To study the combustion in commercial Diesel engines with

emphasis on the exhaust smoke.
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EXHAUST SMOKE DETERMIN:TION

ON DIRSEL ENGINES

There are two reasons why in the last few years the development
of a reliable, accurate and convenient diesel exhanst smokemeter
has become more urgent: on the one hand the increase in gascline
¢ngine output has led to vigorous efforts te increase diesel engine
output correspondingly by going to higher speeds and by operating
on a small percentage of excess air at full lomd. On the other
hand, the continuously increosing traffic density has led the
medical profession toc numerous investigations designed to clarity
the influence of the combustion products in the air of the cities
on public health,

Diesel exhaust is more readily observed by the general public
and therefore causes more complaints than other sources of pollu-

tiﬂn.

Coemposition of Diesel Exhaust Smoke,

4 diesel engine c¢czan show white or black exhaust smoke. white,
or rather, bluish smoke 15 caused by the presence of very amzll
liquid droplets in the exhaust gases, If these droplets do net
consist of lubricating oil, as might be the case particularly
#ith two~cycle engines, they are fuel which because of strong
turbhulence and through contact with hot surfaces has been
transformed inte fog and which has not burned and at best has
oxidized to a very limited degree only. Engines which when
warmed up show hluish exhaust smoke will not be found often on

the ronds because the conditions whigh cause thiz snoke also
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produce & definite dror in en;ine output, increoscd Tuel ond
ivbricuting oil ¢onsumplion, s well us grect susceptibility to
breskdown becnuse af lube oail dilnwtion. Such manifestotions as
S0 ohvious that the owneor usually very quickly corrects the con-
ditions which ¢cuse bluiah smole. Nowadays bluish smoke caused
by low cormbustion chamber temperztures during idle is encounteread
very raregly.

LDork, blackish smoke appears when particl oxidation of the
fuel moleculzs takes place, but when insufficient cHygon is
availabrle during the course of the comhustion to complete the
oxidation of the intarmedinte combusiion products extrarmely rieh
in carben. Thiz coendition car ariszz when in the combustion cham-

ber there is loeally cither a shortuge of cir or on exeess of fuel,

“haot are the Causes of Black Pivsz]l Smoke?

Lefes®s in the cngine, unsuitsoble fuel prowertiss or defeocts
in the injestion equipment can eause cxcessive smoke. Engine
2ir swirl and turbulence in the combustion ¢hamber have the pur-
Pose of providing intimate contzet of ss much of the air as
posetble with the injected and evaporited fuel droplets in the
brilef avail?ble time enterval; This much be schieved without
Sericus increasze of the engine air consumption or decrzsse of
the mechanijical 2fficiency of the enpine. From the design stand-
Poeint zir motion in thu combustion chamher is & major facter in
determining maximum engine gutput on tendeney to smoke; Trom
tﬁe eperationsl standpoint, fany reduction of the velumetric
efficicney due to lezking valves or Pistons or excessive vaolve

c¢leasrance will incre=se exhoust EMoke. IDMceSsively rostrictive
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air filters or exhaust lines can have the same effect, Defects
in combustion chamber components such as damaged pre-chamber
throats or faulty cylinder heag gaskels can also cause excessive
smoXe. Among the characteristics of a fuel which have an in-
fluence on the smount of exhaust smoke are ¢etane no.,velatility,
viacosity, specific gravity, and its tendency to form coke.

Fer fuels having a cetane no.,of less than 40 the leng ignition
delay must be compensated for by dincreased air turbulence, higher
combustion chamber temperatures of higher compression ratio.
Fuels with a cetane no. in excess of 7> require an adjustcent of
air turbulance and injecticn characteristics to suit the faster
fuel decomposition. High wolatility promotes a clean exhaust
because of more rapid evaporation of the fuel, Correspondingly,
fuels with low volatility show dincreased tendency to form soot
in the exhaust smoke. High [uel viscosity produces poor atomi-
zation and by increasing the tendency of the fuel to ashere to
the nozzle tip in droplets, it lesds tea coke depasits near the
nezzle exit which in turn produce disturbances of the Spray.

