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ABSTRACT

A single-cylinder diesel engine was oper-at.ed with both a

baseline fuel and a addi t.ive-modified fuel to de t.e r-mine the

var-iat.iori in par-t.iculat.e emissions between the two fuels. Ex­

haust gases were sampled t.hr-ough a constant volume sampling dilu­

tion chamber' and dr-awn t.hr-ough a fi lt.er- medium on which the par+

ticulate mat tel' deposited. It was de t.er-mined that. par-t.Iculat.e

emissions incr-eassed with the modified fuel with r-espect. to the

baseline fuel. Fur-t.her-mor-e , the effects appeal' to be dependent

on engine speed.
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I. INTRODUCTION

Since the oil crises of the 1970s, much at tent-ion has been

placed upon means to increase the efficiency with which int.er-nal

combus t.ion engines convert hydr-ocar-bon fuels to power. One ap­

proach has been the use of addi t.ives mixed into the fuel to pr-o­

mote mor-e complete combustion. Another has been the incr-eased

use of diesel engines, with their advantages in fuel economy over

t.radi t.iorral spark-ignition (SD engines, in light- and medium­

duty automotive applications in addition to their traditional use

in heavy-duty equipment [1], A major disadvantage of the diesel,

or compression-ignition (CD, engine is that its exhaust is laden

with par-t.iculat.e matter, whereas smoke is not a significant pro­

blem in the SI engine [21 One method to r·educe diesel par-t.icu­

Iat.e emissions is the use of fuel additives [31 It is t.her-efor-e

advantageous to develop a diesel fuel additive that will not only

increase fuel economy but also decrease particulate emissions for

CI engines.

BACKGROUND

For many years, particulate emissions

geneT'ally as "smoke" until approximately 1973

were referred to

when the physical,

chemical, and biological aspects and their environmental effects

were T'ecognized [11 Particulate pollutants are defined as car­

bonaceous solid or liquid matter (soot), resulting fr-orn incorn­

bust.ible (usually inorganic) components of the fuel, on which

some uncombusted or incompletely bur-ned organic compounds have

become abssor-bed [21 What is commonly referred to as smoke is an

aerosol of submicron size solid and liquid particles, formed due

1



t.o poor mixing of fuel and air, pr-e-sent. in the exhaust gas stream

[4), At high t.ernper-at.ur-es (above 800 K), particulate matter' is

pr-irnar-i ly comprised of solid carbon spherules which ar-e insoluble

in the at.mosphere. As temperature decr-easses , soluble hydr-ocar+

bons begin to condense on the part.icles [2], Hence, particulates

ar'e comprised of both an insoluble portion and a soluble portion.

The Environment.al Pr-o t.ect.i.on Agency (EPA) has shown t.hat.,

aside f r-orn being unaest.hetic, particulates pose significant risks

to health. Specifically, it. is components in the soluble organic

fraction that. t.end to be mutagenic and potentially carcinogenic

in Ames bioassay tests [5], 'I'hor-efor-e, it is desirable to moni-

t.o r- and control if not eliminate diesel par-t.iculat.es.

Par-t.iculat.e measurement techniques are used t.o determine t.he

amount of particulate mattel' emitted to the atmosphere and are

t.ypically made on a mass basis. In collecting diesel particulate

samples, the atmospheric dilution process is simulated in con-

s t.ant. volume sampling (CVS) dilut.ion tunnels per federally pro­

posed pr-oce-dur-e [6], In CVS t.es t.ing, all or part of the exhaust.

is diluted with air. The diluted mixture is then drawn through a

pre-weighed filter medium on which the particulates are deposi-

ted. Knowing t,he mass of par-t.icul.at.ess collected, t.ho volume of

diluted mixture drawn through the filter, and t.he dilution r-at.io ,

par-t.i culat.e emission data may be calculated. The dilut.ion r-at.io ,

indicat.irig the amount of air mixed with exhaust to simulate at.mo­

spheric dilution, is the ratio of the molar flow of diluted ex-

haus t- to the molar' flow of raw exhaust [7] and is determined from

the concentrat.ions of an exhaust gas tracer, t.ypi.c.ally c.ar-borr

The most common format for data presentation is

exhaust par-t.i culat.e coricerit.r-at.ion (mass of particulates per unit

volume of exhaus t.) cor-r-ect.ed to s t.andar-d conditions.
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Several factors complicate the measurement of particulates

and bring into question the validity of samples collected from

dilution tunnels. Most important of these is the modelling of

atmospheric dilution in a CVS dilution tunnel and the effects of

dilution ratio and filter temperature on particulate samples.

