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HISTORICAL REVIEW 



INTRODUOTIOI 

Tlle widespread. and ever-i:aoreasi:ag ue ot Diesel en&ines as a 

mode ot locomotion kas brought to the tore the problems presented 

by their to.xio and evil-smelling e.xbaust gases. During the past 

25 years, the Diesel angine has been tound to be both meohanioally 

and eoonomioally superior to many ot the other types ot oombustioA 

angines, both internal and e.xternal, OOJIIJllOnly used ia beavy-duty 

haulage trucks and locomotives, and hence, at the present time its 

use in these fields has beoome very extensive. However, in under­

ground haulage operatio.ns, the use ot Diesel angines has been 

severely ourtailed, ohietly beoause ot the problams presented by 

the noisoJD8 and no.xious gases that issue from the angines as exha.ust. 

Other ditticulties, suoh as the tire bazarda presented by the storage 

of large quantities of fuel oil or by the possible ignition of 

gaseous combustible materials, suoh as methane or ooal gas, in oontaot 

with the hot angine or its exhaust, bave also plaoed great restric­

tions on the use ot Diesels underground. But the toxioity of the 

exhaust gases still remains the •ost pertinent reason inhibiting 

widespread adoption ot Diesel powered locomotives in mines on this 

oontinent. 
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The hazards presented by the use o:f' Diesel angines in mines 

and tunnels have been investigated extensively in Europe (21,30,66), 

and later, in America (3,7,8,30,39). As a result o:f' these investi­

gations, considerable research has been oarried out in an attampt to 

eliminate these bazarda. These efforts have been suooess:f'ul to the 

extent that, in general, Diesel angines oan now be used in most under­

ground mines with less tire hazard than any other internal-oombustio.n 

or eleotrioally operated engine (30,39). In regard to the exhaust gas 

problem, however, no satistaotory solution has been presented tor the 

complete elimination ot the dangers enoountered when Diesel engines 

are operated in oontined quartera. 

In 1940, the u. s. Bureau o:f'Mines initiated an extensive program 

ot investigations into the Diesel exhaust gas problem (5,6,7,8,21,)2, 

44,45). Theae investigations included a study ot the nature ot Diesel 

exl:laust gases under both normal and abnorm.al conditions ot angine 

operation. In addition, a study ot the etteots on exhaust gas composi­

tion of the addition of methane and hot exhaust gases to the intake 

air was made. The resulta showed that it was possible to use a Diesel 

engine in underground operations wi th sa:f'ety, provided that the angine 

was operated properly, and adequate ventilation was available, both 

to remove the e:x:baust gases and to provide the angine with pure air 

(3,7,39). 

Muoh researoh work has been done in an attempt to reduoe or 

eliminate the obnoxious elements in Diesel exhaust gases by treatment 

ot the gases before they are released to the atmosphere. Numerous 

patents have been issued in Europe and in America tor e:x:haust 

- > 



oonditioners. They oonsist mainly of liquid sorubbing deviees which 

attampt to remove the objecti6nal components ot the exhaust gases by 

ohemieal absorptiçn; and catalytio chambers and burners, whioh attempt 

to oonTert the undesirable exbaust gas consti tuents i:nto less harmt'ul 

substances. As far as is known, not one or these oonditioners has 

proTed efficient enough to obviate the requirement of additional 

ventilation in tunnels and mines where oonditioner-equipped Diesels 

are being used. 

In the reports issued by the Bureau of l4ines during their investi­

gatiOR of the nature of Diesel exaaust gases, considerable emphasis 

was placed on the relation between the combustion process ocourring in 

the engine oylinders and the exbaust gas composition. A study of th.e 

theories of the combustion process in relation to the eXbaust gas 

composition indicates tbat, from a theoretioal point of view, o:xygen. 

enriohment of the intake air should decrease the concentration of the 

obno:xious constituent& in the e:xhaust gases, as well as possibly 

providing more information on the combustion process itselt. In the 

light of these considerations, R. M. Cooper (24) made a preliminary 

investigation on the affects of oxygen enrichment of the intake air 

ot a commercial Diesel angine. The seope ot his experimental work was, 

however, too restricted to giTe a complete picture ot the efteot ot 

o:xygen enriohment on exhaust gas oomposi tion. An attempt was, therefore, 

made by the author to extend his data over a wider range of operatiDg 

oondi tions, with the intention of making that pic ture more complete. 

The injection of water, in liquid or vapor phase, into the 

oylindera of internal-oombustion enginea has been in use tor many yeara, 
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and many reports of the affects produoed have been published. Â 

survey ot these reports, in conjunotion with a study of the reactions 

between water vapor and the various oombustioA products, indioatea 

that the addition of water vapor to the intake air of a Diesel angine 

skould deorease the concentration of irritating and toxio constituants 

of the exhaust gases. As far as is known, the eti'ect of water vapor 

addition on the exbaust gas composition of a coJllllereial Diesel engiM 

has not been previously studied. 

This historical review is written with the intention of presenting 

a summary ot all relevant theories pertaining to the combustion procesa 

ocourring in a Diesel engine that have been presented up to the present 

time, as well as a description of the nature of Diesel exhaust gases 

and their relation to the combustion proceas. A brief review of water 

vapor reactions and the affect of water vapor on internal-combustion 

engines is also given. The meohanical aspects of Diesel engines are 

discussed only to the extent neoessary to e~lain the several combustion 

theories. 
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I TEE DIESEL ENGINE 

1. GENERAL PRINOIPLES 

The Diesel, or compression-ignition angine, may be detined as 

a prime mover aotuated by the gases tram the combustion ot a liquid 

or pulverized tuel, injected in a tine state of subdivision into the 

engine cylinder, or an adjacent combustion ab.am.ber, a1; or about the 

conclusion ot a compression stroke. The high temperature produoed 

by the compression ot air to an elevated pressure within the cylinder 

and chamber provides the sole means of igniting the charge. Following 

ignition, the o.barge burns and e:x:pands, thus oonverting the heat energy 

ot the tuel into work (51}. At the present time, liquid tusls are 

used almost exolusively. 

Diesel angines operate on both two-stroke and tour-stroke cyoles, 

1;he cycles being similar to those usually associated with ignition 

engines. In the tour-stroke cycle, there is an intake stroke, a 

eomp~ession stroke, an e:x:pansion or power stroke, and an exhaust 

stroke; in the two-stroke cycle, there is an intake-oompression stroke 

and an expansion-exhaust stroke. The two-stroke cycle is slightly less 

efficient than the tour-stroke. 
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Although the oyolea are similar, ae?eral tundamental ditterenoea 

exist between spark-ignition and compression-ignition angines. Chief 

amomg these are the modes of ignition in the two types of internal 

combustion angines and the tact that the compression-ignition engine 

1& not equipped with a oarburetor: the tuel charge in eaoh oylinder 

must be injected, evaporated, mixed with air, ignited, and burned in 

a tew degrees of orankshatt travel. Also different is the nature of 

the eylinder charge: during the compression stroke air only is 

oom.pressed, not an air-tuel mixture as in the spe.rk-ignition angine. 

Two general methods ot tuel injection are presently used in Diesel 

angines: aampressed air injection and solid injection. In the former, 

a blast ot campresset air blows a measured amount ot tuel into the 

combustion chamber near, or at, top dead center. The air blast tends 

to atomize the tuel, thus aiding in the formation ot a uni tom air-fuel 

mixture. In the latter and more common me'hod, a measured amount of 

tuel is injeoted in the tor.m ot a solid jet under high pressure through 

a nozzle. This solid jet, upon striking the dense compressed air in 

the ehamber, is immediately atomized. In either method, proper injection 

timing is acoompli shed by means of a cam shaft arrangement simi lar to 

that used in spark-ignition angines to aotuate intake and exbaust valves. 

To obtain rapid mixing of tuel and air, combustion chambers are 

deaigned to prom.ote a high degree of turbulence in the gaseous charge. 

This air turbulence tends to disperse the atomized fuel throughout the 

ohamber, and hence, aids in the rapid evaporation of the tuel and 

dittusion ot its vapors. 
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2. 'mE FUEL-AIR RATIO 

It is oustomary to report muoh of the o<»npression-ignition engi:ne 

performance data in terms of the prevailing overall weight ratio of 

fuel to air (or air to tuel), rather tban on the baais of the quantity 

ot fuel oonsumed per cycle because, although the volume of intake air 

used per cycle is constant, its weight is not constant and depends on 

its intake pressure and temperature. The combustion prooess and the 

resulting exhaust gases are protoundly attected by the value of this 

fuel-air ratio. 

The composition ot the fuel oils c omm.only used in Diesel angines 

is usually quite constant, and consista approximately ot 86% carbon and 

li$ hydrogen, by weight. Thereto1'e, fol' complete combustion of one 

pound ot fuel, a bout 15 pounds of air are required, corresponding to 

a tuel-air ratio ot 0.067. This value is ealled the stoiohiometrio, 

or chamically correct, ratio and henceforth, fuel-air ratios greater 

than this value will be design.ated as ratios (or mixtUl'es) on the rich 

sida, and smaller ratios will be designated as ratios on the lean sida. 

Theoretioally, maximum power should be obtained with a tuel-air ratio 

equal to the stoiohiometrio value but it is found in praotioe that use 

ot this value is conducive to inoomplete combustion, resulting in poorer 

etticienoy and an increase in the concentration of the undesirable 

constituants ot the exhaust gases (44). In actual operation, excess 

air is always present and most commercial Diesel angines are adjusted 

to operate on a maximum tuel-air ratio ot approximately 0.05 at 

ma::rlmum rated oapaoi ty. When the angine is idling, the ratio is at a 

minimum. 
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3 • DIESEL J!'UEI8 

Die&el tuela are intermediate distillation products ot the 

tractianal distillation ot petroleum. They are mainly composed ot 

hydreoarbons in tbl 014 - 016 range and have the tollowing approximate 

ultimate analysia: carbon, 85.5 - 86.~; hydrogen, 1,4%; aultur, 

0 - o./$; and traces ot other elements. They have a higher heating 

value ot about 19,000- 20,000 (B.t.u.)/(lb.). Their physioal proper­

tiss, auch as viscosity, moleoular structure, etc., as well as their 

ohemioal propertiea, attect the combustion process protoundly (44). 
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II i'I:E COMBUSTION PROCESS 

1. ŒNERAL PRINCIPLES 

To provide the necessary background to the problem ot Diesel 

ex:haust purification, a thorough knowleàge ot the nature and compo­

sition of' the gasea and their souroe, namely, the combustion prooess 

ill the oylinders, is necessary. The exaot nature and mechanism ot 

the aomplex reactions occurriDg during a combustion prooess are still 

doubttul; however, several theories have been proposed which Will be 

&UBIDI.arized in the tollowing pages. On the other hand, the nature and 

composition of' the exbaust gases are well known and are presented in 

another section. 

!br the purpose ot analysis, the overall combustion process in a 

compression-ignition engine is usually divided into tour phases: 

(a) a period of' no apparent combustion aotivity --the ignition lag; 

(b) iaf'lammation of' the tuel present, or self-ignition; (o) cambustioa 

ot the tuel injected; (d) atter-burning. 

2. IGNITION LAG 

The delay period observed subsequent to the begin.ning ot tuel 

injection but preoeding aotual inflammation is oalled the ignition 

lag. It appears to be divided into two overlapping phases: (i) the 

physical delay, an endothermic prooesa during whioh heating and partial 
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evaporation cf the liquid. fuel, and diffusion or the fuel Tapor, 

enaues; (11) the chemioal delay, an exothermic prooess during wbioh 

the tuel and air reaot without the appearance ot tlame. 