A pronounced tendency of the fuel to form coke accelerates the
accumulation deposits at the nozzle, and such deposits can cause
nozzle defects and engine malfunctioning due to deposits in the
combustion chamber ard on the piston rings,

Although injection pump and nozzles have been very carefully
selected during the development process of the engine, quantity
and timing in operation and defects can develop at the nozzles,
thus c2using smoke exhaust. In gorder to prevent the operateor

from using during normal operation the excess fuel setting which
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may be provihded for facilitating starting, Special control rod
stops have been developed which allow the starting fuel guantity
to be delivered only at speeds below idle. Ponr distribution

of the fuel within the combustion chamber c¢can alsoc occur due to
coke formation at the nozzle exit because of excessive nozzle
temperatures, dues to improper functioning of the nozzle valves
because of laulty installation of the nogzzle in its holder, due

to improper filtration or due to low nozzle operceting prensures,

Yieual elevation of the exhaust emoke density is exceedingly
insccurate even in connection with codparison gharts bhecause
such factors as illuminetion, background and memory of the obsere
ver play too large a part, Photegraphic methods are squally
unsuitable because, aside from the complexity of the apparmtus
required, only a very dark exhaust can be made visible in a
rhotograph,

In the region af heavy smeke CO has been observed frequently
in the exhaust gases, however, the relationship between CO forma-
tion and soot quantity differs for the different combustion
s¥ystems in use gn high-speed Diesel engines and, besides, the
verious methods for measuring GO content are much too time

consuming to be of practical valwe.
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Apparatus

The two Diesel engines tested are described in table 6,
each engine was mounted on the chassis of bus body including
radiator, fan, clutch, fuel System, and starting mechanism,

In the tests, each unit was running on the H.P,.. chassis Lyna-
mometer, (Fig., 17} a4s the ¢ngines wers new when received, each
was run in for 100 hr. at variocus speeds and loads before any
tests were made, In the tests and engine was nper;ted at the
desired specd and load for 1 hr. and the exhaust gases was
sarpled., The samples were meassured ar analyzed in the Hartridge
B.P. Smokemeter, (Fig.14), Bosch Smokemeteor (Fig. 15} and

Bizrd & tatlock Orsat appzratus {Fig. 16) to determine the
Percentage of smoke density, carbon dioxide, oxXygen, carbon

monoxide and Nitrogen, Detzils of the Ssanpling equipment,

methods of analysis, and Lesting procedure as the Tallowing: -

1. HARTRIDGE B.P, SHOKEMETER -

At present observers generally assess the density of exhsust
smoke visually. This is inaccurate owing to background variations,
weather conditions and smoke vealume.

Engineer, Therefore, require a relisble scientific instrument
for accurately and quickly measuring the density of diesel exhauyst
smoke and thereby eliminating visuel erroras. Lesile Hartridge
have now perfected and instrument originally developsd by the
Research LaboratoPies of the British Petroleum Co, for inves-

tigating the causes of visihle smoke,
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Table 6 Description of Engines Tested

————me— -,

|
Diesel Engine ‘ 4 B
—— e .m_[m .............. S -
: Type J Four-stroke Two-stroke !
; eycle cycle g
Fumber of cylinders & é 3 %
Cylinder bore, in nmm.. 95 T
; Piston stroke, in mm. g 120 : 130 |
: Fiston displacement, eo. i 5,100 2,706 é
Meximum rated speed, rpm. 3,000 2,200
Maximum rated brake horse-power 120 125
Injection pump Feformed Ensché Reformed Eosch;
| ’
Cocling systeo i Viater coonled l Water ecooled
Yailve positign . Over-head valv% Over-head valve
Compressicn ratio 19.5 : 16 é
Reductisn gear 5.72 (4a/7) ? S.57 {(39/7)

