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ABSTRACT | N "

L4

Ambient temperature has a marked eftect on emissioqs of
the two major pollutants from an automobile engine, namely,
unburned hydrocarbons and carbon monpxide. Lower ambient
temperatures resuit in lower cyliﬁdér—wall temperatures. This
causes an increased quench zone thickness of charge within the
combustlon chamber thereby 1ncr9351ng the unburned hydrocarbon
content of the.exhaust. Lower amblent temperatures also mea;

that the carburetor choke would be closed, at which tlme_a\

richer than stoichiometric air- erl mixture 1is 1nducted*intg-
: ., -

~ \.\‘ /" A

the englne. This condition prevails during the 'start and warmup N

period. The rich mixture promotes increased hydrocarbon and car-
bon monoxide emissions. Because nitrogen oxide em1551ons arem@é’

pendent on peak combustion tempefaturé and since this is rng}gp{é\
. r e
ficantly affected at lower ambient temperatures, no changes in the

emissions of NO with ambient temperatures were investigated.
The exhaust emissions of an automoblle englne during
tart and warmup were studied on an engine-dynamometer test

stand Tests were conductea in whlch emissions of carbon

&



monoxide and ﬁydrocarbons (as nlhexane equivalent) were
ontlnuously monltored along w1th englne load, speed, manifold
. cuum, and fuel and-air consumption. The engine was run
through a éredeﬁe}mined sequence ofdoperatlon consisting of an
idle period followeé by application oflfixed loads, an idle
period and shut down. The tests were run in a range of cold

and warm ambient tempefatures.

A catalytic converter was then installed on the exhaust
system and the engine was run through the same sequence of
operations with the same loads and speeds and under similar
ambient temperefures. Carbon monoxide and hydrocarbon emissions
were contlnuously monitored as before. .

The results obtalned conflrmed the observations of other
investigators that emissions ‘of carbon monoxide and hydrocarbons
increased fairly substantially as ambient temperatures dropped.
The increase of hydrocarbons was ound to be i pronounced,
probably because HC emissions are affected by wall quenching

nan{‘-

s well as rich air-fuel mixture, both of which are predo
/

at . lower ambient temperatures. ' '

v ~ . \
The catalytic converter in the present set-up did not - .

reduce emissions to a noticeable degree, especially at s art-
up and during the warﬁﬁp period. Thislwas probably because the
catalyst surface took soqf time to warm up and reach operating
temperature, and alsp because secondary alr injection to supply
additional oxygen for ox1dat10n, was not prov1ded )

In addition, engine warmup rates and the effectlveness of

the thermostatically controlled air intake system were checked.

3

f
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1. INTRODUCTION

It has beén confirmed that the automotive vehicle is a
major source of pollution in the atmosphere. In 1965 it was
estimated that the automobile accounted for abdut 60 pe} cent
of the total pollutant emissions in North America1-2-3*.

\\ Air pollution is the presence of foreign matter (either
gaseéus or particulate or a combination of both) in the air
which is detrimental to the health and/or welfare of mand.

There are three sou;ces_of emittants from most automotive
vehicles", crankcase ventilation (which has been controlled
effectively in post-1964 vehicles). fuel evaporation loss
(which has been controlled effectively since post-1971 vehicles}
and the exhaust.

The primary remaining emission source from%automotive
vehicles is the exhaust.

The energy source for automotive vehicles is crude oil

from underground which typically contains varying amounts of

Superscript numbers indicate references at the end.
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sulphur. Most of the shlphur is Temoved during refining. Thus
except for. a few engines, the finél fuel is one céntaining
hydrbcarbons,ﬁith a small amount of sulﬁhur and lead. The lead
(usually in the form of tetraethyl lead) is added to increase
the octane rating of thg fuel. The .chemical equivalent voeo
of average gasoline is iso-océane, CgHys3. If perfect complete
combustion of this gasoline were assumed, the products of
combustion would be carbon dioxide (CO) and water (H20). Water
is not generally considered undesirable andgiherefore not consi-
dered a pollutant. Carbon dioxide is not normally considered a

pollutant though it appears that the CO, conte the atmosphere?

has increased 10 per cent since‘ﬁg;i. The CO,( has the potential

of affecting the weather, so it ma be ultimately nsidered a
pollutant.

Basically then, except for sulphur diox de {SO,) and lead
compounds, the components considered as pg tants are the result
of imperfett and/or incomplete combustion.

These pollutants are classified as unburned hydrocarbons

(HC), carbon monoxide (CO), the oxides of nitrogen (NOx) and
particulates. Tﬁe HC, CO and particulate emissions, because
they are dependgnt on the combustion process itself, are ‘affected
by ambient temperature. The NO_ emissions are primérily a function
of maximum combustion temperature and therefore relatively
insensitive to ambient conditions.

Carbon monoxide is the most widely distributed and the most
commonly occuring air pollutant. Total emissions of CO to the

atmosphere exceed those of all other pollutants combinedf. While

CO0 has not been shown to be detrimental to plant life?, high




‘e
concentrations encountered by man can cause physiolpgical and
psychological changes and ultimately death. '

The importance of hydrocarbons in air ﬁollution lies
almost entirely in their role in .the formation of phofochemical
smog’ when they react with the NOx in the presencé of strong sun-
1ight®. Some HC also cause odour‘. |

The NOK, especially nitric oxide (NO) and nitrogen dioxide
(NO,) are toxic.

Particulates emitted from automobiles are composed of
various organic and inorganic substances. These include lead,
carbon, alkaline earth compounds, iron oxides, tar and oil mist.
Of these, lead copstitutes the largest weight fractjon, at least
when the fuel QAQZains lead additives. Partly for this\reason
and partly becguse of its toxicity*, the lead in particulate ?

emissions h Taceived the most attention.

‘

A number of\methods of controlling pollutant emissions
h .

from automobile

xﬁﬁﬁs{\are known. These include fuel changes

(switch from leaded tounleaded or low lead gasoline), modifica-

tions in fhe fuel metering system, improved methods of fuel
mié&ng, different designs of the combustion chamber in order to
achieve better combustion, air injection into the exhaust
manifold to promote oxidation of HC and CO, exhaust gas recircula-
tion - wherein some of the exhaust gas 1is recirculated into the
cylinders to lower peak temperatures and thereby Tteduce NOx
formation, éxhaust thermal reacters and catalytic converters.

The use of the catalytic converter has become popular in the
U.S5. recently. Located downstreanm of. the exhaust, converters help

oxidize the CO and HC to CO; and H20 and reduce NO2 to N2.Though



it would be desirable for a single converter to do this, it is
an extremely difficult proposition in-practiée. Consequently
.dual catalytic’converters are'5roposed. The first-converter
reduces the NO, while the second one oxidizes CO and HC. Air
injection would be provided between the stages. A more detailed
description is given in Chapter 2 of this report. Today the
_ converters in the market .are used only for oxidizing CO and HC
because NO, reduction catalysts have not yet been introduced
for commercial use. |

‘ Emission standards and control devices used in Canada have
been adopted directly from the U.S. However, the urban driving
and climatic conditions in Canada differ markedly from those in
many parts of the U.S..The effectiveness and durability of
certain emission control devices under Canadian winter tempera-
tures and road conditions have also been questioned9. |

Previous research confirﬁs that HC and CO exhaust emissions

ijncrease substantially with decreasing ambient temperatures. Fig.

1.1 from ref. 9 gives gr phic diéplays of percentage deviations
of HC and €O from emisgions at 60°F against engine coolant

temperatures at ctart-up? Average HC emissions increased 100 per

cent at 8°F when compared with emissions at 60°F. Average CO
emissions were AOuble the 60°P value at 20°F. The cars 1 through
4 were 1973 models of Toyota Corolla, Ford Torino, Chevrolet
fVega and Plymouth Satellite, while car 5 was & 1972 Chevrolet
Belair. |
The Ministry of Transpotrt andiEnvironment Canada Emission
gtandards did not require the catalytic converter for 197510

but cars manufactured and sold in Canada by GM as well as a few
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others have the converter.'Thé coﬁverter performance in Canadian
winters has not been studied in great detail. The purpose of the
present investigation was io study emission levels of HC and CO
at low temperatures with and without a converte and to make a
comparison with emissions at warm temperatures. In addition,
engine warmup rates were also studied.

An engine-dynamometer test facility!! was used for the
tests. Dynamometer‘simulatidn of actual driving conditions is
an effective method of engine testing. Since the U.S. Federal
testing prbcedure (F.T.P.) is not truly representative of
Canadian conditions it was decided to adopt a different
procedure for ?he purposes of this study. Starting Sequences
and their effects on gmissions during warmup were investigated,
Exhaust emissions during warmup of an engine, especially after
2 cold start have been shown to be at the highest level®.12;
the lower the ambient temperature, the higher the emissions,
Engine warmup rates are also adversely affected.

Figure 1-2 from ref. 12 shows the effect of ambient
température on emissions. These emissions were recorded during
the first 3 minutes after sfart:up. Car A was a 1972 Canadian
model with good driveability over a wide range of ambient
teﬁperature but with high CO and HC emigsions under normal
test conditions. Car B was a 1972 California model with poor
driveability especially at low temperatures but with better
emission controls. o N

It can be seen that HC and CO emissions and fuel
consumption as indicated by the total carbon content in the

exhaust increase drastically when temperatures drop, especially
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for car. A. The NO emissions_are not sen51t1ve to temperatures.
These were the reasons why it was decided to concentrate

on an investigation of CO and HC emissions in this study.
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2. BACKGROUND ' THEORY

2.1, MECHANISM OF POLLUTANT FORMATION. A study of the

mechanisms of pollutant formation can suggest means of
controlling exhaust emissions. The mechanisms of the formatjon
of unburned hydrocarbons, carbon monoxide and the oxides of

nitrogen in automobile engines will be described.

. .

2.1.1 Hydrocarbons. There have been three main sources of
hydroéarbons from automotive engine operation, namely, unburned
exhaust emissions, hydrocarbon evaporative emissions and

crankcase ventilation. ‘
13

Unburned exhaust emissions may arise from three sources ~;

wall quenching, the predominant sourcel*, incomplete combustion
of the charge and exhaust scavenging.

_ Wall, quenching is a combustian phendmena which arisgs‘when
a propogating flame reaches the vicinity of a wall. The effect
of the wall is a slowing down or stopping of the reaction. In
general, wall quenching fesults both from chain breaking
reactionsvand cooling of the layer of charge adjacent to the

wall by the cool wall., As a result the flame will not propogate

-
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engine operating conditions.

;itted head-gasket, is to add to the quench effect13R In these

10

completely to the wall surface. As the flame passes through the
combustlon chamber, a dark region of unreacted mixture is left

adjacent to the walll5. The thickness of this region (quench

distance) normally varies from 0.002 to 0.005 in. depending on

- b

“ The quench distance is influenced by several var1ab1es
such as mixture temperature and pressure and equivalence ratio*.
The wall surface material 1nc1ud1ng any combustion chamber
deposit has an effect!?, Wall lemperature also affects quench
distance. When wall temperatures are relatively high the main
source of HC emissions is attributed te wall quenching!®. At
lowerT wali temperatures, this effect is augmented by unreacted
fuel wh1ch escapes the combustion process due to it not
evaporatlng. Also low ambient temperatures promote lower wall
temperatures so that the quench distance is increased thereby
increasing HC emissions. J

The effect of small crevices 1n the combustion chamber,
such as the top land of the pistonl!? and regions around the
spark plug ceramic or the crevice left by an imperfectly

cases all of the mixture within the crevices remains w its

v ) L
ignition point and leaves the cylinder unreacted.
The largest concentration of unburned HC in the exhaust
of automotive engines was found by one investigator!® to

occur under decelerating conditions. The second largest

* Equivalence ratio is defined as the ratio of the actual air-

fuel ratio to the stoichiometric air-fuel ratio.
. .




.concentration was found to be under idling con@itions.,He also

attributed an abrupt increase in toncentration of unburned HC

L

with increase in intake manifold vacuum above 21 in. Hg to an

initial féilure of the flame to propagate through the mixture.

Incaqn 1ete flame propagation may be due to exce551ve1y
ture’s or exhaust gas dilution. Thus any case of -
incomplete combustion results iﬁ{high HC emissions. Air-fuel
ratio has a significant effect on exhaust, HC!? (sgg Fig; 2-1);
With rich ﬁixtureé the quench effect is more predominant. With
very lean mixtures the effect of incomplete combustion due to
erratic flame propagation and misfire may be the.most signifi-
cant problem.

Poor engine d651gn or large valve overlap may result in
some fresh charge escaping to the exhaust, Scavenging in two -
cycle gasoline engines can result in very hlgh HC emissions.

The influence of various engine design and operating
variables on HC and CO emissions are given in ref. 20.

Hydrocarbon evaporative emissions arise from two sources’?3,

namely, distillation of the fuel in the carburetor f£loat bowl

and evaporation of the fuel in- the gas tank and fuel line.
Reference 21 gives the various factors influencing these
evaporative emissions.

Crankcase ventilation is due to the emission of blow- by
gases from the crankcase. These gases were fagmerly vented into
the atmésphere.

These last two sources are no longer of great concern since
new cars have control devices which have Virtually eliminated

them.
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2.1:2. Cafbhn'Monoxide.'The appearance of carbon moni7ide

from combusfion'processeé‘is.generaliy a simple regult of
oxygen iﬁsufficiency“ on an overall or.local basis;

The concentration of CO contained. in exhaust products
should cprrespond to a chemical equilibrium state represented
by the equation

H,0 + CO ¥ H, + CO

At maximum flame temperaturés this equilibrium yields
significant quantltles of CO relatlve to CO, - even for lean
_mlxtures. However, as combustion gases cool from peak flame
temperatures to the much lower temperatures characteristic of
exhaust products, this equ111br1um shlfts in a direction
favouring oxidation of CO to COj3. Consequently, for lean or
stoichiometric mixtures, only small gquantities of CO ultlmately
appear in the exﬁaust. For rich mixtures however, due to lack
of oxygenl!3, significant concentrations of CO persist even in
theicbol exhaust products.

" Lower amﬁient temperatures result in the choke being

oﬁefated in a closed position for a longer time so that the

mixture is rich and results in higher CO emissions.
CO emissions increase rapidly for rich mixtures as can

be seen in Fig. 2Z.1l.

2.1.3%. Oxides of Nitrogen. Nitric oxide is the principal

oxide of nitrogen formed in combustion process. Upon exposure
to additional oxygen in the atmosphere, nitrogen dioxide iB
usuallf formed. Most researchers refer to NOX as the sum of
all the oxides of nitrogen.

The formation of mitric oxide (NO) is favoured. by the

tiv. ‘ . el
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EFFECT OF FUEL-TO-AIR RATIO ON EMISSIONS. ~
EMISSIONS FROM A GIVEN AUTOMOBILE ENGINE \
VARY WITﬁ THE FUEL-AIR RATIO IN THE CQM-
BUSTIBLE MIXTURE. FUEL LEAN MIXTURES
(EXCESS AIR) GIVE LOW HC AND CO EMISSIONS
BUT HIGH NO POLLUTION. WITH FUEL RICH
MIXTURES THE RELATIVE PROPORTIONS ARE
REVERSED. NO S;NGLE OPERATING POINT RE-

DUCES ALL THREE POLLUTANTS.
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existence of high temperatures. The high temperatures

prevai%ﬁng during the combustion process of the I.C. engine

are sufficient to produce significant NO. However, as
temperature increases rapidly during the combustion process,
formation rates for NO limit the concentration below peak
equilibrium jevels. Similarly, although equilibrium ﬁalcul-
ations predict low concentration%_of NO'at the low temperature
of the gkhaust, relatively high levels are found in the

exhaust since chemical reactions are slow relative to the
cooling rate during the expansion of exhaust produc£§13.

The rate of NO formation depends both on temperature and
concentration of oxygen present during combustion. Maximum NO
occurs at slightly lean mixtures because of higher combustion
temperatures ﬁhder this' condition. See Fig; 2.1,

Dug/fo low ambient temperatures, the peak combustion
temperature especially during the warmup period is lower than
it would be i the engine would be warmed up in warmer ambient
temperatures. Consequently NO formation is slightly reduced.
This reduétion however offsets the ificrease in N0 formation due

to greater air flow after a cold start??.

Reference 23 gives. the influence .of engine.variables on

the formation of the oxides of nitrogen.

2.2. EMISSION CONTROL. The' various emission control systems

and devices will now be discussed. Control systems for evapo-
rative emissions and crankcase ventilation are not described in
detail because since 1971 these emissions have been effectively

reduced,
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2.3. EVAPORATIVE EMISSION CONTROL. Emissions from the

crankcase have been controlled by venting the blow-by gases
into the engine, usually into the intake manifold. In some..
engines, they are led .into the air-cleaner, while in other

designs, a twg-way Bath leads to the intake manifold and the

-

air-cleaner. Evaporation control is usually by means of a

~n

vapour-storing cannister filled with activated charcoal. This

absorbs the excess fuel vapour and releases it when fresh air

is drawn through. /

7.4. EXHAUST EMISSION CONTROL. Exhaust emiskions can be

controlled by modifying or changing the engine or by\Jinstalling
"add-on" devices in the exhaust system of the engine. SIngce
exhaust emissions are combustion generated, there are three main

areas where pollution control can be studied and tackled. These

are before, during and' after combustion.

2;5. EMISSION CONTROLS BEFORE COMBUSTION. Exhaust emission

control by changing or modifying the engine upstream of the
cylinder inlet valve was among the first methods tried. There
is still considerable work going on in this area. There are
three pos:ibilities that have been recognized as important .

namely, (1) the fuel, (2) the carburetion, and (3) the induction

manifold.