{1) Pb.ysieal Delay 

Durillg thia phase, mixture formation ooours. Two terms 

introduoed by Boerlage and Broeze (11,12) may be conveniently used in 

mixture formation discussion: 'microstructure', the local consideration 

ot the fuel partiales in regard to size and whether they are in the 

liquid or vapor phase; 'macrostruoture•, the overall distribution of 

the fuel in the combustion chamber, without regard to whether vapor­

ization has occurred or not. 

Accordiag to Boerlage and Broeze (11,12), to obtain a good 

microstructure, the fuel should be injected in auch a man.ner that very 

fine atomization resulta. The amall dropleta will then evaporate 

quickly on contact with the hot (about 1000°F.) air, hot wails and, if 

injection continues into the aotual inflammation period, the hot com­

bustion gases (up to 3600°1'.). In aolid injection engiD.es, the tollowi:a& 

factors bave been tound to tavor the formation of a good microstructure: 

high injection pressure and air densit7 in the combustion chamber, small 

injeetor oritioes, and low fuel visoosity. The final microstructure is 

completed by diffusion ot the vapors formed by evaporation throughout 

the fuel-air mixture. 

The mac restructure is obtailled wi th the aid of turbulence in 

the combustion chamber. One ettect ot turbulence is to strip the 

injected fuel jet ot 1 ts very tine droplets and vapors and distribute 
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tl:lem througb.out the ohamber, thus aiding the formation of a homogeneous 

fuel-air mixture (11). Excessive turbulence, however, may have the 

adverse affect of ohilling the combustion mixture or even of cen tri­

tuging fuel droplets out to the walla where incomplet& combustion may 

take place (59,74). 

(ii) Chemioal Delay 

The fuel va.pors formed by evaporation attain the temperature 

ot the surrounding air almost instantaneously and then commence to 

reaot with the o:x:ygen in the air. Reat is liberated during this tlameless 

reaction. At a certain locality, or possibly, localities, where the 

fuel-air ratio is satistaotory, sutfioient beat is developed and a 

tlame ~uoleus appears. Complete inflammation tollows immediately. The 

chemioal delay is thus determined by the velocities of the self-ignition, 

or pre-flame, reactions. Once tlames appear the evaporation of the 

remaining fuel coeurs very rapidly (10,11,12,28). 

Sinoe the incidence of ignition is markedly looalized, the 

overall fuel-air ratio is not nearly as important in the self-ignition 

process as might be expeoted, i.e., there is no oritioal value tor the 

overall fuel-air ratio whioh determines the ease with whioh ignition 

ooours. Beoause of the considerable degree of heterogeneity existing 

in the oOJD.bustion chamber, the local tuel-air ratios throughout the 

oom.bustion mixture vary oonsiderabl.y", and apparentl.y, only those local 

ratios within a specifie range of values are suitable as Qenters of 

ignition. There is some evidence to indioate that tlame nuolei appear 

at spots where the tuel vapor-air mixture oo~sition is about 150% ot 
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~he theoretioal value (liquid tuel droplets exoluded)(ll). 

It appears that, from considerations of power, tuel economy, 

carbon 4eposits, and exhaust gas amoke and smell, the shorteat possible 

ignition lag 1s desirable sinoe it inoreases the overall combustion 

reaction velocity {9,12). It has been found ~hat not only the tempera­

ture but also_ the pressure affect the delay period (49 ,6,3), and Lonn (60) 

reports that the delay is determined primarily by the partial pressure 

ot the oxygen in the tu.el-air mixture. 

3. PHlSICAL ASPECTS OF IGNITION LA.G 

During the lag, the pressure in the combustion ehamber is more or 

lesa constant. The temperature deoreases somewhat during the physioal. 

delay but rises again during the chemieal delay. The occurrence ot f~ 

is marked by sudden pressure and temperature inoreases to maxim.\lJD. values 

(600 - 800 psi. and about ,36000F. respeotively} (12). 

J.. SB:L:r-IGNifiON 

Selt•ignition may be defined as the process of chemieal reaetions 

taking place during the chem.ical delay which resulta in inflammation. 

several theories have been proposed to explain the meohanism ot these 

reactions and how they are initiated. 

5. 'lHEO.RIES OF SELJ'-IGNITION 

(i) The Hydroxylation Theory 

1'his theory, originated b;r H.E.Âl'lllstrong and developed by 

W .A.Bone and eollaborators ( 15 ,17 ,18) , postula tes tbat a slow oxidatioD. 

of the tuel molecule takea place through a series ot h;ydroxylation 

reactions iB which alcohols, aldehydes, and organic aoids are succeasivel;r 
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tor.med as inter.mediate products; the final products being carbon mon-

oxide, carbon dioxide, water, and hydrogen. This theory proposes that 

the oxygen in the air attacks the hydrogen atoms at the ends of hydro-

carbon chains of the tuel and a degradation of the chains ensues until 

only carbon monoxide, carbon diozide, water vapor, and hydrogen remain, 

the relative quantities of each depending essentially on the amount of 

excess air present. Fbr example: 

RCH CHO oxidation RaHOHCBO thermal RCHO + HOHO 
2 decomposition 

RaHO + HCHO thermal RCHO + H + CO 
decomposition 2 

CO oxidation C02 

This theory is in good agreement with the experimental 

resulta obtained from analyses of exhaust gases, but not with the 

kinetic considerations of the reactions. Koreover, it does not 

speoify the mechanism by which the initial oxygen attaok ooours; 

presumably, a termoleoular collision between two hydrooarbon molecules 

and an oxygen molecule is required to initiate this reaction (64). 

(11) The Peroxide Theory 

At about 200oc. alkyl molecules are capable of forming 

unstable alkyl peroxides upon collision with oxygen molecules. These 

peroxides readily explode exothermally, produoing alcohols, aldehydes, 

and organio aoids (62,73). This is, in essence, the peroxide theory 

of salt-ignition. It differa from the hydroxylation theory in that 
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it proposes the fo~ation of an intermediate compound, a peroxide, in 

the initial o:x:idation of the alkalle molecule to the alcohol; thus 

obviati.ng the assumption of an initial termoleoular reaction, as 

required by the hydroxylation theory meoha.nism. Severa! variations of 

this tbeory have been proposed in regard to compression-ignition 

engin es. 

Callendar (23) proposes that the tuel droplets sutfer a 

distillation in the combustion chamber resulting in the formation of 

minute droplets of high-boiling constituants surrounded by vapor 

layera of the more volatile constituants. Alkyl pero:x:ides formed in 

the Tapor layera about the droplets would then be able to recondense, 

along with aome of the vapors, on the surfaoe of the liquid droplets 

and persist to higher temperatures where they would e:x:plode, oausi.ng 

the 11quid drops in turn to lsnite and aot as flame nuolei for the 

rest ot the mixture. 

Tausz (73) suggeats that partial decomposition occurs before 

the unstable peroxides are formed, and explosion of the peroxides at 

the spontaneous ignition temperature ot the fuel resulta in inflammation. 

Le Mesurier and Stansfield (58) hold that the heat developed by the 

decomposition of the peroxides gradually raises the temperature and 

henoe, the reaction velooity, until inflammation resulta. 

An energy chain mechanism has been proposed by Egerton (31), 

aocording to whioh an energy transfer ooours upon the decomposition of 

the active pero:x:ide into active produots (aldehydes and water). T.hese 

active products pass on their energy by collision with other fuel 
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molecules and aotivate them in turn. However, this proposal does not 

appear to satisfy the kinetios of the reaction: introduction of a 

diluent inert gas should slow down the reaction; in actual tact, it 

doe s not (64). 

Boerlage and Broeze (12) suggest the possibility that 

"firstly, a tendency to form unstable oxygen oampounds at low tempera­

tures plays no role in the ignition process, and secondly that the 

role of suah compounds, if pre-formed, is merely that of introducing 

active oxygen which may react, after decomposition of the compound, 

with suah active parts of the tuel as are in want of oxygen". 

Several arguments against the peroxide theory have been 

advanced (12). (a) Substances which tonn peroxides and which, in 

small quanti ti es, lower the spontaneous ignition temperature of a 

fuel at atmospherio pressure, do not do so at higher pressures, i.e., 

at pressures prevailing in compression-ignition engine combustion 

chambers. (b) Tetralin, a substance which is prone to peroxidation 

even at normal temperatures, and the peroxide of which has a sub­

stantial ettect in diminishing the lag of a tuel to which it is 

admi:J:ed, shows no tendency to igni te at all when used as a fuel by 

itself. (c) It is believed that the time available between fuel 

injection and fuel ignition is insutficient for the neoessary 

concentration of peroxides to be formed. 

(iii) The Atomio Chain Theory 

This theory, proposed by Norrish (64), attempts to explain 

the initial oxygen attack occurring in the hydroxylation theory. 
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Norrish suggests a ohain mechanism in whioh atomio o:xygen, f'ormed by 

surface reactions, aots as the ohain carrier. The overall process can 

be indicated as follows: 

Reaction period: 

Termination: 

Or: 

RCHO + 02 --.;.• RCOOH + 0 

RCH3 + 0 lit Rœ2 • + H20 

RCH2 • + 02 --.... RCHO + 0 

surface 
~=•RCH20H 

surtaoe i0
2 

Reoently, Gaydon (36,37), by spectrosoopio analysia of standing 

flames of burning hydrocarbons, demonstrated that very little atomio 

o:xygen is present during the pre-flame reaction period, thus offering 

strong evidence against the atomic chain hypothesis. 

(iv) Thermal Decomposition Theories 

Several decomposition theories have been advanced, the most 

important of which is probably the thermal stabUi ty theory of 

Boerlage, Broeze, and Van Dijck (13). They suggest tha.t total vapori-

zation of the fuel is unnecessary and that the reaction initiating 

ignition is due either to the initial stages of cracking, followed by 

an evolution of heat by the reaotion of the free radicals formed with 

~xygen, or to oxygen reacting with the oil molecules which are in a 

highly strained state just prior to breaking down, and may be considered 

as being abnormally sensitive to oxygen. This theory is substantiated 

by the existence of a definite relation between the initial cracking 
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~elocities of fuels and their ignition quality (cetane number) (14). 

It has been round that oxygen apparently catalyses the decomposition 

process (12). 

(v) The Carbon Nuclear Theory 

It is a well-known tact that free carbon partiales exist in 

the combustion chamber along with the fuel-air mixture, the partiales 

originating from cracking reactions of the fuel and, possibly, of the 

lubricating oil. It has been realized by many that these partiales, 

heated red hot by the exothermic oxidation reactions taking place about 

them, could act as canters of ignition when the fuel-air ratio near 

them was suffioient. 

Reoently, R.O.King (52) presented a theory in whioh the 

carbon partiales acted not only as heat sources for flame nualei but 

also as reaction surfaces. In effeat, he substitutes the liquid fuel 

droplets of the Callendar theory (23) by carbon partiales; the produats 

of inoipient oxidation, e.g., peroxides, formed in the fuel vapor-air 

mixture, are assumed to condense on the surface of the partiales, 

react tbere and raise the temperature suffioiently to cause inflammation 

in the appropriate fuel-air mixture. King bases his theory on the very 

safe assumption that pre-flame reactions are essentially surface 

reactions and that the carbon partiales are simply added surfaces on 

which reaction can take place. 

