1.31. Maximum efficiewas achieved by a regime which
does not obey this pattern, being an isolated case.

Comparison between regimes operated with either liquidiapdrized ethanol in similar torque-
speed couples offers better efficiencies with vaporized foea general way; specially when
operated at woder throttle positions. In the great parttofsions the efficiency increase is due
to flame stability with leaner mistures which lead to loweatidosses through throttle valve.
Better efficiencies were also achieved on some stoichioometgimes operated with vaporized
ethanol, it means, these tests had departed from highdeeffies at stoichiometric with vapor-
ized fuel before pursuiting even higher efficiencies witll@rithrottle openings; what indicates
part of merit is due to the more efficient burning of pre-vaped and premixed fuel to the air.

In general lines efficiency raises lead to higher,Ngpecific emissions. To be sure they assume
low values it is needed they overcome 35% of air excess. Regmith emissons on the range
from 1900ppm to 2050ppm were achieved (the same range auservliquid fuels) in other
air excess ranges, but not in a regular form, without a sthbtl pattern. There are still regimes
with drastic decreases of Nt expense of efficiency loss. Spark ignition advance adijagt
shown influence on efficiency (higher for lower spark advaacgles) and on NQemisions



76 Chapter 4

(lower with delayed sparking and lower peak flame tempeeafurThis was noted during the
adjusts made searching for the better torque regimes, insehey were not performed tests
with several spark angles with the other parameters fromearder to evaluate this effect iso-
lately.

Few regimes had achieved both better efficiency and dechedise three emissions evaluated.
In some of them there is efficiency reduction and a furtheduetion on emisions, ot at least a
strong drop in NQ ones, which is the most difficult to control and the one whiaHl presented
themore unregular behavior. The absence of the coolingteffaused by vaporization of fuel
bubbles inside the chamber is one of the causes for that.eTikaro relationship to the air
excess, exhaust manifold measured temperature and noe tintb lapse between spark and
Top Dead Center.

Few regimes got a fall on specific emissions of N&@/ < 1.35. They are: 3000/100.00/1.22/
14.5; 4000/32.25/1.22/19.2; 4000/29.25/1.14/22.2 aR®42.50/1.01/15.0. These are regimes
of several values for efficiency, air consumption, as welbfsigh exhaust temperatures. Hav-
ing air excess below 35%, other regimes run at 4000rpm haskpted NQ emissions on the
2000ppm range.

A well-known favorable factor to this emission drop is spagkdelay. Couples of regimes
with the similar crankshaft speed, air-fuel ratio and aingemption (3000/100.00/1.22/14.5
and 3000/100.00/1.24/20.0; 4000/99.25/1.51/21.3 an®/4F000/1.47/30.1) presented lesser
NOy emissons when the spark came in a delayed angle. The coarttisrp slight fall on both
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Specific emissions
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Figure 4.6: Specific emissions for the regimes compareddselof 2000rpm and throttle at
45%
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Figure 4.8: Torque and efficiency of regimes compared toetloé8000rpm and throttle at 23%
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Figure 4.9: Specific emissions for the regimes compareddselof 3000rpm and throttle at
23%
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Figure 4.10: Emisisons for the regimes compared to thes@@d®m and throttle at 45%
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Figure 4.11: Torque and efficiency for regimes compared es¢hof 3000rpm and throttle at
45%
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Figure 4.12: Specific emissions for the regimes comparetdset of 3000rpm and throttle at
45%
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Figure 4.13: Emissions for the regimes compared to thes@@d#pm and throttle at 23%
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Figure 4.14: Torque and efficiency for the regimes compandtiése of 4000rpm and throttle
at 23%
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Figure 4.15: Specific emission for the regimes compareddsdiof 4000rpm and throttle 23%
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Figure 4.16: Emissions for the regimes compares to these@irhm and throttle at 45%
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Figure 4.17: Torque and efficiency for the regimes compaoeti¢se of 4000rpm and throttle
at 45%
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Figure 4.18: Specific emissions for the regimes comparetdse of 4000rpm and throttle at
45%

efficiency and torque, as it is shown on table 4.4.

CO emission is the easiest to control, being below 0.11% iame with just 5% ofair excess.
THE emissions got under control below 300ppm (uncorrectddes read by the gas analyzer),
with few exceptions, with lean mixtures. These readingd@ser than those observed for the
engine running with liquid fuel and original ECU, except throttle at 23. Comparing regimes
with liquid and vaporized fuel supply the emissons hall lessily. Specific emissons, however,
arised in several cases, even on those with higher efficiemeich indicates further high ef-
ficiencies could be achieved looking for a more efficient bafthese unburnt hydrocarbns.
When CO emission is low in link to high THC emission there isadlwvantage, because the low
CO index is result of poor condiction for oxidation of the fas a whole.

It can be suposed there is flame extinction in some placeswtbastion chamber in these cases.
According to this hypothesis, the flame burns fuel with a ge@ittiency (low CO) where it
passes through, and the THC comes from the places not regéed he regime withh =2.00
presents a natural tendency of THC concentration rise withpbor mixtures and misfires, at
same way some test series at the same speed presented asermmehis emission from some
air excess point where it reaches its minumum value.

4.3.3 Max power operating regimes

As the original ECU os programmed to enrich air-fuel mixturerder to give maximum power
from some position of throttle angular displacement, otiests were realized with full/wide
open throttle and stoichiometric air-fuel mixture, as webts on vaporized ethanol with rich
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mixtures at WOT. This way more fair comparison between eauth &f regimes could be made,
avoiding unfair comparisons among distant air-fuel raggimes, which would lead to great
nonsense related to efficiency and pollutant specific eonssi

Table 4.6 brings these data face to face, for 2000rpm of ctzaifk speed. Even being impos-
sible to stabilize engine operation with vaporized fuelabay at the same ECU-programmed
air-fuel ratio 1=0.92), one can note the drop of supplied torque is low ontfodreconomy
oferred when the engine operates with vaporized fuel andhstonetric mixture. Drastic de-
creases also happened on specific emissions of CO and THE€asecon NQ emissions was
expected due to the absence of the cooling effect causeduig kthanol inlet, on both vapor-
ized fuel and stoichiometric liquid (less quantity of ligli Air consumption also drops from
13.49g/s (DAvila’s tests [23]) to 12.75g/s when vaporized fuel takeacgl due to the space
taken by it on intake ducts.

The same comparison was realized at 3000rpm and it is on #ablelt was also observed
a slight decrease on air consumption due the space occupiethanol vapor. However, on
this regime it was possible to decrease just CO emissions wheparing just stoichiometric
regimes; while on rich regimes vaporized ethanol has jestatéd emissions for NO

As throttle valve is already totally open it can be noted d¢hiemo efficiency increase when air-
fuel ratio is increased, at least on studied data. Lean maxtgimes run on vaporized ethanol,
however, present lower emissions.

The last regime to be evaluated, 4000rpm and WOT, could ndashkexjuivalent defined with
vaporized ethanol. One of the facotrs was the limited balgyply ability, which is not due
to a lack of heat exchange area bus to high lead losses beitgestieam exit ans its arrival
to the gate valve which doses its flow rate. During these regjmaonsuming ethanol vpaor
at 3.0g/s, pressure on the boiler had not droppen, what wiadidate some deficiency on its
steam production capacity at requested rate. This is anatwli of the influence of head loss at
the boiler’s exit which was not well estimated on its projgbase.

This way it was not possible to operate the engine with leas 80% of air excess at 4000rpm
and WOT. This regime does not have a spark ignition advandgehadilows its run without
knocking and with some torque. Whem sparking angle was ddl#lye engine operated in a
kind of idle at 4000rpm, where it was unable to suply any terqu

Trials were made in order to stabilize the water from engirte values higher than 9€ ini-
tially previewed, in order to reach higher steam pressutg@siwwould lead to higher fuel flow
ratios with the existing head losses. Up td@8t could be made with relative calm, above this
limit water temperature became unstable and started tdaiedn an unregular way, overcom-
ing 100°C, stablished limit to operate safely.



Experimental Results 87

4.4 Transient warm-up

An important parameter for a PVEE is the elapsed time for vilagnup the water of cooling
system and other parts of fuel vaporization system, in ordl@ninimize time interval needed
to the liquid-vapor switch. Warm-up time for cooling wateisgem were evaluated, both with
or without engine’s thermostainstalled. This valve remains closed on the first minutesnef e
gine operation, forbidding water to circulate through tleler, being restricted to the engine’s
block. When this water reaches some determined temperdtopens allowing this water to
circulate through the cooler, and on PVEE prototype, thiothg steam generator.