Previous investigators have presented conflicting data in this

aI'ea.

Fr-issch et a1. [8] studied the effects of fuel t.ype and dilu­

tion I'atio on par-t.Iculat.e emission mearsur-eme.nt.s for a Cat.e r-pi Ilar-

3208 direct injection naturally aspirated engine operated at

steady-state. Varying the dilution ratio from 1-to-1 (no dilu­

tion) to 50-to-1 resulted in an increase in particulate concen­

t.r-at.ion with increasing dilution ratio. The increases wer-e

att.ributed to condensation of hydrocarbons on the soot as a

result of lower temperatures in the dilution tunnel.

Black and High [9] complet.ed a seI'ies of experiments with a

Cat.er-p i ll.ar- 3304 diesel engine operated under steady-state coridi+

t.ions using dilution ratios of 10-to-1� 20-to-1, and 275-to-1.

They showed that the particulate samples were not affected by

amount of di lut.ion.

MacDonald et al. [7] developed a CVS dilution t.unnel which

allows independent. variation of dilution ratio and filter t.em­

perat.ur-e Using an Opel 0.5 liter single-cylinder engine derived

fr-orn a production 2.1 liter diesel, they demonst.r-at.ed that parti­

culate concentration decreased with both increasing t.ernpe r-at.ur-e

and dilution ratio. Hence, they established that the soluble

fract.ion of a particulate sample is not only a function of tem­

perature but also of dilution ratio.

Since par-t.iculat.e emission measurements aI'e based on mass,

the particulate concerit.r-at.i.on determined experimentally is a
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funct.ion of sampling t.ernper-at.ur-e

more , in most. CVS dilution tunnels,

t.ion ratio vary simultaneously and

dilution air' [to].

The EPA has specified that the quantity of dilution air' be

adequat.e to maint.ain a filter temperature of 325 K or less fOI'

I'egulation pur-pos-ess [61 The significance of this temperature

has not been demonstrated, nor is it clear whether such a tem­

pe r-at.ur-e will lead to consistent par-t.iculat.e samples, independent

of sample temperature and dilution ratio.

and dilution ratio. Further-

filter t.empe r-at.ur-e and di lu­

inversely with variation of
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OBJECTIVE

The objective of this investigation was to determine if a

developmental diesel fuel additive presented any benefits wi t.h

respect to par-t.icutat.e emissions. This was accomplished by

s t.udving t.he quantitative effect of the additive-modified fuel on

the par-t.iculat.e emissions of a single-cylinder' CI engine as

compared to the exhaust particulates me-asur-ed using the baseline

fuel without the additive.

SCOPE AND LIMITATIONS

Although many fuel additives have been developed in t.he

pur-s-ui t. of increased fuel economy" this investigation concerns

itself with only one of the additives currently under develop­

ment. Fur-t.her-mor-e , it is limited to the effects obsse r-ved fr-orn

comhusst.ion in a single-cylinder diesel research engine and does

not address the additional concerns associated with using the

fuel in a multi+cylinde r- production-type engine.

REPORT ORGANIZATION

The following report entails a discussion of the test appa-

r-a t.us, and pr-ocedur-e-s employed, presents the

ings and observation fr-orn which conclusions

r-ocommends future actions to be taken.

r-esult.s , lists find­

follow, and, lastly)
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II. EXPERIMENTAL

TEST APPARATUS

The test engine used was a Labeco Cooperative Lubr-icat.iori

Resear'ch (CLR) single-cylinder compr-esss.iorr-igni t.ion engine. It

has a bore and s t.r-oke of 3.61 in and 3.75 in, respectively,

yielding displacement of 42.5 in
3

with compr-ess iori ratio ofa , a

16.7-to-1. Oper-at.ion is on a naturally aspirated four-stroke

cycle w i t.h direct injection. The combustion chamber is a "Mexi-

can hat" design. The fuel injection system coris isst.s of a Bosch

APE-1B pump with a Simms four-hole nozzle.