Front-single Front-singie

hear-dual Rear-dual

Tire size

|
% Fo. of wheels
f'
I
i &.25-20

B.zs-25
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The Smokemeter, which is portable and robust, gives and in-
Stantancous direct reading of smoke density on a O -100 scale.
1t is equally suitable for use hy 1aboratcrieu,factoriea, garages,
Service station, Folice and Health Authorities, Tt will also
eperate on slow and high speed engines of all sizes and can be
used at pight,

The principle is based on the comparison of the density of
a column of smoke with 3 column of ¢lean air, a Smoke Tube and a
clean Air Tube which are optically and dimensionally identical,
At one end of the tubes there is a 12 volt, &8 watt Light Source
and at the other end a Photo Electric cz11,

These are so mounted on swinging arms that they can both
be moved together from the smoke tube to the clean air tube,
by the control Lever. The photocell is connected to a micro-
ammeter with Smoke Density Scale roading © -100 representing
percentage light abscrbed. A sm=l]l 12 volt Blower draws in air
to the clean air tube which then Passes ecroscs the surfaces of
the light source and photocell. The air flow prevents sooting
of these vital surface which if centaminated would give inac-
curate resading of smoke density.

kA sampling pipe is connected either to a tapping on the
exhaust pipe on the diesel engine or to the exhaust outlet in
2 vehicle, (Fig. 21) The Smokemeter is then switched on and the
control lever sst to the air tube which ie uzed as the basis for
comparing the density of the smolte. The smoke denasity scals
13 then set to zero by means of a potentiometer indicating

"no smoke". The ¢ontrol lever is then move to the smoke tube
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Fig.
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and an iazmediate reading of smoke density is recorded on the scale,

(as shown in Fig., 14%)

A newly developed and accurate testing instrument to measure
exhaust smoke of diesel engines.

This swokemeter is suited for measurements on the read, i.e.
under all load conditions, as well as on the test stand.

The photo-electric evaluation of the filter paper disk,
darkened by the engine exhaust smoke, guarantees on accurate
quantitative reading of exhaust soot on the scals of the Evaluating
inatrument.

Cn the one hand, highly scoted diesel exhaust gases hinder
the visinility of, and cause arnoyance to other road-users,
while on the opther hand the diesel engine shows in the range of
incipient =moke a considerable increame in output, This fact is
often used by the driver iilegally to his advantage. With the
aid of the smokemeter the engine adjustment can be tested so that
some limit for permissible black smoke can be established and
maintained without an excessively conservative 1imit for maximum
engine sutput,

A sampling punp with gas sampling probe and pneumatic
tripping device, a clamp for fastening the sampling pump to the
e#xhaust pipe. The sampling pump which is a suctien pump of 330 cu,
¢m. piston displacement is fitted on one end with a spring-

actuated pivoted cover znd a retainer for the filter paper disk,
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Thne suction Stroke is effected hy spring ferce in order to
permit remote opcration., It i6 released pneumatically via a
flexible hosc 16.5 ft. in length, which can be done from the c¢abin
during road tests., The sampling Pump extraclts a certain amount
of exhzust gas with the aid of the sampling probe inserted into
the exhaust line,{Fig. 22) snd aspirates it through a filter
paper disk, the filter paper disk darkens during this process;
this gives the measure of the soot content in the exhaust gASES,

The evaluating instrument is of a handy stecl box design.
It contains a microammeter uscd as the indicating instrument,

a potentiometer for zerc adjustment, and adjustment, and gz
special plug socket to comnnect the photo-cell prote. (as shown
in Fig., 15}

Thereis room for the photo-cell prebe and cable, as well
as for the instaliation of a 4.5 ¥V dry-cell hattery, in a
¢ompartment at the rear of the instrument, closed with z lock-
fast cover.