Two warm-up tests were performed, at morning, in two conseewlays, aiming to start on
each of them with the whole engine at room temperature. Thetést was done with ther-
mostat installed, and the other one with this part removedbdth cases boiler pressure was
monitored, finishing the test when vessel pressure has\ahiz5kgf/cm, considered a satis-
factory level for suppling ethanol vapor ot the engine. Teragure acquisition system was set
up to register water temperatures before and after passimoggh the boiler, as well as lubri-
cating oil too, taking samples of them each 5 seconds.

In both cases engine warm-up was realized under some loadvalte who links the boiler to
the gate valve was open since the start of each experminikntjray passage of small steam
flow rates while boiler temperature was arising. Fueltegnsgrammable ECU allows a fast
adjust mode on its injection mapping which raises or lowérgsgpoints in just one command,
which allows cahge the amount of liquid fuel injected grdtiend easily. When ECU’s display
had shown “Ajuste rapido: Todo mapa -99%” (Quick adjust -dl¢hmap -99%) it was known
the engine was operating almost exclusively on vaporizedretl, begin enough to switch the
CNG kit to gas for start to control vaporized fuel throughgtde valve. On both cases supplied
torque varied in an unregular kind, but with ascending tegieas long as engine got warmer.
Figure 4.19, refering to warm-up with thermostat, showsl@won of refered temperatures
through time. The engine was operated on the following dam@s: »=3000rpm, DBT=22.€C,
WBT=19.0C, paps=695.8mmHg,m,i; =8.699/s,| |=16.00%. At 250s of elapsed test time
some load was put into the engine through the dynamometé8Cat boiler pressure overcame
above atmospheric one, at 825s the throttle was suddenty toge |=36.75% in order to put
air-fuel ratio in a reasonable value and finally at 905s opsdal time the switch of CNG kit
was done.

It can be noted water temperature at boiler inlet remainseiguroom temperature until 285s,
from when it starts to raise suddenly up to a stabilizatiomémce at 550s followed by a new

2Do not confuse it with théhermostatic switclfcebolao), which does other task than controlling cosléah.
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temperature rise. Water outlet temperature has a remarkifibrence to the inlet temperature
until 750s, what indicates on this period fuel was receisagsible heat until reach some tem-
perature suitable for vaporization. Temperatures evotudf both water and lubricating oil for

Table 4.6: Performance measurements at 2000rpm and WOBewtral air-fuel ratio and fuel
supply possibilities.

Liquid rich Liquid Steam rich Steam
(4=0.92) | stoichiometric| (1=0.86) | stoichiometric

T 58.6 55.6 55.6 57.9
n (%) 27.9 30.9 24.6 30.9
Metanol 1.77 151 1.90 1.57
Mar 13.49 13.45 12.79 12.75

CO (g/kwh) 104.02 5.69 220.11 14.32
THC (g/kwh) 2.76 4.05 0.23F 0.77
NOy (g/kWh) 3.56 7.58 6.85 6.71

8 Value shown by measuement device out of expected, howeper k

the warm-up test without tharmostat are illustrated on 8gti20. Operating conditions were:
®»=3000rpm, DBT=25.0C, WBT=22.5C, my,=8.509/s| ¢ |=16.00%. Some load was imposed
to the engine at 60s of test elapsed time and supplied torigezlanonothonically from 6.6Nm
up to 12.5Nm whem liquid-gas supply switch was done. At 7G#amcooler’s fan was turned
on and the switch happened at 720s. It is possoble to notestatnpes of water, on both boiler
inlet and outlet, evolute with linear relation to time, kegpalmost constant their difference
througout the test.

At 580s boiler presure starts to raise and reaches the Oi8Kgmark at 695s, faster time
intervals than those observed for warmwiph termostat.

In both cases lubricating oil warms up in similar form, staiig its temperature near 86. Af-
ter some minutes running with hot water its temperature cobaek to warm-up process up to

Table 4.7: Performance measurements at 2000rpm and WOBewtral air-fuel ratio and fuel
supply possibilities.

Liquido rich | Liquid | Steam rich| Steam| Steam lean

(4=0.91) | stoich.| (4=0.95) | stoich.| 1=1.2| A=1.4

T 64.4 65.46 62.05 60.98 | 49.68| 39.63

1 (%) 28.2 32.3 31.07 33.1 | 30.3 | 27.8
Metanol 2.87 2.56 2.47 2.33 | 2.07 | 1.80
Mar 21.76 21.53 20.71 20.8 | 21.45]| 20.89
CO (g/kwh) 109.6 18.31 66.75 6.95 | 3.85 | 4.25
THC (g/kWh) 2.12 0.35 0.74 0.66 | 0.56 | 0.93
NOy (g/kWh) 2.65 6.70 6.84 7.15 | 0.36 | 0.15
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Figure 4.19: Waater and lubricating oil warm-up, with thestat installed.

the range of 110C, reaching 120C peaks. Boiler pressure evolution through time on trarisien
warming up tests is illustrated on fiugre 4.21. One can noteaui thermostat (left line) pres-
sure reaches a reasonable level before 700s, while the samesp with this device installed
takes 780s to start pressure raise and nearly 920s for praglethanol steam at satisfactory
pressure.
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!‘

0,50

0,45
0,40

0,35

with|thermostat

0,30
0,25
0,20

P
Y

without thermolstat 1

[,

0,15

Pressure (Kgf/cm?)

0,10
0,05

0,00 / 1
0 100 200 300 400 500 600 700 800 900 1000
Time (s)

Figure 4.21: Pressure evolution of ethanol inside boilé@hwand without thermostat installed.
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Conclusions

On majotiry of operating regimes studied the PVEE has shdviityato enhance efficiency,
it means, produce at a given rotation speed a determinedr@nobtiorque with a lower fuel
consumption. In steady-state conditions some better efiogi and/or less emissions operation
points were found if compared to those equivalent on therengguipped with the original
ECU, remaining only the development of ways for run it in s&mt conditions with good per-
formance and stability. Actually the success obtained éady-state regimes allows to use it
in stationary applications (where there is no natural gaslability, which is a very cheaper
commodity taking into account the amount of energy bothdwdliver)¢ = 2, 00) or even
in hybrid vehicles (which have one internal-combustionieagand other electric one) which
operate their ICE’s near the maximum efficiency conditions.

A PVEE-installed vehicle, ready for real use in pasengeiiclet may be put under standard
emission tests, in order to investigate its abilities to ne@eh country legal requirements. This
kind of test is not possible in a bench dynamometer. In the cAdeing possible to reduce
the quantity of just one pollutant, for example partiallydixed fuel or nitrigen oxides, or even
all them; it is possible to propose some catalytic convestieich is not a three-way one and
realizes just the needed tasks; or even develop a three-atalyst which needs lesser contact
areas and consequently leads to lesser head losses. It aoutd improve fuel efficiency.

The wanted torque was pursuit on the vaporized fuel operatigimes with wider throttle valve
openings on the majority of cases, which did not damagedaifyi¢ at higher accelerator de-
mands. Then, intermediate power/throttle regimes up totemum torque for a given engine
speed may be done with adjustements on the fuel injectidesysvhich can lead to regimes
with a little air excess in order to re-establish the origjtoagque.

The fuel supply system used, indirect-suction monopognat favorable to high air intake
ratios neither high air excess values. Fuel setam, bectsigmilow density in comparison to
liquid fuel, takes space which would be of air into the intgleeline, blocking admission of
part of air into the cylinders. In the same way the homoges@oture formed and pre-mixed
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through air intake tubes, with air excess, is an invitatmflame irregularities. There is the side
advantage of reach lower flame temperatures and lower eitrogide emissions with this kind
of air-fuel mixture, since fuel dilution effect balance tlaek of cooling effect of liquid fuel
latent heat.

Spark advance timing (and consequently combustion timaghahave delivered suitable val-
ues for efficiency and emissions were not lower with vapatizinanol for the operating regimes
investigated. This way one may presume combustion was siawlgese regimes, which is pre-
viewable for more diluted mixtures.