The baseline fuel was a low-sulfur custom diesel supplied by

Phillips 66 Company. The modified fuel added to the baseline

5000 ppm of an additive containing a liquid organic platinum com­

pound with hydrocarbons, provided by Fuel Tech of Houston.

The dilution tunnel employed was developed in Summer 1989 in

anticipat.ion of the cur-r-ent. research. Modelled after' the syst.em

used by MacDonald et a1. [7], the t.unne l, illustrated schematic­

ally in Figure 1, features a venturi tube through which prefil­

t,el'ed compressed ail' :flows, cI'eat.ing a sub-at.mospheT"ic pI'eSSUl'e

at the throat. The low pressure inducts exhast gases from the

exhaust. manifold sample tube into the tunnel, wher'e the com­

pl'essed air t.hor-oughly mixes with and dilutes t.he exhaust gases.

The diluted exhaust s t.r-eam is then sampled and drawn t.hr-ough a

filt.er medium with a vacuum pump [111 Since only a portion of

the exhaust is diluted, the resulting dilution system is rela-

t.ive ly small in size. The filter media wer-e 47 mm glass fiber

discs manufact.ur-ed by Gelman Sciences. Car-bon dioxide coricent.r-a-

tions we r-e monitored with a Hor-i.ba CO2 analyzer.
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OPERATING CONDITIONS

Steady-st..at.e operating conditions were chosen at three dif­

ferent engine speeds and three injection timings for each speed

wi t.h constant specific fuel consumption. Engine speeds selected

were 1300, 1600� and 1900 rpm with injection timings varying be­

t,'Neen 6 and 18 degrees before top dead center' (bTDC). Specific

fuel consumption was maintained at. 230 g/bhp' hr. Engine speed

was governed by the applied t.or-que load.

The dilution system was oper-at.ed at approximately constant

dilution r-at.io of 12 throughout the tests. However, selection of

the dilution r-at.io was limited by the dilution system, with mode­

rat.e excur-s ioris in dilution ratio occurring on occassion. Also,

since the dilution tunnel is of the CVS type, separate control of

sample temperature and dilution ratio was not possible.

Test.ing began with the engine operating on the baseline fuel

for which a thorough database was collected for all operating

points prior to switching to the additive-modified fuel. Long­

term operat.ion on the modified fuel was to be obs.er-vad for ef­

fects of the additive over time until variat..ion in collected data

had settled. Operation was then to return to baseline fuel to

observe the transient effects in an attempt to return to emission

levels existing pr-ior- to swit.ching to t.he modified fuel.

Completion of t.he entire test. matrix was not. possible due t.o

t.empor-ar-v suspension of t.he PI'O ject in De-cember- 1989. As a re­

sult., thorough data sets we r-e assembled only for the second in­

jection t.irning mar-ks. for- each engine speed (8 deg; bTDC at 1300

r-pm, 10.5 at bTDC fOI' 1600 rpm, and 13 at bTDC for 1900 r-pm>.

Fur-t.he r-mor-e, steady-state oper-at.ion on modified fuel was not

at t.a ined , nor did operation return to t..he baseline fuel.
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PROCEDURE

Preliminary to collecting samples, the filters were prepared

by placing t.hem in an oven at 525 K for 3 hours to evaporate

moisture
"
allowed to cool, and weighed. Preweighed filters wer-e

stored in an evacuat.ed dessicator prior to use.