7.5.1. The Fuel. Volatility is one of the most important
properties ofrthe fuel. with regard: to.exhaust emissions. This 1is
because vofatility affects the air-fuel ratio and gﬁxture
distribution. The fuel must not be of too high a volatility to

cause vapour-lock problems, or possible increase of evaporative
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emissions especialiy when the engine is hot-soaked after a -
hot cycle. It should not be of too low a volatility to cause }
starting .problems and mixture maldistribution2" and incomplete
combustion withs consequential increased emissions.

Theré has been some indication that the use of unleaded
fuel reduces HC forﬁationzs. This may be due to the effect of
reduced deposits with unleaded fuel and consequently reduced
surfacé-to-volume ratio. The deposits also tend to absorb raw
unburned fuel thqreby increasing HC emissions towards the end
of the exhaust stroke. However, the consequences of using
unleaded fuel are a reduction of the octane number of the fuel
and the compression ratio of the engine. This reduces the fuel

economy, efficiency and maximum power developed by the engine?®.

2.5.2. The Carburetion. The carburetion system of an

‘internal combustion engine is designed‘to supply the cylinders
with a combustible mixture of an air-fuel ratio pre-determined-
to provide the best engine performance or economy. Unfortunately
the range of air-fuel ratios which give best engine performaﬂce
do not coincide with those which result in minimum emission of
exhaust pollutants. However, fhe tehdency now is to provide lean
air-fuel mixture carburetion, if no other emission control
systems are fitted to the engine. This is most effective for the
c%ntrol of CO and more effective for t'e control of HC than °
N0x27: In order to achieve best results, however, the air and
fuel must be hopogeneously mixed. Mixture quality is an
important parameter in reducing HC and CO ?missionsza. In

order to achieve a homogeneous combustible mixture the fuel has

to be atomized and vaporized. Fuel vaporization may be enhanced

|
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by.heating the intake manifold with exhaust gas or cooling

water. . ) ' h
) 1
Providing a lean mixture for engine operation would

necessitate using modified spark plugs, increased spark energy,
increasing mixture turbulence, adjusted spark timing and a
change of combustion chamber design??.

An altern;tivé’to carburetion is fuel injection for
improved emissions from spafk jignition engines. Fuel injection,
if carried out properly, will reduce HC emissions3? because the
fuel flow variation with air flow can be controlled more
precisely. Fuel injection permits easier starting especially
from cold, since atomization of fuel does not depend on the
cranking speed. Consequently CO ana HC emissions from a cold
start could be loweredssElectronic fuel injection3! provides
very precise control of fuel distribution to indgyidual
cylinders under both steady-state and transient operating

conditions. Sensors in the exhaust help maintain the air-fuel

ratio for lean running and thus reduce HC and CO, probably at

the expense of increased NOX. ‘

2.5.3. The Induction Manifold. Uniform fuel distribution

among the cylinders of the engine will permit lean air-fuel
mixtures to be used. This would result in lower HC and CO
emissions32. Uniform fuel distribution gives lower CO and

usually higher NOx at a given air-fuel ratio. Fuel distribution
can be altered by geometric changes in the induction manifold.
Improved methods of mixture distribution with mixture homogeneity
reduces cyclic cylinder pressure variation, cylinder-to-cylinder

and cycle-by-cycle air-fuel ratio variation, and subsequently

1
1 .
.
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produces a reduction in HC and Co28. | ’

2.§. EMISSION CONTROLS DURING COMBUSTION. These emission

control systems formed the second stage of progress towards .
~ldwering automotive emissions. Among the various possibilities

in this area are (1) modification of existing design,

(2) changing the existing design, and (3) providing a new

design.

2.6.1. Modification of éxisting design. An early method

for reducing HC emissions was to increase the engine idle

speed. Increased idle speeds significantly decreases HC33.

This is due to the throttle not being fully closed during *

deceleration, causing lower vacuum in the intake manifold.

This causes less exhaust gas dilutioﬁ of the incoming charge

and cénseqﬁently better combustion. Excessive increases in

idle speed may nullify the reduced concentration with'increased

exhaust flow rate and subsequently higher mass emissions.
Retarding the ignition timing decreases the HC concen- )

'tration“-lg as a result of decreases in the unburned fuel ‘

from the crevites and in the fraction not oxidized in the

exhaust system, even though the unburned quench gases and the
fraction of the crevice gases not reacted tend to increasé the
exhaust HC concentration. Spark timing has very little influence
on the CO concentration except at very retarded timing when lack
of sufficient time to complete CO oxidation leads to increased
cO emissions2®. Nitric oxide can be reduced by retarding the
spark. However, retarding the ignition timing lowers the fuel

economy .



By increasing the valve-pverlap, the chances éf-dilﬁtion
of the fresh chafge by the exhaust gases trapped in the cylinder
towards the end of the exhaust stroke, are increased. This
results in incomplete flame propagation after ignition. Also,
there would be a definite oxygen insufficiency for complete
combustion. These two factors would tend to increase HC and CO
formation. But because ?he exhaust gases trapped in the cylinder
would have an opportunity to burn more completely, the HC and
CO in the exhaust would tend to be lowered. The combined effect

of these two factors would result in HC and CO levels in the

)
i

e§haust to be generally unchanged. However,- dilution would
reduce the peak combustion temperature in the cylinder so that
NO formation would be reduced3S.

Increasing the exhaust back-pressure decreases NO36, This
is due to increased exhaust gas remaining in the cyligder, thus
reducing peak combustion temperature. Hydrocarbons are also
reduced as a result of increased back-pressure, since the last
gxhaust gas to leave the cylinder has a higher HC concentration.

Since this is left in the cylinder, it is subsequently burned

in the next cyclel!3. But by #ncreasing the back-pressure, the

maximum power is reduced.

2.6.2. Changing the existing design. Reducing exhaust

emissions by changing the engine design necessitates a study of
the following, (1) compression ratio, (2) surface temperature,

(3) combustion chamber design.and (4) engine design. factors..

2.6.2.1. Compression ratio. Reduction in compression

ratio was made in numerous 1971-model automobile engines. Lower



, compressiog yatios result in reduced HC emissions. This is
7/

¢ " because of the resulting increase in the clearance volume
which traps more residual gas in the cylinder to burn in the
next cycle3?, Alsao, lower compression ratio engineé have
\\\\‘”higher.gxhaust temperatures. This higher temperature is useful
for promoting oxidation of the HC in the exhaust particularly
with a catalytic converter or a thermg; reactor, The lower
octane requirement for the fuel used in a lower compression
ratio engine permits the use of unleaded gasoline which is
netessary for catalytic converter operation. But a lower

compression ratio engine is less efficient, so for the same

power, the fuel consumption is high.

2.6.2.2. Combustion chamber surface temperature. Increased

surface temperatures cause lower exhaust HC concentration3®,
This is because of a consequent decrease in the thiqkness of the
uench zone. Surface temperatures may be increased by increasing
the>coolant temperature by bging:a thigher portion.of ethylene
glycol in fhe coolant to raise its boiling point. Rust or scale
on coolant surfaces also }hcrease surface temperatureé. However,
an increase in the average surface temperature will have an

adverse effect on the engine octane requirement and volumetric

efficiency3?,

2.6.2.3. Combustion chamber design. This is one of the

most important factors in the category under discussion. The
shape of the combustion chamber plays an important part in:
- controlling exhaust emissions, This is especially true HC.

For instance, one investigator found that a disc-shaped chamber

¥
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is more efficient in reducing HC and NO than a hemispherical Bp/A(
chamber3?. Reference 40 gives more details.on the effect of the
combustion chamber shape on NO formation,

' Studies have been carfied out on the effect of the
location of the spark plug for lower emissions. Nitric oxide
emissions were not effected by locating the spark plug near
the intakg or exhaust valves, but the HC emissions were the
lowest with the spark plug nearest the exhaust valve and
increased with the distance of the spark plug from the exhaust
valve“*!. However, the combustion chambeT shape and spark plug
location must be evaluated experimentally before any new
engine design is implemented3?,

An important parameter in combustion chamber design
vis-é—vis exhaust emissions is the sﬁrface-fo—volume ratio
(s/v). A lower s/v results in lower HC emissions37; CO being
unaffected. Lower s/v results in a lower quench surface so
that HC concentrations may be lowered!3. Reduced s/v however,
decreases heat loss to the coolant. As a result, NOX emissions

may increase.

2.6.2.4. Engine design factors. These factors are stroke-
té;Lore ratio (s/b), number of cylinders, and displacement per
cylinder. These parameters have to be such as to keep the s/v
low in order to reduce HC emissions. The larger the s/b (or
longer the stroke) the lower the s/v. The greater the number
of cylinders lower the s/v. Also, the larger the dispiacement

per cylinder the lower the s/v. Reference 37 gives more. details on

the effect of “these factors on emissions.

N

\ - | :



Vil : . 22 ’ el

2.6.3. Providing a new design. A new design could be omne

of the following; (1) providing a new design for the combustion
chamber; like the stratified charge or divided combustion

chamber, or}(Z) providing a new design for the engine; like the

Rankine or Stirling cycle engine.

2.6.3.1. The stratified charge engine. In an engine of

this typet?, a lean mixture is used, The air supply is. kept
constant while the fuel ‘supply is varied. This reduces power

loss due to throttling. To prevent misfire; some means of )
providing a rich mixture only at the spark plug is.made: This
supplies energy for igniting the remaining fuel in the combustion
chamber, thus sustaining combus%ion. This is an efficient method
of reducing HC and CO because of better combustion, and NO
because of 1ow;; temperafures in the cylinder. Obert3? gives a

few references on stratified charge engines.

2.6.3.2. The divided combustion chamber engine. This is a
major sub-division of the stratified engine. There are discrete
main and auxiliary chambers®*3. Among the various types classified
under this category is the Honda?CVCC engine“*. This CVCC
(compound vortex controlled combustion) engine develops a
stratified charge to produce stable combustion of an overall “

lean mixture. By controlling the fuel mixtures supplied to the

" main and auxiliary chambers, and by geometrical design of the
combustion chamber, the mixture’forméd immediately before

ignition is such as to result in low HC, CO and NOy emissions,

and improved fﬁel economy, compared with conventional engines.Refer-

ence 43 gives other types of divided combustion chamber engines.

-
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2.6.3.3. Other types of engines. Various types of enéines

b ]

' for low poliution have been investigated. These include the
gas turbine, Rankine and Stirling cycle engines, and rotary
engines ‘with suitable modifications“®-%6. The diesel engine is

a viable alternative to the gasoline engine as far as pollution

is concerned.

2.7. EMISSION CONTROLS AFTER COMBUSTION. These devices

which form the third stage in the progress towards lowering

automotive emissions, are fitted to the engine exhaust system.

There are three main such devices used; these are, (1) exhaust
gas recirculation, (2) thermallreactogs and (3) catalytic

converters.

2.7.1. Exhaust gas recirculation. While all the emission

>

control systems oTr dev1ces discussed so far were fairly

effective in controlllng HC and CO emissions, most of them
tended to increase NOx emissions. Among the method; favoured
for NO reduction are by spark retard and charge dilution.
Spark retard, as discussed earlier, reduces NO emissions to
some extent, but not..sufficiently eﬂough to meet st?ingent

NOx emission standards. Charge dilution is achieved by mixing

the intake air with some inert gas, usually exhaust gas. This
gas will help reduﬁe the peak combustion temperature & the
cylinder. This reduces NO_ emissions“7+48, Since the amount

of nitrogen oxides, especially NO produced in the cylinder

frbm atmospherié nitrogen and oxygen is an exponential function
of combustion temperature, even a moderate decrease in B

combustion temperature will result in a significant decrease
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in NO production?7.

L

Exhaust gas is tapped, preferably from the exhaust pipe
between the exhaust manifold and the muffler. The flow control
valve, which controls the flow of recirculated exhaust, is
actuated by the carburetor throttle in some engines?7. Ih
some designé, a a#ariable orifice valve is operated by the .
ﬁressure differential betweén the intake manifold and t
exhaust back pressure*?., Good cylinder-to-cylinder distribution
is essential for maximum benefitl?,

The E.G:R. system is.an effective way of reducing NOx
eimissions and it has been tested for'durabilityso. There is an
.excessive'intake system deposit buildup, and increased oil
sludging!3. There is also a loss of power and increased cycle-
by-cycle variation in the charge5! which results in lower
flame speeds and more erratic running of the engine. This

results in the loss of driVeabiiity of the automobile.

-
B

2.7.2. Thefmal reactors. Carbon monoxide and unburned

hydrocarbons are the pfoducts of incomplete and/or insufficient
combustion, during the proceés that takes place in the
cylinder. If there is some means of completing the combustion
so that the unwanted pollutants are .removed, the engine exhaust
would be h lot cleaner< In present designs of engine combustion
chambers and ignition'systems, this is not possible.

The thermal reactor is a device fitted to the exhaust

pipe, prqyfdgaﬁto complete the oxidization of HC and CO to H,0

and CO\. This is done by injecting air into the exhaust!3. This

24
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promotes oxidation of CO.to COé through the equation,

. 2C0 + 0, =+ 2C0,

—

To ach}eve successful burning ( the oxidation process invoives,
burning,of the exhaust gages), flammability considerations 7.
requir#fthat the initial temperature plus the temperature froy
the release of the chemical energy (because the reaction
involving thé.oxidation.of €0 is exothermic ), must be greater
than about 1800°F52.53, : - -
~ The NOx emissions may increase if (a) high exhaust
temperatures result, due to oxidation of CO and HC by added
air or (b)linjected air enters the cylinder through the exhaust
valve ( due to valve overlap ) and leans the mixtﬁre to

R
increase the peak temperatureS%,

- For a high degree of oxidation of HC and CO, a hig%
_;:%@pst temperature with sufficient injected air and residence

AN .
time‘T\gime require%p?o complete the oxidation ) are needed.

If a fla\é\;s genera

of the HC and co must keep the reaction going.

d, the heat generated by the combustion

-

Carbon monoxide provides most of the combustion

generated heat because of its abundance in the exhaust gas
stream. Hence thermal reactors are developed most easily for
rich carburetion situations. The basic factors' governing the
combustlon of HC and CO in the exhaustS5 are (a) composition

of ;he reacting mixture, (b) residence time and (c¢) tkﬁﬁerature
and pressure of the mixture. These are ;n turn affected by the

basic engine variables such as spark-timing, air-fuel ratio etc.

It is also necessaTy to optimize the air injection rate for‘;



. if too much a1r is injected, quenching of the exhaust will

26

lowest HC and CO.

Minimum HC and CO are obtained with rich mlxtures. Also

increase HC to levels higher than those w1thout air injection.

Air iﬁjectipn rate depends on ‘the exhaust temperature,
especially for low Co emissions,'so ambient temperature and
warmup rate are 1mportant

At 1eaner m1xtures, since air ;nject1on would cool the
exhaust, heat conservation would be necessary. Proper insulation
of the reactor core has to be provided. In one design described
in the literature>®, reacted exhaﬁst gasq§ are recirculated-
around the core to maintain a layér of hot gases between the
core and the outer casing. Thé inner core is designed to
provide adequafe mixXing of the air. injected into the exhaust
system,

Also, to sustain a flame, the oxygen_essential for® burning
must be added and mixed withé;he exhaust gases before the
temperature drops below the flammability limit. So the injgﬁted
air should be preheated.

Fuel economy of an engine using a thermal reactor.system

is a problem, especially with small enginesS3. This is due to

the necessity of using a rich mixture for proper oxidation.

A ! . .
Other reactor systems are given in ref.53.

il

2.7.3. Catalytic converters. The reaction of oxidizings7

-
CO amd HC can be speeded up by the use of catalysts. When

mixtures of CO and Oz ( or Hp and 03) are brought into contact

A

‘with a smooth platinum surface at 500-700 K, they react at a .
P . ’ ”



rate which is proportional tofthe_partial pressure of 0y and
inversely proportionélttoLtherpartialppressure;ofgco“(or Hy).
The reaction'velpCity increases rapidly with-tedperature. With
the platinum at 750-1050 X, the velocity is practically
independent of temperature; beingllimited largely by the rate
aF which the gases come into contact with the surface. With an
excess of 0, , the velocity is proportional to the pressure of
0,.

Catalysts are substances Wthh change the rate of chem1ca1
reaction without themselves belng permanently depleted They may
or méy not gctually enter into the reac¢tion aqﬂ if they are
consumed at all, the rate of consumption is small3,

Catalysts are useful in.speeding up a combustion reaction,
but catalyst activity qan.be easily impaired byr |

a) chemic;1 reaction with the gas stream, or/and

b) physical coating.

Catalystaloss ‘usually results from attrition.

-+ (Catalysts have been considered for pufifying automotive
exhaust for a long time. Till the early 1960s, researchers were
looking for catalysts to reduce all the emissionsrfrom the '
exhaust. The problems of catalyst deactivation by impurities in .
the gasoline and high temperatures in the exhaust were also r
hindrances to the use ef the catalytic converter.

Catalytic converters are generally of two types, namely,
granular and monolithic (honeycomb). Granular types may be
cyllndrlcal (pelleted) or spher{Fal with the diameter of the

circular cross- sectlon about 1/16 to 1/4 in. The granules are

uéually built up from-a porous refractory inorganic oxide like



8

28
alumina, ‘silica, etc., called the catalyst Qupport. Covering
the surface of.the pore walls .a few molecules thick, is the
layer of the active catalytic ingredient called the promo%erl
Promoters decrease the ﬁore volume of the support, wyich is
why the quantity of promoter ﬁsed should be small. Pore wall
surface areas of 100-300 acres are not-uncommon38,

The monolithic type is a one-piece céramic substrate
with a corrugated wire mesh support5% which is coated with
the promoter in the same manner as the granuiar type. The
monolifhic types have less attrition problems, faster thermal
response and easier packaging when compared to the granmlar
type60. They also have a lower pressure drop, are smaller in
size, and use the catalytic éomponent more effectively®l. They
have disadvantages too because they
(a) have internal failures due to faster thermal response, and
(b) undergo more rapid deactivation by trace poisons due to .
low internal surface area whicp'makes'the active sites more
accessible to lead and other poisons®?,

The catalyst gspport must have, certain design features
before it can be accepted for an automobile exhaust system. These
include low Back-pressure at the outlet, resistance to attrition
and high exhaust temperatures and must present a high surface
area and‘controlled porosity, fqr efficient conversion of
pollutants.