For evaluating the darkened filtcr paper disk, the probe
is placed on the filter paper disk. The light source of the
photo-call probe throws a beam on the disk underneath. The
unabsorbed light is then reflectzsd from the darkened disk on
te an anhular photo-cell, thus generating a phdto-cell current
corresponding to the degrec of darkening. This current is then
indicated on the 0O-10 scale of the microammeter,

The evaluating intrument does not have tao be carried along
during the actual test. The darkened Filter paper disks can be

examined afterwards in the lzboratory or tle workshop, When using



|

|

Fig. 15
Bosch Smokemeter
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Beveral accessory cases with sampling pump, only one evalunoting

instrument is recuired.

3. THE ORSAT ANALYSIS

This exﬁeriment covers the technique of the analysis of
exhaust of fiue gases by the Orsat apparatus and computations of
weight af exhaunst gased and weight of zair supplied.

There are five principal constituents usually found in flue
or exhzust gas. viz., carban dicxide, oxygen, carbon mohoXide,
nitrogen, ang water vapor. Under some conditions hydrogen and
hydro-carbons may be present in impartant quantities, and there
M2y also be traces of sulphur dioxide and trioxide., Usually the
five mzn constituents Eive a sufficiently accurate indication
of combustion conditions: The carben dioxide Content alcne gives
% rough approximation of these conditions,

The Orsat is the standard apparatus for the analysis of flue
£zses from furnsces snd of exhaust gases from internal-combustion
engines, Rzcording CDE machines and steam-flow air-flow meters
Pay be used, but in setting and calibrating these instruments the
engineer again rusorts to the Orsat apparatus. (Fig. 16)

The Orsat analysis is made by successively absorbing COE,
GE‘ and CO from the flue-gas sample. The remainder is reported
as nitrogen. From this analysis may be calculated the wWelght
of flue gases per pound of carbon turned, and if the fuel analysis
and temperature of combustion products are available zlsoc, =all
the gas heat losses may be calculated., These losses include the

sensible heat of the dry exhaust gases, tho losscs due to Hoisture



™

-'igo 16

The Orsat Analysis
Lhne 5E
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in the exhaust gases, and the loss due to unburned carbon monoxide.
{In rare cases there may be a loss due to unburned hydrocarbens,

and this cannot be determined from the simple Orsat analysis.)

The evaluation of thy Bosch and the Hartridge apparatus.

1. That the Bosch apparatus is much cheaper and lighter than
the Hartridge.

2., That the Bosch apparatus is much easier to use on the
test bed than on thy read hut that its response in practice is
slow,

5. When a cowparison is made hetween the two apparatus used
to measure the smoke density of engines running st constant
gpeed; the results given by the Bosch apparatus show wariations
which arc still tolerable even it sometimes troublesome, while
the Hartridge apparatus gives results which are reproducitle
with an accuracy of the order of 2 to 3 per cent for each smoke
density level, provided measurements are made on smoke which
1s really of the sams density. (Tests mesde simultansously with
different apparatus, fed by different rrobes; plazced in the same
exhaust system};

4, The Bosch apparatus is net desipned to make continucnds
measurements or weasuremants at rapidly varying speeds. The
Hartridge apparatus alleows measurepments to be made under widely
differing engine conditions and its response is very quick,

2+ The Hartridge apparatus as modified mllows measurements

of exhaust swoke under reduced dynehic pressure.
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Correlation of Bosch and Hartridge seales.

teasurement of smoke densities has evelved along different
lines in Germany and in Great Britain and it was only te be expect=
ed that different scales have heen used in these two countries.
For mutual understanding it is indispensable to determine what

correlation c2n be found between the two scales,

Comparative tests of various methods.

If is comparatively simple to correlats the readings of
different types of swmoke-meter but it is a very different mtter
to €stablish a relationship between the smoke cutpute of an engine

working under different sets of conditions,

HPA Chassis Dynamometers can be used for many different pur-
poses, (Fig., 17} Of the large scope of possibilities enly a few
should be mentioned here: measuring the maxitum tractive force}
the fuel consumption, as well as the maximum road gradient wnich
the venicle can surmount. Then, control of the specdometer and
the cdometer, checking the fuel Pump and the lubrication system,
a& well as mechanical noises =nd tapping in the engine, gear box,
tluteh, cardan joint, trznsmission, etc.y s8lip of the clutch-
examination of automatie gears and different kinds of fuel.
Fuorther, vacuometer tests with varying loads,

Through the driving wheels of the vehicle the tractive force
ie transmitted to a roller set consisting of the measuring rollsr

which is a water-brake and the supporting roller. Both the
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Fig.