When collecting a sample "
a filter was installed in the

filter assembly� and, with the filter assembly valve closed, the

compressed air' valve was opened and the air pressure was adjusted

t..o 5 psig. The exhaust sample valve was then opened, and the

engine and dilution tunnel were allowed to stabilize at the cho-

sen test. point. When equilibrium was reached, the filter assem-

bly valve was opened, a st.opwatch was started, and the vacuum

pump was engaged, maintaining a constant flow rate of 180 scfh on

the flowme t.er-. During the test, temperatures at the tunnel, fil-

t.e r-, and flowmeter' and the pr-eszsur-e drop across the filter' were

moni t.or-ed. The CO2 concentrations in the raw exhaust and the

diluted mixture were also monitored. The test. was terminated

when the pr-essur-e dr-op acr-os-s the filter' r-eached 14 in Hg or the

flow rate could no longer be maintained at 180 scfh, whichever

ocour-ed first... , at which t... ime -the filt...er valve was closed and the

stopwatch was stopped. The elapsed t.irne , t.ernper-at.ur-es , initial

and final pr-esssur-e drop; and CO2 concentrat.ions for the raw

exhaust.
"
the diluted mixture, and the diluent air were recorded

as well as the engine operating conditions (engine speed, brake

powe r-, fuel mass flow rate).

Aft.er a filter was loaded , it was removed from the filter'

assembly and dessicated for 36 hours before weighing. Each fil-

tel' was weighed at least three times before r-ecor-ding the mass.
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III. DATA REDUCTION

The relationships used to manipulate the raw data into t.he

desired form for results are included in Appendix A.

DILUTION RATIO

Upon completion of testing, it was necessary to relate the

compiled dat.a on the par-t.iculat.e samples collected from the dilu­

ted exhaust. to the par-t.iculat.e levels in the undiluted exhaust.

This was facilitated by calculat.ing the dilution ratio (on a wet.

basis) fr-orn t.he CO2 concentrations of the r-aw exhaust, the dilu­

t.ed exhaust., and t.he diluent air. Since the CO2 analyzer- mea­

SUI'es concentrations on a dry basis, t.he readings wer-e corrected

to compensate for the water removed in the sampling pr-oce-s-s.

PARTICULATE MASS

The quant.i t.y of particulate mass trapped on a filter was

determined by weighing the filt.er- several times befor-e and after'

loading. The meas-ur-emerit.s wer-e taken after a minimum stabiliza-

t.iori per-iod of ��6 hours in an evacuated dessiicat.or-. The lowest

r-eadings were recorded, for' it was determined that they indicat.ed

the masses w i t.h the least contribution from any mo is t.ur-e due to

humidity that. may reside in the filter. The difference between

t.he filter mass before and after loading was assumed to be the

par-t.iculat.e mass.

10



PARTICULATE CONCENTRATION (PC)

The coucent.r-at.ion of par-t.iculat.es in t.he dilut.ed exhaust. was

de t.e r-mined by di viding the par-t.i cul.at.e mass by the t.o t.al volume

of diluted exhaust drawn t-hr-ough the filter', which is simply the

flow rat.e multiplied by t.he test time. This in t.ur-n was corrve r+

ted t.o t.he r-aw exhaust concentration by multiplying by the dilu­

tion patio. The final result. was cor-r-ect.ed to s t.andar-d condi+

t.ions (27:3 K, 1 at.m>.

PARTICULATE EMISSION RATE (PER)

The rate of p.ar-t.iculat.e emission was determined by multiply­

ing Ute par-t.i culat.e concerit.r-at.ion by the mass flow rate of ex­

hausst., which was found from the fuel flow rate, the de-nsi t.y of

exhaust, gases� and the air-fuel ratio (calculated from st.oichio­

metric corrs ider-at.ions ).

SPECIFIC PARTICULATE EMISSION (SPE)

The specific part... icul.at.e emission normalizes t.he t.ot.al ex­

haust, part.iculate mass to the work output from the engine. It.

was determined by dividing the par-t.iculat.e emission r-at.e by the

brake power measured at. the engine output shaft.

PARTICULATE EMISSION INDEX (PEl)

The particulate emission index normalizes the par-t.iculat.o

mass to the mass of fuel consumed and was found by dividing t.he

par-t.icul.at.e emission rate by the fuel mass flow rate.