Tn

Catalyst re}ttions.

Z2CO + 02 -+ 2C02
2HaCb + (2b+a/2)02 > ZbCO2 + aHZO

2NO + CO -+ Ny, + CO

{
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-

- 2NO + 2H, .+ N, + 2Z2H20
While the first two equations represent the oxidation
of the CO and HC respectively, the last two represent the
reduction of NO by CO and Hp. All these reactions are thermo-
dynamically feasible at the temperatures prevailing in the
engine exhaust®. . i}

Catalyst location. The location of the catalytic con-

verter should be such as to fit adequately in the automobile
_exhaust system. The warmup characteristics also depend on
the proper location.

Aitr injection. Catalytic converters of the oxidizing

type may use air injection to complete the combustion!3. Or,
they may operate without air, utilizing excess oxygen from
lean engine mixtures if good heat conservation is achieved.
Since this is not possible, present day engines equipped with
a converter are fitted with an air pump for secondary air
‘injection into the exhaust manifold.

Catalyst degradation. Durability is a major problem

with the catalytic converter. Fig..2.2 (from ref. 62) gives an
indjcation of the gross change in catalytic activity due to
overheating (no special effort was made to control the feed gas
composition, catalyst temperature, E.G.R. rate, or space
velocity).

A study by Englehard Industriesé3 indicated that effective
control of HC and CO for 50,000 miles was achieved with a mono-
1ithic catalytic converter in the absence of system ariengine
malfunction. The gradual increase in the HC emissions, which

was found to occur, was found to be primarily due to thermal
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,f) effects. N

However, the presence of lead and sulphur in the gasoline
presents a different picture. Fig., 2.3 shows the loss of
efficiency of HC and CO conversion after 25,000 miles of steady-
state aging, with increasing lead content in tho fuel6%. From
this figure, it can be concluded that unleaded or low leaded
gasoline (lead below 0.5 g/gal) has’io be used.

. Figs 2.4 and 2.5 show the effect of distributing sulphur
uniformly throughout the catalyst beads, ao compared to a
fresh catalyst. The CO reactivity ;s dramatically decreased
(Fig. 2.4) but the reduction of activity of HC conversion is
not so dramatic (Fié? 2.5). The single point in the two
figures indicates that the CO and HC reactivity had partially
recovered at 680°F (65% conversion for CO) when the sulphur
content was decreased from 4.0 to 1.85 per cent®53.

Phosphorus compounds added to the gasoline as lead
scavengers, valve-seat anti-wear agent or detergent also cause

deterioration of the catalyst®®,

Sulphuric acid emission. Installation of oxidizing

|

catalysto in automobile exhaust systems has led to an increase
in the particulate matter emitted. This increase was found to
be most noticeable when the engine used lead-free gasol1ne
This particulate matter was found to consist of aqueous
sulphuric acid (H,S04). This is because fuel sulphur emerges
from the engine as sulphur dioxide, SO». The catalytic converter
oxidizes most of the S50, to sulphur trioxide, 503, thus

250, + 0, =+ 2803

ﬁgnd the SO3 easily reacts with the moisture in the exhaust to
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form sulphuric acid, thus
| | 503 + Hy0 » HpS0q
About 40% of the gross particulate emission is HZSOQ,
depending on the humidity. The rest is primarily water. With-
out the catalyst, the H,80, is less than 1/50 as much as with

the catalyst; the bulk of the fuel sulphur being emitted as

gulphur dioxide®7.

Catalys;Pwarng, Another problem with a catalyti; con-.
verter is that it will not come into.operation until it reaches \
its operating temperature. This temperature, ‘called the "light-
off" temperature, is usually above 1000°F and'the converter
takes some time to reach it. Consequently, when the engine 1is
started after a cold-soak, when emis;ions are the highest, the
converter is not in operation. Improved methods for fast

catalyst warmup have to be provided. Increasing the exhaust

temperature by modifying the engine spark timing, using the ‘
heat of reaction of the oxidation of CO and HC, (especially the ' |

former because it is more abundant), locating the converter as

close to the exhaust manifold as possible to prevent heat loss,

and use of auxiliary heating devices to warm up the converter;

these are some of the methods that have been used or tried33.
Fig. 2.6 shows the single and dual bed catalytic converter

and explanations are also given.

5.8. CONTROL TECHNIQUES ON ENGINE UNDER TEST. Specific

Ld
emission control techniques employed on the engine tested are

described in detail in Appendix A.
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Combustion Catalytic
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FIG, 2-6. SINGLE- ANﬁ DUAL-BED CATALYTIC EXHAUST REACTOR.
(Taken from ref. 4.)

WITH A SINGLE-BED REACTOR EXfREMELY CLOSE CONTROL
OF INPUT CONDITIONS TO THE COMBUS&ION CHAMBER;
ESPECTALLY AIR-FUEL RATIO, IS REQUIRED. .
WITH A DUAL-BED REACTOR, CLOSE CQNTROL OF THE AIR-
FUFL RATIO IS NOT REQUIRED, ONLY, MIXTURE TO THE
ENGINE MUST BE RICH TO ENSURE REDUCTIbN‘CONDITIONS

IN THE PIRST REACTOR. SECONDARY AIR ADDED BETWEEN

THE TWO REACTORS HELPS THE CATALYTIC OXIDATION OF ‘

HC AND CO IN THE SECOND REACTOR.
: !



-

3. EXPERIMENTAL SET-UP : EQUIPMENT USED

The engine laboratory was designed to meet the following
objectives:

1. Engine emission study, under cold and hot'embient
conditions, i

2. Evaluation of exhaust emission control system
performance, ',

3. Study of engine performance for low emissions,

4. Fuel consumption tests, and

5. Engine temperature measurements.

S.i. THE TEST LABORATORY. The laboratory consists of an

engine test cell and an adjoining instrument and control room.
The test cell consists of the engine and dynamometer
mounted on a test bed plete; the engine being conneCted to the
dynamometer through a driveshaft with tﬁo universal jeints. The
engine exhaust .is connected to a pipe leading to the outside.
A fuel tank mounted at a higher e1evat1on supplies fuel to the
engine carburetor. The closed-loop system heat exchanger is

mounted belpw the cell, along with the coolant pump and coolant

c‘ . . - .L



drum. Fig. 3.1 shows a plan drawing of the engine cell,

" The -instrument and control room houses the stf%1n-gauge
indicator, the temperature recorder, the exhaust gas analyzer
and recorder, the fuel and a1r-flow meters, and tﬁe—carburetor
throttle control system. The engine can be controlled from
this room without having to enter the cell at any time durlng a.

test run. Fig. 3.2 shows a plan drawing of the instruments in

_the ‘control room.

3.2. THE VENTILATION SYSTEM. For cold weather operation

the oold-air duct above the engine cell was brought into use.
The cold-air'is drawn f£rom outsidelﬁf means of a fan. The air
is directed into the cell through'louvres on the roof of the
cell. Except for slight losses in the piping, the temperature
of the air in the cell was the same as 'that of the outside-air.
On one occasion, the difference betweethhe outside air
temperature and the engine cell temperature was found to be

about 3°F. The air from the cell is.exhausted from below by

‘means of an exhaust fan,,

3,3, THE COOLING SYSTEM. An existing!!l. cootingewater

system was usedt Because of low temperatures in the cell
during the cold temperature tests, the closed-loop cooling .
system was used -To lower the freezlng point of water, it was
mixed with ethylene glycol, in the ratio of approximately 1:1.
A sthematlc diagram is shown in Fig. 3.3.

The reservoir tank has a capacity of about 40 gallons.
The coolant is pumped into-the heat exchanger and cooled

before it enters the dynamometer. Another branch enters the

cooling column. Hot coolant from the engine is passed into . the

.- “

AR
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A PLAN DRAWING OF THE ENGINE CELL.
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coollng column. Hot coolant from "the engine is passed into
the column and returned to the reservoir tank along w1th the
water from the dynamometer. ' , K

The heat-exchanger is. of couater-flow sh&ll-hnd-tﬁbe
de51gn. The coolant in thlS heat-exchanger is a sepﬁrate
ethydéne glycol mixture which is cooled by atmospher1c air in
the ventilation system. |

A coolihg column is used in place of a }adiatorgsIhe
engine coolant is circuiate@ through tﬂe column (as in -a
radiatbr) by the engine,coolant pump. and the temperature 1is
maintained by sensitive modulating thermostats that assure
engine opgrating temperature within the limits specified by
the engine manufacturer. The hot coolant in the column is
cooled by mixing with-the cold fluid which is introduced into
the column at a mid-point. Thermostats at the inlet of the
cooling column control the temperature of tﬁe fluid entering

the engine®®.

3.4. THE ENGINE. A Chevrolet V-8, waterscooled, 350.
cuﬁic inch, 1971 model automotive engine was used for the test
runs. Detailed spécifications are given in Appendix A. The
engine does not have an air pump for air injection at the;«
catalytic converter inlet. The carburetor is adjusted for a
high idle speed.

The fuel used to Tun the engine was Shell Ultréthnleaded
gasoline. Thisifuel was selected for compatibility with the
catalytic converter. One drum of 45 gallons of fuel was used
for the entire test program.

The ignition switch of the engine'was connected through




~o- B M
.' . :
termin;I:\pxéﬂided_in the cont?Blléf (see séction 3.7.3) for
séféty,'sé that the engine'could'not be started without
excitation to the dynamometer. |
A warning dévice ﬁas installed to give a buzzing sound

and a flashing red light if the oil pressure went below 2 psi

- and/or if the cooling water temperature rose above 205°F.

~

1.5. THE DYNAMOMETER. This was a Dynamatic eddy-current

absorption type. The eddy-cuernt dynamometef in the simplest
for consists of a disc whiéh driven by the engine under tesz,
turns in a magnetic field. The st}ength oflthe field is con-
trolled by varying the current through a series of coils located
on both'sides of the disc. The revolving disc acts as a
conductor cutting the magnetic field. Currents are induced in
the disc, an .since no external circuit exists, the induced
currents hedt the disc30.

Thd development of braking torque 1in the eddy~-current
type dynamometer is due to two reacting magnetic fields. One
is the edﬁy—curfent reactive field due the rotor. The other is
the field set up by the field magnet (stator)®?.

The dynamometer is water-cooled.

Detailed specifications are given in Appendix B.

3.6. THE CATALYTIC CONVERTER. This was a GM 260 cubic

inch type designed'by'A.C. Spark Plug Division. The platinum-
and palladiuﬁ-based catalyst material is deposited on a thin
layer of spherical or cylindrical alumina faluminum oxide)
.pellets, about 1/8 in. diameter. These pellets are packed in a
stainless steel coﬂtainer. The pellets provide a surface area

7 T T S (L
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of more than 2.25 x 108 square'feet (or more than the‘!!La of
50 ;football fields). Thé total platinum/palladium loading is ’
about 0.05 troy ounces. See Fig. 3. 4. |
The cdatalytic converter was located about 3 feet from
the exhaust manifold, approximating the under-fioor mounting
’in a typical Chevrolet car with a V-B.engine. The converter
was mounted 3n an angle bracket located alongside the engine-

dynamometer’test-stand inn the engine cell. - -

3.7. INSTRUMENTATION. The instruments used during the

test program w111 now be described. These instruments weTre used
to determine the air-fuel ratio, the eng1ne torque, speed,

manifold vacuum, the HC and CO emissions and various temperatures.

1.7.1. Measurement of Air Flow. The air flow rate was

measured by a Go-Power M-5000 Air-flow meter. This instrument
is based on the principle of flow through a nozzle. Thegair is
drawn through a long-radius flow nozzle into a pulse-damping
drum. From the drum?dﬁie air fﬂﬁﬁs through a flexible hose into
the engine carburetor. All the air entering the carburetor must
therefore flow through the nozzle. The pressure drop across the
nozzle is measured in inches of water by a manometer. Charts
provided by the manufacturer give the mass flow rate of air

corresponding for the nozzle size selected, as a function of

the pressure difference measured. This flow rate is calibrated
at 60°F and 29.92 in. Hg (standard conditions). The manual
provides correction factor charts for test temperature, pressure
and humidity?0

Because the smaller diameter nozzles did not give accurate
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FIG. 3-4. THE GM 260-CUBIC INCH SIZE CATALYTIC CONVERTER.
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readiﬁgs, they were calibrated. This procedure is described in

Appendix C.

3,7.2. Measurement of Fuel-flow. The fuel flow rate was

measured by a Cox Instruments' Vortex Flow-meter. This is a

transducer which detects/the fluid flow and gives a frequency

signal proportional to the volumetric flow. The signal is

genewhted by the interuption of an infrared light beam. These .
frequency signals are picked up and amplified and the frequent-

cies are displayed over given intervals on an Hewlett-Packard
frequency-counter. There are charts provided, relating the

frequency in hertz (hz) to the fuel flow rate in pounds per

hour (ppr or 1b/hr) for gasoline.

3.7.3. Speed and Load Control Potentiometer. Speed and

load control of the dynamometer is provided by the control of
current through the magnet (stator) of the dynamometer. The
speed control potentiometer operates such that the speed of the
rotor (essentially the same as the engine output shaft speed)
is kept constant, while the excitation(and the braking torque)

is varied to hold the speed relatively constant. The load ‘

control potentiometer holds the excitation current (the current
flowing through the rotor) and thus the braking torque,
relatively constant. Thus the load is kept constant.

The controller (Mark III Type 4 Controller of Dynamatic
Corp.) located in the englne cell houses the necessary electronic
circuit to -control the amount of exc1tat10n in the dynamometer

brake unit?1.
LS

3.7.4. The Load Cell and Strain-gauge Indicator. The load
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cell (of BLH Electronics Inc.) is an electronic franéducer which °*
translates changes in f&%ce>or weight into changes in voltage.
‘This change in voitaée produces a repeatable deflection or
indication in the r;ad-out instrumentation, which can be
calibrated directly in terms of the load applied to the cell.

Hermetically sealed within the load cell are’'one or more
sets of strain-guages bonded to a steel element. The strain-
gauges are electrically connected to form a balanced Wheatstone
bridge. The deflection of the strain-gauge filament creates a
change in its resistance, thereb& unbalancing the bridée. As a
result, for a given input.volfage, the output voltage of the
bridge varies proportionally with the load, and the change can
be read on appropriate instrumentation’Z.

The control room ha; a Daytronic Corp. Model 901 Strain-
gauge indicator. This is a precisiﬁn null-balance servo
instrument. It supplies DC excitation to the bridge. It has a
gauge giving the load calibrated to read foot-pounds (ft-1b) ‘of
braking torqﬁed\Zero and span controls, polarity reversing
switch and an adjustabie signal damping fiTter are provided73.

The gtrain-gauge indicator was ;alibrated to c?rrect the

meter readings with actual loads. Details are given in Appendix ‘

D.

3.7.5. Engine Speed. The dynamometer rotor speed (and the
engine speed) is sensed by an alternator. A tachometer, Standard
J
model SG-6, which is connected to the alternator, indicates the

engine speed in revolutions per minute (R.P.M.). .

3.7.6. Manifold Vacuum. The engine intake manifold vacuum
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_ was measured by a vacuum gauge mounted in the control room. This

gauge gives the vacuum in inches of mercury (in. Hg).

3.7.7. Temperature Measurement and Recordigg, During the
tests, the following temperatures were measured:
(1) Engine €xhaust, when the engine wag run without a
7~ cakalytic converter,” |
(ii) Catalytic converter inlet, when the engine was
(iii) Catalytic converter outlet, } run with the converter
(iv) Water outlet,
(v) Inlet air,
(vi) Air;cleaner air,
(vii) Intake manifold, and
(viii) Pre-heated air, when the engine was Tun during
separate tests to study the performénce of the

[

engine intake system. .
The temperatures were measured by hermocouples mounted 'at
appropriate lgggpﬁbnﬁz-The thermocouples for the first three
" ijtems mentioned above are chromel-alumel while those for the

remaining five are copper-constantan. The cold junction of the

thermocouples waé kept in an jce-bath in a sealed vacuum flask. ‘

Crushed ice was used’fgr better contact with the junction wires.
The output of the thermocouples is in millivolts to be converted
to a read-out on a recorder. The recorder used for the purpose

of recording the temperatures'continuously was a Watanabe
Multicorder model MC61lL. This is a servo-type, potentiometric,
transistorized recorder’", with 6 channels. Each channel has a

separate pen. The pens a¢e filled with differently coloured ink

for easy jdentification. . '



47

~

— 1IN0 1940M

iy

———
i B g
‘ jeinp sjdwos _
Jezkjouy 192A|0UY HE _ sdwnd _
03 JH-  %90Yy) sp9 OL - : ._o.ﬁ_whunom
N pajosuucaIaly| | _ I0M_
8A|DA 3PUS

./xm.wmhm ONITdHYS SVO ISOVHXE FHL 40 WVEOVIQ DILVKAHOS

.

R_o.:cou /l_uwno sDY

*5-¢

"914

aqn] bBuydwog
aqIxeld

;.__.,_-en_._

i
8qold
- Buygdwos

€

101}U0D
._oo__..o (034}

—_—

%243 OH

—Z



48

.