Operating conditions for the PVEE with 100% of air excess<2, 00) were reached, but with
non-favorable results for efficiency neither CO and THC esioiss. It is also impossible to run
it full wide open throttle in all regimes, as it be a Diesel grey What is possible to do by now
as to work with wider throttle openings than those which wdastipply the same torque-speed
couple for a given regime. It is not known yet anything abdet $studied PVEE’s behavior at
idle speed and with openings lower than 24%.
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Suggestions for future researches

In order to enhance PVEE'’s technical and economical fdégijlthe following alternatives may
be worked on:

e Study ethanol boiling variyng several parameters as: sarfeeatments, materials, wall
superheat, and steam generator geometry [44]. Such stili@edow to build more safe
and compact steam generators, which may also to supplyengiseveral power ranges.

e Take into account the influence of vibrations caused by tiy@eritself on fuel ebulition,
with the same subject of the previous item.

e Develop some algorithm for controlling throttle valve openaccording to the desired
torque in ad adequate forrdrjve by wirg.

e Use devices lik&uperchargeaiming to improve volumetric efficiency, always damaged
with indirect gaseous fuel injection.

e Operate a steam generator with heat available on lubrigatinwhich is at higher tem-
peratures (on the 12C—-140C range), or with higher cooling water temperature ranges,
in order to produce ethanol vapor at higher pressures. Mesated absolute pressures,
between 200kPa and 300 kPa (figure 3.2) could be achievediatj the use of fuel in-
jectors for gaseous fuels like CNG, LPG or hydrogen, eliriimgathe need of a suction
device and bringing the possiblities of direction injeatend stratified charge.

e Raise cooling water temperature through use of additiveggliwvould also allow steam
generation at suitable pressures at right pressures fdughmjectors.

e Use pressure adjusters in order to supply fuel to the endinersstant pressure, instead
control it through cooling water temperature. This way pree drop through step motor
valve or thorugh gaseous fuel injectors is not subordin&teftbtations on water or oil
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temperatures. Valves used on LPG or CNG could be used siegehidve their parts

in contact to fuel ready to resist to ethanol vapor, as mtrilbber or stainless steeel
membranes, aluminum parts replaced by brass or stainlesk dew calibration for

the pressure ranges used and for ethanol steam propekeeidjher viscosity must be
performed too.

Search for safe and energetically efficient ways for redue fWvarm-up time, allowing
the vehicle to use vaporized ethanol soonen and for more time

Study the use of vaporized ethanol on rotary piston (Wardadjines. Disadvantages of
these engines due to its combustion chamber format can gateid with use of gaseous
fuel, like its condensation on the chamber walls and crevareeven those due to flame
propagation speed. Burley [55] apud Dulger [56] have costgeelower HC emissiond

running a Wankel engine using methane as fuel.

Analyze lubricating oil deterioration in a PVEE. It is wédihown ethanol —and mainly
vaporized ethanol — decrease oil damage, because its Itwearical affinity and lower
disposition to form solid deposits on the combustion cham@Qeiantative results, how-
evers, are in lack.

Develop combustion chamber formats which are optimizetdoning vaporized ethanol.

Study the use of catalytic converters adequate to the PViisreality. Future stages
of its development can lead to further lower emissions hlltrstjher than the regulated

ones, which could be converted with catalysts which causerd@ressure drops if safe
pollutation levels could be achieved. It is still possilda¢ach a situation in which just

nitrogen oxides are emitted in lower quantities, leavindghte caltalyst converters just
the task of oxidizing partially burnt fuels or vice-versaking unnecessary the use of
three-way catalyst.

Use 2,5-dimethylfurane on the supply of an ICE in order tdusiz the possibility of use
it in gaseous form too. Due to its differences to ethanol, operating parameters would
need to be discovered for make possible its use in intermabostion engines and in a
steam generator. Optimum values of compression rateualrritio and spark advance
must be pursuit, as well as feasible temperature and potletassion levels.

Realize dynamical driveability tests, in racetracks or loa streets, with the PVEE in-
stalled on some vehicle instead having it on a workbench.
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e The development of more compact heat exchangers and théd ludwioating oil as heat
source may help the development of PVEE’s for motorcyclasirg to reduce the pol-
lution actually caused by them.
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Appendix A

Glossary

BTDC: Before Top Dead Center. Crank angle to the cylinder axisreats highest position
of its alternative movement.

Denaturant: Substance added to carburetting ethanol in order to chasitgste and smell, for
avoid its use as beverage.

DBT: Dry bulb temperature.

Flash setam: Instantaneously-evaporated fraction of saturated ligehien it expands. At the

same specific enthalphy it corresponds to higher vapostitde lower expansion pres-
sures.

Higher heat Power: Heat supplied by combustion when condensation of waternfapmed
on the reactionis possible. The difference between highdd@awver hear powers is just
the latent heat of water produced.

Lean mixture: The opposite of rich mixture.

“Liquid hammer” shock: Undesired shock of liquid which may occour either by conéeins
liquid in vapor pipeline or by high-pressure waves whereydigjuids are transported. It
can damage seriously hydraulical components.

Lower heat power: Energy supplied by fuel burn, taking not into account thet seaplied by
produced water vapor condensation.

MAP: Manifold Air Pressure.

Rich mixture: Mixtures which contains lower air-fuel ratios than the stoometric one, it
means, there is more fuel than those defined on stoichiczreeimiditions.
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Stoichiometric mixture: Mixture (on the case, air-fuel mixture) onthe theoretigaibrrect
proportion in order to have no remaining reagents after thek & reaction. In pratice
there is some remaining reagents even on this condition.

TDC: Top Dead Center, the most elevated point a piston can achieits alternative move-

ment.
TPS: Throttle Position Sensor.

Vapor title: In some vaporizing substance (or condensation) a constesguyre, it is the gaseous

mass/total mass ratio.

Wall superheat: Temperature difference beween transmitting heat surfas®me fluid and

its saturation temperature.

WBT: Wet bulb temperature. Temperature measurement made witt eissue around ther-
mometer’s bulb. It gives the minimum temperature a wet s@rfean achieve on these

conditions.

WOT: Wide/total Open Throttle.
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Formulae used

B.1 Interpoler polynomial

Ethanol vapor pressure and its density at saturated conditvere calculated even it was needed
with aid of a Lagrange interpoler polynomial with equallyased arguments. Table B.1 brings
values of absolute saturated vapor pressures and its igsnsit the ranges of temperatures from
—3C up to 127°C (from 270K to 400K), with 10K steps. Equality of argumenaspment (on
this case the ethanol temperature) allows a variable chartge form
y_T-To
h

Where Ty is the lower table temperature ahds the non-null step between consecutive values.

(B.1)

The interpolated value of the desired properties is themddfby

uU—0uw—-21...lu=k=—DJJu=(k+1]...(u=n)
k=0(k-=-21...[k=—(k=D]k=k+2D]...(k=—n)

P(To+uh) =" f (B.2)
k=0

Where fy is the tabled value for steam pressure or densityraaduals 13.
Such calculations were performed on an OpenOffice spreatisiersion 2.0.3. There is the

cell for temperature value inlet, intermediate cells fdcaéation of parametens (temperature-

substitution variable), for thay = 11:[[' E:j
J

on the interpolation of both properties.

, | # k polynomials and for the productig Ak used
An illustration of the table used is on the figure B.1.
B.2 Calculation of emissions ond other parameters referrig

to engine run

On this section the formulae used on the calculation of qiespresentes on tables 4.1 e 4.2
are described.

With a 4.030kg mass over load cell's weighing scale, whick & arm distance of 975mm
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Figure B.1: Electronic spreadsheet used for interpolatadoulations of saturated ethanol prop-
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Table B.1: Ethanol vapor pressure as a function of temperatu

Temperature®C) Vapor pressure (Pa)] Saturated steam dens. (kg
-3 1295 0.027
7 2585 0.051
17 4887 0.093
27 8802 0.163
37 15184 0.273
47 25202 0.442
57 40403 0.693
67 62776 1.057
77 94815 1.571
87 139570 2.282
97 200700 3.249

107 281570 4.543
117 389960 6.254
127 528710 8.482

Source: [50]

(torque evaluated 3.929 kgfm), cell’s display exhibits tivenber 18.8. So, the 1.0kgfm torque
corresponds tefes = 4.784 on the load cell’s diplay, remaining the conversion tavidm-
meter with its multiplication by gravity’s acceleration.

_ (load cell)

17as X 981 (B.3)

Power: usaing conversion factior from rpm to rad/s and froattw quilowatt we have

TTwW

P — B.4
30000 (B-4)
Thermodynamic efficiency: it was used the “100” factor foneersion for percentage.
100x P
n= (B.5)

Methanol X PCI

Absolute pressure on intake manifold:
MAP = paps — Vacuumntk (B.6)

Boiler pressure: conversion factors were used between datalfrom gauges in kgf/cfror
mmHg to the desired units which is kPa, needed to the veiificabf saturation temperature.

bs X 101325
Pabsboiler = Pabs 760 + Pooiler X 98.1 (B.7)

Mean ethanol consumption: the number 100 was divided by grsrtimes for consumption of

100g of fuel.
500

M _ B.8
ethanol = V1Y M2+ M3+ M4+ M5 (B.8)
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Where M1 ... M5 are the 5 100g consumption time measurememtermed. In some very
unstable regimes in which there was not able time to realim@&surements, the numerator
500 was replaced by 400 or 300, respectively, if just 4 or 3susEments were possible.

the air-fuel ratio was calculated for comparison effectthvalues shown by the gas analyzer.