The important difference between the theories of Callendar 

and King is that the latter applies to vapor phase self-ignition, 

whereas the former is restricted to partial liquid phase reactions. 
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The eommon view at present is t.bat evaporation of the fuel takes place 

very soon atter the latter entera the combustion chamber, and conse­

quently, vapor phase reactions predominate. 

6 • lffiEORIES OF CO:MBUgrtiON 

(1) The Hydroxylation Theory 

This theory has already been presented with the theories of 

self-ignition, aillee it was originally proposed to cover the complete 

combustion procesa, 1ncluding ignition. It has been found that 

conditions are most favorable for hyd.xoxylation when the fuel is well 

vaporized and mixed with air in excess of stoichiometrio quantities. 

A blue flame resulta (carbon monoxide and carbon dioxide radiations) 

whioh has no tendenoy to soot either from overrichness or chilling {11). 

When ohilling of the flame oocurs (possibly from excessive turbulence), 

there is a possibility of the process being arrested at an inter.mediate 

stage, leaving products auch as carbon monoxide, aldehydes, and organ1o 

acids whioh make the exhaust gases aor1d and no:x:ious (10). Overrich 

mixtures tavor the formation of carbon monoxide and hydrogen (11). 

(11) The Destructive Combustion Theory 

This theory, generally attributed to Aufhauser (4), proposes 

tbat a decomposition of the fuel by the heat ot the flame ooours, 

followed by oxidation ot the destruction produots. The conditions 

favorable for this process are very similar to those ocourring in a 

oompression-igni tion eDgine, namely, very sudden exposure of the fuel 

to flame temperatures resulting in decomposition of the fuel molecules 

before oxidation. A yellow tlame resulta (double bond radiations) 
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from glowing carbon partiales formins soot when ohilled and when the 

mixture is too rich. As in the hydroxylation theory, overrioh mixtures 

favor the formation of carbon monoxide and hydrogen (11,12). 

The destructive oombustion.theory appears to explain com­

bustion in the Diesel angine. However, according to Bone (15) the 

decomposition products, viz., simple h1drocarbons, burm mainly to 

carbon monoxide. But Drink:wa.ter and Egerton (29) have shown that 

carbon dioxide is the main carbon oxide tormed, thus disproving the 

sole existence of destructive combustion. In cold engines, aldehydes 

and organic aoids are produced, indicating that hydroxylation is 

present. Beoause of these tacts, Haslam and Russel ( 4].) believe that 

bath hydroxylation and destructive combustion ocour in compression­

ignition engines simul taneously. Saas (69) suggests that partial 

deoomposi tian takes place, followed by hydroxylation of the fragments. 

7. AFI'ER-BURNING 

Atter the bulk of the fuel has been burned, a period of 

deoelerating combustion, oalled 'after-burning', occurs. The fuel that 

has not tound oxygen, or whose rate of oxidation has been too low 

during the burning of the bulk of the fuel, now undergoes combustion. 

After-burning is detrimental from both the mechanical and 

ohemioal points of view. It decreases engine etficiency, because 

heat is developed lata in the expansion stroke and oannot be completely 

utilized. Moreover, the process is one of incamplete combustion 

because the oxygen supply has been nearly exhausted; thus, the amount 

of undesirable oomponents in the exhaust gases is inoreased. 
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Boerlage and Broeze suggest three possible causes of atter­

burning: dissociation of the fuel, about which little is known; 

imperfection of the mixture, i.e., taulty microstruoture due to 

slow evaporation of big drops, or faulty macrostructure due to 

inerteotive turbulence; and chilling of the combustion process by 

contact with oold oylinder walls (12}. 
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III 'niE EXHA.USI' GASI!:S 

1. GENERAL Nt\'IURE 

The Diesel exhaust gases oonsist essentially ot nitrogen, oxygen 

and carbon dioxide, with relatively small amounts of several other 

gaaes and solid materiel. The minor constituent gases are: varioua 

aldehydes, carbon monoxide, hydrogen, met bane, oxide s of ni trogen, 

oxides of sulfur, and water.vapor. Traces er other substances, e.g., 

organic aoids, may also be present. These minor constituants, 

although present in small quantities, bave a great praotioal impor­

tanôe aince some of them have irritating odors, and some are highly 

toxic. The aolid material consista essentially of carbon soot, 

usually very finely dispersed, but sametimes quite dense. A discussion 

of each constituent is given below. 

2. ALDEHlDES 

Aldehydes in the exh.aust gases of Diesel angines result from 

incomplete oxidation of the fuel. They are oharaoterized by their 

irritating, though not neoessarily toxic, etfeot on eyes and respira­

tory organe, and are responsible tor the 'acrid' odor associated with 

Diesel exhauat gases. 

:From the small amount of data available, aldehyde concentration, 

expressed in terme of tormaldehyde, may vary from zero to 50 ppm. by 



volume, depending on the type of angine and operating conditions. The 

concentration increases with deoreasing fuel-air ratio, the highest 

values being obtained at the lowest possible tuel-air ratio, i.e., 

when the angine is idling. In the vicinity ot the ohemioally correct 

ratio the ir concentration is very low • and someti..mes undetectable tor 

certain angines (39.44). 

In the light of the existing combustion theories, aldehydes are 

tormed only in the early stages ot hydroxylation, and not at all in 

destructive combustion. It is theretore believed that the appearance 

ot aldehydes in exhaust gases is due to chilling ot the combustion 

process which causes the hydroxylat1on of the fuel to stop at the 

inter.mediate aldehyde stage. Ohilling oocurs in lean tuel-air mixtures 

due to the lower combustion temperatures prevailing, but chilling ot 

rioher tuel-air mixtures is probably oaused by the cool oylinder walls 

and/or exoessive turbulence (39,44). 

The aldehyde concentration is inoreased by the addition ot carbon 

dioxide or natural gas (85%methane) to the intake air (32). The 

addition ot hot exhaust gases bas no signitiaant etfect on aldehyde 

torma ti on ( 5) • 

Although aldehydes are not noted tor their toxicity, they have 

an irritating and obnoxious odor that is detectable at concentrations 

as low as 10 ppm. (32,44). 

3. CARBON DIO:xiil'B: 

Carbon dioxide resulta tram the complete oxidation ot the carbon 

in the tuel; it is one ot the end products ot both hydroxylation and 
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destructive combustion. Its important pbysiologioal effect is that 

it tends to increase the lung ventilation, or rate of breathing, of 

persona exposed to it for any length of time {39,44). 

From the data available {44), the carbon dioxide concentration 

appears to be direotly proportional to the fuel-air ratio. It reaches 

a maximum of about 1~ by volume at the chemically correct fuel-air 

mixture, and then decreases as the mixture beoomes richer. 

4. CARBON MONOXIDE 

Carbon monoxide is a colorless, odorless, extremely toxic gas; 

it is a product of the incomplete oxidation of carbon in the fuel. 

From the available data (39,44), the carbon monoxide content 

of the exhaust gases may be as high as 6 or 7% for some angines 

operating with fuel-air ratios on the rich side. In general, the 

carbon monoxide concentration is a minimum on the lean side, increas­

ing as the mixture beoome s rioher, and also when the mixture becomes 

very lean. The carbon monoxide content of a Diesel angine exhaust 

gas operating normally is usually lesa than 1%, and is considerably 

lower than that of a similarly rated gasoline angine. The increase 

in carbon monoxide for rich mixtures is believed to be due to 

insutfioient oxygen being available for complete combustion. The 

increase when the mixture becomes very lean is probably due to 

chilling whioh prevents oxidation from going to oompletion.(44}. 

The carbon monoxide concentration is increased by the addition 

of hot exhaust gases, carbon dioxide, or natural gas (8~ methane) 

to the intake air (5,32). 
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Carbon monoxide is toxic to the extent that a concentration of 

0.20 - 0.25% of the air breathed causes unconciousness in about 

thirty minutes; a concentration as low as o.o~ causes headache and 

disoomfort within two to three hours (39). 

5. HIDROGEN AND METHANE 

These gases coeur in very small quantities. The question of 

their toxioity or explosion hazards is negligible. Small amounts 

have been reported to be present in the exhaust gases for fuel-air 

ratios on both aides of the stoiohiametrio ratio. Small quantities 

of hydrogen may be produced by the decomposition of water vapor for.med 

during the combustion proceas or in the intake air (44). 

6 • NITROGI!:N 

This gas, camposing 79% by volume of the intake air, does not 

take part in the combustion process, and henoe comprises the greatest 

percentage of the exhaust gases. A very small quantity is oxidized, 

however, resulting in the formation of small amounts of the torlo 

o:ddes of nitrogen (39 ,44). 

7. OJŒDRS OF NITROGEN 

These gases, nitric oxide, nitrous oxide, and nitrogen dioxide, 

are a result of certain high temperature reactions ooourring between 

the oxygen and nitrogen of the air, along with the other combustion 

prooesses. Nitrio oxide (NO) and nitrogen dioxide (N02) are extramely 

dangerous gases because they tend to form nitrous and nitrio acids in 

the respiratory passages of those exposed to them; nitro~s oxide (N20) 

is more or lesa barmless unless it is present in large quantities, 

-----·-------------------------------------------------------------------------------------
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whenoe it has a soporifio etfeot. NO and N2o are colorless; N02 is 

reddish-brown. The presence ot N2o in exhaust gases from internal 

combustion angines has never been proven. 

The reaction between nitrogen and oxygen to form NO is endo­

thermio, and is favored by high temperatures and an excess of oxygen. 

N02 is formed at lower temperatures by the oxidation of NO. N02 is 

also formed endothermically from nitrogen and oxygen at high tempera­

tures, but it decomposes to NO whioh is more stable at those tempera­

tures. Although seme NO ooours in the exhaust gases, N02 predominates 

sinoe it is more stable. In normal ranges of operation, the concen­

tration of nitrogen oxides (expressed as equivalent N02) varies 

between 200 and 600 ppm., by volume (44). A review of the kinetics 

and thermodynamics of the formation of NO in Diesel angines has been 

presented by Cooper (24}. 

The concentration of nitrogen oxides appears to be a maximum at 

intermediate fuel-air ratios. The fuel-air ratio at which this 

maxtmum occurs is dependent upon the tYPe of angine and the angine 

speed. An explanation of the variation of the concentration of 

nitrogen oxides oan be obtained from the tact that beth high tempera­

tures and excess oxygen favor the formation of NO. As the fuel-air 

ratio increases, the temperature of the combustion process increases, 

and the formation of NO also inoreases. But when intermediate fuel­

air ratios are reaohed, the effeot of the excess oxygen is decreased, 

and henoe the formation of NO is also decreased (39,44}. 
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The concentration of' nitrogen oxides is deoreased by the addition 

of hot exhaust gases to the intake air (5). The addition of' natural 

gas (85% methane) to the intake air does not affeot the nitrogen oxide 

concentration signif'icantly (32). 

8. OliDES OF SOLFOR 

Any sulfur in the fuel oil i s oxidized to sultur dioxide and 

sulf'ur trioxide which appear in the exbaust gases. Since fuels can 

be obtained that are almost entirely f'ree of' sulf'ur, the oxides of' 

sulf'ur are of' little concern and will not be discussed f'urther. 

9. OXYGEN 

The oxygen content of' the exhaust gases is always relatively 

high -- from 7 to 18% -- since exoess air is always used in Diesel 

angines. Its concentration decreases with inoreasing fuel-air ratios. 