3.7.8. Exhaust Gas Sampling. The sampling system for

continuous meésurement of the exhaust cbmponents consists of
a sampling probe, a needle valve t9'cbntrol the sampling flow,
an inline  filter and the sampling line connected to the
analyzer. Fig. 3.5 shows the sampling system.

The, sampling probe is fixed to the engine exhaust system
in such a way as to minimize induction of ambien£ air. A 1/4 in.

OD stainless steel tube is placed parallel to the flow, facing

the upstream direction of the exhaust line.

A needle valve is'used to shut off the sampling line
when emission measurements are not made. An inline filter is'
used to trap partlculate matter. An easily replaceable 7 micron
f11ter is used as the filtering element.

Because the maln tests were carried oufiin cold'ambients;
the sample gas was not cooled. It was fognd to be cool enough
for the analyzer to handle. Also, the moisture trap using silica
gel and phosphorus pentoxide was bypassed because of air 1eékage
into the system from the U-tubes. The analyzetr molsture pump was

able to handle the moisture in the sample gas and the readings

were not found to be erraneous because of bypassing thé moisture

trap.

2 7.9. The CO/HC Analyzer. The analyzer used during the

tests was of the non-dispersive infrared (NDIR) type manufactured
by Olson-Horiba, model Mexa-300. It measures CO 1in molés per
cent (%) and HC as n-hexane equivalent, in parts per million
(ppm) . < _
Infrared analyzers are based on the principle that

heteroatomic gases absorb infrared energy at distinct and (more
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or less).separated wavelengths, w1th the absorbed energy ra151ng
‘-the temperature and pressure of the gas.

N Consider the simplified diagram in Fig. 3.6. The analyzer
éongains a feference cell (filled with atmospheric air),. a
sample cell through which the gas mixture flows, and a detec;or
cell (filled with the specific gas to be measured (analysis gas).
The detector cell is divided into two compartments by a pressure-
responsive diaphrdgm30,

Let the sample'cell be filled first with room air, like
the rkference cell. Infrared energy pass1ng through these two
cells into the detector will be absorbed only in the regions
where the detector.has absorption bands. The detector diaphragm
remains stationary (zero reading) since the same amount of |
energy is recieved by the gas on each side of the dlaphragm Now
if the sample cell is charged with the sample gas, infrared
energy proport10na1 to the concentration of sample.gas will be :f
absorbed in the sample cell. Therefore less energy will reach
the sample side of the detectei (relat®ve to that recieved
'througg the reference cell) thus lowering the pressure in the

sample/side of the detector. Movement of the diaphragm is then

amplified electronically and fed to an indicator and recorder’ 3,
The instrument is usually calibrated by sample gas of |
known concentrati Some doubt exists when testing unknown
mixtures as to wh::::::9r not unknoﬁn gases are contributing to
the signal (by absorbing energy in bands close to the sample
gas).
For testing gases like CO and.HC, the detector unit must

be .sensitized (filled) with the gas to be tested. Sturgis et al’®
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stated that the - response of an NDIR analyzer to.methane was poor
and when sen51tlzed with n-hexane (equ1va1ent hexane), e"“

analyzer was unrespon51ve to acetylenes and aromatlcs, ‘and w1th

a lower re

onse to olefins than to the corresponding parafflns..
fecommended that the detector cell be f111ed with a

The auth
' <1mixture of acetylene, ethylene and benzene for best response to

hydrocarbons. '

The specifications and calibration procedure for the

)
analyzer are given in Appendix E.

q

- .

3.% 10. Continhous Recording of CO/HC Levels, The CO/HC

levels were contlnuously recorded on a Hewlett-Packard strip-
chart recorder, model 7100B., The recorder is a two-pen type.
Two isolated self-balancing servo-mechanisms move the pens
dipendlng on the voltage signals reC1eved from the analyzer
(which has the necessary devices to do so) A multi- speed motor

drive moves the chart?7.-

3.8. ALTERNATIVE EQUIPMENT. The following section deals

in brief with some alternative equipmeﬁt that (a) are in general
%

use, (b) could have been used, and/or (c) recommended fo;\futu;e

use. - . ) -,

A

S.Q.i. Choke Monitor. The performance of the engine during

warmup depends to a large extent on_ the choke. Since CO emissions
are highest when the choke is closed, :the rate of opening of the
choke should be monitored. This g1ves an idea of the speed at
.which the englne is warm}ng up. Modern engine- design practice
recommends a quick release choke to reduce emissions. But these
chokes greatly 1ﬂpa1r warmup driveability when gasol1nes of
<

a
=
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~conventional volatility is used75.

"3.8.2. Other Em1551on ‘Test Methods. In most cases the

NDIR ana1y51s of the exhaust gases tends to undermeasure the

" hydrocarbon content. So other methods of exhaust gas analysis
have been used.
B

3.8.2.1. Flame ionization method. This method is based

on the fact that a flame of pure hydrogen (or hfdrogen diluted
with nltrogen) contains a neg11g1b1e amount of ions while the
_add1t1on of even traces of organic compounds produces a large
amount of ionization. A metered amount of Hy, . air and exhaust
gas is burned tegether. Positive and‘negative jons will be
formed in pairs.¢In one type of analyzer, an ion-coliector is
positive relative to the burner. Measuring the flow of electrons
t(current) between the burner and the coklector gives the aﬁount
of hydrocarbons. The eﬁit is calibrated bf metering known
quantities of HC. Flame jonization is net too selective to the
type of HC present, unlike infrared analyzers. But the flame
_ionizer is responsive to oxygen in the exhaust gas30,

The magnitude of this oxygen effect depends on the

1nstrument, instrument operating parameters, 0, concentration in

the sample and composition of the individual hydrocarbons in the

sample Oxygen influence was increased?? markedly when pure Hp
was used, without a diluent. Uniformity of response was improved
when helium was used as the diluent in place of nitrogen.
Ref. 79 gives a procedure to improve the response speed
\

and HC ana1y51s, by sllght modification of the commerc1a1

instruments as wéll as adherence to specific operating céhditions.
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3.8.2.2. Gas chromatography. This is a physical method of
separatlng a mixture into its constltuents. The separated |
' constituents are measured by a thermal conductivity detector
(TCD - for weakly ionizable gases) or hydrogen flame ionization
detector (FID - for hydrocérbqns).‘The_FID is about twice as
sensitive as the TCD. Both methods requi{e calibration by

testing known mixtures under similar flow conditions3®,
»

3.8.2.3. Orsat apparatus. This apparatus 1is convenient

for measuring CO,, CO and 0. This is a chemical method, where
the gases are absorbed by chemicals. Pot%ssium hyqfoxide absorbs
COz}'pyrogallic acid absorbs 0, “and cuprouslchloride absorbs CO.
' The Orsat will ignore thé water vapour in the sample. Chemical
analysis: though accurate, is time éonsuﬁing, which is why other

methods are popular3?.

3.8.3%3, Sampling of Catalytic Converter inlet and outlet.

An-additional sampling device to measure the CO and HC levels
before the exhaust gas enters the converter would give us an
jdea about the convertex performance. Endurance testing of the

catalyst, effects of contaminants in the fuel on the converter,

and catalyst evaluation could also be carrled out.

7. 8.4. Catalytic Converter and Back-pressure. The effect
. r
of the catalytic converter on the engine back-pressure can be

evaluated by using pressure gauges. Also the pressure variation

across the converter could also be studied. The monolithic and
: {

pelleted type converters could be compared, with this parameter

in mind.
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4, " _EXPERIMENTAL PROCEDURE

4.1, THE FEDERAL TE§TING PROCEDURE. The federal testing

précedure for 1973 anﬁ later model cars, is based on 2 driving
cycle which is essentially a reproductionkof an actual time-
speed history of an automobile driven over a 7.5-mile "typical”
metropolitan route. It requires 22 min. 51 sec. for the test.
As a practfgzl nécessity tdriving" is done on a sgag§{§
dynamometer. Power absorption and inertial effects of the
dynamometer are set to approximate the powerﬁ}equirements and
the inertia of a Vehicle-driven.on the road; these dyng;ometer

characteristics are adjusted to the vehicle weight.

The car is started after soaking for 12 hours-in,.a 60°-

86°F ambient. The cycle involveéyzarious idling, accelerations,
_ decelerations and-cruise modes of operations. -

| Emission measurements are either made continuously during
the tests or are made upon bag samples collected during the
tests. The-single bag éystem was used‘to test 1972 through 1874
vehicles. The three bag syS}em applies for 1975-76 vehicles. The

sampling technique is called the Constant Volume System (CVS)
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because a constant fidﬁ of gas is maintained through the system.
Air is used to dilute the exhaust gas to avoid the condensation
of vapour which could dissolve.some pollutants and reduce the
measured values. - h . ‘
The methods of measurement of the pollutant are also

specified. For CO and CO, it is the NDIR, for HC it.is the FID,
and for NO it is the chemiluminescence technique. The emissions J.
are expressed in terms of the we1ght (in @rams) of the pollutant

per unit distance (in miles) driven by the automobile"-13.

4.2. DEFECTS IN THE FTP. (a) The FTP requires that the

vehicle be tested on a chassis dynamometer; hence it is also
called the "vehicle test". It was repprteqa° that a chassis
dynamometer test exhibits poor rTepeatability, mainly due to the
variability of the vehicle. Daily teets on a.single vehicle
over a 5 month period have shown that engine CO AEE:yc emissions
exhibit standard deviations of 18% and 23% over theilr respec-
tive means. The length of time 1nvoTVed in the testlng is also
high. iny 6 development tests per day were carried out on a 2-
shift basis. ‘
(b)-The iength of the driving distance (7.5 miles of
ngimulated urban driving'") and the time (approximately 23 min.)
was based on the driving patterns in the U.S., specifically
California, wher-e automobile pollution is a majer problem, ‘

because of the photochemical smog. Driving patterns in Canada

are not the same. Driviﬂg conditions are also not the same, This
is mainly due to the weather.
(c) The daily minimum temperatures in the month of January

in most of Canada, fall below 0°F more often than in the U.S.



Temperatures in the winter months often go belowa-20°F, and
temperatures below -40°F cau be reached®!, Thus the cold start
ambient temperature range of 60°-86 F in Canada is not truly

-representatlve of Canadian weather ‘'where temperatures below

32 F are-often experienced for at 1east 6 months of the year.

4.3, JUSTIFICATION IN USING THE PRESENT SET-UP. The

present set-up uses an engine-dynamometer system. The engine-
dynamometer system has been known t'o produce fairly repeatabledl
results. Deviations from mean CO and HC have been given as

0.69% and 0.75% respectlvely ‘Test runs of over 20 Tuns per
day over 2 shifts have been carrled out. The englne dynamoﬁeter
‘system permits flexibility of operation, easy control of
external variables and repeatability of results.

The set-up includes a cooling column in Elace of an
automobile coolant radiator. For a stationary engine, this is a
more efficient form of cooling, because cooling is achieved by
mixing hot and cold coolant in the column. 'With the cooling
column it is'easy to maintain a constant ‘engine temperature. In
a radiator, heat tfensfer is by convection. It will not be very
effective on an engiue—dynamometer system because proper air
flow through the radiator cannot be provided. |

'The tests involved warmup studies so a simple cycle was
followed, to studf the warmup period involving an idle period
followed by fixed loeds applied to the engiﬁe. |

The cycle was as follows: Cold soak followed by a test
sequence cons1st1ng of (1) start-up, fast idle and warmup,

(2) load condition 1, (3) load. condition 2 (an 1ncreased load

condition, (4) return to load condition 1, (5) idle, and

il
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’P/fg)‘shut down. | -
’ Slightly different procedures were followed for tests.
under cold and warm tempergture'start-up cqnditions. I1dling
time for low temperature start-up was 2 min. whereas for

warm temperature start-up the time was 30 sec. to 1 min.

4.4. THE DRIVING CYCLE. This will now béldescribed in
detail. oy

‘1. Allow the engine to cold-soak for about 8 to 12 hours.

2. Start the engine with no load and let it fast idle at
about 1800 R.P.M. for the time specified, depending on whether
the ambient temperature is cold or warm. Letting the engine
warmup at idle aftér start-up is a normal practice in-winter.
The time'of 2 min. for cold ambients was essentially an
arbifrary choice, after a couple of earlier test runs with a 3
minute warmup time weTre tried. The engine was found to be warm
enough for loading at the end of 2 min. The R.P.M. invariably
rose to about 2100 at the end of the warmup period. |

3. Load the engine by oper;ting“the load coptrol poten-
tiometer and opening the throttle. This took about 30 sec. The
10ad ranged between 95 and 165 ft-1b. With a majority of the
tests the load was about 135 ft-1b. The R.P.M. was stabilized
at 1600. The manifold vacuum, depending on the load, varied
between 8 to 12 in. Hg.

This signifies a gradual acceleration to a cruising speed
of about 55 MPH in about S'ﬁinutes aféér start-up. At 55 MPH,
the R.P.M. of the road wheel of an automobile is about 650,
assuming the tire diameter is about 28.5 in. for 2 G78-15 tire.

For a GM Chevelle, with a 350 cu.in. engine and a 2.73:1 rear

Q
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axle reduction ratio, the output shaft of the fransmissidn'will'
turn at about 1700 R.P.M. Corresponding to a road speed of 55
MPH, the required theoretical road horse-power (rhp) is 25,

basgd on the formula3?®

rhp = .V (0.0148W + 0.000128AV?)

the vehicle speed in MPH,

whewve V
w o= the curb weight of the automobile and the
weight of equipment and. passengers,
assumed 4000 1b, and
A =  the frontal area of the vehicle, assumed
28:3ft2.

Now, the value of the load on the engine (in ft-1b)
varies between 96 and 152 at the end of 5 minutes. The mean
value of the load is estimated to be about 128 ft-1b. The
engine brake-horseppower is about 40.

This 1load condition, called load condition 1, was applied
upto the end of the 9th minute after start-up. ‘

4. After 9 minutes of running, put an additional load on
the engine. This load was about 250, ft-1b. This was achieved. by
increasing the throttle opening so that the speed was kept the
same, at 1600 R.P.M. The manifold vacuum was around 4 in. Hg.

This load condition, called load condition 2, by a
similar reasoning, could be taken - to represent a gradient
driving at about 33 MPH‘) )

Load cond1t1on 2 was app11ed for 3 minutes.

5. After 12 minutes of running, apply load condition 1

again. This wa§4§one by closing the throttle unt11 the load and

manifold vacuum were about the same as in condition 1. This load




was maintained for 3 minutes.

6. After 15 minutes of running, bring the engine to idle;
This was done by pushing the throttle cable all the way in.
This enabled the engiﬂe'and‘the system to stabilize. Also, it
was.deSired to keep the dynamometer water outlet temperature

within safe limits.

This slow idling, at about 700 R.P.M. was maintained for,
[4
5 minutes,

7. The end of the cycle was reached after 20 min. of
running. Usually the engine was shut down immediately though it

was allowed to run a few minutes longer in a few cases.

4.5. INITIAL EXPERIMENTS. Before the actual tests were

carried out, some preliminary work was undertaken to check the

various systems.

4.5.1. The Engine. The engine was tuned to manufacturer's
specifications, The engine compression was checked and found to
vary between 160 and 170 psi, which is within the 20 psi
variation as recommended by the manufacturer. New spark plugs
were fitted and gapped to the specifications given in the manual.
Distributor dwell was also checked and found to be correct. The
engine hiéﬁ tension wiring was replaced because of spark leakage
from some of the old wires. The ignition timing was checkéd. The
warning device for low.oil pressure and/ﬁr high water temy

tehperature was' checked and found to work satisfactorily.

- 4.5.2. The Dynamometer. When operating the unit with the

closed-loop cooling system it was found that as soon as the

inlet temperature (to the dynamometer) reached 90°F, the engine
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would shut down.'The proﬁlem was f‘iced td the low pressure cut-
off switch. This switch, according to the manual®?, will cut off
excitation if the water pressure falls below 111psi. The drop -in
pressure was probably due to, a surge of water when thenﬁaterhq
temperature switch opened. This switch normally opens when the
outlet water temperature reaches 168°F. Since the problem of
the engipe shutting down, especially during a test rum, caused
back-firing due to burning of the fuel in the exhaust manifold,
it was decided to disconnect the pressure switch, after which
no problems of engine shut down occured. _

48

4.5.3. The Air- and-.Fuel-Flow Meters. These meters. were

separafely checked for accuracy. The air-fuel ratios wefe found
to be fairly reasonable, except for jdle running when the air-
fuel ratios obtained were lower than expected. The selection of
the proper nozzle of the air-flow meter depended on the load
applied to-the engine., The 1.75 in, nozzle was best suited for
nost of the tests carried out in this program. The 1,183 in.
nozzle caused exessive manometer deflection even when load
condition 1 was applied, so it was used to determine air flow

rates at idle only.

4.5.4. The Sampling Line. The exhaust sampling system was

first connected as described in ref. 11, but without the Dyna-
pump, manometer and rotameter. The systém-was checked for leaks.
It was found that air was being drawn in from the U-tube caps,
especially at the first U-tube.

Another problem at one stage was that the analyzer was

found to indicate abnormally high values of HC. This was quite

~
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promlnent after the engine stopped suddenly during a run. The : S
problem was traced to the silica gel in the U-tubes. When the
engine shuts down suddenly during a run, high quantities of
unburned fgel pass into the exhaust. The sample line picks this
'up and the silica gel absorbs it. This is why, in subsequent
runs, high levels ofA?C were indicated by the analyzer, |
It was also foued that the analyzer sa;ple ﬁump and the
Dynapump, which was later introduced, were not sufficient to
draw sample gas from the exhaust due to losses in the U-tubes.
Consequently it was dec%ﬁed to by-pass the U-tubes. fhe water
separator in the analyzer was found to be capable of handling
the moisture in the sample line.
‘The cooler and water trap in the sample line were also
elimjnated because of leaks and pumping losses.. Also, aue to
cold‘ambient eemperatures when the first part of the test

sprogran was carried out, the sample gas was sufficiently

cooled before it reached the analyzer.