For the air-fuel ratio, we have:
mair

A== B.9
Methanol (B.9)
Air-fuel ratio normalized by its stoichiometric value foythrated ethanol is defined by:
A
A= — B.10
8.33 ( )

Total combustion products flow ratio in dry base: it is neeteglubtract the three water vapor
molecules created on the burning of each ethanol molecelg€ting burn inefficiencies) and
transform the mass flow from g/s (numerator) to mol/s acemydo a mean ponderated molar
mass of the whole dry emissions (denominator). Because th@io exhaust gas flow measure-
ments, it is taken as equal to the intook air (negligidi@wvby), that is the dry mass calculated
on the equation’s B.11 numerator. It can be observed navgetn (N) neither Argon present
on air do not join these calculatiohs

condensed water

anydrous fraction

, . . M Myat
Methanol X (1 —0.07) +0.21 x myj, mmgf -3 methanolwwaer
DBCP = ethanol
% C Orx MMc o2 + % COxMMco + ppm CH x MMcHa + % Oo x MM@o2 + ppm NQ x MMno
100 100 100 100 e
(B.11)
CO production in g/h:
% CO
Mco = DBCP x "100 x MMco (B.12)

Hydrocarbon (THC) production, GO, nitrogen oxides (NQ); respectively, in g/h:
ppmTHC

mT HC = DBCP x 106 x M MCH4 (B.13)
%C 02
Mcoz = DBCP x — x MMcop (B.14)
100
%02
Moz = DBCP x — = X MMoz (B.15)

Taking into consideration the emission measurment deeiads NO molecules:

ppm NO
106

1care must be taken for not confusing “ar” (air) with “Ar” (Aom) in the Portuguese version

Mo, = DBCP x x MMno (B.16)
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N2 which leaves the engine “pratically untouched”, neglegtime small amount of it which is

transformed into some nitorgen oxide:

Nz.circulating: %C;T x 0.79 x 3600x M M2 (B.17)
Specific emissions, it means, related to the amount of mécdlaemergy produced by the en-
gine, were calculated dividing their production rate (gsésh by the engine’s delivered power
(kW), obtaining the specific production in g/lkWh units fochamission.

. m;
Mi,spc = FI (B.18)

Whereea can be any emission amig represents any mass flow described on the formulae B.12
through B.16.
On tha same way, ethanol specific consumption is defined by:

rﬁethanol
P

(B.19)

rhe'[hanolspc =

The estimated water flow through the cooling system was madeder to aid the understand-
ing of heat transfer phenomena anf those related to leaddasto the engine block’s galleries
and the boiler. It is a coarse estimate, because the teraperand ethanol production rate

measurements were not stable.

hIv,ethanol>< Methanol

(B.20)
Cp,H20 * (Tintk,cooler— Texit,coole?

rhHZO,cooIing:

In order to investigate the influences on Némissions the time between ignition and TDC was
calculated too. This time (in milisseconds) takes into aotthe time for a complete crankshaft
revolution (inverse of number of revolutions per secondltiplied by 1000) and the revolution
fraction corresponding to the sparking advance angle.

60 °BTDC °BTDC

. _ _ B.21
ign-TDCS™ 5001, * ~360°  0.006w (B.21)
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Collected data

C.1 Engine warm-up

Table C.1 contains data collected from data acquisitiotesysand the boiler pressure observed

during transient warm-up tests (secao 4.4).

Table C.1: Transient warm-up tests.

Working | With thermostatic valve Without thermostatic valve Obs.:
time Inlet | Outlet | Oil | Pressure| Inlet | Outlet| Oil | Pressure

(s) (°C) | (°C) | (C) | (kgflen?) || (°C) | (°C) | (°C) | (kgflc?)

0 20.4| 20.5 | 20.8 0.00 290.7| 28.6 | 22.8 0.00 Inj=2.56ms(c)
5 20.4| 20.5 | 20.8 30.1| 29.1 | 23.0 2.39ms(s)
10 20.5| 20.5 | 20.8 30.7| 29.8 | 23.3

15 20.5| 20.5 | 20.8 31.2| 30.4 | 23.7

20 20.5| 20.5 | 20.8 31.8| 31.0 | 24.2

25 20.4| 20.5 | 20.8 325| 316 | 245

30 20.4| 20.5 | 20.8 33.0| 32.1 | 24.9

35 20.5| 20.5 | 20.8 33.6| 32.7 | 25.3

40 20.5| 20.5 | 20.8 34.2| 33.3 | 25.6

45 20.5| 20.5 | 20.8 34.8| 33.9 | 26.1

50 20.4| 20.5 | 20.8 35.4| 345 | 26.7

55 20.5| 20.5 | 20.8 36.0| 35.0 | 27.2

60 20.5| 20.5 | 20.8 36.5| 35.6 | 27.9 cell=3.7(s)
65 20.4| 20.5 | 20.8 37.1| 36.2 | 28.8

70 20.5| 20.5 | 20.8 37.7| 36.8 | 295

75 20.4| 20.5 | 20.8 38.3| 37.3 | 30.2

80 20.4| 20.5 | 20.9 38.8| 37.9 | 30.9

85 20.4| 20.5 | 20.9 39.4| 38,5 | 315

90 20.4| 20.5 | 20.9 40.0| 39.0 | 32.0

95 20.5| 20.5 | 20.9 40.5| 39.6 | 32.6

100 20.5| 20.5 | 21.0 41.1| 40.2 | 33.3

105 20.5| 205 | 211 41.6| 40.7 | 33.9

110 20.5| 205 | 21.2 42.1| 41.2 | 344

115 20.5| 205 | 21.3 42.7| 418 | 35.1

To be continued
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Continuation

120| 20.4| 20.5| 21.4 43.3| 42.3| 36.0

125] 20.5| 20.5| 21.5 43.8| 42.9| 36.6

130| 20.5| 20.5| 21.7 44.4 | 43.4| 37.2

135| 20.5| 20.5| 21.8 449 44.0| 37.9

140| 20.5| 20.5| 22.1 45.4| 445| 38.6

145| 20.5| 20.5| 22.4 46.0| 45.0| 39.3

150 | 20.5| 20.5| 22.9 46.5| 45.6 | 39.8 2.82ms(c)
155| 20.5| 20.5| 23.5 47.1| 46.1| 40.4 c=4.6(c)
160| 20.5]| 20.5| 24.1 47.6| 46.7 | 40.9 c=5.3(s)
165| 20.5| 20.5| 24.8 48.2 | 47.2| 41.3

170| 20.5| 20.5| 25.5 48.7 | 47.7| 41.8

175] 20.5| 20.6| 26.0 49.3| 48.3| 42.3

180 | 20.5| 20.5| 26.6 49.8| 48.8| 42.9

185| 20.5| 20.5| 27.3 50.3|49.4| 43.5

190| 20.5| 20.6| 28.1 50.9(49.9| 44.0

195 | 20.5| 20.6 | 28.7 51.4| 505 44.6 2.49ms(c)
200 | 20.5| 20.6 | 29.3 52.0( 51.0| 45.1 c=4.6(c)
205 20.5| 20.6| 30.1 525|51.5| 45.6

210 | 20.5| 20.6 | 30.8 53.1| 52.1| 46.2

215 20.5| 20.5| 31.3 53.6| 52.6| 46.9

220 | 20.5| 20.5| 31.8 541|53.1| 47.5

225|120.5| 20.5| 324 546 | 53.6| 48.0

230 | 20.5| 20.6| 32.9 55.1|54.1| 48.5

235| 20.5| 20.6 | 33.5 55.7| 54.7| 49.1

240 | 20.5| 20.6| 34.4 56.2 | 55.2| 49.5

245| 20.5| 20.6 | 35.4 56.7 | 55.7 | 49.9

250 | 20.5| 20.6 | 36.4 57.2| 56.3| 50.2 c=5.9(s)
255 20.5| 20.6| 37.3 57.7| 56.8| 50.5

260 | 20.5| 20.6| 38.0 58.2| 57.3| 50.7

265 | 20.5| 20.6 | 38.6 58.7| 57.8| 51.0

270 | 20.6| 20.5| 39.3 59.2| 58.3| 51.4 ¢c=5.8(c)
2751 20.6| 20.5| 40.1 59.7| 58.8| 51.8

280 | 20.7| 20.5| 40.9 60.3| 59.3| 52.2

285 20.6| 20.5| 41.7 60.8| 59.8| 52.5

290 | 39.4| 20.5| 42.6 61.3| 60.3| 52.8

295 47.2| 205 43.6 61.8| 60.8| 53.2

300|56.0| 205| 44.4 62.3| 61.3| 53.5 c=6.1(s)
305|61.9| 20.6| 45.2 62.8| 61.8| 53.9