38is Dynamometer

Chas

H.P.A.



measuring roller and the jnside stator zre egquipped with tightly-
spaced shovels wiiich can just pass each other when the roller is
rotating. By l:ading water intc the space hetweesn rotor and
stator a resistance will be built up under rotation, This resis-
tance can we adjusted from Zero to several hundreds of norse
Powers sad consegquently any conceivable rosad condition may be
imitated. -

The load water is circulating in a so-called closed systen,
i.g, the watcr which hsz heen heated in the water-hrake circulates
throught a radistor placed below the supporting roller frow where
the cooled wakar ;eturns tao the water-hrake.

The nydrawlic load is repgulsted by varying the amount af
water in the dynspometer. Twe solénoid valves,controlled by push
buttons allow wzter to flow at a constant rate to or from the
drums. A stesdy increase in water {low to the drums uriformly
increaBes the resistznce of the drum, and similarly a stezdy
decrecase in water from the drums, vnifermly decreases the resistance
of the drus,

“hiis arrsagement enables the driver, wko opercstces the enEliae-
throttle, alss to cperaté the change in tractive force at a
rroedetermined }ate. Fnximam tractive farce, at any selected gear
ratie, can he determined by loading vrtil tire slip, unsteady
conditions and s fall in trazetive lozd occure. The time to ohtain
maximum tractive force can be measured. This can he taken as 100 %
loading and hence, hy timing, 25, 50, 75 % loading can be chtained

{Fig.20)
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Experimental Procedure

Choice of test conditieons

The aim is te establish the acceptable smoke density and
carbton-monoxide content in exhaust géses-from # bus engine. By
testing new engines at maximum engine speed up to the maximum
tractive force, combustion conditions are such as to indiecate
the greatest smoke density and largest CO content to ElLve an
ultimate standard of comparison. Two new buses were selected
one with a four stroke engine, the other with a two stroke
gehgine,

Buses that have been in service for a period, and older
engines, wlll havea poorer performance so that, knowing the best
that car be obtained from a new engine & value can be assesced
that is acceptable for §u535 in service, Any value bhelow this
indicates that service must be carried out, (Fig.28,30)

tThe sequence of procedure in each experiment (Fig, 19 and
20) was as follows:-

zs The engine is run for a period of time until the water
and lubri¢ating oil have been brought to deflinite operating
Ltemperatures,

b. Reading the engine speed from the Strobotac Electronic
tachometer by setting the frequency of the internal oscillator.
This control is concentric with the range switch wmark and is
rotated by meanz of its fluted rim. The dial is calibrated
directly in revolutiens per minute,

c¢e Reading on the scales of HPA., Chassis Dynamemeter the
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tractive force in pounds is transmitted to s roller-set coasisting
of the measuring reoller which is a water-hrake and the supparting
roller, The load is regulated by leading more or leéess water into
the brake system. This is done by means of two solenoid valves
controlled vy the push buttons IN and OUT of the centact box.
Started from zero, 25,50,75,2nd O percent of load in each
experiment as shown in data table and the speed of wvehicle from
speedoreter {bottom right) works with great precisieon in MPH,

de Reading off the percentage of the Carbondioxide,
Oxygen, and carbon monoxide. The percentage in each cafe is
indicated by the difference between the veoluke of the gas after
being pass into the pipette and the volume obtained when making
the determirnation of the gas in the burette from the Orsat
apparatus for ¢ach load test.