11



IV. RESULTS

VARIATION OF PC 'WITH ENGINE SPEED

Particulate concerrt.r-at.iori was found to remain relatively

st-eady across the oper-at.iorial range for the baseline fuel, with a

3
minimum at. medium speed. The average PC was 121.4 mgv'm at 1300

3 3
r-pm, 94.3 mg/m at 1600 rpm, and 107.0 mgvm at. 1900 r-pm.

FOI' t.he modified fuel, average PC increased slightly at 1300

3
rpm to 1:34.9 mg/m, jumped dramatically at 1600 rpm to 202.9

3 3
mg/m , and I'ose also at 1900 rpm to 156.0 mg/m These values

I'epl'eSent.. incr-easses of 11.1%, 115.2%, and 45.8%, respect.ively�

over the baseline levels. Dat.a scatter incr-eassed greaUy at 1600

r-pm, significantly at 1900 rpm.

F'Igur-e 2 i llus t.r-at.as the variat.ion of par-t.iculat.e concerit.r-a-

t.ion w i t.h engine speed fOI' baseline and modified fuels.

VARIATION OF PER 'WITH ENGINE SPEED

Par-t.i culat.e emission rate remained approximately constant at.

lower' engine speeds and exhibited a rise at high speed on the

baseline fuel. The average PER was 55.9 mg/min at 1�:WO rpm, 51.0

mg/min at. 1600 r-pm, and 65.0 mg/min at 1900 rpm.

\I/i t.h the modified fuel, average PER displayed modest in­

cr-ease at, 1�:WO rpm to 61.0 mg/min, then rose sharply and leveled

off t.o 110.0 mg/min at 1600 r-pm and 98.6 mg/min at 1900 rpm.

These increases are 9.1%, 115.7%, and 51.7% with respect to

baseline data.

Variation of par-t.icul.at.e emission rate with engine speed is

depict.ed in Figure 3 for both fuels.
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VARIATION OF SPE WITH ENGINE SPEED

par-t.i culat.e emission at- higher engine speeds.

found to be 0.764 g/bhp' hr- at 1300 rpm, 0.567

rpm, and 0.572 g/bhp' hr.

Cornpar-i t.ave lv, average SPE for' the modified fuel remained

about the same at 1300 r-pm with 0.796 g/bhp' hr-, peaked at 1600

r-pm with 1.185 g/bhp' hr-, and tapering off at 1900 rpm to 0.879

g/bhp' hr-. These levels represent increases of 4.2%., 109.0%, and

Average

g/bbp'hr

specific

SPE was

at 1600

The baseline fuel showed a significant decr-ease in

53.7%, r-espect.ive ly, over the baseline case.

Pigur-e 4 shows var-iat.ion of specific par-t.iculat.e emission

wi th engine speed for both baseline and modified fuels.

VARIATION OF PEl WITH ENGINE SPEED

Oper·ation on baseline fuel indicated similar trends fOI'

particulate emission index as for SPE. Average values for PEl

weI'e 3.36 g
. part'/kg . fuel at 1300 rpm, 2.49 g

. part'/kg . fuel at

1600 rpm, and 2.52 g' par-t.v'kg : fuel at 1900 rpm.

The modified fuel displayed increased levels at all speeds:

3.89 g
: part./kg· fuel at 1300 rpm, 5.24 g' part./kg· fuel at 1600

r-pm, and 3.96 g' par-t, '/kg . fueI at 1900 rpm. These values repre­

sent 15.8%, 110.4%, and 57.1% increases, respectively, over base­

line levels.

Figure 5 presents variation of particulate emission index

with engine speed fOI' both fuels.
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VARIATION OF PC 'WITH TIME

Fi.gur-es 6 t.hr-ough 8 depict. t.he variation of PC over time for

1:300 rpm; 1600 rpm, and 1900 rpm, respect.ively. Not-e t.hat. the

or-di riat.e axis has been nor-mariz.ed t.o operating time on modified

fuel; baseline operation shows as negative hours of operat.ion.