310 | 63.8| 20.8| 46.0 63.3| 62.3| 54.4

315| 66.4| 21.3| 46.7 63.7| 62.7| 54.7

320 | 68.9| 22.4| 47.3 64.2| 63.2| 55.1

325 70.3| 24.4| 47.9 64.7| 63.8| 55.5

330 | 70.9| 26.6 | 48.7 65.2| 64.2| 55.9 c=6.8(c)
335|725 29.2| 495 65.7| 64.7| 56.3

340 | 73.3| 31.7 | 50.3 66.2 | 65.2| 56.6

345| 73.8| 33.8| 51.1 66.7 | 65.7| 56.9

350| 74.6| 36.0| 51.6 67.1| 66.2| 57.3

To be continued
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Continuation

355 75.2| 38.9| 52.1 67.6| 66.6 | 57.6
360 | 75.9| 41.9| 52.7 68.1| 67.1| 57.9
365 | 76.1| 44.4| 53.2 68.6| 67.6 | 58.2
370 | 76.4| 46.4 | 53.8 69.1| 68.1| 58.5 €=6.4(s)
375| 77.3| 48.6| 54.4 69.5| 68.6| 58.9
380 | 77.2| 50.7 | 54.8 70.0| 69.1| 59.2
385| 77.7|52.5| 55.4 70.5| 69.5| 59.6
390 | 77.9| 54.2| 55.9 71.0| 69.9| 60.0 c=7.0(c)
395 78.1| 55.8| 56.4 71.4)| 70.4| 60.3
400| 78.5| 57.1| 56.9 71.8| 70.9| 60.6
405| 78.8 | 58.3 | 57.3 72.3| 71.3| 61.0
410| 79.2| 59.4| 57.9 72.8| 71.8| 61.4
415| 79.4| 60.4 | 58.3 73.2| 72.3| 61.6
420| 79.6 | 61.2 | 58.8 73.7| 72.7| 61.9
425 79.7| 62.0| 59.3 74.2| 73.2| 62.3
430| 79.9| 62.8| 59.8 74.6| 73.6 | 62.7
435| 79.9| 63.4| 60.3 75.0| 74.1| 63.0
440 80.2 | 64.0| 60.8 75.5| 74.6| 63.4
445 80.0 | 64.7 | 61.3 76.0| 75.0| 63.8
450| 80.3 | 65.4| 61.8 76.3| 75.4| 64.1
455| 80.6 | 65.9| 62.2 76.9| 75.9| 64.5
460 | 80.7 | 66.3 | 62.7 77.3| 76.4| 64.8
465 | 80.6 | 66.8 | 63.3 77.7)| 76.8| 65.1
470| 80.9| 67.3| 63.8 78.2| 77.3| 65.5 c=7.4(c)
475 80.7 | 67.7| 64.3 78.6| 77.7| 65.8
480 | 81.1| 68.1| 64.7 79.1| 78.1| 66.2
485| 81.0| 68.5| 65.1 79.5| 78.5| 66.5
490 | 81.2 | 68.9| 65.6 79.9| 79.0| 66.8
495| 81.2| 69.2| 65.9 80.4| 79.4| 67.2
500 | 81.2| 69.6 | 66.3 80.8| 79.8| 67.5
505| 81.4| 70.0| 66.7 81.2| 80.3| 67.8
510| 81.6| 70.3| 67.1 81.7| 80.8| 68.1
515| 81.8| 70.6 | 67.5 82.1|81.2| 68.4
520 | 81.8| 70.8| 67.9 82.6| 81.6| 68.8 c=7.2(s)
525 81.7| 71.2| 68.3 83.0| 82.0| 69.1
530 | 81.7| 71.5| 68.7 83.4| 82.5| 69.4
535| 81.8| 71.8| 69.1 83.8| 82.8| 69.8
540 82.0| 72.1| 69.5 84.2| 83.2| 70.2
545 81.9| 72.4| 69.8 84.7| 83.6| 70.6
550 | 82.0| 72.6| 70.2 85.1|84.0| 71.0
555 82.1| 72.8| 70.6 85.5| 845|714
560 | 82.1| 73.1| 71.0 85.9|84.9| 71.7
565 82.2| 73.4| 71.3 86.3| 85.3| 72.0
570| 82.3| 73.8| 71.6 86.8| 85.7| 72.4
575|822 741|718 87.1|86.1| 72.7
580|824 745|721 87.5| 86.5| 73.0| 0.05 Cc=7.2(s)
585|825 749|725 87.9| 86.9| 73.4

To be continued
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Continuation

590 | 82.6| 75.3| 72.9 88.3| 87.3| 73.7

595| 82.6| 75.6| 73.3 88.7| 87.7| 74.1

600 | 82.7| 75.9| 73.5 89.1| 88.0| 74.4| 0.10 1.51ms(s)
605| 82.8| 76.4| 73.9 89.4| 88.5| 74.7 €=6.5(s)
610| 82.8| 76.9| 74.3 89.8| 88.9| 75.0

615| 82.9| 77.3| 74.6 90.2| 89.3| 75.4

620| 83.0| 77.7| 74.9 90.6 | 89.7| 75.8| 0.15

625| 83.1| 78.0| 75.2 91.0| 90.0| 76.1 €=6.8(s)
630 | 83.3| 78.4| 75.5 91.3/ 904 | 76.4

635| 83.3| 78.7| 75.8 91.8| 90.8| 76.8

640| 83.4| 79.0| 76.0 92.1191.1|77.1|0.20 c=7.0(s)
645| 83.5| 79.3| 76.3 925| 915|775

650 | 83.6| 79.5| 76.6 9291919 77.8

655| 83.7| 79.8| 76.8 93.3]92.2| 78.2

660 | 83.9| 80.1| 77.0 93.7]192.6| 78.5| 0.30 c=7.2(s)
665| 84.0| 80.4| 77.2 94.0| 93.0| 78.8 c=7.6(c)
670| 84.1| 80.6| 77.5 94.5|93.3| 79.2

675| 84.2| 80.9| 77.7 94.8| 93.7| 79.4

680| 84.3| 81.1| 78.0 95.1|94.1| 79.7| 0.45 1.26ms(s)
685| 84.4| 81.3| 78.3 95.6| 94.5| 80.0 €=6.9(s)
690 | 84.6| 81.6| 78.5 95.9| 94.9| 80.4

695| 84.7| 81.9| 78.6 96.3| 95.2| 80.7 | 0.55 c=7.0(s)
700| 84.8| 82.2| 78.9 96.7 | 95.6 | 81.0| 0.55

705| 85.0| 82.5| 79.1 97.1] 96.0| 81.3| 0.55 ligou ventoinha(s)
710| 85.2| 82.8| 79.4 97.6| 96.4| 81.7| 0.55 c=7.8(c)
715| 85.3| 83.1| 79.7 96.5| 96.7 | 82.0| 0.55

720| 85.5| 83.4| 80.0 95.7] 96.3| 82.4| 0.55

725| 85.7| 83.7| 80.3 95.3| 95.5| 82.7| 0.55

730| 85.7| 84.1| 80.7 945|94.9| 83.0| 0.55

735| 85.8| 84.3| 80.8 93.7] 94.3| 83.3| 0.55

740| 85.8| 84.6| 81.0 92.9| 93.5| 83.5| 0.55

745| 86.0| 84.7| 81.2 92.2192.8| 83.6| 0.55

750| 86.4| 85.0| 81.4 91.4|92.0| 83.8| 0.55 1.29ms(c)
755| 86.7| 85.3| 81.6 90.7| 91.3| 84.0| 0.55 €=6.8(c)
760| 87.0| 85.7| 81.8 90.1| 90.6 | 84.2| 0.55

765| 87.2| 86.1| 82.0 89.4| 90.0| 84.3| 0.55

770| 87.6| 86.4| 82.3

775| 87.9| 86.7 | 82.6

780| 88.3| 87.0| 82.8| 0.05 c=4.9(c)
785| 88.6| 87.4| 83.1

790| 88.8| 87.7| 83.4

795| 89.1| 88.0| 83.5

800| 89.2| 88.2| 83.6| 0.15 0.26ms(c)
805| 89.5| 88.4| 83.8 c=1.0(c)
810| 89.7| 88.6| 83.9

815| 89.9| 88.9| 83.9

820| 90.0| 89.0| 84.0

To be continued
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Conclusion
825| 90.3| 89.2| 84.0| 0.20 | $1=36.75%(c)
830| 90.7| 89.4| 84.1 c=21.0(c)
835| 91.1| 89.7| 83.9
840| 91.4| 90.1| 83.1 c=4.6(c)

845| 91.9| 90.5| 82.7
850| 92.4| 90.9| 82.6
855| 93.0| 91.4| 82.9
860| 93.5| 91.9| 84.0| 0.35
865| 94.1| 92.4| 84.3 c=24.9(c)
870| 94.7| 92.9| 84.8
875| 95.4| 93.5| 85.5
880 | 96.1| 94.1| 86.0
885|96.9|94.9| 86.4| 0.45 fan set on
890 | 97.7| 95.6 | 86.7 c=28.8(c)
895| 96.6| 96.1| 87.0
900 | 96.2| 95.9| 87.3
905 96.0| 95.4| 87.5 commutation
910| 95.7| 95.1| 87.5 c=12.7(c)

915| 94.4| 94.7 | 85.3
920| 93.9| 94.0| 82.5| 0.50
925| 93.3| 93.3| 81.6| 0.50
930| 92.8| 92.7| 81.5| 0.50
935| 92.2| 92.2| 81.6| 0.50
940| 91.7| 91.7| 82.0| 0.50

C.2 Dynamometric tests

Before realizing the tests with the vaporized ethanol syggkstem the engine run with its
original ECU, for comparison effects. The results of fuehsomption are on the table C.3,
while the other measurements are on the table C.2.