2., Reading of swmecke density is recorded on the scale of
the Hartridge BP. Smokhemeter,and the Evaluating Bosch Smokemeter

Instrumeant for esech load test,

The horsepower required to overcome total tractive resistance,
being directly proportienal to the resistance and the velocity,

can be computed from the equation

WP, = 1b. x £t = R _x ¥
534000 375
in whiech Ry = total tractive resistance force in pounds.
and W = the veloeity of the vehicle in miles per hour.

at 50 % hydraunlic loadings Ry = 280 b, V¥V = 50 MPH.
HP.at driving wheesl = 380 x 50 = 50.6
LY L
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Table 7 Variahle Load for & Strokes, & Cylinders

. .y . th
doter ecogled, Diesel enginc on 5

Gear

iHydraﬁlic En;;gg"g;gigm;;édizgé ) iﬁmoke.dénsit;_n
ho.aof Lonting | epued _E;eedi;n;EE;e . Gases in %E in o '
testing % RFM. | ¥iP, ngfe ©0; 10, [°C | Bosch t?i;ée
1 0 ia#eo 50 20 2.% E.ﬁ?b.ED.E 9 9.1
2 25 b 2400 50 | Z.9156,50.51 17 17.2
k3 50 2400 50 E S.A6.00.7 24 23.9
4 75 2k00 | 50 | 6.4N5.50.81 28 28
5 100 éa%oo 50 ! 6.8;4.0@.9% 0 30,1
' : i )
Table &
tatar gouled, Diescl engi
o o Hizzzziic E@i?eihale :eadi?g% __?ifff_i?_%;_ffifiﬂfzéfft{_
‘ § [ pecd] Speedfractivenp, Lo, fo, o [Gosen | Her—
testing .4 RFPH.] «PH, Th. tridee
1 0 2400 | 96 15 | 2.2[1.5(17.5(0.1| & &
2 25 2400 | 56 160 |[24%,0(2,0 |M6.6 (o 4| 48 8.1
3 50 2400 | 56 290 |43.212.6 16,110,727 272
g 75 2400 | 56 400 |59.6(3.4 14,9 ]0.9 33 32.9
5 100 2450 é55 480 171.6 #.4i15.o Te 35 352
; . |
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CONCLUSIONS.
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Uespite the faversble conditions for catpleting combustion
in the normal operating range of the Diesel cngines tested, Pro-
ducts of incomplete cowbuSticon were present im the exhaust gases,
altrouph the concentration of such products generally was low and
ceuld be determined only by sensitive uethods of gas snalysis, It
is ippertant to have & knowledge of the products of incomrlete
cowbustion during the combustion process in the Diesel engihe. The
gnalysis of the products of incomplete cowbustion ray he o gulde
towsard 2 betier understanding of the Diesel process. From a
Fractical point of view these products sre one of the biggest
sroblems in viesel develonpment,

The products of incomplete eorbustion obszerved in the
exianst gases of the twe gngines and discussed in the following
are Smoke density znd corbon monoxide.

The concentration of Smoke dernsity was worst in the two
stroke engine,and at full load giving meter reazding of 35 %. 4
generally acceptable value of smeke can be taken 28 40 %jabove
thkis service is reguired, (Fig.28& and 30)

Despite such low concentrations of ecarbon mohoxide it wes
oeheserved that the roncentration of thiﬁlgas s zffected ﬁqt cnly hy
load bpt also hy ecngine design.

Ths cortrol of €O is difficult,but sinece it incrsascs as
tre sooke density increases,the control of smoke density will give
sdequate control of the CO. Concentration <en therefores be given

solely to smoke density control.



TS

it 1y weforivaste that iLhe suoie 1s nol rezndiiy visitle to
the driver snd some instrumentotion suck 23 a2 light showing on
the instrument panel whon %0 % smoke density {Reseh or Hartridge
Standard) is produced. A4t the preszent time regular teat scrvices
must be carried out in garages. In the case of some older engines
the poxinum governed spoed should he reduced,

Further work must bhe carried cut ~ake the exhaust conditiosrs
evident to the driver. He would then koow tiat the vehicle required

service.
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