If a Diesel angine is to be used in a conf'ined spaoe, adequate venti­

lation must be maintained to replace the oxygen consumed by the angine 

as wall as to remove the exbaust gases (39 ,1.4). 

10. SMOKE AND SCOT 

Exbaust smoke is composed almost entirely of' aldehydes and 

minute carbon partioles suspended in the e.xhaust gases. It originates 

from two sources: lubricating oil that has been carried past the 

piston rings into the combustion chamber, or from excess oil on the 

inlet valve stems; and improper combustion of' the f'u~l oil. 

Smoke from the first source is usually a blue oolor and has 

an obnoxious odor; smoke from the second source may be white, blue, 

or black, or a combination of' the three. The white smoke cames from 
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very slight oxidation of the fuel spray, or from slow combustion. 

Blue smoke, consisting mostly of aldehydes, resulta from the com­

bustion of ohilled fuel-air mixtures suoh as ooour with fuel droplets 

that have struck the cool cham ber walls. Black srnoke, composed 

mostly of minute carbon partiales, is produced by the combustion of 

overrich mixtures, and may be due to faulty injection, or ~proper 

mirlng of the tuel and air (75). Certain mechanical features of 

compression-ignition angines are often responsible for excessiTe 

exhaust snoke; thus, same Diesels are inherently more smoky than 

others. 

11. WA.TER VAPOR 

Water is one of the products of complete combustion or Diesel 

fuel oils, and bence, is produced in relatively large amounts as 

vapor in the combustion chamber. It is condensed, however, in the 

e:x:haust oooling system and, consequently, does not representa large 

proportion of the e:x:haust gases. A small quantity of water vapor 

probably dissociates into hydrogen and o:x:ygen at the high tempera­

tures preva.iling in the combustion chamber. 
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IV PRI!!VIOUS INVESTIGATIONS OF OXYGEN ENRICEMENT 

The operation of internal-combustion angines using intake air 

that had been enriched by the addition ot pure oxygen, has been 

studied by a few investigators with the intention of improving the 

operating efficiency of the angines. As a result of these experi­

menta, ssveral patents have been issued desoribing ways and means 

of enriching the intake air of Diesels to give increased power and 

effi.ciency (76). Other advantages clairœd by the patents include 

a reduction of carbon deposits in the cylinder, and the possibility 

of utilizing heavier grades of fuel. 

References to oxygen enricbment of interna1-combustion angines 

in the researoh literature are intrequent. In 1940, Schweitzer {71) 

reported the resulta ot his investigations on the affect of increasing 

the oxygen content of the intake air of a four-stroke, C.F.R. Diesel 

angine from 21% to 4:11> by volume. The engine was run at 890 R.P.M., 

and the exhaust temperature was found to increase from 620°F. to 

l000°F., while the ignition lag was shortened by 47%. Other obser­

vations were: an inorease of tan cetane numbers in the ignition 

quality of the fuel; increases in the indicated and brake horsepower, 

maximum cy11nder pressure and fue1 oonsumption par horsepower-hour. 

In 1911:>, Hawthorne ( 42) reported that the addition of oxygen to an 
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aircraft angine inoreased its speed 30 to 35 mph. Kuzminov (54}, in 

1947, stated that, from theoretical considerations, oxygen enrichment 

is more applicable to gas engines than either Diesel or carburetor 

type angines. 

However, up to 1950, no data had ever been published concerning 

the affect of oxygen enrichment on the composition of internal-combustion 

engine exbaust gases. In that year, Cooper (24} reported the resulta 

of preliminary investigations along those linas on a commercial, four­

stroke, Diesel angine. His investigations covered the effect of a 

constant oxygen enrichment at constant speed and variable brake loads, 

and that of a variable oxygen enrichment at no load and medium load, 

both at constant speeds. He found that, for a constant enrichment of 

o.~ (i.e., the enriched intake air contained 21.8% oxygen instead of 

the normal 21.<>%), a decrease re sul ted in both the carbon monoxide and 

aldehyde concentrations, aocompanied by an inorease in the oxides of 

nitrogen concentration in the exhaust gases. However, as the oxygen 

enrichment was inoreased to a maximum of 3.2%, the aldehyde concen­

tration appeared to pass through. a minimum. at about 1% enricbm.ent and 

began to inorease; the oarbon monoxide concentration appeared to 

approach a minimum limiting value, and the oxides of nitrogen increased 

steadily. A small temperature inorease in the exhaust gases was also 

observed for each successive enricbment. These resulta were obtained 

tor brake loads varying from no load at 792 R.P~. to about 22 herse­

power at a constant speed of 1000 R.P.M. Cooper ooncluded that the 

main reason tor the observed trends appeared to be an increase in the 



temperature leval at whioh the combustion reactions ocourred. He 

stated that this inorease in temperature was due to deoreased 

heterogeneity of the tuel-air mixture, caused by the addition of 

extra oxygen, whioh led to shorter ignition delaya and deoreased 

after-burning, and bence to higher reaction velocities and shorter 

reaction times. Obviously, this investigation must be extended to 

include greater brake loads at higher speeds and larger oxygen 

enrichments before any final conclusions can be drawn concerning the 

effect of oxygen enriohment on the composition of Diesel exhaust gases. 



V PREVIOUS INVESTIGATIONS OF WA.'l'ER V.APOR ADDITION 

The addition of water -yapor to internal-combuation angines 

has been in use tor many years. Water was added to the fuel-air 

mixture of a spark-ignition angine as far back as 1866 (38), and 
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is still being introduoed into many automobile and aeroplane angines 

at the present tim.e. The reasons presented in favor of its addition 

to spark-ignition angines are that it acta as an internal coolant, 

permitting greater power output, and that it suppresses knocking and 

makes it possible to use lower octane fuels in high compression ratio 

angines (38,53,68). The same affect is obtained whether the water 

is added as a liquid or as a vapor (68). A satisfactory explanation, 

aooompanied by e:x:peri.Jlental proof, of the effeot of water vapor on 

the performance of spark-ignition angines oould not be round in the 

reaearch literature. 

Water vapor has been added to semi-Diesels to inorease their 

power outputs. Saas (69) attributes this effect to dissociation of 

the water vapor, the produots of whioh lead to a more complete 

combustion of the fuel. Le Mesurier and Stansfield (57,58) oontend 

that the etfect is one of oooling the hot bulb; thereby preventing 

pre-ignition and subsequent losa of power. 
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There have been reports that the addition ot water vapor to a 

sami-Diesel deoreases carbon formation (57), but the effeot of water 

vapor addition to the intake air on the exhaust gas composition of 

internal-combustion angines has apparently never been studied, so far 

as can be asoertained trom the research literature. 
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VI WATER VAPOR AND COMBUSTION 

The influence of water vapor on the oharaoteristios of com­

bustion prooesses has been observed and investigated for many years. 

In 1880, H.B.Dixon (27) :t'irst reported that the presence of water 

vapor in a mixture of carbon monoaide and oxygen (in the stoiohio­

metric ratio of 2:1) de:t'initely aida the ignition of that mixtur• 

by an eleotrie spark. Bone and Weston (17) studied this phenamenon 

very thoroughly and round that the ease of ignition of a carbon 

monoxide-oxygen mixture by a spark was proportional to the amount of 

water vapor present, up to saturation. In 1927, Bone and Townend (16) 

reviewed all researoh dona on the e:t'fect of water vapor on the spark­

ignition and combustion of a carbon monoxide-oxygen mixture. They 

concluded tbat the presence of water vapor, although not essential, 

detinitely aided ignition and combustion. They reported no satis­

tactory theory to explain the phenomenon. 

In 1928, Bonhoeffer and Reichardt (20) reported that, at tempera­

tures above 1200°0. (22000f.), water vapor dissociated into hydrogen 

and hydro:x:yl (OH) radical a as well as into hydl'ogen and oxygen. This 

immediately suggested tbe possibility tbat the hydroxyl radical was 

responsible tor the ease of ignition of the carbon mono:x:ide-o:x:ygen 

mixtures in the presence of water vapor. 
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Reactions of dissociated water vapor have been studied by many 

investigators in the last twenty years. In 1929, Urey and Lavin (77) 

observed tbat dissociated water vapor bad a marked reducing action on 

many substances, and, in 1931, Lavin and Reid (56) reported that 

dissociated water vapor readily converted liquid vegetable oils to 

solids. Thus, dissooiated water vapor appeared to be able to aot 

both as a reducing and an oxidizing agent. This was confirmed in 

1931 and in succeeding years, when several investigatora reported 

that carbon monoxide oould be converted to carbon dioxide by dissociated 

water vapor, the amount converted being reported as high as 6~ (46, 

55 ,67). The apparent explanation for this dual role played by 

dissociated water vapor is that the hydrogen produoed by the dissocia­

tion is the reduoing agent, and the hydroxyl radical is the oxidizing 

agent. The suggestion that atomic oxygen, formed as an intermediate 

produot in the dissociation of water vapor, was the true oxidizing 

agent has been refuted by Harteok and Kopsch ( 40) who demonstrated 

that atomio oxygen was a very poor oxidizing agent. 

The affects of the presence of water vapor in the ignition and 

combustion of methane and ether hydrooarbons has also been studied. 

1ones and Seaman (48) round that the ignition temperatures of dry 

methane-oxygen mixtures were lowered by the presence of water vapor. 

David and Mann (25), in 1943, reported that the flame temperatures ot 

many burning hydrocarbon mixtures have been raised b,y the presence of 

moisture in the mixtures. No theoretical explanations were given for 

these phenamena. Another manifestation of the affect of water vapor 
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on combustion is mentioned in a report by Boerlage and Broeze (12): 

if steam is injected into the air-holes of an oil-burning ~p, the 

flame immediately becames soot-free and lesa radiant; thus, "the 

addition of water vapor influences the ohemical processes in the 

direction of hydroxylation". 

In 1947, FraDk-Kamenetzky (34) reported the affect of the presence 

of water vapor and hydrogen on the formation of nitric oxide during 

the explosion of mixtures of carbon mono::x:ide, oxygen and nitrogen. Be 

round that small amounts of water vapor, or hydrogen, caused an increase 

in nitric oxide formation, but that turther additions of water vapor 

resulted in a decrease. This latter effect was not observed with 

hydrogen. All the observations were made at a pressure of 200 mm. of 

mercury. 

In brief, it may be said that the presence of water vapor in 

combustible mixtures definitely improves the ignitability of the 

mixtures, by spark-ignition at least, and tbat dissociated water 

vapor is a good oxidizing agent. It appears, although it has not been 

proved conolusively, that it is not the water vapor itself that 

inoreases the ease of ignition of combustible mixtures, but rather the 

products for.med from the dissociation of the water vapor by the high 

temperatures of the ignition source. 



EXPERIMENTAL SECTION 
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I EQ,UIPMENT AND PROCEDURE 

The equipment used in this investigation oonsisted essentially 

ot a Diesel angine equipped with a dynamometer and the apparatus 

neoessary tor the ohemioal analysis ot the exhaust gases. A photo-

graph ot the complete set-up is shown in Fig. 1. 

l. 'l'HE DIESEL ENGINE AND ACCESSORIES 

The Diesel engine was a standard Hercules, tour-stroke angine, 

modal DOOD, the oharaoteristios ot whioh are tabulated in Table I. 