Baseline operation is assumed t.o be st.eady-state, and therefore

PC is approximately time invariant for all three oper-at.ing condi-

t.ions. Figures 6 and 8 also indicate t.hat, PC is not greatly de-

pendent on time. Figure 7, however, shows a marked initial rrr-

crease in PC followed by a strong decreasing t.r-erid wi t.h Incr-eass-

ing time . The funct.iori, approximated linearly, yields a 0.738
. )

mg /m
V

decl'ease in PC per hour' of engine ope r-at.ion for the modi-

fied fuel. It, is not clear- why the transient effect was obs-er-ve-d

only for- 1600 r-pm.

18
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VARIATION OF PC WITH FILTER TEMPERATURE

Figures 9 through 11 illustrate the effect of filter temper­

at.ur-e on PC for 1300 rpm, 1600 r-pm, and 1900 rpm, r-espec t.ively.

FOI' Ute narrow range of sample temperatures obtained, no tempera­

t.UN:' dependence was ob-ser-ved for either fuel at both 1300 rpm and

1900 rpm. However' � at 1600 rpm, F'igur-e 10 demonstrates contra-

dict.o r-y behaviour between t.he PCs for the t.WO fuels. While PC

deer'eases at a r-at-e of 4.87
3

mgv'm per deg C for the baseline

fuel; PC f01' the modified fuel increases at a rate of 7.17

pel' deg C. An apparent explanation fails t.o present. itself.

"
o

mg/m
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VARIATION OF PC 'WITH DILUTION RATIO

F'igur-es 12 through 14 show the effect of dilution ratio on

PC at. 1300 r-pm, 1600 rpm, and 1900 rpm, respectively. A s t.r-ong

dependence of PC on dilution ratio was observed for all three

operating condi tions for both fuels over the range of dilution

r-at.i os. observed. Pigur-e 12 depicts anomalous behaviour at 1�'WO

rpm. \n/hile PC for the baseline fuel increases at a I'ate of 12.00
q

mg/m
o

pel' unit incr-ease in dilution r-at.io , modified fuel PC l'e-

3
suits decrease at a 8.75 mg/m rate per unit dilution ratio in-

crease. No obvious explanation arises for t.he anomaly. Figures

13 and 14 yield rates that are in bet tel' agreement. PCs r-ise at

3 3
rates of 10.42 mg/m for baseline and 14.90 mgv'm for modified at.

3 3
1600 r-pm, and at rates of 7.66 mgvm fOI' baseline and 19.84 mg/m

for- modified at 1900 rpm.
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v. FINDINGS

The following list of findings summarizes the results and

observations stemming from this investigation.

1. The addi t.ive-modified fuel exhibited increased

par·ticulate concentrations (PC), particulate emis-

sion rates (PER)� specific particulate emissions

(SPE), and particulate emission indices (PED over

steady-sta-te baseline fuel levels at all engine
operating condi t.ioris tes-ted.

2. PC for t.he modified fuel showed marked initial

increase with s t.r-orig time-dependent decay at. 1600

r-pm, while no transient response was observed for

either fuel at '1300 rpm or 1900 rpm.

3. PC for baseline and modified fuels displayed op­

posing temperature dependence at 1600 rpm, while

no t.ernper-at.ur-e dependence was observed for either

fuel at 1300 r-pm or 1900 rpm.

4. PC for baseline and modified fuels displayed
posing dilution ratio dependence at 1300

while PC increased wi t.h increasing dilution

for both fuels at 1600 rpm and 1900 rpm.

op­

r-pm,
ratio
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VI. CONCLUSIONS

The following list of conclusions is made based on the

findings and observations from this investigation.

1. The additi ve-modified fuel

the particulate emissions

dependent on engine speed.

detrimentally affects

and appears to be

2. Although dilution ratio affects the particulate
concentration, the excursions in dilution ratio

could not entirely account for variations observed

between particulate concentrations for baseline

and modified fuels.
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VII. RECOMMENDATIONS

The following r-ecommendat.ions ar-e made based on ar-e-as of

uncertainty and deficiency encount.er-ed in this irivest.igat.ion.