-

4.5.5. The Analyzer. The analyzer was calibrated before

’

every test according to the procedure 1aid down by the s

manufaeturer (outlined in Appendix E). The calibration was done

at the high range of the meter. This was because the CO and HC
jevels were high at start-up, and the low range of the meter

could not indicate these levels.

4.5.6. The Thermocouples and Temperature Recorder. The

thermocouples were checked 'for accuracy by submerging the probes .
in boiling water and verifying with a mercury thermometer. The

corresponding deflection on the recorder indicated calibration
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4.6. THE ACTUAL TESTS. The actual tests wefe started

‘towards the end of winter. Experiments were carried out early.
in the morhing or late at night, especiallf for the low
temperature tests. |

The time was noted during tests with a stop-watch. The [
readings wﬁich were recorded manually were noted’in the
following format:
TIME FUEL FLOW AIR FLOW MANIFOLD VACUUﬁ SPEED LOAD REMARKS
séc, | Hz in.water _ in.Hg rpm ft-1b*
min. . . < -

The engine cell tempéréture was indicated by a thermometer
directly above the engine. The wet- and dry-bulb temperatures
were indicated by a psychrometer and the room barometric
pressure by a barometer, both placed on thewyall on the left
of the engiﬂe. These temperature and pressure values were noted
before and after -a test rTun.

Before the engine ignition switch was turned on, the
various systems were brought into operatiod. This prochure is

outlined 1in Appendix E.

4.6.1. Low Temperature Tests without the Converter. Ini-

tial tests were carried out without the converter for two
reasons: .

(a) the converter was not immediately available, and

(b) the engine could be run with unleaded gasoline to

N
* strain-gauge indicator values.
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remove all traces of leaded fuel that might have remainéd in
the system. ' '

The engine gave no trouble when starting fros‘iilg.

" Occasionally, the battery-charger was used to bring e battery

' to full chérge.l

The major problem of running the engine in cold ambients

was the freezing of water vapour in the exhaust sample 11ne.

This was particularly severe when the ambient temperatures were

below 20°F. As a result, the sampling line would be blogked and

the aﬁalyzer would not indicate any pollution, levels in the - .
engine exhaust“&?his invariably happened within 3 to 4 minutes

after start-up.

The water vapour condensed after ; test tTun, would freeze X
during the cold soaking period. This caused the blocking o (the }ﬂ
sampling line. To prévent this the sampling line was disconﬁécted \
after a test run and kept in the warmer instrument Toom and ' Ef

reconnected before the next test rum began.

4.6.2. Low Temperature Tests with the Converter. A quick
method of switching over to the converter was utilized. The

exhaust flexible piping was connected to the converter by means

‘of U-clamps and bolted down to the bracket. The switch-over
took barely a few minutes. The outlet from the COﬁverter‘was
also connected by flexible piping to the exhaust ventilation
system. )

No modifications to the engine were carried out; the
spark timing, carburetor adjustments and valve overlap were
-

kept the same. The tune-up was kept unchanged.

One of the problems encountered was the m01sture content



_ 100°F mark.

_start again.

.fuel was when the fuel flow frequency~-counter showéd high (and’

PR A

of the exhaust. The effect. of the converter was to produce

more m01sture. There was no apparent effect of sulphuric acid

either on Ihe piping, ‘or the analyzer.

N

4.6.3. Warm Temperature Tests. For these tests the

L}

ventilation system was adjsuted to supply mixed air at the ﬁ

»

desired temperature. Room temperatures (in the test cell) were

in the range of 70° to 80°F. . 4

For warm temperature running, all systems were maintained

. the same. The closed-loop cooling system was the only potential

trouble area. However, it worked satisfactorily durlng the test
runs. Dynamometer water inlet temperatures did not cross the

The major problem of running the engine in warm ambients
was the vapour lock in the fuel line. This iﬁvariably resulted - o
in the sudden stalllng of the eng1ne during a test run. The

fuel pump had to be primed a few times before the engine would
One of the first sndications that the engine was low on

absurd) fluctuations in the flow. This was because air was

being sucked into the fuel line and since the flow-meter pitks
up'frequency,changes"in any fluid ‘(whether air or gasoline) the™
values would be indicated on the frequeﬁty-counter:

The fuel level,was m;lintaihed at a certain ierel Qore a
test run was madef\Also, the fuel line was prmmed by blowing
into the fuel tank so that the line was always £111ed with fuel
before the engine ignition switch ;:s turned on.

-
L]

¢
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r4 6 4 Testing the Engine Air;iutake System. The engine is

fltted w1th a "Thermac“ A1r-c1eaner assembly. The system is
dep1cted 1n Fig. 4.1. Accordlng to the GM manual on emission
'control systemsez, the thermostatlcally controlled a1r cleaner ., .
715 de51gned to.malntaln a minimum temperature of approxlmately
100°F for the air enterzng the carburetor, Maintaining this
minimym temperature perm1ts good driveability w1th leaner
carburetor air-fuel mixture which helps reduce exhaust emissions.
The temperatures of the inlet air, pre-heated air (by the §§ﬁ
exhaust) and thg air cleaner air were‘;ezggded during‘separate -
test. runs follow1ng the same cycle, in warm. ambient temperatures
Fig.,4.2 shews the locatiens of the thermocouples -for. this

g . '

.particular set bf experlments. N ~ C ¥

From the figure, m1 15 the mass of air, at temperature Ty,
enterlng the a1r-flow meter nozzle. The mass of the air enterlng
the pre- heater unit 1s my and the temperature at the pre- heater
outlet rs T, whrle 3 is mass of the rema1£1ng air at temperature
T,. The hot air-of mass my mixes w1th the cooler, a1r of mass m3

)
so that the air entering the carburetor is of mass m at a

temperagure T3. We now have . ’ . L »
M N ‘ - s - 5
N l'l'l]_ = II'lz + m3- * e e 4.1
. - .:\‘
Ihe hedt glven up by the heated air, of mass mp is assumed
2 e

to be equal to “the heat taken bu‘the cooler air, of mass mg, se'

- mg(T3 - TI)C = l'l'lg(Tz - T3)C . 4 - ve. 4.2

For the sake of s1mp11C1ty, we assume that the specific. -
heat of‘alr does not change apprec1ab1y over the ;zmperature
qange that the a1r-preheater was operateds Thus, ce111ng the

€p term ‘and rearranging eq. 4,2 vie get | _

. - . R o

’
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;- N .
my = mp(Ty - T3)/ (T3 = T1) cer 4.3
From eq. 4.1 we have ' '

. - - { .
m = m__-;_ +..m2(T2 - T3)/(T3 - Tl)

= mzpl'*'(Tz - Ta)V(Ta - T1)]
- my(Ty - Ty + Tpo- Ta)/(Ta=iTh)
= mp(Ty - T1)/(Ts = T1)
my, = “m;(Tg -lT1)/(T2 - T1) .o 424

Thus eq. 4.4 gives the mass of‘air entering the dir pre-
heater, for differentgtempefatures of the inlet air, pre-héated
air and the air entering the air,cleanprz

This experiment was carried out 6 times and the wvalues of

m, were calculated. - -

oy L
4.7. OTHER PROBLEMS, DIAGNOSIS AND REMEDIES. During a test

run, the multlcorder and strip chart recorder gave some trouble.
One of the pens in the multicorder kept hunting all the time.
The defect was found to be in the machine. But, because the_
temperature curve drawn by that particuiar pen was pot unduly
off the mark it was not corrected. Alsp, it was feared.that the
experlment would be held up. Another problem encountered in
‘both recorders was the ink drying up in one or more pens during
a test run. ThlS would usually be discovered after the test

run was well under way, result1ng in gaps in the recording. The
pens were pumped to force the ink to flow. Some times, the pen
or pens had to be cleaned after the test run was made. This is

why there are incomplete data in some of the tables.

’ .o,
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5. PRESENTATION OF_ DATA

In all, Sﬁtruns were made; 16 ‘with and 40 without the
catalytic converter.LTable 5-1 gives .the breakdown of the rTun
numbers corresponding to the temperature Tange at start-up of
the engine. _

The calculated+data are presentee in Tab¥es 5-2 through

5-40, The fuel flow values have been converted from Hz to

Ib/hr. The air flow values have been converted from in. of .

water to 1b/hr. The corr&cted aiw flow (indicated as ''corr. air
flow™) is the pfoduct of the @ir flow r;te and the correction
factor. The correction factor includes the,following:
(a) Correction for temperature, )
(b) Correction for pre;;;?e, and
~(c) Correction for humidity.
The temperatures weae calculated from tables for the . L
particular type of thermocouple‘used. These tables give the
relation between the millivolt odtpet_given ﬁy the recorder,

and the temperature§3 , ' o (\\\ ’

~ ' The Tables 5-2 through S 40 contain certain symbols Wthh

-
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TEMPERATURE | = * © " "RUN NUMBERS

R_-ANGE (°F) 1 WITH CONVERTER ' WITHOUT CONVERTER
0 -5 \ .
6-=- 10
11 - 15 16*
16 - 20 ‘ ! 14%
21 - 25- i 18
26 - 30 1*
31 - 35 | 25, 27 11, 19;", 20, 22+
316 - 40 24, 26%, 28 2%, g%, 12, 13, 21
41 - 45, 23 6%, 9%, 10*
46 - 50 37
51 - 55
56 - 60
61 - 65
66 - 70
71 - 75 36 to 40 _ 7% 41 to 47, 48%

76 - 80 33%, 34, 35¢% 50* to 58%, 56* ‘
81 7.85 | 54%, 55% '
* . Incomplete recordihg‘Af data

+  Engine stopped before cycle was completed _
v ) due to’lacquf fuel
Other runs were not recorded é; all

Table 5-1. Run numbers cotzbspohding to ambient temp. at start-u§

‘ S -
T S v ' .

ra



are explalned below;

* Indicates that the partipular instrument or pen stopped

'worklng during 'a test run, ‘v
Indlcates\that the particular readlng(s) was (were) not
taken and/or the partlcular ‘calculation. (s).was. {were)ono de

X Indicates‘that the engine stopped prematurely dujszz a
test Tun,. . . _

Figures 5~1a. through 5:40n->showithe temperaturplplets | ﬁ
obtained by the multicorder. In these figures, the expression
'START"iudicates that the engine was started up% The expression s
' CHANGE OF*IOAD CONDITION' indicates that a l1oad was ejither put
on or taken off. The 1o0ad conditions are described in Chap. 4.
The expre551on 'END OF CYCLE' indicates that the 20 minyte period
was over. In most cases.the engine was shut off a few seconds
after the end of the 20 minutes running period, while in others,
the engine was allowed to run a few minutes 16§§er. In two
instances, the term 'SHUT DOWN' has been used This indicates
that the engine stopped during the cycle, and the test had to

be dlscontlnued

Figures.5-1b- through 5-4h: shownthe plotsnobtalned by the _

‘strip-chatt recorder for CO and HC emission levels produced
By the engiue.'The same expressions have been used here td
1nd1cate the various events during the dr1v1ng cyclet

~ Figures '5-lc. thprughs3c32¢. showutho plots of. the varaables
calculated in Tables 5-2 through 5 -40, against the t1mf after
start-up. These are a1r-fue1 ratio, CO and HC em1551ons, Tﬁg};/) N
fold vacuum, exhaust temperature (for runs without the xatalyt1c1_, '

converter), catalytic converter inlet and outlet temperatures

-

s . ' .‘.:‘_.-' N
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(for runs with the catalytic converter) and the inlet air.
teﬁpprature. In'these figures the expression 'LOAD CONDITION 1' = .
which was the first load conditioh applied.to the engine, and

*LOAO?CONDITION'Z', which was the second, are described in Chap.
for run # 47 where

'LOAD CONDITION 3 1nd1cates that the same load as‘gn 'LOAD |

4. The only varlatlon is in Flg. 5.3%c,

CONDITION 2°' Was applled but at a higher speed of 1860 R P.M.~
Slmllarly, 'LOAD CONDITION '4' indicates that the same load as in
'LOAD CONDITION 1' was- applied but at the same higher speed, of

{

1860 R.P.M. ‘

\ - N
\( |
,% .
. _ >
\ J | '
- ( ﬁ o 'u'
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6

6. ANALYSTS . OF _RESULTS

6.1. DISCUSSION OF THE TEST RUNSLTA‘stage by stage
discussion of the results obtained during the tests will noﬁ be

. ®
given.

-’

6.1.1. Fast Idle. There are'distinct differences in the
way in which the engine operates when started from cold and w-

warm ambient temperatures so these will be discussed ‘separately.

-

6.1.1.1. Cold amb1ent conditions. Certain thanges in

engine performance occur with cold temperature. gtart-apw Low| temp*-
eratures 1ncrease friction loads. In add1t10n, the carburetor
is choked, a cond1t10n that resul;:s in three basic changes in !
engine operation, namely
(1) Enrlchment of the a1r-fue1 mixture as alresult of

increased pressure d1fferent1a1 across the fuel jet; test’
results in Tables 5-2 through 5-38 show that the air- fuel rat'
ratios durlng the fast idle perlod are about ?0% rlcher than

'-those occurlng later during the various 1oad conditions,

(2)- Increase in the englne air-flow as a result of "an
Y

B . + -

A L]
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iperease in the demand to overcéme,friction-loads as well as
the result of enrichment beyond a best power. setting; test
results, forlexample‘in Table 5-7, showﬂthat the air-flow is-
63.4% greater dﬁring fast-idle.than_during the slow iﬁle period
(towards the end of the cycle), and S
(3) Poor distribution of the air-fuel ratio between
cylinderse“ .
. As the eng1ne warms up. friction loads reduce so the R.P.M.
starts to increase (from 1800 at end of the first 15 seconds,
to 2030 after.Zemidnutes as ‘shown in Table 5- -7), as no external '
load is applied. The a1r -fuel ratio gets leaner ‘at the same
time. In Table 5-5 for example, we see that the a1r:fue1 ratio
increases 23% during the fast idle period.
The HC and CO levels are high, as we can see for instance
in Table 5-10,-This is because the air-fuel ratio is richer
than stoichiemetric, air-flow is'ﬁigh and the low ambient
tempg?atures promote cooler combustion chambe? walls so that
the quench thickness is somewhat g?eater. The presence of the
catalyg}c converter does not appeer te alter the situation to
a noticeable degree. Compaiing emissien levels indicated in
Tables 5-11 and 5-16, we see that they are practicatlyytheh. b

same during the fast-idle period. This is mainly because the

3

catalyst must reach a certaln temperature (called "1ight-off
temperature') before 51gn1f1cant conversion can take place®5,
Unless some means for quick warmup of the catalxst is provided’
dufing the initiali warmup period of the'engine, it would not

be very_effective in reducing the HC and CO levels:

o 6.1.1;2. Warm ambient conditions. Comparing the-test (’\_
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" results in Tables 5-6 .and 5-30 we see that with a warm'teﬁperature

start-up the air-fuel ratio is about 20% leaner and the engine
_ .

_air-flow about 15% lower than the corresponding values during a

v

I ;.

cold temperature start-up, within the first 30 secqndS, We also see
that it takes onlf about half the time-to reech.the same exhaust
temperature with a warm temperature sfart;up compered with a .
cold temperature start-up indicating that the-quine werme up

approximately twice as fast when the ambient temperature rises

from 12°F to 74°F.

o

At start-up CO and HC emissions peak to maxiﬂgz.values S

which are lower than those obtaineéd in cold temperat re start-

w
Sy
T

up. The emission levels, especially those of HC, start to fall
r: . . '

. / .
off at a faster rate in warm ambient temperatures.

* 6.1.2, Load Condition 1., From test results we see that
. v ' )

the air-fuel ratios, exhaust temperatures and temperatures of
the air cleaner, inlet manifold and cooling water are about the
same for both cold and warm temperature tests, at the tlme.
load condltlon 1 is applied. This 1nd1caté§ that the engine is

runnlng under practlcaily similar cond1t1ons in both types of

tests. The average brake specific, fuel consumption is 0 57 1b
per bhpg@er hour in the cold temperature tests and 0.56 1b per
bhp per%)ur in the warm temperature tests. |

The HC and CO emission 1eve15 now reach a m1n1mum value.
In both cold and warm temperatures, the minimum values are the\

same. Since the engine is rumning at a steady speed, the emissions

are also more or less constant.

6.1.3*.Load Condition 2. while_keeping.the speed cqnetangg..‘ .

L
L I . . S -
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the 1cad-was increased by increasing the throttle opening. The
manifold vacuuqldecreased'from abqut 10‘in. Hg to apout 2.1/2

in. Hg. In Table 5-30, for example, we see that the air-fuel
ratio decreases 21% (or the air-fuel mixtureﬂbécomes richer).
This trend can be seen in Figs. 5-1c through‘é-$2c. The exhaust
-temperature increases slightly; so also does the engine air in-
‘take temperature. The a1r cleaner and 1n1et manifold temperatures
: drop. "This is due to changes in the air preheatlng system which
will be discussed in section 6.5.1. The average brake spec1f1c :
fuel consumption is about 0.53 1b per bhp per hour.

Test results show that HC emissioﬁs increase by a factor
of about 5. The CO emissions show a greater proportionate
increase (6ver 15 times). These increases are based on emissions
just.before load condition 2 was applied.