TABLE I 

ENGINE CHA.RACTERISTICS 

Type 
Num.ber ot eylinders 
Oylinder bore, inohes 
Piston stroke, inches 
Piston displaoement, ou. in. 
Maximum rated speed, R.P.M. 
Maximum rated B.H.P. 

(without acoessories) 
Fuel pump 

Type ot injection valve 
Opening pressure ot injection 

valve discharging into air 
at atmospherio pre~sure, lb. 
per sq. in. 

Combustion system 
Oooling system 

Lubrication 

Four-stroke cycle 
Four 

!t 
255 
2600 

79 
Individual pump for eaoh 

oylinder; fuel delivery 
oontrolled by pump plunger 
by-pass. 

Pintle nozzle 

1650 
Spherioal turbulence 
Positive circulation, thermo-

statioally oontrolled 
s.A.E • .30 



FIG. 1. TI:Œ DIESEL ENGINE, CONTROL PANEL, AND 
ACOESSORIES 
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The engine was mounted on three short oonorete pedestals, and was 

anohored tir.mly by six 12-inoh bolts passing through the pedestals to 

the oonorete tloor beneath. Rubber pads, plaoed between the supports 

and the engine proper, helped to minimize vibrations. 

The engine was started by means ot a small oampressed air turbine. 

The oompressed air, obtained from a laboratory oompressor, was stored 

in a steel oylinder adjacent to the engine, and was admitted to the 

turbine through a fast-acting, on-ott, check valve. The exhaust gases, 

leaving the engine via the exhaust manifold, were oonduoted through 

f'ive teet ot 2-inch pipe f'ollowed by nineteen teet of 3-inch pipe to 

the atmosphere outside the laboratory. Fuel was supplied by gravity 

f'eed tram a calibrated f'uel tank equipped with a graduated sight-glass. 

The fuel used was standard Diesel fuel whichmet the Amerioan Society 

tor Testing Materials specifications. Its properties are listed in 

Table II. 

TABLE II 

FUEL PROPERTIES 

Specifie gravity, 0A.P.I. @60°F. 
J'la sh point P .M. , °F. 
Visoosity s.u. @100°F. 
Cloud point , ·°F. 
Pour point, °F. 
Dissolved soaps, mg. 
SUlfur , Bomb, ~ 
o.c. residue on 10% bottoms, % 
Diesel index · 
Cetane num.ber · 
I .B.P., °F. 
F.B.P., °F. 
Higher heating value, B.t.u./lb. 
Carbon, wt. % 
Hydrogen , wt. % 

35.8 
160 
36 

-35 
-50 

2.1 
0.490 
0.047 

52.8 
44 

385 
635 

19,700 
85.4 
13.6 



39 

To .make satisf'actory heat measurem.ents on the angine the fan wa.s 

disoonnected and cooling was acoomplished by means of a steady stream 

ot water passing through the angine cooling system. Water from the 

mains was supplied to the engine through standard i-inch pipe, and i ts 

rate of circulation was determined by means of a oalibrated orifice. 

The cooling-water rate was adjusted to maintain the temperature of 

the water leaving the engine constant at 50°0. (122°F.}. 

The angine was coupled direotly to a dynamometer which consisted 

of a modified Froude water-brake. The water-brake had a tour-foot 

arm and a 200-pound counter-weight, and was mounted on a steel plate 

which was bolted to the floor. The angine loads were varied by 

adjusting the water level in the brake, the loads being measured by 

balancing the brake with weights plaoed on the end of the four-foot 

s.rm. 

Addition of oxygen or water vapor to the intake air was effected 

through a tapped hale in the air intake duct, between the air filter 

and the angine air manifold. A i-inch stop-cook was also provided in 

this line to allow operation of the angine with normal air. 

2. INSTRWEN'tA.TION 

The sngine was equipped with the usual continous reading instru­

ments, namely, an oil pressure gauge, an oil viscosity gauge, and a 

tachometer. In addition, sever al temperature measuring and flow 

rating instruments were installed. The exhaust manifold temperature 

was measured by a ohromel-alumel thermocouple si tuated directly in the 

exhaust gas stream as it left the manifold. The angine block 
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temperature was obtained from a copper-constantan thermocouple embedded 

in the surface of the angine casting. An.other copper-constantan thermo­

couple was installed in the exhaust 11ne at the point of sampling. 

The temperature of the cooling water leaving the angine was measured 

by a gas-bulb type thermometer, as was the oil temperature ill the oil 

pan and the ambiant air temperature. The inlet oool1ng-water tempera­

ture was measured by a meroury-filled glass thermometer installed in 

the water line, and its flow rate was measured by a calibrated orifice 

with a mercury-filled manometer. 

All the above instruments, With the exception of the inlet cool1ng­

water thermometer and orifice manometer, were mounted on a central 

control panel. Also installed on this panel was a calibrated orifice 

and its water-filled manometer for metering the oxygen added to the 

angine in seme of the tests. A Bourdon gauge, indicating the pressure 

in the compressed air storage tank, completed the panel instrumentation. 

Âll the thermocouple leads terminated in plug-in jacks mounted on the 

panel, connected to a portable Leeds and Northrup potentiometer. 

The amount of fuel admitted to the angine was regulated from the 

control panel by means of a band-lever conneoted to the governor control 

lever on the angine by a cable and pullay arrangement. This made it 

possible to maintain any angine speed, from idling to maximum, for any 

par iod of time. 

3. ADDITION OF O:x:YCZN 

Oxygen was added to the engine from a standard commercial, 240 

ou. tt. capacity, cylinder situated beside the panel bench. Its flow 



was regulated by a standard o:xygen duplex gauge attached to the 

oylinder, and also by ai-inch globe valve just preoeding the metering 

orifice described above. From the orifice, the oxygen passed through 

rubber tubing to the angine, entering through the tube provided in the 

air intake du ct. 

4• ADDITION OF WA.'IER VA.POR 

Water vapor was added to the angine in the f'orm of' steam. Instead 

ot using steam t'rom the la bora tory lines, which proved too dif'ficult 

to meter and control in the small quantities required, a small generator 

was construated to proTide a constant supply of' steam at any desired 

rate. The generator consisted essentially of' a four-liter Erlenmeyer 

f'lask with side-arm and an Nichrome wire interna! heating coil which 

was made by winding the required le:ogth of wire into a !-inch spiral. 

Current was conducted to the heating ooil through heavy oopper leads 

passing through a rubber stopper in the neck of the t'lask. Water was 

admitted to the flask through a glass tube in the rubber stopper t'rom 

a reservoir above the flask, the rate being regulated by a glass 

sto~-oock. ~e steam generated pasaed out through the aide-ar.m and 

wa.a conduoted direotly to the angine through a short length of rubber 

tubing. The steam rate waa determined by the amoUD.t of power supplied 

to the heating ooil, and was measured by the amount of water evaporated 

in a given tim.e. 

5. s.A.MPLDlG THE EllWJST GASES 

Ail gas samples were drawn t'rom a point in the exhaust lina about 

f'itteen teet from the outlet. This precaution is neoessary in sampling 



the e:x:haust gases f'rom an internal-combustion angine to prevent 

contamination or the sample by outside air which is known to be drawn 

a considerable distance into the pipe between pulsations in the flow 

of exhaust ga ses fr cm the angine ( 44). The sampling tube was permanently­

inserted in the 3-inch e:x:haust pipe and oonsisted of' standard t-inoh 

iron pipe with eight 1/8-inoh heles drilled along its length. fhe 

sampling line carried the gases to a finned, air-oooled, spiral 

condenser where they were cooled to room temperature and condensation 

ot most of the moisture present took place. The gases then passed 

through a glass trap, and thence to a glass manifold equipped with 

two two-way glass atop-cocks from which samples were drawn to be 

analysed. This arrangement permitted the collection of two samples 

simultaneously, when necessary. 

6. :METHODS OF ANALYSIS 

The analytical procedures employed for the determination of' 

carbon dio:x:ide, o:x:ygen, ni trogen, methane, hydrogen, carbon mono:x:ide, 

and the o:x:ides of' nitrogen were similar to those used by ether investi­

gators in this field. 'l'he aldehydes were determined by a method used 

ohiefly in the bio-chemical field but also applicable to exhaust gas 

analysis. 

( i) Carbon Dio:x:ide, O:x:ygen, Ni trogen, Hydrogen, Methane 

A single sample tor the determination of these gases was 

oolleoted by displacament of an aoidified sodium sulfate solution in 

a standard 250-ml. gas sampling bulb. The aaidified sodium sulfate 

solution was used rather than water because carbon dio:x:ide is slightly 
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aoluble in the latter. The sample was analysed in a commercial Burrell 

gas analyser which operates on the two principles of (1} the selective 

absorption of carbon dioxide and oxygen, the volume changes acoompanying 

the absorption of these gases (in Oxorbent and potassium hydroxide 

solution, respectively) being proportional to the amount of each gas 

present; and (2) the catalytic combustion of the hydrogen and methane 

to water and carbon dioxide. Nitrogen was obtained by difference. 

(ii) Carbon Mono:x:ide 

Carbon monoxide was analysed by the common iodine pentoxide 

method (2,50). A gas sample was collected by water disPtaoement in 

a standard 250-ml. gas sémpllng bulb. The sample was then passed 

slowly through a train of apparatus consisting of: (a) a flow meter 

to control the flow rate, (b) a bubbler containing concentrated 

sulfuric aeid, (o) a liquid-o:x:ygen oooled trap, (d) aU-tube oontaining 

aotivated alumina and Ascarite, (~) aU-tube oontaining iodine 

pentoxide maintained at a temperature of 150°0. by a thermostatioally 

oontrolled external eleotrioal heating element, and finally, through 

(f) a Bowen absorption bulb containing potassium iodide solution. 

The sulfurio aoid aoted as a dessioant, the liquid oxygen trap oon­

denaed any undesirable hydrocarbon vapors which might have been 

present, as wall as any re.maining moi sture, and the alumina and Asoarite 

aoted as final drying agents to remove the last traces of water vapor. 

It was essential that all water vapor be removed before exposing the 

gases to the iodine pentoxide, as the latter's etteotiveness is 

destroyed by e~osura to water vapor. When the dried gases were 
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passed through the hot iodine pentoxide, any carbon monoxide present 

reaoted with the pentoxide, liberating iodine vapor whioh was subse­

quently absorbed in the potassium iodide solution. At the end ot the 

analysis, whioh required about one hour and forty-five minutes, the 

potassium iodide solution was titrated with standard sodium thiosulfate 

solution to determine i ts iodine content. Knowi.ng the amount of gas 

analysed and the quantity of 1odine liberated, the amount of carbon 

monoxide present in the exhaust gases was oaloulated. 

(iii) O::ddes of Ni trogen 

The phenoldisultonio aoid method (1,65) was used tor the 

determination of the oxides of nitrogen (e:x:oluding nitrous oxide). 