1. Due to the temporary suspension of the project,
the test matrix was unable to be completed. When

r-esear-ch r-esumes , testing should continue on the

modified fuel to de t.e r-mine steady-state character­

istics of the par-t.iculat.e emissions obtained fr-om

long-term use.

2. The transient nature of the engine operation at

1600 rpm on the modified fuel should be investi­

gated in an effort t.o identify the factors contri­

buting to the phenomenon.

3. In order to better under-st.and the r-eason for the

inor-eassed particulate emissions obtained with the

modified fuel, the loaded filters for' both fuels

should be subjected to electron micrography to

de t.er-mine any differ-ences in particulate composi­
tion.

4. It would be beneficial to modify
dilution tunnel to provide greater
dilution ratio and filter temperature.

the existing
control over-

5. Fur-t-her- research is needed to establish the ef­

fects of dilution ratio and filter temperature on

particulate collection and measur-ement methods.
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APPENDIX A: REDUCTION OF EXHAUST PARTICULATE DATA

The following relations were developed by Dr. J. A. Caton

at.tached report.

and were used in calculation of the results contained in the

NOMENCLATURE

[CO)e�d
[C02]d�d
[CO]

2 a,d

[CO
..
]

2 e,w

[C02]d�w
[CO .. ]

2 a,w

[H .. OJ
d2 e,

[H J)J
d2 e,

DR
dr-y

DR
twe

.6m

.6t

F

avg

F
c

Fc.rn

Raw exhaust CO2 concentration, dry basis (Vol%)

Diluted exhaust CO2 concentration, dry (Vol%)

Diluent air CO2 conoerit.r-at.iori, dry (Vol%)

Raw exhaust CO2 concentration, wet basis (Vol%)

Diluted exhaust CO2 concentration, wet (Vol%)

Diluent air CO2 concentration, wet (Vol%)

Raw exhaust water concentration, dry (\101%)

Diluted exhaust water concentration, dry (Vol%)

Dilution ratio, dry basis

Dilution ratio> wet basis

Particulate mass (mg)

Time of collection period (min)

Flowmeter reading (ft
3
/hr)

Average pressure at flowmeter' (in Hg vac)

Temperature at flowmeter Cdeg C)

Corrected flow r-at.e through filter (s ft
3
/hr)

Metric corrected flow rate (s m
3
/min)
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P Engine brake power Cbhp)

Fuel mass flow rate Cg/min)

Air+fue l mass ratio

m
e

Exhaust mass flow rate Cg/min)
3

Density of exhaust gases at STP Cg/cm )

Exhaust volume flow rate (s m
3
/min)

PSTP
V
e

PC

PER

SPE

PEl

3.
Exhaust particulate concentration Cmg/s m )

Par-t.i culat.e emission rate Cmg/min)

Specific par·ticulate emission (g/bhp' hr-)

Particulate Emission Index Cg :

par-t.v kg : fueD

MEASUREMENTS

[CO] Llm Pavg P
2 e,d

[CO}d,d Llt T mfavg

[C02]a.d F PSTP

CALCULATIONS

De t.er-miriat.ion of Dilution Ratio:

DR =

dr-y
[C02]e,d

-

[C02]a,d
[C02Jd,d

-

[C02Ja,d

Assume

[C02]a,w =
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From stoichiometric considerations,

= { 0.996 -

[C02Je,d/116 } * [C02Je,d
0.909 [C02Je,d=

= [H20] d/DRde, ry

[CO .. ]d� ,w
=

100 [C02Jd,d
100 + [H20Jd;d

Then

DR =

wet

Cor-r-oot.ed Flow Rate through Filter:

[ 273 (2[ Pavg
+ 29.92 (2F = F

c T + 273 29.92
avg

F = F / 2118.88
c.rn c

Exhaust Volume Flow Rate:

From stoichiomet.ry,

AF =
14.46
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Results:

PC ( Llm J DRwet=

F * Llt
C ,m

PER = PC * V
e

SPE = 0.06 PER / P

PEl = PER / mf
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