For the vaporized ethanol runs, comsumption measurementmahe tables C.4 and C.5.



Table C.2: Colected data on original ECU (except consumtion

w CO | THC | NOsx | CO | Oy Pulse | Ignitiion | Temperatures’C) Consumtion| Pressure/vacuum (mm column) | Load

(rpm) | (%) | (ppm) | (pPM) | (%) | (%) | inj.(ms) | °BTDC | Int. | Exhs.| DBT | WBT | air(g/s) | Int.(Hg) | Exhs.(HO) | Abs.(Hg)| cell
| Idle

840 | 0.64] 349 | 0 [125|269] 438 6.0 |453]195.8] 22.0| 20.0 240 | 350 | 15 | 6960 | 0.0

Throttle at 25% (23 degrees)

2000 | 0.32| 109 | 1933 | 25.4| 0.69 7.4 18.7 |92.8|312.5| 21.0| 19.0 9.11 180 120 693.5 | 21.0

3000 | 0.34| 233 | 1942 | 14.5| 0.69 5.6 186 |51.6|259.4| 21.0| 19.0 10.56 310 75 693.5 | 13.7

4000 | 0.45| 431 | 1203 | 14.2|081| 4.1 22.1 | 51.4|290.6| 21.0| 19.0 10.80 440 85 693.5 6.0
| Throttle at 50% (45 degrees)

2000 | 0.25| 786 | 1950 | 14.2| 0.83| 10.3 175 |56.7|339.5| 21.0 | 19.0 13.08 100 245 693.5 | 32.0

3000 | 0.30| 387 | 1956 | 14.3| 0.77| 10.7 142 | 57.6|4235| 21.0| 19.0 208.6 120 350 693.5 | 33.9

4000 | 0.38| 849 | 2961 | 14.1| 0.85| 111 13.7 | 49.5|424.0| 21.0| 19.0 28.59 50 665 693.5 | 32.6
| WOT (82 degrees)

2000 | 3.12| 724 997 | 12.9|0.32| 11.7 158 |50.1|293.4| 22.0| 20.0 13.49 10 190 696.0 | 32.7

3000 | 3.36| 568 758 | 12.8| 0.26| 12.6 140 |48.3|694.0| 22.0| 20.0 21.76 18 260 696.0 | 35.9

4000 | 2.46| 370 | 1262 | 12.3| 0.31| 13.0 13.6 |49.5|398.3| 22.0| 20.0 31.01 20 350 696.0 | 37.5




Table C.3: Fuel consumption with original ECU.

2000 rpm| 3000 rpm| 4000 rpm
87.8 79.1 80.7
25% 87.8 78.7 82.1
(23) 91.4 79.9 79.9
87.4 80.0 77.8
88.3 80.9 76.9
\ Medium 88.54 \ 79.72 \ 79.48 \
66.9 42.3 30.5
50 % 66.2 40.8 30.5
(45°) 66.0 41.7 29.7
66.1 41.1 30.0
67.2 40.8 30.5
| Medium | 66.48 | 4134 | 30.24 |
56.9 34.8 24.7
Maximum 56.0 34.8 25.2
(82) 56.7 34.6 24.8
56.7 35.0 25.2
56.3 34.8 25.4
\ Medium 56.52 \ 34.80 \ 25.06 \
382.6
Idle 378.4
(840rpm) | 373.3
373.1
384.4

| Medium | 378.36 |




Table C.4: Pressure, air and fuel consumption measurenmesg¢seral regimes, with vaporized ethanol.

1) | ] y) Ignition || Pressure Ethanol consumption (s/100g) - measuremenésr consump-| Load
(rpm) | (%) °BTDC || Int.° | Exstl | Absoluteé | Boiler® | 1 2 3 4 5 tion (g/s) cell
2000 | 24.25 | 1.00| 21.4 202 | 70 695.6 0.60 | 89.3| 90.4 | 91.7 | 92.7 91.9 8.95 20.5
2000 | 26.25 | 1.01| 19.8 192 | 70 0.75 | 94.0| 103.3| 102.2| 92.9 87.8 8.94 21.0
2000 | 41.25 |1.19| 174 68 130 694.7 0.75 | 84.4| 78.6 | 87.9 | 78.2 80.4 12.31 27.8
2000 | 57.75 | 1.30| 18.9 20 131 694.7 0.70 | 79.1| 78.4 | 749 | 77.8 77.1 12.90 26.2
2000 | 35.50 | 1.36| 19.5 70 85 694.1 0.65 | 92.0| 87.9 | 87.4 | 86.6 88.4 12.04 22.4
2000 | 40.50 | 1.48| 21.7 39 175 0.60 | 90.7| 94.6 | 90.3 | 91.3 91.9 13.8 21.2
2000 | 53.00 | 1.01| 13.9 20 185 693.6 0.60 | 64.2| 62.4 | 62.5 | 61.8 62.1 12.63 325
2000 | 100.00| 1.01| 134 10 190 0.60 | 64.1| 63.2 | 63.9 | 63.3 63.5 12.75 32.3
3000 | 2450 | 1.01| 26.9 338 | 145 693.4 0.70 | 83.2| 84.2 | 83.3 | 83.9 84.9 9.73 12.4
3000 | 30.75|1.23| 29.1 281 | 150 0.70 | 84.8| 84.0 | 835|834 82.7 11.82 13.7
3000 | 31.75|1.31| 24.7 255 | 15 0.73 | 82.6| 80.8 | 81.7 | 824 83.0 12.81 14.0
3000 | 32.35|1.39| 24.1 230 | 180 0.75 | 81.8| 80.4 | 82.2 | 79.6 80.4 13.55 14.6
3000 | 53.00 | 1.01| 15.6 35 340 696.8 0.60 | 43.6| 43.3 | 43.7 | 41.7 41.8 20.49 33.9
3000 | 100.00| 1.02| 14.9 20 345 696.8 0.60 | 41.8| 44.6 | 42.0 | 43.0 43.4 20.80 34.0
3000 | 100.00| 1.22| 14.5 20 345 696.8 0.50 | 48.2| 48.5 | 48.5 | 46.0 50.2 21.45 27.7
3000 | 100.00| 1.41| 17.1 20 340 0.42 | 534 55.1 | 56.5 | 55.2 57.6 20.89 22.1
4000 | 2450 | 1.00| 22.3 440 | 114 696.0 0.60 | 856| 819 | 88.1 | 844 81.9 10.39 6.6
4000 | 29.25 | 1.12| 22.2 400 | 125 0.63 | 82.8| 84.7 | 83.4 | 87.9 83.7 12.2 7.3
4000 | 33.75 | 2.00| 31.4 300 | 160 0.68 | 795| 76.1 | 76.3 | 80.8 79.7 18.20 5.0
4000 | 32.25 | 1.22| 19.2 350 | 165 0.65 | 69.2| 73.2 | 66.0 | 68.5 66.6 14.43 7.0
2000 | 54.00 | 1.06| 17.3 20 345 695.4 0.60 | 64.3| 63.1 | 67.3 | 71.0 73.9 12.63 29.9
4000 | 52.00 | 1.37| 25.8 50 500 696.0 0.65 | 46.3| 39.2 | 34.6 | 34.6 - 29.05 26.3
4000 | 99.25 | 1.51| 21.3 30 520 0.60 | 395| 41.1 | 41.1 | 404 39.2 30.98 22.2
4000 | 53.00 | 1.22| 19.1 50 530 0.75 | 32.3| 33.8 | 34.0 | 36.2 37.3 28.85 29.0
4000 | 4750 | 1.08| 15.7 70 510 0.80 | 35.0| 34.7 | 345 | 351 34.1 27.61 28.3
4000 | 4250 | 1.01| 15.0 105 | 500 0.90 | 33.8| 353 | 34.0 - - - 27.5