This is a oomm.on method used in gas analysis. A gas sample was 

oollected, by disp:t._acement with the aid of suction, in a one-liter, 

three-neok flask. Â solution of water, dilute sulfuric acid and 

hydrogen pero:x:ide was then added to the tlask, and a period of two 

hours was allowed to permit complete absorption of the o:x:ides in the 

sample by the solution. The latter was then washed into a beaker, 

made slightly alkaline with potassiUIII. hydro:x:ide solution, and 

evaporated to dryness. To the dry residue was added a small amount 

ot phenoldisultonic aoid, and the resulting solution was then washed 

into a Nessler tube and made up to volume with ammonium hydroxide 

solution and water. The final solution was oampared with a standard 

solution in a Dubosq colorimeter to determine its concentration of 

o:x:ides of nitrogen, from wnich the oxides of nitrogen concentration 

in the e:x:haust gas sample could be calculated. The resulta were reported 

in parts per million, by volume, of equivalent nitrogen dioxide (N02). 
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(iv) Aldehydes 

The method adopted tor the determination of aldehydes, 

although oommon in quantitative organio analysis (35), has, as far as 

is known, been used by only one other inveatigator (·44) in the analysis 

ot Diesel exhauat gases. The method oonsisted of alowly bubbling 

about two litera ot exhaust gases througn a solution ot sodium 

bisultite. A:rJ.y aldehydes present tormed addition produots with the 

bisultite. The tree, or unbound, bisultite waa then titrated with 

iodine solution to the staroh indicator end-point. Sodium bicarbonate 

was added to release the bound bisultite which was subsequently 

titrated with standard iodine solution. From this final titration, 

the anount ot aldehydes in the exhaust gases was caloulated, and was 

reported as parts per million, by volume, of equivalent tor.maldehyde 

(HCHO). This method is probably more acourate than the Sohitt-Elvove 

reagent method (33), and muoh easier to pertorm than the silver 

precipitation method (43) -- the two most oammon methods used in gas 

analysis tor aldehydes (2). 

The ohiet drawback to this procedure was the large gas 

sample required. Sinoe aldehydes are either soluble in, or reaot 

with, most common liquida, the gas sample could. not be oonveniently 

colleoted by liquid displaoement and analysed at a more suitable 

time. Mercury oould have been used, but the amoùn.t required would. 

bave been diftioult to handle. Consequently, the gas sa.mple bad to 

be drawn direotly from the sampling manifold., and through a oalibrated 

flow mater and the bisultite solution at a constant rate tor a definite 



period ot time with the aid ot suotion -- an operation which required 

about twentyminutes per sample and one operator's almost undivided 

attention. 

7. ÂOCURA.QY OF 'IHE ANALYTIOAL :aESULTS 

Yrom a consideration ot the experimental errors inherent to the 

analytical procedures employed in this investigation, and from the 

resulta of a large number of preliminary blank titrations, the 

respective aoouraoies of the analytical determinations have been 

estimated to be as followa: 6% for o:ddes of ni trogen, 1~ tor 

aldehydes, 8% tor carbon monoxide, and 2% for carbon dioxide, oxygen, 

and nitrogen. Camparison of the resulta obtained with those reported 

by ether investigators using similar angines and operating conditions 

showed good agreement. 

8. Ta:&.r PROaEDURE 

Before any exhaust gas sam.ples were ta ken, the angine waa run 

under the required operating conditions of speed and load until steady 

state conditions had been reached, which required about half an hour. 

It oxygen or water vapor were to be added during the run, the addition 

began about tive minutes betore sampling cammeneed. 

The samples taken oonsisted of: two samplea for oxides of 

nitrogen determination, two aamples tor carbon monoxide determination, 

two samples tor aldehyde determination, and one sample for the combined 

determination of carbon dioxide, oxygen, nitrogen, hydrogen and methane. 

The order of sampling wa s done in su oh a mannar as to in sure good 

average samples being obtained in the least possible time. As soon as 
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the engine operating conditions became stable the first oxides of 

nitrogen determination sample was taken. About six minutes were 

required to obtain a pure sample. As soon as collection of this 

sam.ple waa completed, the first aldehyde sample was beg un. During 

this sampling, which took about seventeen minutes, the first carbon 

monoxide sample and the sample to be analysed in the Burrell analyser 

were taken through the second stop-cock on the sampling manitold. 

At the completion of the first aldehyde aampling, the second oxides 

of nitrogen sample was taken, followed ùwnediately by the second 

aldehyde sampling. During the second aldehyde sampling the second 

carbon monoxide sample was taken. A.t the end of the second aldehyde 

sampling the angine was shut down. The total time req uired for 

sampling was about forty-five minutes. 

During the period in which the samples were being taken, a 

seoond operator waa operating the engine and bralœ and taking the 

following readings at five-minute intervals: air temperature, angine 

oil temperature and pressure, cooling water temperature at inlet and 

outlet, thermocouple readings, and inlet cooling water rate. When 

oxygen or water vapor were being added this operator oontrolled the 

rate of addition as well. The engine operating conditions were kept 

constant by keeping the angine speed, brake load, and outlet oooling 

water temperature (50°G.) constant. These three factors were con­

trolled by proper regulation of the fuel oonsumption, water rate to 

the brake, and inlet cooling water rate, respeotively. During this 

period, the fuel consumption rate was measured several times by the 

operator. 
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As soon as the angine was shut down., the chemical analysis of 

the exhaust gases was begun. The total tim.e required for a complete 

run, including the chemical analysis, was about six and a half hours. 

9. TERMINOLOGY 

To racilitate the interpretation of the results, the definitions 

or two terms peculiar to the problem should be borne in mind: 

Enriched Air is normal air to which bas been added a fi:x:ed amount of 

pure oxygen. Since normal air bas an o:x:ygen content of very nearly 

21% by volume, enriched air will always have an oxygen content greater 

than 21%. 

Percent Oxygen Enricbment is the percent increase in the oxygen content 

of normal air, following addition of pure oxygen; thus, a le% oxygen 

enrichment of the intake air is equivalent to an increase in the o:x:ygen 

composition from 21.o% to 100 21 + 0•10 x 21 • 22.6% -- an inorease 
(100 + 0.10 x 21 

of only 1.6 percentage _points in the oxygen content of the intake air. 



II RESULTS 

The resulta of the tests carried out under variable oxygen 

enrichment of the intake air are recorded in Tables III, IV, V, 
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and VI on the pages im.mediately following. In order to fac1l1tate 

interpretation of the experimental data, the resulta are reproduced 

graphically (Fig. 2-7) at the appropriate places in the discussion. 

The tests fall into three groups, according to the constant power 

output of the engine maintained during the test runa: Group I 

oonsisted of runs made at 1200 R.P.M. and 30 B.H.P.; Group II at 

1250 R.P.M. and 35 B.H.P.; and Group III at 1350 R.P.M. and 40 B.H.P. 

The variation in oxygen enricbment was the s8llle for each group:: from 

zero to 38%, approximately. 

An examination of the power charts supplied by the manufacturer 

of the Hercules angine showed that in Groups II and III the angine 

was operated at about maximum load oapaoity for the respective angine 

speeds, whereas, in Group I, the angine was only run at about 85% of 

the maximum rated load capacity. The signifioanoe of this faot is 

made more apparent in the ensuing discussion of the resulta. 

The resulta of the tests made with water vapor addition to the 

intake air are presented in Tables VIII and IX and Figure 8. Two 

groups of runs were made: Group I was carried out at 1000 R.P.M. and 
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no load (the dynam.ometer was disoonneoted from the engine) • and 

Group II at 1200 R.P .M. and .30 B.H.P. In Group I the rate of water 

vapor ad di ti on was va.ried from zero to four pound a per hour, and in 

Group II 1 t was varied frce zero to eight pounds per hour. 
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TABLE lli 

OPERA.TING DATA. 

VARIABIJ!! OXYGEN ENRICEMENT - CONSTANT LOAD 

Test Engine Load Oxygen l!'uel :rue1-02 
No. Speed Enrioh't Rate Ratio 

R.P.K. B.H.P. 

1 1200 30 0 21.0 13.90 0.173 337 796 
2 1200 30 0 21.0 14.80 0.181 351 770 
3 1200 30 4.2 21.7 14.88 0.166 342 772 
4 1200 30 ;.9 22.0 14-80 0.167 365 754 
5 1200 30 10.8 22.8 13.96 0.159 344 742 
6 1200 30 12.0 23.0 14.52 0.158 364 719 
7 1200 30 37.0 26.? . 14-70 0.149 335 774 

8 1250 35 0 21.0 16.44 0.195 356 858 
9 1250 35 5.6 21.9 17.44 0.185 380 908 

10 1250 35 10.8 22.8 16.42 0.174 369 859 
li 1250 35 38.3 26.9 17.41 o.1t>2 361 859 

12 1350 40 0 21.0 18.51 0.213 360 912 
13 1350 40 0 21.0 20.08 0.215 393 939 
14 1350 40 6.0 22.0 20.40 0.205 399 1003 
15 1350 40 6.1 22.0 19.06 0.200 374 S98 
16 1350 40 11.7 22.9 20.05 0.195 398 918 
17 1350 40 37.5 26.8 18.73 0.170 373 S66 
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!ABLE IV 

BEAT BALANCES 

VARI.1BLE Ol!GEN ENRICBMENT- CONSI'ANT LOAD 

BJ!:MI IN BEA.TOUT :EŒA.T LOSSIS 
'l'est He at Heat to Heat to He at .Radiation, Oon-
No. trom Fuel Ooolin Water Exhaust Gas to work: du.otion eto. 

B.t.u. hr. B.t.u. hr. B.t.u. hr. B.t.u. hr. 

1 Z74,000 107,800 88,250 76,400 1,550 o.6 
2 291,700 109,700 90,120 76,400 15,480 5.3 
3 273,400 115,200 85,670 76,400 -3,870 -1.4 
4 291,700 109,000 91,120 76,400 15,180 5.2 
5 275,000 107,950 85,300 76,400 5,350 2.0 
6 291,200 110,400 85.350 76,400 19,050 6.5 
7 289,700 111,800 86,820 76,400 14,680 5.1 

8 323,800 123,900 97,200 89,050 13,650 4.2 
9 343,300 131,000 114,740 89,0.,50 8,510 2.5 

10 323,600 123,700 10.5,700 89,050 5,150 1.6 
11 343,000 132,300 10.5,400 89,050 16,250 4·7 

12 357,500 130,000 112,780 101,850 12,870 3.6 
13 395,200 145,200 128,600 101,850 19,550 5.0 
14 402,000 150,100 13.5,380 101,850 14,670 3.6 
15 375 '700 145,100 115,800 101,850 13,0.50 3.5 
16 395,000 151,900 124,620 101,850 16,630 4.2 
17 369,000 150,150 111 ,GSO 101,850 5,920 1.6 
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TABLE v 

A.NA.LYTICAL DATA 

VARIABLE OXYGEN ENRICHMENI' - CONSTANI' LOAD 

Test Carbon .A.ldehydes Oxides ot Oarbon Oxygen Nitrogen 
No. :M:onoxide Ni tro~en Dioxide 

Parts per Million by Volume Percent b;r Volume 

1 270 7.0 382 8.7 8.1 83.2 
2 286 4·4 381 9.1 7.9 83.0 
3 347 4.2 ~4 8.6 9.0 82.4 
4 237 4·3 632 8.9 9.3 81.8 
5 151 11.5 422 8.6 10.6 80.8 
6 205 4.5 755 8.6 10.8 80.6 
7 139 16.8 1168 9.4 14.4 76.2 

8 591 6.8 125 9.8 6.9 83.3 
9 365 2.8 186 9·7 7.8 82.5 

10 185 18.4 359 9.5 9.3 81.2 
11 241 11.5 lltJP 10.4 12.·$. 76.8 

12 554 5.2 315 10.7 5.9 83·4 
13 452 4·7 126 10.9 5·3 83.8 
14 496 3.6 10.9 6.3 82.8 
15 215 3.2 459 10.6 6.8 82.6 
16 256 16.7 338 10.8 7.5 81.7 
17 148 17.5 1109 10.8 13.4 75.8 
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TABLE VI 

H&A.T IN OOOLING WATER PER POUND OF FUI!:L USED 

VARIABLE OXYGEN ENRICBM:HNT - CONSTA.Nl' LOAD 

Test Engine Load Oxygen in Heat to 
No. S eed Intalœ Air Oooli Water 

R.P.M. B.H.P. T.V B. t.u. hr. 