' In the case of HC we gan view this result arising from
effects of sederal factors, some of which tend to reduce
emissions while others tend to increase them, Apparently the
opposing effects result in an increase in HC emissions.

A factor tending to increase HC concentration as load 1is

increased is reduced residence time within the exhaust system.
The residence time of the exhaust gas in the very hot section )
of the exhaust system is an important factor affectlng the

amount of exhaust after-reaction. Residence ‘tim® may be deflned

. [} %

as:

¢ (i in.) ‘='- volume of hot exhaust system, ft3 SN
(in min. C . volume flow of exhaust gas, Et37miy i .

I1f the load is doubled volume flow is approximately ' .' ‘
doubled and residence time reduced by '50%. The net effect is

{

the}same as if exhaust system volume were reduced by 50% at a

»

L] N °
Vel € adiitdo U Savolume “B t;thauat' oo A .



.16

given exhaust volume flow. Exhaust volume and.residence time

effects, are discussed in ref. 13. : !

An incfeased.air-flow rate would increase the concentration
of HC as a result of increases in the unburned fuel from the
quench zone and from the crevices, and in’ the fractiqpfof
unburned HC exhausted from the combustlon chamber, even though
the fractlons of quench and crevice gases not oxidized 1n the
chamber decreases.oThe largest part of the increase in exhaust
HC concentration due to increasing the air-flow rate was caused
by the increase in unburned fuel from the grevices3!,

Another reason why the HC would }ncrease is due to the
richness of the air-fuel mixture20, i .

Factors which tend to reduce HC emissions include quench
thickness, exhaust temﬁerature and combustion .chamber surface
temperature. The quench thickness decreases as the cylinder
pressure ‘and temperature increase®®. Mean cylinder pressure

. o

increases linearly with load. Hence increases in load would
tend to redice concentration of'HC. Also as load is increased
exhaust temperatures would be higher; this would increase
exhaust after-r_eacthn13 .reducing HC. em1551ons..Incre351nguthe
combustion chamber surface temperature (as indicated by the
coolant temperature, which is, near its maximum value) also
tends tp reduce HC emlss1ons38 : . !

. In .the case of CO the 1ncrease in emissions 1is substan-
tial. This is probably due to the large 1ncrease 1n the :

richness of the airéfuel mlxture which is the most predomlnant

factor. One must also keep in mind that CO is an intermediate

~

compound in HC oxidation. Thus relatively good HC oxidation
LN ‘ . " .

X

T g

v e =

It
%
1

.




in the exhaust.would produee-some CO which has*not completely

.

oxidized!3. o T i .

- The catalytic converter does;hot appeat to reduce’
emissions dutring this part of the cytle. This can %e seen . g
by comparing @ata in Tables 5-8 and 5-13 which ‘show that CO.and HC N

emission. lgvels are abeut .theamsne . as thewtare-w1thoutra converter.

ST NI TP JE I

The only plaus1b1e eXplanat1on 1s that there is 1nsuff1c1en &
oxygen for the catalyst to catalyze the ox1dat10n reactlon. The @
only remedy appears to be air 1n3ect10n into the exhaust, | ?
‘manifold. Thls would increase the overall air-fuel ratio and ' ;

'enable the ox1dat10n reactlon to take place in the catalytic

converter.

»
-

!

) " '
6.1.4. Return To Load Condition 1. By reverting back to

the first load condition (this is done by merely closing the

throttle), the operating conditions are the same as described

in 6.1.2. The air cleaner and inlet manifold temperatures rise

again; exhaust tempetatures drop off slightly. The air-fuel .

ratio is slightly 1eaner than that in the previous case

because the englne is warmer so it can run leaner at the same

power. and speed.

.‘.

*The CO and ‘HC levels drop back to the minimum values ‘7 <

\‘ as soon as the load is. reduced This is because of the effects
~

of the leaner a1r-£ue1 ratioe and lower air-flow rate.
, | . 4 _ . i
; ~ 6.1.5. Idle. As soon as -the engine is brought to 1dle,.the

* exhaust temperature~6top$prapldly. Theeaxr cleanerttemperatﬁrec

is now steady at the yalue determlned by the thermostat in the

"Thermac" system\(1n the-V1c1n1ty of 100°F) The eng1ne 1ntake

-

.
-
| T

-
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air temperature starts to drop. The inlet mauifold temperature’
risés because of the .thermal inertia of the engine block. The
air-fuel ratio keeps f1uctuat1ng, mostly on the r1ch 51de.'
Manifold vacuum drops slightly. The engine speed drops to a
minimum value depending on the 1d1e_screw setting, and then‘
steadles. | | . _

e CO and HC levels are malntalned low. The effect of
r1ch air-fuel ratios which tend to 1ncrease emlss1ons is
probably béigkced by decreased a1r-flow rate. However, HC

emissions for operatlon w1thout a catalyst, show a fluctuat1on

6.1.6.  Shut Down. As soon as the. eng;ne 1gn1t1on is )

switched oﬁ\‘ thelexhaust temperature falls very sharply. All

"other temperatures begln'to drop except that of the 1n1et<§h~

mdnifold, which rlses due to the thermal 1nertra of the engine.:

As soon as the ignition 1s sw1tched off, there 1s a *
J L4

small mass of fuel which flows: through the englne and the

. -
'..\ .

exhaust system. ThlS 1s due to the* 1nert1a of the.fuel‘mass

and the fact that the throttle plate is slrghtly open, desp1te

the solenoid wh1ch closes 1t. As a result there 1s an, instan+ . .

taneous peak in the unburned HC The amount is- much hlgher

» -

w1thout the converter. Because’ the Co emlss1ons stop as soon -

-as the 1gn1t1on 1s sw1tchedfdff there is no peaklng of the CO

“ . - L . ..

6.2, EFFECT OF AMBIENT TEMPERATURE ON MAXIMUM EMI SIONS. a

From the, data given in Tablgs 5- 2 through S-40, the maximum’

¢

values of CO and HC emlss;oqsluére studaed-wgtﬁorespgfttto .
. . . ‘v'. L .

s
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6 ZMFFEQT OF TEMPERATHRE "ON. CO EMISSIONS.

... .'

glves a plot for the maﬁlmum CO em1551on Values Feac

' '--' start up agalnst temperature. The graph clearly 1nd1cates the

effect of amblent temperature on’ these maximum CO em1551ons.

. ¢ .-

‘Max1mum CQ emlss1ons 1ncreased about 25% when.start-up tempera-,, 7
v

4 l

L

-

tures were 1owere5fto 30°F from 75°F W1thout the cogyerter The - o

same comparlson wrth éhe converter showed an 1ncrease of about

» - "

40% at the lower amblent temperature. “-\; .
L s ~ s . " . : ] -
. _ ’Thé large amount of scatter 1n ‘the p01nts espec1a11y at
- ; .
e _1oWer amblent temperatures can_ be attr1buted to the choke-

.'1
]

§
A
1l
X
|

i

vactlon. The rate of choke openlnf and the t1me thp choke . starts

‘to open'need ﬂbt be the same every time the engine runs through

@ - a cycle. The mechan1ca1 11nkages could stlck temporarlly choke

action- 1s known to not he compIetely repeatable'over similar - :
. . . K » -

v cond1t10ns3° S R . o

-
[

A separate calculatlon was made to dbtermlne average

¥ 1

comp051te mass em1551ons as opposed to the’ em1551on concentrations

actually measured These were averaged out over th\ Znam1nu$

Y cle in_ order tth they mlght-ge rqlated to the grams per mile’ a”
o M
" em1'51ons as actually reported by other authofs performlng EPA-
\\\\\ type tests. The calculatlon procedure for determ1n1ng masg- v 1!‘

emlssrons from the em1551on concentratlons that were measured 15

out11ned in Append1x G. . - o R

Based on the procedure mentloned above, the average CO .

- mass emlss1ons were found to be 1 43 t1mes greater at 23°F

v
.

than at 75°F. '."F\
_;\;J;Jﬂuchompares reasonably well Wlth the results of Ashby

et al®% who ran tests on var1ous automob1le englnes similar to

r -
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“the one under study, based on the 1975 CVS schedule and obtained

CO mass emissions (in grams per m11el;that were 1. 55 tlmes ,.",‘

greater at ZOG% than at 75°F. : o k

-A .

The results of - Polak®’ based on the 1975 FTP oﬁ various
t&pes of englnes show an increase of 1.5 times the 60°F value

at’ 20°F. _ S ) '5

Miles and Homfeld22 obtalned a 65% increase in’ average co

v L T

mass em1551ons at 20°F. over those at 70 F.
A 51m11ar comparlson of mass em1551ons at amblent tempera-
tures of 31°F and 74°F was- made for two tests with a converter.
Fd

It was found that comp051te mass CO em1551ons at.31°F were . 32,5%

.greater than at 74°F. Ashby et al obtalned the follow1ng results.: .

Average mass CO emissions

in grams per mile Increase over
‘ at 20°F at 75°F ". 75°F value
Without catalyst .... '87.0 56.0 1.55 times
With catalyst cean 28.0 5.6 - 4,10 times

»
Thus they obtained a greater proport1onate increase with

decreasing ambient temperature with the converter than without.
. The smaller'propottlonate increase obtalned in this work would
jndicate that the converter appears to work reasonably well at
high and low ambient temperatures, at least in this test pro—
gram. However, mass emissions and concgntration ievels of both
CO and HC for tests with the catalytic converter were fairly
high at ail ambient temperatures. Emission levels of carbon
monoxide and hydrocarbons obtained from runs with the converter
were found to be unrellable because the. engihe set-up was not

optimized for the use of the -converter. For example, comparlng

runs with and without the converter at 74°F, CO emissions were

-
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actually 40% h1gher and the HC em1551ons about 5% higher with ~
' the converter. Thls is contrary to what one would expect. Ashby
et al for 1nstance obtalned a 10 fold decrease in CO emissions.

at 75 F thh the COnverter—(see table on P 81).

\
6.2.2. EFFECT OF TEMPERATURE ON HC EMISSIONS Flgure 6-2

1givEs a plot for the maximum HC em1551ons reached after start-up
_Jagalnst the amblent temperature. The effect of these maximum
.em1551ons ig some what 51lear to that .of CO However there
appears to be a greater 1n¢rease 1n~max1mum HC em1551ons as the
amblent temperature drops, maxlmum HC em1551ons at 30°F increased
to a level that was 3.0 times the levei at 75°F w1thout the
converter and 3.8, t1mes the level at 75°F w1th the converter
' The scatter of points in-.the graph is more pronounced in .

] this flgure than jn Fig. 6-1. This probably indicates that the
HC emissions are more adversely affected by the operation of the ‘
choke and by mixture maldistribution than CO emissions.

fhe average composite mass HC emissions as described in the
prerious section (6.2.1.) and the procedure for Wthh is outllned
in Appendix G were found to be 1 58 times greater at 23 F than
at 75°F. | ' |

This compares with Ashby et al who obtained average mass HC
emissions that were 1.63 times greater at 20°F than at 75°F.

Polak's results show an increase of 1.51 times the 60°F « -
value at 20°F whereas Milcs and Homfeld obtained a 53% increase
in average HC emissions at 20°F compared to 70°F.

- Thus we see that results obtained for both‘CO and HC :mass

emissions compare reasonably well with those of other investi-

gators. ' . ‘ ;I_
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6.3. TIMB TAKBN FOR EMISSIONS TO REDUCE TO A MINIMUM

‘F1gures 6-3 and 6- 4. glve plotSufor.the time" takenufor emissions
(CO and HC respectlvely) to reduce to a minimum level. This
time would depend essentially on the load and air-fuel ratlo at
thht instant. The plot gives a rough 1dea, for similar loads, N

_for cold ambient start-up. It appears that HC emissions take.a
little longer to reach‘a minimum. This means that the factors -
which affecf_the reduction in quench distance have yet to come
into play. This is evident both with and without the converter.
The presence of the converter seems to be: most effective only
at highef ambient temperatures, for both CO and HC. This is
only a tentative conclusion. However more, tests would have to
be carried out as there teally is insufficient information to

be conclusive in this statement. .

6.4. EFFECT OF BED INLET TEMPERATURE Oiﬁzz;ALYST PERFOR-
MANCE, Figures §-5, thrgugh 6-17 give;plotSno'?the CO and HC

emissions a§ a fpnction of the catalytic converteér bed inlet
temperature. As it can be expected, the emissions reach a mini-

mum value as the bed inlet temperature ;eaches a certain value.

A peculiar feature can be noted in these plots.'In-low

ambient temperatures thé emissionslevels reduce to a minimum at
jnlet bed temperatures ranginglfrdh 600° to 700°F, whereas in
‘warm ambient temperatures the temperature range is lower (200°
to 300°F). The curves for inlet bed temperatures versus time
after start-up are essentially similar for both types of

ambients so this further proves that emissions reduce to mini-

mum values at a faster rate in warm ambient temperatures than in

cold. Also, the éatalytic converter reaches the lightfoff

-
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P . 4

temperature quicker in warm ambient temperatures.'_

6.5. AIR INTAKE SYSTEM STUDIES. From the temperature
plots (Rigs. 5-la through 5-40a) the fime required-for warmup
was estimated. The temperatﬁre.of the air at the air cléaneg
rises’ gradually from start-up, réaches(g\peak and then drops
off to én approximately steady state level, during.the first S
minutes of the cycle. It may be argued that this is the
temperature the '"Thermac system" tries to main;ain‘during the
first part of the cycle. When the air cleaner temperaturé rises !
it reaches this'temperature and probably because of thermal
inertia, shoots up further and peaks before dropping off. By
extending the steady state line backward till it meets ‘the line
which is rising one can approximaté the time taken for the air
in the air cleaner to reach the steady state temperature, This
is considered a godd indication of, and thus defined as the
"warmup time'. As an example see Fig. 5-~5a. The location of the
steady state temperature on the print-~out of the air cleaner.

temperature is indicated by point A in the figure,

The warmup time has been plotted against the ambient
temperature (Fig, 6-~18) . Although there appears to be some
scatter in the points, one can see that there is an approximately
linear relationship between the warmup time and the ambient
temperature. The warmup time appears to be fairly insensitive to N
the loads considered. These loads were not substantially different
from each other. |

The time required to warm up the engine, as estimated from
Fig. 6-18, increases about 90% when the ambient temperature

decreases from 75°F to 20°F,(see section 6.1.1.2), Warmup time
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increases about 13.5% when the ambient temperaturé decreases
from 40°F to 25°F.

-A recent paper?" studled the effect of cold temperature
on some driveability malfunctlons like stall, idle roughness,
backfire, hesitatiom¥ stumble{ ang surge. The authors assigned
a malfunctioﬁ severity rating for each tategory, during each
ﬁart off the driving cycle. They found that the majofiﬁy of the
warmup pfdblems;(like hesitations, stalls, stumbles, and back-
fires on acceleration after warmup) occured during the cold-
start and driveaway portion of the test cycle. The average
demerit rating ;t 40°F decreased by 16.8% when compared with
those at 25°F,

Thus we see that the cold-start ‘and driveaway performance
of an automobile depends to a large extent on the time required
for the engine to warm up.

A more direct comparison of warmup time with other

investigators was not made because of lack of available data.

_—

6.5.1, The Air Preheater. From calculations of the mass

flow rates through the air-intake and the manifold heater, it
appears that most” of the air is flowing through the main intake

at start- and warmup. This is because the temperature differential

~across the intake air and the air cleaner ([Ts - Ti] in Fig. 4-2)

is almost zero at start-up and duriﬁg the first 45 seconds of the
cycle., In actual fact the air is mostly flowing through the heater;
but during nhe first 45 seconds of the cycle, the exhaust gases
are not warm enough to heat the air and cause a high temperature
differential between T3 Qnd T;. As the exhaust gases get warmer,

Ty starts Increasing in greater proportion to Ty, and so more and
*
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more air pésses throﬁgh the heater. This proceeds until a balance
is reached between the témperatufe rise due to the manifold
heating ‘and the fempe;ature'drop due to the cold intake air. The
mass of the air passing through starts to drop off gradually
until it reaches a minimum value after 9 minﬁtes of running, When
the load condition“2 is appiied,'the air entering air cleaner is
warm-enouéh so that the heater system g!ls shut off and most of
the air passes through the main air passage. When load condition
]fis applied again, the heater comes into operation agaih., But
because (T3 - T;) is large enough, only a small fraction of the

air passes through it. This is maintained throughout the idle

period as well.
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7. 'CONCLUSION . .

The conclusions.derived‘from the analysis of the results
described in Chap. 6, will now be given. Included also are

suggestions for future work.

The test runs made were quite effecfivq)to investigate
warmup characteristics of a representhtiyé North American auto-
mobile engine, A suitable sequence of ‘pErgtions was deemed

necessary for proper study. The engine—dyn;mpmeter system, which
; > '

was used in the experimental work, was determined to have
advantages over a chassis dynamometer due to better control of
certain operating parameters such as load, speed, throttle
position and coolant temperature. Useful results of staft-apd
warmup characteristics of the eﬁgine.were obtained. l

There was some difficulty in obtaining repeatable results.