To be continues




Conclusion

1) | ] A Ignition || Pressure Ethanol consumption (s/100g) - measuremgnésr consump-| Load
(rpm) | (%) °BTDC || Int.° | Exst! | Absoluté | Boilers 1 2 3 4 5 tion (g/s) cell
2000 | 60.75 | 1.11 8.5 20 267 695.8 0.55 | 13.19| 25.6| 73.7| 73.0 7.7 70.6 74.8
2000 | 100.00| 1.11| 11.0 10 255 695.8 0.55 | 13.35| 26.1| 72.0| 72.7 76.7 73.1 72.5
3000 | 55.75 | 1.31| 23.0 30 | 335 695.8 0.50 | 21.65| 27.7| 47.4| 47.2 48.6 54.5 52.0
3000 | 100.00| 1.24| 20.0 20 | 335 695.8 0.55 | 21.60| 29.1| 49.3| 51.6 49.0 50.8 48.8
4000 | 67.00 | 1.47| 30.1 30 252 695.8 0.60 | 30.55|24.2|42.1| 421 43.4 40.6 42.3
2000 | 100.00| 0.86| 19.6 10 275 695.8 0.45 | 12.79| 31.0| 52.1| 53.1 53.1 53.4 51.7
3000 | 100.00| 0.95| 15.8 20 | 365 695.4 0.67 | 20.71| 34.6| 41.2| 40.8 40.5 40.0 40.0
3000 | 100.00| 1.00| 17.8 10 150 695.4 0.75 | 21.53| 36.5| 39.2| 39.2 39.7 38.4 38.8
920 0.00 | 1.00 6.5 0.0
2000 | 100.00| 0.99| 25.8 10 84 695.0 - 66.6 | 66.0| 65.7| - - 13.45 31.0

© Vacuum related to atmospheric pressure, in mmHg.

T Pressure above atmospheric, im nyH

T Barometric pressure, in mmHg.

§ Pressure above atmospheric, in Kgf/fam
* Running o liquid ethanol for fair comparison between rickl atoichiometric operating conditions.




Table C.5: Temperature and emissions measurements faasesgimes, operating with vaporized ethanol.

w | ] y) Ignition || CO | THC | CO, | O, | NOy | Temperatures’C) Boiler

(rpm) | (%) °BTDC || (%) | (ppm) | (%) | (%) | (ppm) | Int. | Exhst.| DBT | WBT | Eth. steam| Oil | Venturi| In | Out

2000 | 2425|100 214 || 058| 180 | 14.3|0.61| 1927 | 54.2| 554.7 | 24.0 | 19.0 80.1 97.1 | 249 |94.0|93.1

2000 | 26.25 | 1.01| 198 0.90| 100 | 13.8| 0.81| 1970 | 55.2| 555.0| 26.5 | 20.5 78.7 959 | 26.2 | 94.0| 933

2000 | 41.25 | 1.19| 174 || 0.05| 92 |125|3.77| 1977 | 57.8| 542.2 78.9 995 | 27.6 | 94.1|93.0
2000 | 57.75 | 1.30| 18.9 0.06| 96 | 11.5|4.74| 1984 525,5| 275 | 215 79.4 999 | 274 |94.0|93.0
2000 | 35.50 | 1.36| 195 0.06| 100 | 11.2| 5.65| 345 | 54.8| 532.4| 207.0| 20.0 78.8 972 | 258 |94.2] 933
2000 | 40.50 | 1.48| 21.7 0.07| 101 | 10.0|6.92| 132 | 58.1| 523.5 78.4 98.2 | 28.1 | 935|923

2000 | 53.00 | 1.01| 139 || 0.37| 178 | 14.6|0.78| 1962 | 58.9| 592.1| 31.5 | 23.0 78.0 100.7| 29.8 | 94.2| 93.0

2000 | 100.00| 1.01| 134 || 0.45| 212 | 14.4|0.70| 1968 | 60.5| 581.7 | 32.5 | 24.0 77.2 100.1| 30.1 | 94.1|93.0

3000 | 2450 | 1.01| 269 | 054 24 |14.4|0.70| 1968 | 58.8| 617.8| 32.5 | 245 76.7 104.4| 30.7 | 93.9|93.3

3000 | 30.75|1.23| 29.1 | 0.10| 239 | 12.1| 4.40| 1969 | 56.7 | 560.7 76.7 105.3| 28.9 | 93.8|93.2
3000 | 31.75|131| 24.7 | 0.08| 186 | 11.0| 550| 750 | 56.1| 574.0| 31.5| 24.0 77.0 103.8| 28.6 |94.1|93.3
3000 | 32.25|139| 24.2 | 0.07| 201 | 10.5|6.00| 100 | 57.9| 573.2 75.9 103.2| 29.1 | 939|931
3000 | 53.00 | 1.01| 156 | 0.27| 176 | 145| 0.67| 2004 | 63.8| 682.7| 33.0 | 225 80.1 107.1| 33.7 |94.1|93.0
3000 | 100.00| 1.02| 149 | 0.21| 175 | 14.4| 1.08| 2017 | 64.4| 688.2 80.0 106.9| 34.4 | 93.8| 925
3000 | 100.00| 1.22| 145 | 0.09| 115 | 12.1|4.45| 85 |63.6| 664.0| 33.0 | 225 78.5 105.3| 33.7 | 91.1]90.1
3000 | 100.00| 1.41| 17.1 | 0.08| 154 | 106|6.43| 26 | 63.3| 399.3 79.3 104.4| 39.6 | 90.6| 89.8

4000 | 2450 | 1.00| 22.3 | 0.40| 180 | 145|0.73| 1943 | 57.3| 734.4| 325 | 25.0 80.6 109.4| 31.6 | 93.9| 93.5

4000 | 29.25 | 1.14| 22.2 | 0.16| 142 | 13.0|3.10| 750 |58.8| 710.5| 33.5 | 27.0 81.2 110.6| 32.6 | 94.2| 93.5

4000 | 33.75|2.00| 314 | 0.19| 590 | 6.8 | 115 1 549 | 515.1| 29.0 | 24.0 82.3 109.2| 295 | 954|948

4000 | 32.25 | 1.22| 19.2 0.11| 563 | 11.8| 5.0 70 |59.7| 752.9 81.2 120.0f 345 | 94.6|93.9

2000 | 54.00 | 1.06| 17.3 0.06| 192 | 14.0| 1.59| 1997 | 66.1| 252.8 | 35.0 | 27.0 82.3 105.3| 34.1 |94.4| 933

4000 | 52.00 | 1.37| 25.8 0.11| 193 | 10.7| 6.12| 1976 | 65.6| 541.4| 39.0 | 27.0 84.5 116.3| 38.8 | 97.0| 96.0

4000 | 99.25|151| 213 | 0.10, 188 | 99 | 7.43| 30 |68.9]| 555.7 80.1 112.9| 395 | 96.5| 95.6
4000 | 52.00 | 1.22| 19.1 | 0.09| 243 | 11.8| 4.39| 1987 | 71.0| 567.0 81.5 1125 39.4 | 97.5| 9.65
4000 | 48,50 | 1.07| 15.7 | 0.09| 117 | 13.5| 2.60| 1982 | 70.0| 611.2 81.9 119.4| 41.2 | 99.0| 97.9

4000 | 4250 | 1.01| 150 | 0.11| 117 | 14.3|050| 190 | 70.4| 6225| 40.0 | 27.0 82.3 120.0| 42.2 | 99.0| 7.3

To be continued



Conclusion

w | ] y) Ignition || CO | THC | CO, | O, | NOy | Temperatures’C) Boiler
(rpm) | (%) °BTDC || (%) | (ppm) | (%) | (%) | (ppm) | Int. | Exhst.| DBT | WBT | Eth. steam Oil | Venturi| In | Out
2000 | 60.75 | 1.11 8.5 0.07| 249 | 13.3|1.99| 1924 | 61.6 22.0| 19.0 81.6 101.2] 33.0 | 93.9|93.0
2000 | 100.00| 1.11| 11.0 | 0.08| 271 | 13.3| 2.46| 1969 | 61.9 22.0| 19.0 81.7 100.5| 32.2 |93.4| 925
3000 | 55.75 | 1.31| 23.0 || 0.08| 286 |11.5|5.29| 1973 | 61.4 22.0| 19.0 82.0 107.5| 31.7 | 92.9]|91.9
3000 | 100.00| 1.24| 20.0 | 0.07| 196 | 12.0|4.20| 1970 | 61.7 22.0| 19.0 82.2 107.8| 31.9 |94.0| 93.0
4000 | 67.00 | 1.47| 30.1 || 0.10| 452 | 9.9 | 7.38| 492 | 63.8 22.0| 19.0 84.3 115.2| 31.8 | 96.4| 95.3
2000 | 100.00| 0.86| 19.6 | 6.98| 63 | 11.1|0.19| 300 | 57.6 22.0| 19.0 80.8 96.9 | 28.8 | 96.9| 93.9
3000 | 100.00| 0.95| 15.8 | 2.05| 198 | 13.6| 0.26| 1960 | 62.9 32.0| 225 83.4 109.9| 33,5 |98.1|96.9
3000 | 100.00| 1.00| 17.8 || 0.57| 95 | 14.4|0.45| 1946 | 59.8 32.0| 225 84.1 107.4| 29.9 | 90.6| 90.3
920 0.00 | 1.00 6.5 0.16| 1168 | 14.2| 1.16 0 58.2 32.0| 225

3000 | 100.00( 1.00| 17.8 || 0.57| 95 | 14.4|0.45| 1946 | 59.8 32.0| 225 84.1 107.4| 29.9 | 90.6| 90.3
2000 | 100.00| 0.99| 25.8 | 0.16| 997 | 14.3| 0.93| 1989 | 54.0| 549.2 | 32.0 | 21.0 - 80.0 | 34.3 - -

* Running with liquid ethanol for a fair comparison betweearhrand stoichiometric regimes.