12 1350 40 21.0 130,000 18.51 7020 
13 1350 40 21.0 145,200 20.08 7240 
14 1350 40 22.0 150,100 20.40 7360 
15 1350 40 22.0 145 ,ooo 19.06 7560 
16 1350 40 22.9 151,900 20.05 7575 
17 1350 40 26.8 150,150 18.73 8020 

TABlE VII 

OPERA.TING DA'm. 

VARIABlE WATER VAPOR ADDITION - CONSTANT LOAD 

Test Engine Load Water Humidity ot Fu. el J'u.el-A.ir Exh. Gas 
No. Seed Added Intake Air Rate Ratio Tem. 

R.P.M. B.H.P. lb. hr. lb. lb. lb. hl'. lb. lb. Olf'. 

18 1000 0 0 0.011 ,;.~.2 0.0089 245 
19 1000 0 0 0.011 4-94 254 
20 1000 0 0 0.010 3.06 236 
21 1000 0 1 0.015 3-08 0.0095 251 
22 1000 0 4 0.0221 3.26 0.0094 246 

2.3 1200 .30 0 0.011 14.80 0.0420 770 
24 1200 .30 0 0~011 1,3.90 0.0413 796 
25 1200 30 4 0.0211 14-52 0.0,388 800 
26 1200 30 4 0.0231 13.97 795 
27 1200 30 8 0.0322 14.88 0.0399 787 

1. Saturated air. 
2. Wet A.ir. 

... 
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BEAT BAlANCES 

VARIABI.E Wt\'lER VA:POR ADDITION - CONSI'.ANl' LOAD 

BEAT IN HRA,TOTJf IŒA.T tOSSES 
Test Heat Heat to Heat to He at Radiation, Con-
No. trom Fuel Cooli Water Exb.aust Gas to work duotion et o. 

B.t.u. hr. B.t.u. hr. B.t.u. hr. B. t.u. hr. 

18 77,800 33,000 23,710 0 11,090 14.3 
19 97,300 30,420 0 
20 60,000 0 
21 .60,650 31,900 19,575• 0 10,175 16.5 
22 64,200 33,000 2.3,615 0 11,585 17.0 

2.3 291,700 109,700 90,120 76,400 15,480 5 • .3 
24 274,000 107,800 88,250 76,400 1,550 0.6 
25 286,000 110,400 97,200 76,400 2,000 0.7 
26 274,100 105,700 7~ ,400 
27 29.3,000 110,600 102,050 76,400 10,950 .3·7 

TABLE IX 

ANALYTICAL DA.TA. 

VARIABLE WA'ŒR VAPOR ADDITION- CONS'm.NT LOAD 

Test Carbon Aldeh;ydes Oxides of Carbon Oxygen Nitrogen 
No. Monoxide Nitroien Dioxide 

Parts per Million by Volume Pere ent by Volume 

18 7.30 1.3 .,3 1.9 17.9 80.2 
19 798 12.7 70 1.9 17.8 80.3 
20 11.5 75 1.9 18.4 79·7 
21 952 12.1 32 2.0 18.0 80.0 
22 852 14.5 24 2.0 17.6 80.4 

23 286 4·4 381 9.1 7·9 83.0 
24 270 7.0 .382 8.7 8.1 83.2 
25 288 4.0 306 8.5 8.3 83.2 
26 274 8.6 8.3 83.1 
27 2f!7 3.0 195 8.7 7.9 83.4 
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III DISCUSSION 

Preper interpretation of the resulta presented oan only be made 

in the light of the ohemioal aspects of the prooesses occurring during 

combustion, whioh were previously disoussed at some length in the 

historioal review. Summarizing briefly, two gene~al theories ot co~ 

bustion àave been developed to aocount tor the ehemieal reactions and 

observed behavior in compression-ignition angines: the hydroxylation, 

or direct oxidation theory, and the destructive combustion theory. 

There is considerable evidence to suggest that both hydroxylation and 

destructive combustion ooour simultaneously during the combustion 

prooess, and this is the general beliet prevailing at the present time. 

Consideration ot these two theories shows that if ehilling of the 

combustion prooess occurs, the reactions in both meohanisms will be 

partially arrested at seme intermediate stage, and the presence ot 

carbon monoxide, aldehydes, and organie aoids from the intermediate 

hydroxylation reactions, and soot tram the destructive combustion 

reactions, can be antioipated in the exhaust gases. Âlso, if overrioh 

conditions exist in the combustion mixture, the formation of soot by 

destructive combustion and carbon monoxide and hydrogen by both 

destructive combustion and hydroxylation oan be expected. It should 

be noted that the presence ot air in excess of the stoiohiametric 
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requirements tor complete combustion does not insure against the 

formation of the products resulting tram overriohness, sinoe locally 

overrioh regions oan ooour beoause of the heterogeneous conditions 

accompanying the injection of liquid fuel. Somewhat similarly, ohilling, 

with its attendant incamplete combustion, oan occur locally, e.g., near 

the relatively cool oylinder walls, although the average temperature 

leval during combustion may be normal or even higher. 

In direct contrast with the formation of the other exhaust gas 

constituants, the oxides of nitrogen found in exbaust gases do not 

result direotly from the chemical reactions of combustion: they are 

products tram certain endothermic reactions ocourring between the 

oxygen and nitrogen in the air present during combustion. The course 

of these reactions is determined mainly by the prevailing temperature 

and the relative proportions of oxygen and nitrogen present. 

1. EFF.ECT OF ENRICIDŒNT ON 'lEE COMBUSTION PROCESSES 

.ln e:xamination of the heat balances made for the tb.:ree groupa of 

runs (Table IV) reveals that, in general, the heat absorbed by the 

angine oooling water inoreased as the amount of oxygen enricbment 

inoreased. This indioates an increase in the amount of hea t liberated 

per unit quantity of tuel consumed, and the consequent attainmant of a 

higher temperature leval in the angine oylinders during combustion. 

This increased angine temperature was not accompanied by a similar 

behavior in the exhaust ~ses, however, since the angine cooling water 

pa2sing through the exhaust manifold jacket was deliberately maintained 

at a constant temperature ( 50°0.). Figure 2 shows graphically the 
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FIG. 2. VARIATION OF HEAT TO COOLING WA.TER WI'IH OXYGEN IN 
INTAKE AIR, AT 1.350 R.P.M. AND 40 B.H.P. 
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inorease in the heat ramoved by the oooling water with inereasing 

enricbm.ent tor one group ot runa. 

This indication ot more complete tuel combustion immediately 

auggests tbat the rates of the pre-tlame reactions ot the combustion 

prooesses ocourriug in the angine oylinders were inoreased approximately 

in proportion to the amount ot oxygen enrichment, and thus allowing 

more time tor the tuel to be oonsumed duri.ng the suooeeding inflam­

mation period. This is in accord with the decrease in ignition lag 

observed by SChweitzer (71) during his studies ot the possible use 

or o:xygen enriobment tor power boosting in Dieselt_·.engines. 

2. :&J'Bar OJ' ENRICIDŒNT ON 'l'HE CARBON MONOXIDE OONCENrRA.TION 

The resulta or oxygen enrichment on the carbon monoxide concen­

tration in the exhaust gases at various power outputs are presented 

graphioally in Fig. 3. 

An examination ot these curves indioates that oxygen enriohment 

ettected a detinite decrease in carbon monoxide in the exhaust gases 

under all of the operating conditions studied. The maximum. deerease, 

ocourring at the ma:x:imun oxygen enriobm.ent, amounted to appro:x:imately 

55~ tor Group I, 6~ tor Group II, and 69% tor Group III, based on the 

carbon mono:x:ide concentrations obtained at zero enriohment (i.e., 

using normal air). 

J'rom a consideration ot the oombustion processes believed to 

occur in a compression-ignition engine, it is evident that the presence 

ot extra o:x:ygen should tend to reduce the formation of looally overrioh 

regions, while generally inoreasing the temperature level existing in 
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the cylinders. Theretore, chilling, with ita undeair.able affects on 

the exhaust gas composition, should be lesaened. It, in addition, the 

rate of combustion is inoreased and the combustion reactions are made 

more complete, lower carbon monoxide concentrations should be observed 

in the exhaust gaaes, as indioated by the resulta. 

The ourvea obtained all appear to be levelling ott at the points 

ot maximum enrichment, i.e., at the minimum fuel-oxygen ratios studied. 

This is in accord with the resulta of ether investigators (44} who round 

that, uaing normal air, the carbon monoxide concentration reached a 

minimum at a fuel-oxygen ratio of about 0.13, regardless of the type 

of angine and of i ts speed. In Table III it is seen that the minimum 

tuel-oxygen ratios obtained were 0.149, 0.162, and 0.170 respeotively, 

tor the three sets of runa. 

The apparent discrepanoy between the relatively low carbon monoxide 

concentrations obtained in Group I using normal air, and the concen­

trations obtained in Group II and Group III respeotively under the ~e 

oonditions, is satistactorily explained when the angine operating 

eharacteristics supplied by the manufacturer are studied in conjunction 

with the affect of brake load on carbon monoxide concentration in the 

exhaust gases. It has been found that the carbon monoxide concentration 

in most Diesel exhausts remains low (lesa than 3.50 pplll.) when the engine 

is moderately loaded. However, as the load is increased at a constant 

speed, the carbon monoxide concentration begins to increase rapidly as 

soon as it reaohes about 8CJ/, ot the .m.a.zimum rated load tor whioh the 

angine was adjusted by the manufacturer. Paat this point, the carbon 
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monoxide concentration increases rapidly as the angine approaohes 

and f'inally exceeds the maximum rated load ( 44). Now, in the t•st runa 

in Group I the engine was only operatillg at about 85% of' its maximum 

rated capacity f'or tb.at speed (1200 R.P.M.), oompared wi th approximately 

lOO% f''or runa in Groups II and III. Henoe, in the light of' these 

f'acts, the carbon monoxide concentrations obtained at zero enriohment 

f'or Group I should be lower tban those ot Groups II and III under the 

same c ondi ti ons of' enr ichment • 

It is believed that the carbon mono:x:ide concentrations obtained 

at the maximum enriohment are minimum values, or very nearly so; any 

f'urther inorease in enriohment would not lower the concentrations 

appreoiably. In f'aot, f'urther inoreases in o:x:ygen enriohment would 

result in combustion mixtures so lean as to cause inoreases in the 

carbon monoxide concentrations, as has been previously observed in 

studies of' combustion of' lean mixtures in Diesel angines l24,44). 

3. EFl!ECT OF ENRICIJŒN.r ON .A.LDEHYDE FORMATION 

The ef'fects of' oxygen enriobment on aldehyde concentrations in 

the exhaust gases are shown graphioally in P'ig. 4. 

From the resulta obtained it is seen that variable oxygen enrioh­

ment had the same general effeot at the three power outputs studied: 

an initial deorease in aldehyde concentration to a minimum value, 

followed by a detinita increasa as the oxJgen enrichment was increasad. 