The catalytic converter test results(were particularly suspect.
“~ ;

7.1. TEST RUNS. Emission levels from the engine over a
range of ambient temperatures were checked. Tests with a cata-

lytic converter fitted to the exhaust system of the same engine

*
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.were elso carried‘out over approximateiy the same-range of
ambient temperatures;< |

Ambient temperature was found to have a strong Jnfluence
on CO and HC em1551ons. ThlS conclusron has been obtalned by a |,
number of - 1nvest1gaiors in the past9 12.22,81, 97 89. 9°

nghest em1551ons were found' to occur during the warmup
period of the engine test cycle. The‘warmup perlod of the test
lcycle used in this study is the initial fast 1d1e perlod before
a load was put/on the englne. this period was for the first two
m1nutes after start-up in the cold temperature test and the flrst
one minute after start-up 1n ‘the warm temperature test. Increased
emissions during the warmup period were obtained both on mass as
well as on concentrat1on basis. The increase in the mass em1551ons‘
durlng warmup "at 23°F compared to 75°F is given below:

7, HC co
150% - . 85.5%

Some comparison might be made with the results of some

other invpstigaths.-They used a differently defined warmup

sequence. Their“results are given below; they are for approxi- -

mately the same range of temperatures,'i,e. between 20°F and 75°F:

HC . - co
* . *

¥ . 99% 863
. 12687

M11es and Homfeldzz. these figures glve the total gram dlfference
accounted for in the first 2. "cycles" of the 1972 EPA schedule. A
cycle is deflned as the portion of the schedule between idle
periods. There are 18 cycles in the: schedule. The car was a 4000 1b

model with a 350 cu. in. displacement engine.

ceend
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- Consequently )it could'be concluded that the test sequence

used in this study is as ide as that chosen by other researchers,

.
to 1nd1cate warmup trends»

. oo .o

The 1ncrease in. average concentratron emiSsions. over the .

same range of temperatures (23 F - 75°F) was not so pronounced

durlng the warmup per1od The percentage 1ncreases are glven below:
HC . .'CO PN . ‘
22.5% " 6.0% T .

T [

The main causes for the increase'in the concentration

BT BATS

em1551ons of both CO and HC at the lower ambient temperatures S

L

are the enrlchenlng of the air-fuel mixture due to the choke . i

*

action, and increased quench thlckness. '

Robertson??® presented a graph of the choke'off time versus ' %1
the ambient temperature. The temperature range 1nrh15 graph is
between -30°F ‘and +30°F .and this graph 1nd1cates a choke off N
time of about 6 minutes .at 20°F, Thus durlng the .warmup ﬁE?f d ¥
of the engine test cycle "the choke does not open fully, This

fplalns the higher increase in HC concentratlon. .

The mass emissions at warmup 1ncrease substantlally
because of increased 1ntake air flow. It was found that thé air -
flow rate at 23°F was affout 80% higher than at 75R%E, during the
watmup period. This 1@be,cause idling during warmup requires
more power to overcome 1ncreased friction in colder ambient

temperatures .

: .
T Ashby et al®9(continued from p 92): this figure gives the
-+

difference between the grams per mile,(cdlﬁ star%% emissions of"\\

CO, the test being carried {)ut by the 1975 FTP.
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- The ratio of average mass. emissions,durfhg waxhup to‘the’

* composite mass em1551ons averaged over the entire" 20-m1nutq cycle .

o ‘ .

was computed. These ratlos are given below: . ‘\\ [/"\\\;_

. v LIS . ) : ' . f o~ \ N ;
NG

: . HC : co <:

. ST . NG : <
at 23°F J.;.. Co 421 © 4,20 SR
at 75°F .p.. 2,73 . za22 ¢ -

As a compa:gson, the ratio of mass emlsslons,collected in
the first bag of the 23-m1nute cycle of the 1972 FTP to the

composite emissions, as g1ven by Grinberg and Morgan!?,are

-

‘given below. These ratios are at 70°F: -
HC co
5.20 ‘ 3.90

~ In the1r case, the warmup time was for 125 seconds which’
corresponded to 9. 1% of the total test time. The corresponding "
figures for our tegt (at 75°F)-were 60 seconds.and 5% respec- .

tively. Even then, our results compg;;\ﬁyite fgvourably with By

theirs. ‘Another point to note in our results is that the.ratios
- , . . ,
increase as the ambient temperatures decrease. This-is what’

Y

Grinberg and Mqrgan.obtained,fas-inﬁicated below:

: 6 HG ‘ Cco
~at 40°F ..... ~ 7.03 6.50
at -10°F .... .  7.35 5.95 I :

This conclusion may be justified within experimental
error.
) The results of warmup sequences show that the test cycle

™ _ -

used in this work comﬁares favourably with that 'employed in the

U.S. Federal Test1ng Procedure.
Both HC and CO emissions took at least 2 m1nutes longer to /
reach a minimum level in cold ambient temperatures. At 18°F the
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_'minimum levels of'beth CO and HC were reached‘after ahout‘4.1/2
. mlnutes whlle at 75°F they took 2.1/2 minutes. M1n1mum levels

_ ﬁete practlcally the same for CO and HC em1551ons in both cold
as well as warm amblent.temperatures.

There was some d1ff1cu1ty 1n obtalnlng repeatable results
although test condltlons were malntalned as close as fea51b1e to
each other. Test runs were identical, warmup rates (dependlng on Py .
whether the test'temperatu;e was warm or cold) were the same
" and the loads and speeds were unchanged -

The results obtained from test runs based on a test
procedure completely different from the U. S Federal Test
Profedure are thus found to be com].y;bfb to a large extent

with those obtained from tests on engines run by following the

F.T.P. , \
Thus the results are quite'hse;;i(dn studying emission /(?T

‘hevels and warmup rates of an automobile engine mounted on, an E}

engine_dynamometer test stand., It must he borne in mind that

the tests made by other investigators refered to in this

chapter were made on a chassis dynmamometer test stand

The comparable results thus justify using an engine- .

dynamometer system as well as following a dlfferent test

sequence. ‘ : ) : ¥

7.2. THE CATALYTIC CONVERTER. The e‘m&ssion"results ——

obtained after the catalyt1c converter was. installed in the
exhaugt system of the engine were found to be generally unrellable.
LAt start-up and durlng the warmup period of the test cycle, there
was Mno not@ceablé‘reductlon in HC and CQ emissions. Thls was

probably due tq the fact that the catalyst did not reach the

. : m
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actlvatlon (llght off) temperature for significant conversion

of the exhaust’ ‘carbon monox1de and unburned hydrocarbons to ’
carbon dloxlde and water. - . - Y
One 1nVest1gator89 found that: catalyst equipped englnes
showed a greater proportlonate jncrease in HC and CO emissions
whén ambient temperatures decreased than engines without the

catalytic converter.

The 1nact1vat10n time of the converter '&lring the warmup

bf the englne could be reducedaby preheating the catalyst bed33,
4

There is another problem with using the catalytic converter.’

Air injection into the Qghaust stream at the converter inlet

‘should be provided for efficient conversion. Oxygen is

necessary for gignifjicant oxidation of HC and CO. Since air

injection was Qf aJ;ilable for these experiments, HC and 60
emissions were high.

Another reason why the HC and CO emissioas were higher
than expected was because the engine set-up was not optimized
for use wlth the converdter. »

The catalytic converter however did appear to reduce by

»

about 30 seconds, the time required for emission levels to

reach a minimum value. It also helped dampen fluctuations in HC

]

emission levels during the slow idle,period, The reason for

[ 2
this is not cldprly kn'&m. Too, the peak HC at shut down was

- found to be lower with a converter.

7 3. AIR INTAKE SYSTEM. The operation of the thermo-

statically controlled air intake system was studied under

. qar1ous ambient temperatures and engine operating condltlons.

Warmup time-was found to be 1ower for higher amblent temperatures;
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The cold-start.and driveaway performance of an'auéomobile was
found to dﬁﬁénd.to a large extent on the engine warmup time.

The opera;ion of the "Thermac Air Cleaner" assembly was
also checked. 1t was found that air flow through the‘exhaust
manifold heéter dropped to a minimum when the warmup time had
been reached. The device was found to be fairly effective in
bringing up the carburétor.air temperature rapidly to a

sufficiently high value so that fuel vaporization was more

complete. ‘ : i

. g . .

7.4. SUGGESTIONS FQR FUTURE WORK. Thrzugh experience

with the tests undertaken, certain recommendations can be
made which should be investigated if further work in this

area is to he carried out.

-

-y

7.4.1. Test Procedures,

The driving cycle. The 2 minute warmup period after a

cold start in winter (which was used in the tests) was an arbit-
rary choice. This period should probably be extended if lower -
ambient temperatures than those used here are encountered.
Particular engine transmission combinafions might suggest

other load conditions than those used here. The 5 minute idle

at the end of the second application’of load condition 1 would
raTely be encountered, in practice. This was included iﬁ the
cycle mainly to prevent overhéating of the coolant in the
dynamometer.

Tests with engine block-heaters. In Canada, block-heaters

are often installed in order to heat the engine block during an ..

overnight soak in cold ambient temperatures as it helps achieve a
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quick start and warmup The effect of using block-heaters on
engine emissions could be studied. By keeplng the engine block
.warm, the HC emissions at start and warmup would be lowered .
because of a‘possible reduction in cylin@er quench thickness.

~ Tests using fuels of other types. By modifying ‘the fuel
composition, the volatility could be incyeased..Usually addi-
tives are added to the fuel. The effect of such fuels on the
warmup characteristics, emission 164!!5 anﬁ fuel‘consumption
could be investigated.

Tests on the Catalytic converter. These include converter
performance and endurance tests, effects of contaminants and
sulphate emissions and effect of the_catalytic converter on
engiﬁe back pressure,’exhaust flow rate, cycle-by-cycle

variation in emission levels.

N
7.4.2, Equipment. By installing new equipment, certain

additional tests could be carried out. Ry

Providing a choke monitor to determine the time the choke
starts to open, its rate of opening and the time taken for it
to open fully.

Providing a low pressure cut-off switch in the water line .
into the dynamoﬁeter which will cut off excitation if the water
pressure goes below 2 or 3 psi and not 11 psi as is the case at
present, Bypassing the switch is preferable because water
pressure does not fall belowls psi during a test run.

Providing the engine ammeter and o0il pressure gauges in
the control room for easy accessibility especially when. theg
engine is in operation.

Providing a device to keep the sampling line warm}in cold

J
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-téhpergture tests so that the moisture from the exhaust does
‘not freeze during a test run. Passing the sampling line through
" a warmed b{ine bath or prbviding a heater are two wéys of

tackling the problem.

7.4.3. Engine. Certain modifications to the engine -itself
could producehinteresting results

By adjusting the thermostgt setting of the cooling column
to ensure that the cooling water circﬁlates‘in the engine at a
higher temperature, the effects on emissions could be studied.
This is significaht since surface temperature of the engine
has an effect on HC formation.

By tuning the engine for optimum operation with the
catalytic converter the effects of the various parameters
could be investigated. These include Vaive timing, ignition
timing, carburetor setting, etc.

By providing air injection, either at the exhaust ports

or at the inlet to the catalytic converter, the emission levels

could be investigated.

7.5. AIR QUALITY IN WINTER. A great deal of evidence has

. has been presented substantiating the fact that engine exhaust
emissions increase with decreasing ambient temperatures for at
least the warmup period of the dynamometer emission test cycie.
The question which must now be answered is whether or not these
increases are observed in the atmosphere as monitored®degradation
in air quality.

Robertson?? discussed the comparison of air quality in

winter and summer, considering established health levels and

LY
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meterological influences on a region and/or autapotive usage .
changes with the variation in the seasons.

He concluded that none of the three major pollutants, HC
CO and NOx-appear Fo dramatically change seasonably as suggested
by the exhaust emission tests on automobiles locally per region
or nation-wide. . |

The largest influencing factor to air pollution aﬁateﬁent_
is the weather. The tdmperature of an area significantly"
influences the formation of oxidants and the dispersion of
pollutants. Temperature variation can also change the reaction
rate. Laboratory experiments have shown that an increase in
ambient temperature increases the rate of NO_ and-HC oxidation.
Photochemical reactions are substantially reduced thus causing
less concern at lower ambient temperatures.

Studies carried out by }everal authors have indicated

. that wind velocity and atmospheric instability or vertical

temperature profile are two key met .1621 parameters in
pollutant abatement. High polluyion levels occur over large
areas }or prolonged periods of time when there are relatively
light winds at the surface and gloft as well-as inversion con-
ditions in the lower layers of the atmosphere.

Low wind speeds 1ifit the dilution and transport of
pollutants horizontally. Inversion layérs limit vertical trans-
port, stagnating lower regionS from the higher wind speeds which
occur at greater altitudes. Inversions usually occur due to
stable air conditions which are determined by the rate of
decrease of temperature with altitude. When the temperature

decreases at a rate greater than 5,4°F per 1000 feet, the air is

considered to be unstable.
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"In the w1nter months, 1ong nights and short days would
tend to support increased duration of inversion. However, in

cold weather climates, the climatic condltlons prevent per51stent
jinversions from occuring. Across Canada, the average temperature
in January is about 50°F lower than in July. The amount of solar
radiation receiyed per day in January is, on an average, approxi-
mately one-fifth of that received in July due to the fewer hours
of sunlight in the winfér months. On an average, wind speeds are
50% higher in January than in July.

Thus the three princiﬁal meterological factors, namely, low
temperatures, fewer hours of sunlight, and high wind speeds
naturally abate any increases in the air quallty in winter due to
their influence in the environment on pollutants not only from
the automobile but from all other sources as well.

Other reasons are contributed by man. Every year, newer
and better cars ‘are introduced into the road; cars are maintained
better in order to make them run more efficiently in winter; less
automobile driving is done in winter than in summer. Also the
_ probability that -the engine would cooi down to ambient
temperature before restart could be less than expected.'Nation-

.
\

wide use of block-heaters has also improved the situation?®?,
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A.1. SPECIFICATIONS®!,

Manufactur%f'and designation

Type

Displacement ‘ .

Power

Tordue

Bore ; stfoﬁe:

' ’Compression ratio

. Firing otrder-
'Valve lifter

Compression,

+ .
Spark plug gap
Distributor:
Point dwell
SN

Point gap

[ . ,

THE ENGINE ' <

Cwt , o '. - ore Al g

v - " . g E t\\._/ 2t

2
}

General Motofs of Canada Ltd.,
Chevrolet Division. "
Automotive V-8

350 cu.-in.

245 HP ;t 4800 R.P.M.

350 £t-1b at 2800 R.P.M.

4 in. x 3.48 in.

8.5:1

1-8-4-3-645-;-2 e
Hydraulic ‘ _
160‘psi at cranking speed,.thrott1e
wide open. Maximum variation 20 psi

between cylinders.

0.035 ino .. -

29° - 31°
0.016 in. (used), 0.019 in. (new)
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Condenser - 0.18 - 0.23 miérofara&s ' B
Timing (with Auto. Trans.) 6° btdc at idle speed witk vacuum
i advance disconnected and plugged.

Air cleaner ~ "Thermac" system, paper element

type. Also acts as a flame

arrestor.
Idle speed - 550 R.P.M.
Carburetor ) 2 bbl, with 2 venturi and sepafate

fuel feed for each; down draught,
with ;emperatuﬁ?-SenSing choked2,
Ignition coil . Primary resistance 1.77 - 2.05a at
75°F. _
Seéondary resistance 3000 - 20,0009

at 75°F.

A
A.2. EMISSION CONTROL SYSTEMS ON ENGINE. The engine is

—_ fitted with emission control systems which were in use on

§

Canadian models in 1971. The U.S. Federal Emission control

standards did not include"NOx control at that time.

A.2.1. Factors Cgnsidered in Engine Design for Low Emissions.

JThese factors have been considered by the manufacturers when
designing the enginé described here. &
(a) Size and shape of the combustion chéﬁber which helps
control the travel of the flame as it moves th;ouéh the chamber.
'(b) Ratio of the combustiop chamber volume to wall surface,
‘which affects the quenching action and. amount of unburned HC.
(c)%Compression ratio, which affect§ both the combustion

temperature and the octane rating of the fuel that must be used.
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‘(d) Valve arrangement, timing-and oVerlap,'which determine
.the volumetric gfficiency‘andrscavenging'actioh of the.engine .
that is important for control of NOx. |
(e) Carburetorland manifold arrangement : carburetor
adjustments to provide proper, air-fuel mixture.
() Exhaust manlfolds, p1pés and mufflgrs that allow '
'freekflow and help assure cdhplete combugtion.
fyfﬁ?k) Spark plug gap and timing settings that provide the
mesf effective burnlng'%ctlonjzndé\\all circumstances.
\7 ‘The ultimate aim is to burn thg fuel as completely as
%J//Ipossible, but without éxcess;ve combustion teﬁperatures.
The engine that was tested hay the emission.control

systems explained below. Each system performs the specific

function described.

A.2.2. Positive Crankcase Ventilation System. The engine i
is fitted with a 'closed' type positive crankcase ventilation
system to meet the requiréments for controlling crankcase vapour

-~

emissions, to protect crankcase oil from dilution, and to reduce
sludge formation. v -
Air drawn into the crankcase via the air cleaner mixes
with-the crﬁnkcase vapours. These vapours are then drawn up
through a vacuum- and spring-controlled ventilating valve (PCV)
into the intake man@fold; where they mix with the air-fuel
mixture and are then bﬁrned in the combustion process.
The PCV valve is designed to close by spring pressure when
the engine is not running. When the engine starts, the manifold
" yvacuum pulls the valve open against spring pressure; The valve

remains open allowing the cé;ﬁkcase fumes to enter the intake

/
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manifold as long as there is engine vacuum. Thus the valve
action varies with the engine condition; restricting the flow
at idle or slow engine speeds, increasing it as the engine

L}

speed increases, The valve would be forced shut if a backfire ’
occurs, preventing ignition of fumes in the crankcase.

When the.engine conditions are such that more vapours are
created than the PCV valve can handle,.the excesé vapour flows

back through the air cleaner and carburetor and thence into the

engine, instead of being released into the atmosphere.

A.2.3. Controlled Combustion System. This system, also

caIIEH\the CCS, was introduced by GM in 1968 to reduce unburned
HC and CO in the exhaust. A newer combustion chamber design,
cooling system thermostats in the 190°-220°F range for quicker

warmup, special carburetor calibrations and adjustments and

ignition adjustments and spark advance controls closely related
to various driving conditions; these are somé of the features
of the CCS.