Table C.6: Extra tests performed with original ECU, for toegspeed regimes comparison.

Units and references for pressure measurements are theosaafde C.4.

1) | ] Ignition || Pressure Ethanol consumtion (s/100g) - measuremen#sir consump-| Load | Injection
(rpm) | (%) °BTDC || Int. | Exhst. | Absolute| 1 2 3 4 5 tion (g/s) cell | time (ms)
2000 | 34.6| 0.97| 17.6 75 | 109 695.2 | 70.3|69.8| 69 | 71.1 72.1 12.42 27.9 9.7
3000 | 28.2| 0.97| 17.6 75 | 109 695.2 | 75.3|73.2| 721|721 70.9 12.20 14.7 5.9
3000 | 35.9| 0.97| 159 | 120| 127 48.4| 48.3| 48.4| 48.4 48.4 17.7 27.8 8.6
4000 | 25.6| 0.99| 21.0 || 420| 105 695.2 | 76.0| 72.8| 76.2 | 75.8 75.1 11.64 7.0 4.4
4000 | 41.1| 1.00| 12.7 || 120| 294 33.2| 335|338 - - 25.56 29.0

w | ¢ A Ignition | CO | THC | CO, | O, | NOy | Temperatures’C)

(rpm) | (%) °BTDC | (%) | (ppm) | (%) | (%) | (ppm) | int. | Exhst.| DBT | WBT | Oil | Venturi

2000 | 34.6| 0.97| 17.6 | 0.27| 1435 | 14.4 | 0.75| 1977 | 51.3 | 596.3| 37.0 | 240 | 71.8 | 33.6

3000 | 28.2| 0.97| 17.6 | 0.35| 1237 | 145 | 0.58| 2010 | 55.8 | 6829 | 37.0 | 24.0 | 940 | 38.8

3000 | 35.9| 0.97| 0.97 | 15.9| 0.35 | 1195| 14.6| 0.60 | 2023| 60.6 | 696.3 103.8| 40.2

4000 | 25.6|0.99| 21.0 || 0.44| 899 | 144 | 0.67| 1201 | 58.0 | 733.7 105.0| 37.5

4000 | 41.1| 1.00| 12.7 || 0.36| 519 | 145|0.71| 2037 | 61.5| 778.5 113.5| 37.2




Appendix D

Technical drawings

Ahead, it is presented techinical drawings which were ueedlfow operation of PVEE. Pieces
are presented as th@eremanufactured instead as thglyould beproduced. Such differences
are due to unpredictable obstacles, neccessarthe flychanges in the project, handmade
production mode and materials availability.

The mechanical assemblies presented are: Steam genegatwmrator’s bowl float; suction
device or Venturi; jacketed steam transport tube and atlapsaon the valve with step motor.
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No.|dt.[Component Material
6 | 1 |Fuel inlet st. steel
| ®71.9375(5/16")
|
I
|
|
3 (!
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| 248
i I
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| 857 |
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Main unif: milimeter

EESC-USP PVEE Project

Steam generator (component)

Author: Francisco José Alves

Date:jan 20, 2006

Sheet: 3/9] Scale: 11
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No.|dt.[Component Material

10 | 1 |Steam exit st. steel

Main unif: milimeter

EESC-USP PVEE Project

Steam generator (component)

AN

Author: Francisco José Alves

Date:jan 20, 2006 Sheet: 4/9| Scale: 2.1







No.|dt.[Component Material

9 [ 1(Top st. steel

Main _unift: milimeten

EESC-USP PVEE Project

Steam generator (component)

/ Author: Francisco José Alves

Date:jan 20, 2006 Sheet: 5/9| Scale: 1.2







No.|dt.[Component Material
141 1 [Bottom st. steel
®34
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S
1925
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; 2115 -
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0 1x12 2108 | S
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' 2120.3 | '
21255 |

Main _unift: milimeten

EESC-USP PVEE Project
Steam generator (group)
Author: Francisco José Alves
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Date:jan 20, 2006

Sheet: 6/9| Scale: 1.2
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No.

Qt.

Component

Material

13

Tube beam

copper

Main unit: milimeter

EESC-USP PVEE Project

Steam generator (component)

Author: Francisco José Alves

Dafe:jan 20, 2006

Sheet: 8/9] Scale: 1.1
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No.|dt.[Component Material
1 11 [Lid nylon
2 |1 10'ring 2028 Rubber
3 |1 [Body nylon
L | 1 |Guide st. steel
385 / 23
OL1 L BN
/s =t N\
CT
\ $9 5 (}'/8")
N\ ya
Detail A

70

Q16"

Main_unit: milimeten
EESC-USP PVEE Project

Steam generator float (group)
é Author: Francisco José Alves
Date:sep 26, 2006/ Sheet:1/1 |Scale: 1.2







No.|Qt.[Component Material
111 |Hose 2"X30mm rubber

2 | 110'ring 2137 rubber

3 [ 11]0ring 2139 rubber

4L | 1| Throat block brass

5|1 |Throat brass

6 | 4| Threaded bar M6 |carbon steel
7 | 8 [Nut M6 carbon steel
8 | L |Arruela M6 carbon steel
9 | 1 |Throttle body ?

n
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|
|
@ 7
I
|

T 3

iR

:r______IIT'I .

EESC-USP PVEE Project

Venturi (group)

/‘ Author: Francisco José Alves
Dafe:jan 19, 2006 | Sheet:1/3 | Scale: 1.1
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|Component

Material

Throat

brass

Fill with non-acefic

silicon rubber
R0.5 —4%2
1.5\
- M60x1
~ 8°
|
< | 92x20 "
l =1 R2s
4 poo o oo
- 35 R7.5
m | I
15
- |
N |
! o
RO.5 0.5
Main unif: milimeter
EESC-USP PVEE Project
Venturi (Component)

Author: Francisco José Alves

A

Date:jan 19, 2006

Sheet: 3/3]| Scale: 11
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No.|dt.[Component Material

1 | 1 |Hose conn. 3/8" |brass

2 | 1 |Case aluminum

3 | 2 [Nut 3/16" carbon steel
L | 2 |Arruela 3/16" carbon steel
5 | 1 |Separafor disc aluminum

6 | 2|Thr bar 3/16"xL1 |carbon steel
t | 2 |Side bar nylon

8 | 2 |Bolt 3/16"x20mm |carbon steel
9 | 1 [Mofor de passo several

10 | 1 |Central bar PTFE

11 1 1]0'ring 2116 rubber

12 1 1 [Pin brass

13 1 1 ]0'ring 2008 rubber

14 | 1 |Hose conn. 15mm |brass

15 | 1 |Wedqge PTFE

16 | 1 |Plug brass

10

14

EESC-USP PVEE Project

Z

Adaptations on step engine {group)

Author: Francisco José Alves

Date:dec 09, 2006

Sheet: 1/3

Scale: 11







No.|dt.[Component Material
5 | 1 |Separafor disc aluminum
1 | 2 |Side bar nylon
101 1 |Central bar PTFE
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EESC-USP PVEE Project

Step mofor adaptafions (components)

Z Author: Francisco José Alves

Date.dec 09, 2006 Sheet: 72/3| Scale: 1.1
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No.|dt.[Component Material

121 1 [Pin brass

131 1 [{0'ring 2008 rubber

5] 1 [Wedqge PTFE

16| 1 [Plug brass
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Main unit: milimeter

EESC-USP PVEE Project

Adaptations on step motor (gruoup)

Author: Francisco José Alves

Date:dec 09, 2006

Sheet: 3/3| Scale: 11