Thus, there appears to have been two opposing reactions operating 

during; o:x:ygen enriobment W1 th regard to aldehyde formation. One 

reaction, tending to suppress aldehyde formation, predominateà during 
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low oxygen enriohment, whereaa the other, tending to inorease aldehyde 

formation, prevailed during high oxygen enrichment. These two reactions, 

which were not anticipated, are probably due to the et:f'ect o:f' oxygen 

on the relative rates o:f' the various intermediate reactions occurring 

in the hydroxylation, or direct oxidation, process o:f' combustion whieh 

is believed to be responsible t'or the formation o:f' aldehydes in 

compression-ignition angines. 

The various steps o:f' the àydroxylation combustion process may be 

summarized as :f'ollows: 

Hydrooarbons(:f'uel) oxidation Alcohols oxidation Aldehydes 

Aldehydes oxidatioi Aoids and Lower ~ldehydes 

~oids and Lower Aldehydes tbermal decomposition 00 oo
2

, H
2
o, R-

and dissociation • -, 

.A.ooording to this mechanism, the 1'1rst stage o:f' the process, up 

to the formation o:f' the lower aldehydes, oonsists ot a series o:f' 

direct ox1dat1on reactions whose rates would naturally be increaaed 

by an increase 1n o:xygen conoentration, with a oorresponding ucrease 

1~ the rate ot lower·aldehydes formation. The second stase oonsists 

o:f' the thermal decom.po si ti on o:f' the lower aldehydes to :f'orm carbon 

monoxide, carbon dioxide, etc. The concentration o:f' aldehydes in the 

exhaust gas&s will thus depend essentially on the relative rates o:f' 

the two stages. That aldehydes can be detected at all indicates that 

the decomposition reaction is not a relatiTely fast one. Its equilibrium 

yield is probably turther depresaed in the presence o:f' the high 
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pressures prevailing in the Diesel angine. Finally, chilliDg in 

certain parts of the combustion chamber will arrest it completely. 

In the presence of normal air, the slow rate of the decomposition 

reaction is controlling, and, in addition to chilling, is responsible 

tor the presence of undecomposed aldehydes in the exaaust gases. 

If the addition of oxygen to the air intake is now considered, 

the ignition lag is decreased, chilling is reduced, and although the 

rate of formation of aldehydes is inoreased, the rate of the decomposition 

reaction is also inoreased. As an overall result of the camplex 

changee during low oxygen enrichment, the concentration of aldehydes 

appearing in the exhaust gases is deoreased relative to no~al air 

conditions. 

However, as oxygen enrichment is increased the rate of aldehyde 

formation continues to increase, and a point is reached where the 

rate of decomposition of the aldehydes is exceeded to auch an extent 

by the rate of formation that the amount of aldehydes remaining at the 

end of the expansion stl'oke begin to increase aga1n. This is the 

point a.t which the minimum. aldehyde concentrations obtained in the 

experimental curves (Fig. 4) are believed to occur. 

4• EFF.ECT OF ENRicmœ:NT ON T.SE OXIIlES OF NI'l'ROG.IW 

The ett'ect of oxygen enrichment on the concentration of the oxides 

of nitrogen in the Diesel exhaust gases is shown graphically in Fig. 5. 

It is seen tbat the oxides increased in direct proportion to the amount 

of enxichment. 'lhis result was not unexpected, and agrees with previous 

investigations in this field {24). 
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The reason for the increase in the oxides of nitrogen concentration 

is made evident when the chief ohemical reaction leading to their 

formation is oonsidered. As was explained previously, this reaction, 

is favoured by high temperatures and inoreased oxygen or nitrogen 

concentrations. Since, during ox~en enrichmant, both factors combine 

to increase the rate of reaction, the nitrogen oxides are bound to 

inorease in proportion to the amount of enrichment. 

5. E:ml:CT OF ENRICHMENT ON TEE 002,02, AND N2 CONCENTRATIONS 

Figures 6 and 7 indicate the effeot of oxygen enrichment on the 

concentrations of the major constituants of Diesel exhaust gases: 

carbon dioxide, oxygen, and nitrogen, at the various power outputs 

studied. It is seen that the carbon dioxide remained relatively 

constant for eaoh group of runa, a result that is in agreement with the 

essentially constant fuel consumption for each group. A natural inorease 

in the oxygan and a oorresponding deorease in the nitrogen concentrations 

occurred in each group, as was anticipated. 

6. E!'BCT OF WATER VAPOR .ADDITION 

The resulta obtained frœ the limited number of runs with water 

vapor added to the intake air of the Diesel engine were mainly 

negative, as can be seen in Tables VII, VIII, and IX. In both groups 

of runs there was no appreciable affect observed on the quantity of 

heat removed by the angine cooling water, or on the concentrations 

of the various exhaust gas constituants, eJalept the oxides of nitrogen. 
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In the latter case, however, a defini te decrease was effected by 

water vapor addition in bath groups of runa (ll':i.g. 8). 
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Sinoe water vapor addition had no signifioant effeot on the heat 

removed by the oooling water or on the concentrations of carbon monoxide, 

carbon dioxide, and aldehydes in the emaust gases, it apparently did 

not decrease the ignition lag, and oonsequently, did not improve the 

rate of combustion. These conclusion& are in apparent contradiction 

with the experimental evidence desoribed on page 33 et seq. It will 

be remembered that a number of investigators (16,17 ,27 ,48) had found 

that the presence of water vapor in combustible hydrocarbon-air 

mixtures defini tely aided in the igni tian ot the se mixtures wben they 

were ignited by an electrio spark. It might appear, theretore, that 

wa.ter vapor improves combustion only when ignition resulta fran suoh 

a source. The high temperatures associated with the spark probably 

cause dissociation of the water vapor, the produots of which help to 

ignit& the mixture. The relatively law temperature levels reached 

just prier to ignition in a compression-ignition engine are presumably 

of insuffioient magnitude to cause appreciable dissociation of the 

water vapor and consequent improvement in canbustion. 

The pronounced decrease in the oxides of nitrogen concentrations 

with increasing water vapor addition are in agreement with the resulta 

obtained by Frank-Kamenetzk:y { 34). Briefly, he found that the presence 

of wat~r vapor during explosions of mixtures of carbon mono::dde, oxygen, 

and nitrogen oaused an initial increase in nitric oxide formation, 

tollowed by a marked decrease with inoreasing water vapor addition. 
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Thus, extending his resulta to this investigation, when no water va.por 

was added the small quantity of water vapor occurring naturally in the 

intake air would presumably tend to inorease nitric oxide formation, but 

upon addition of water vapor to the air, the oxides would be reduced, as 

was e.xperimentally observed. An explanation of the mechaniSDl of nitric 

oxide reduction by water vapor cannot be attampted with the limited 

amount of data available. 

It must be mentioned that immediately upon addition of qter vapor 

to the Diesel angine used in this investigation sm.oother operation ot the 

angine was observed, and the exbaust gases became practically invisible. 

Thus, although the analytical resulta revealed no improvement in 

combustion, these qualitative resulta indicate that more even combustion 

. was produoed, and the soot concentration in the exhaust ga ses was 

decreased. 'fhese resulta are in agreement with those obta.ined by other 

investigators (38,53,57,58,68,69) who bave studied the affect of water 

vapor addition to high compression spark-ignition and semi-Diesel 

engines with the view to increasing angine efficiency and performance. 



CONCLUSIONS . 

The results of this investigation indioate that, as the intake 

air of a commercial Diesel angine is enriched by the addition of 

pure oxygen in 1ncreasing amounts (from zero to Je% enrichment, 

by volume), the exhaust gas composition is affected as follows: 

(1) the carbon monoxide concentration is decreased to an apparently 

li.miting value; (2) the aldehydes are deoreased to a minimum vaiue, 

oocurring at about 10% enriohment, and then are inoreased to 

concentrations exoeeding those obtained at zero enrichment; (3) 

the oxides of nitrogen are inoreased in direct proportion to the 

enriohment; (4) the carbon dioxide concentration 1s not signifi­

cantly affected. It is evident that the optimum conditions, with 

respect to purification, ooour during low oxygen enriobment, at about· 

10%. .A.t this enrichment, the aldehydes are at a minimum, the 

carbon monoxide concentration has nearly reached its limiting value, 

and the oxides of nitrogen have not inoreased to excessive amounts. 

F:ran an academie viewpoint 1 the resulta are of importance in 

that they tend to substantiate the existtng theories of the 

combustion prooess since these theories satisfaotorily explain all 

the observed trends. It is believed that the use of oxygen-enriobed 

intake air eaused an inorease in the rates of the pre-ignition 
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reactions, thus reduoing the ignition lag in aocordance with previous 

observations made by Schweitzer {71), resulting in more time being 

available tor the actual combustion reactions in the presence of a 

greater oxygen concentration. As a consequence, more complete 

cau.bustion of the fuel was obtained, producing higher maximum. 

temperatures in the cylinders, and hence, reduoing ohilling and 

after-burning with their attendant undesirable affects on exhaust gas 

composition. 

One unavoidable result of increased oxygen concentrations was 

the production of higher nitrogen oxides concentrations. This 

effect is not too serious in practioal exbaust gas purification, 

however, when it is remembered that the oxides are very soluble in 

water, and henoe, oan be easily sorubbed out of the exba.ust gaaes. 

The experimental resulta obtained indicate that, in general, the 

addition of water vapor to the intake air of a Diesel ~ine is an 

ineffeotive meth?d of improving exhaust gas purity. No appreciable 

effeots on the primary chemical reactions of the combustion processes 

were observed, although there was some evidence to indioate that more 

even combustion with a reduction in angine knock was effected. 

The definite reduction in the nitrogen oxides concentration, 

although gratifying with reapeat to exhaust gas purification, is 

ohiefly of academie interest since their removal presents no problem. 

The resulta offer further substantiating evidence in support of the 

observations made by FraDk-Kamenetzky (34) in hia study of the ohemioal 

kinetio s of combustion in an oxygen .. nitrogen-water vapor atmosphere. 



It must be mentioned that certain meohanical ditfioulties 

(not oauaed by water vapor addition) were enoountered whioh oon­

siderably ourtailed the study of water Tapor addition. However, 

the continuation of the tests at higher humidities {i.e., using 

wet air) and llOre varied opera ting conditions does not appear 

promising in the light ot the results already obtained. 
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On the basis of the experimental data obtained, both oxygen 

enriohment and water vapor addition appear to be impraetical tor 

the purification of Diesel exhaust gases. Although oxygen enrioh­

ment does improve the exhaust gas purity somewhat, the improvement, 

trOJD. an eoonom.io point of view, does not warrant the added oost ot 

the installation, the maintenance of the neoessary equipment, and 

the oxygen requirementa to achieve it. Howsver, a reduction in the 

total oonoentration of the evil-smelling and toxic e:xbauat gas 

oonstituents was effeoted by the addition ot small quantities ot 

pure oxygen, indieating tbat the application of oxygen enriobment 

to those Diesel angines whose exhaast gaa~s are inherently, and 

henoe, unavoidably obnoxioua might prove advantageoua. 

This investigation turther indicatea that, from a study ot 

the changes produoed in the exhauat gas composition ot compression­

ignition angines by the addition of various substances to the 

fuel-air mixture, considerable information can be obtained regardin& 

the meohanisms ot the combustion processes taking place in the 

oylinders. It is believed tbat furtker study along theae linas 

should be carried out uaing different additions and a more 
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refined analytioal procedure. 
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