The CCS uses thg "Thermac Air Cleaner', shown in Fig. 4.1.
The thermostatically controlled air cleaner unit is desigped to
maintain a minimum témperature of approximatély 100°F for the
air entering the carburetor. Maintaining this minimum temperature
. permits good driveability with a leaner carburetor air-fﬁel
mixture which helps reduce exhaust emissions.

As seen in Fig. 4.1, the vacuum motor, controlled by the
temperature-sensor, and operated by the engine vacuum, operates
the damper assembly to control the air flow, providing eithgr
preheated #ir from a shroud around the exhaust manifold or mh

unhéated air from the atmosphere,
<
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" When the temperature- of the air enterihg the air cleaner
is below 85°F, most of the air passes through the exhaust mani-

fqld heating system and mixes with the rest of the cool air

which passes right through, to maintain a safe mihimum temperature

in the air cleaner,.

As the temperature in the air cleaner begins to rise aBove‘

85°F, the damper begins to open, thus allowing less air to pass
through the exhaust manifold preheater system. When the tempera-
ture in the air cleaner rises above 130°F, the damper is fully
opened” and all.the incoming air passes through to the air
cleaner. - ‘

The CCS uses 1eap carburetor adjustmenis with the idle
ﬁixture.screw jimiters that are factory adjusted. Idle speeds
adjustmeﬁts are higher and ignition timing retarded as comﬁared
to earlier models. An idle-stop solenoid is fitted -to prevent
engine dieseling {(continuing to run) whemr the ignition is turned
off. The solenoid allows the throttle to close beyond the normal
jdle position when the igﬁition is turned off.

Other special ignitioh timing systems used in the CCS;I,g
include a centrifugal advance that starts at a higher speed,‘and
a vacuum advance system that is switched off at idle. .

The retarded spark setting at jdle speeds makes the engine
run hotter at idle and low spee&'conditions. To protect the
engine against overheating, it is equipped with a temperature-
sensitive thermostatic vacuum switch. The switch 1s mounted in
the engine cooling system. An excessive coolant temperature
causes an advancement of the timing to speed up the engine and

reduce the heat rejected to the coolant.

LT )




A.2.4, Evaporatlon Emission Control System. This system

is used to reduce emission of gasollne vapours from the eng1ne

fuel system. The englne under test does not‘have thlS because
it does not’ have the same type of fuel tank as the 1971 auto-
mobile. Vapours from the carburetor fuel bowl are absorbed by

a vapour-storing canister contalnlng activated charcoal. This
occurs mostly when the engine is not runnlng. When the engine
is operated, fresh air is drawn up through the canister, and
along with the vapours, aré drawn into the carburetor, to bé
burned with the rest of the chafge, in the cylinder. With this
system, external carburetor vapour and idle vents are sealed.
Some venting acfion-is provided by tﬁe purge port through which

the vapours are drawn from.the canister.

A.2.5. Combination Emission Control System. This is used

in the au€:mobile fitted with the CCS; with tﬁe distributor
vacuum advance eliminated in the low forward gears which "are in
use for long peridds of time during city driving. The vacuum
advance control is acomplished by means of a solenoid (CEC
solenoid) which is energized by grounding a switch at the

transmission.

(
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B. THE DYNAMOMETER

B.1. SPECIFICATIONS.

Type Eddy Currenf absorption

Rating 450 HP, from 1600 to 6000 R.P.M.

Cooling system data:

Type of cooling Water cooled, equipped with

q . ) . strainer and solenoid vaive,
constant flow valve to maintain
line pressure, water modulating

valve to regulate water flow into

the unit. \\_

L3

Water flow rate 315 gallons per minute, maximum

Pressure range 35 to 100 psi

Inlet teﬁperature' Less than 90°F

W;ter pressure switch : Set at,l1 psi

Water temperature switch Set at 165°F at discharge (range
| ) 162°-168°F)

Strain gauge Indicator:

Transducers 4 arm strain gauge, 120-2000Q



Excitation .

5

Power requirement

Load cells;
Bridge type

Excitation

Rated output.
Controller:
Type

Power requirement

e : B2

16 to 5 Volts DC, to maintain 50

-

milliamps bridge current

105-125 Volts, 60 Hz, 35 W
) i |

fSingle, 3500 (+5Q)

12 Volts AC/DC (20 Volts AC/DC
maximum)
3 MV/V input

. L e
Silicon controlled rectifier JT//
575 Volts AC, 60 Hz, single phase



C. AIR-FLOW NOZZLE CALIBRATION

The smaller nﬁzzles of the Go-power air-flow meter did
not appear to give accurate values of air flow based on the
manufacturer's data. This was assumed to be the reason why
values of air-fuel ratio.in the earlier work!! were lower than
expected. Consequently; the nozzles were recalibrated as
follows.

The nozzles were pounted.on a calibration rig set up fof
determining the velocity of flow by means of the velgFity
traverse method. The unit Qas éonnected as shown in Fig: c.1.

Air was drawn through the system by means of a fixed
speed blower. Flow rate was controlled by means of dampers in
the exhaust of the blower. The deflection of fluid in the flow-

meter manometer gave a mass flow rate according to the GO-power

1

charts.
7 The velocity of flow at the section was.determined by a
pitot tube.ffaverse. | |

Becauser ot the boundary-layer effect, there is a variation

in the velocity of the fluid flowing in a tube, across the ~’
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cross~section. Fig. C.2 shows the profiles of velocity in
laminar and turbulent flows in a circular tube. The 1am1narill
" flow profxiz_ii'assumed to be parab011c93. The profile for |

“turbulent Alow is more compllcated.

1f wé connect a pitot tube as shown in Fig.‘C?SQ.theré ) e
-will be a pressure drbp between poiﬁts 1 and 2. Péint 1 is at
any arbztrary 1ocation across the cross-section of the tube.

-

We have, by Bernoulli's theorem, assumlng no friction

losses,
pl/wair + v2/2g = pZ/Walr + v2/2g ...C.1

But due to  the boundary-layer phenomenon, ve10c1ty v, is

~

ZeTo, SO 51mp11fy1ng eq. C.1, we get,
2 .
vi/zg = (py P1)/“a1r
vp, = Yllpy - pl)Zg/walrl

cesC.2

= /(ZAplpair)

because Wai, = Paip-8 B .
By means of the pitot £ube,probe, the.pressure differenﬁe

between any ﬁoint on the cross-section pf the pipe, and thg wall
was determined. The pressure'Qifference was reéd'diréctly by
means of a manometer, which is calibrated to give the pressure.
difference in millimeters of water.

ﬁ_Thus by traversing the pitot tube across the diameter of
the tube, pressure differences and hence thé velo;ities for
diffeteﬂt points were obtained. The bulk velocity at the cross-
section of the tube was caIcu}a;éd by using {he.formula

Voux | ¢ SVaasraa ...C.3

The value of the integral SV 'dA was determined by Simpsqnfs'

sl . . )
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rule. :The mass flow rate .was theh'determined‘ffom the,equafion‘

Mass flow rate = Bulk velocity x Cross-éectioﬁai area X

N density of the air'(at temp. and press)’

... C.4
o The mass flow rate was then corrected for standard
temperature (60°F) and pressure (29.92 in. Hg) to conform to
.the Go-power charts. |

The dlfﬁef’nt values of the mass flow rate were then
plotted for different values of the Go-power ‘manometer readings
4nd compared with the plots given by Go-power.

It was found that the accuracy reduced with the nozzle
size; that is, the 0.5 in. nozzle was the least accurate, the
0.75 in. one next and the 1.183 in. one the most accurate. The
1.75 in. nozzle>wa5$found to be fairly accurate without any

calibration. ’

Fig. C.4 gives the plots for the 1.183 in. nozzle; fof

the calibrated and Go-power vélues.
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. coarse~- and fine-span screws.. Subsequent values of- actual

‘standardized for the entire test program as a calibration for

D1
f
* ‘) . - g ",‘
. . -/
A\
L. STRAIN=GAUGE INDICATOR CALIBRATION
A

N ' . . R . :
Due to a fagtory error\in the calibration of the strain- »

gaugé jndicator, it-was found necessary to calibrate it at a
true reading of 50 per cent of the actual readings.

This was done by manually loading the dynamometer load '

‘cellé and checking the deflection on the géuge. The actual

e .
torque was the product of the load (due to. the weight) a?d the
torque arm. The stra1n gauge Lndlcator was then adjusted such

that the gauge showed half the actual torque with the flTSt

welght on the-torque-arm, Adjustment was done by rotating -the

. A
torque and the gauge.readings were noted for higher weights on

the load cells. The readings were verified by unloading the load
cells in the reverse order to which they were logded.
The zero of the éaugé was adjusted by the 'Normal zero'

screw. After the calibration, the 'Push to calibrate'! button

was pressed; the gauge showed a reading of 724 ft-1b. Th1s was

the strain-gauge indicator.

v ' : 9. Y *
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A plot of the actual torque and the strain-gauge indicatjf;J

readings  is given in Fig. D.1l.
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E.1. SPECIFICATIONS.

El

i
3

THE MEXA-300 ANALYZER

Measuring method
Opefating range
Résponse time
Read out

Power requirements

Sampling system

Infrared analyzer, non-dispersive method,
positiye filter, double light sources

Low:- 0.0-2.0% CO, 0-40n ppm HC (n-hexane)
High:- 0-10% CO, 0-2000 ppm HC

90% of the reading in 7 sec. (including
built-in sampling lag time

Two meters, with a 3 in., scale length each,
for Cd and HC

115 Volts AC, 60 Hz, single phase

Complete with flow meter, water separator,

particulate filter and pump; with pre-filter

‘Electrical output points are provided for recording CO and HC

concentrations simultaneously-

E.2. CALIBRATION. The analyzer requires a zero calibration,

-

a basic span calibration and a daily spén calibration. These

calibrations have to be carried out in order to obtain accurate

readings.




E.2.1. Zero Calibration. This was done every day before

3

the start of the experiment. The procedure is as follows:
Switch on the sample pﬁﬁp.iWhile keeping the tip of the exhaust
probe in clean air, adjust the HC and CO ZERO controls so that

/Byf%jheters indicate a zerp read{hg.

L 4

E.2.2. Basic Span Calibration. This was carried out every
week. A CO-HC mixed span gas was used. The quantifies of CO and
ﬁC as n-hexane equivalent are marked on the cylinder label. The
procedure is as follows:

(a) Place the PUMP switch in Fhe OFF;ﬂasition.

(b) Press the nozzle of the calibration gas cylinder
against the GAS CHECKER inlet at the bottom of the front panel
of the instrument. This automatically feeds the gas into the
analyzer unit.

(¢) First the HC meteP reading and then the CO meter
reading will move upasthe scale. Continue to press the nozzle of
the cylinder against the inlet till the meter .readings have
stabilized. Now remove the noz:zle and adjust the SPAN control
for CO to bring the CO meter reading to the pdint corresponding
to the concentrat102‘frinted on the ‘label of the cylinder.
Similarly, adjsut the SPAN control for HC.

(d) Turn on the pump and check to see that the meter
readings return o zero. |

(e) Immediately after the gas calibration, press and hold
in the CO CHECK control (see Fig. E.1l). The CO meter should
indicate a reading within the black range (marked on the meter
faée) in about 3 seconds. The HC meter will indicate a reading,

but should be ignored.

E2.
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Control Unit

, CO Meter HC Meter

Power indicator Light

CO Zero

HC Span
CO Span

Control Unit Retaining Screw
Power Switch \

4 HC Zero
Flow Meter‘ __—) Ei \ Pump Switch )
¢
h Handle

ﬂb'———— Front Panel Retaining Screw

L | %
v L2
Sample Inlet :
-“ -
€O Check .
HC Check Gas Checker [Span Gas Inlet)

Dust Filter

FIG. E-1. THE MEXA-300 ANALYZER
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_'(f) Release the CO CHECK control and check to see that

+ -

the meter reading returns to zero immediately.
| (2) Pgrform the same checks as in {e) and (f) with the'
HC CHECK control. | |

(h) If either the CO or HC meteré‘fail to indicate‘g_
'value ﬁithin'the plack range, make appropriate adjustmehté

' -

given in the manual’s,
. 5

| E.2.3. Daily Span Calibration. This was done every day,
\

after the zero calibration,.as follows:

(a) Switch off the pump.

(b) Press and hold in the CO CHECK. After the metér read-
ingcpas stabilized in about 3 seconds, adjust the SPAN controf&
so that the CO meter indicates a value within the black range,
and release the CO CHECK control; the meter should go back to
zero.

(¢) Perform th? same span check’on the HC meter using the
HC CHECK control.

Inserf\the sample probe into the exhaust system of the

engine and start the pump. The instrument is now ready for

sample measurement. ) ‘
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F.  PROCEDURES

F.1. START-UP.

(a} Check fuel level in the fuel tank and coolant level
in the drum.

(b) Switch on the dynamometer power switch and the pump
power switch,

(c) Switch on the puy?.

(d) The cooling column drain control knob, water supply
valve and the thermostat are pre-set so these need not be
adjusted every aay.

(e) Check to see if the green light on' the panel in the
instrumentation room, marked 'A.C.LINE ON' is 1it up.

(f) Let the load control potentiometer remain atfzero.
Set the speed control potentiometer to 6.5 to obtai

up characteristics desired.
(g) Push the black button marked 'EXCITATION ON', The
"green light marked 'EXCITATION ON' will light up.

(h) Switch on the CO/HC analyzer, the amplifier, the

¢ .
frequency counter, the strip-chart recorder.:and the multicorder.

%

'El

the start-
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Switch on ‘the straln-gauge 1nd1cator to 'STAND -BY'. \
' (1) After about half. an hour,'callbrate the HC/CO analyzer
(see Appendix E) and sw1tch on the analyzer pump. Swltch the

strain- gauge xeﬁlcator to 'RUN'. -Depress the 'PUSH TO CALIBRATB'

button of the strain-gauge 1nd1cator to see if the gauge shows

a value of 724 ft-1b. If it does not indicate the value,; make

,.p

appropriate adjustments as given in the manual. Switch on the
drive for the two recorders and adjust the.zeros for them.

Ej) Turn the engine ignition key on. The warning buzzer and
light will come on. Start the engine. The warning buzzer and
light will go off a few seconds after the engine turns. Start
the stop watch. The engine will now run at about 1800.R.P.M.
with a nominal load,. |

The engine is loaded by adjusting the speed control

potentiometer, for the first ioad condition,

The engine is now in working condition to conduct the tests.

F,2, SHUT DOWN,

(a) Turn off the ignition key to stop the engine,

(b) An altermate way is to push the red button marked
'EXCITATION OFR'. The green llght marked 'EXCITATION ON' will
go out. The warning buzzer and light will come on. To switch
them off, the ignition key will have to be tu?ned off.

(c) If the engine is switched off by switching off the
dynamometer excitation, the black button marked 'EXCITATION ON'
must be preséed in order to circulate the cooling water which;
gets shut off when the excitation is turned off.

(d) Switch off the drives for the recorders’and then their

power switch.

)
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(e} Switch off the amplifier, the‘frequency counter’and

T

=

the strain gaugé indicator. Switch.off the CO/HC analyzer pump
én&’%hen its power switch, o

() After about 15 minutes switch off thg.watey.supply,

the water pump power and the dynamometer power switches.
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6. CALCULATION OF MASS EMISSIONS

The mass émissions of carbon monoxide‘hydrocérﬁons Werei
estimated, on an.apg;oximatélﬁasis, with the help of formulas
given in Chapter 10 of ref. 13. "

\dn the case of the’CVS-l cycié, the mass emissions were
calculated -by u51ng the exhaust flow.rate, the density of the

pollutant and the ‘concentration. Thus for the .case of the

hydrocarbons, the formula would be

HCpass = Vmix ¥ pHC X HCconc '(in ppm €} -
106
In this equatlon, the HC is the ﬁass emissions of the

SS
3 -
hydrocarbons. If the V 1x~1$ in ft /hour the HC .. is in grams

per hour. The V is the total uet exhaust volume (exhaust gas
plus the dilutent alr) corrected to 528 R and 760 mm Hg. In our
case, we do not have any air dilution of the exhatst sample.

Also, we db not know the volume flow rate of the exhaust gases.

or all practical purposes, the volume flow rate of the in-

- But

take alr and fuel should be equal to the exhaust flow rate, and

since th fuel flow compared to the a1r flow is quite small (on

p i

oyt

U oy
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a volume basis), the exhaust flow rate is assumed to be equal to
the volume flow rate of the intake alr,éﬂplch is then the Vi in .
\ﬁhr case, Thus the intake' flow rate is corrected to 528 R and 760

mm Hg, The vaglue of’ PHC? the @en51ty of the hydrocarbons as CH1 86

et,528 R and 760 mm Hg is taken as 16.33 g/£t3. The Hccenc should
. . - 4

be in parté per million carbon, so the ppm n-hexane equivaleht'
is to be multlplled by 6. . . B .
In the case of carbon monox1de the foxmula is

COpass =  Vpix * “ Pco ¥ COtonc (in %) -

— | . 100

. . Here the den51ty ‘of CO is taken as 32.97 g/ft3 at 528 R and
780 mn Hg.

»

By using these formulas the mass emissions for each value

of the eoncentration of the HC. and CO have, been calculated. Since

the aaauflow rate and thp temperatures of the intake air and
exhaust are known, the average mass‘§h1551ons durlng the warmup -

perlod and the entire Zo-mlnute cycle have been estlmated by the

Simpson' s‘rnleq
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TABLES 5-2 THROUGH 5-40,

H. CALCULATED DATA'FROM TEST RUNS

H1
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