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GENERAL INTRODUCTION

Diesel engines are currently used in underground mines in many parts

of the United States and particularly widely in so-called hard rock or

non-gassy mines. Extensive use is made of diesel powered vehicles in

Canadian mining as well as in major European countries. There is general

interest in further extending the applications of diesel engines to

underground mining operations. The motivation is primarily economic since

diesel powered work vehicles offer greater economy in operation when their

increased work efficiency and flexibility are considered as compared to

alternclte existing methods such as cable fed electric vehicles.

Along with the interest in extending diesel engine application

underground has been the need to more adequately deal with the possible

health effects dangers of diesel exhaust emissions. Toxic exhaust

emissions from underground diesel equipment in the U. S. fall under the

regulations of the Mine Safety and Health Administration (MSHA). These

are directed at limiting pollutant levels to specified threshold limit

value (TLV)* concentrations in the ambient air of the working environment.

Di ese1 engi nes used in underground mi nes are derated by resetting fuel

pump adjustment. This provides a lower fuel/air ratio and reduces exhaust

pollutants caused by incomplete combustion of diesel fuel in the engine,

at the expense of some engine sizing. In addition, mine ventilation

standards are provided and these serve to dilute tailpipe pollutant

concentrations.

However, environmental health standards and concerns are in process

of change. Lower TLV's for carbon monoxide and nitrogen dioxide have been

proposed.** No mine standard yet exists which is specifically directed at

*

*

"TLV I s" are a trademark of the American Conference of Governmental

and Industrial Hygienists (ACGIH)

CO from 50 to 35 ppm; N02 from 5 to 3 ppm.
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diesel particulate emissions*. Data is available which describes typical

emissions in the exhaust from diesel engines used in underground

mines(l, 2). Rates of pollutant emissions, although reduced through

engine derating, nevertheless leave considerable cause for concern as to

the health impact on underground mine workers.

ThE!re is speciall concern over the negative synergism which could

resu1t from exposure to the array of combi ned po11 utant concentrati ons.

This is particularly true of diesel particulates which can act as carriers

for oth,er exhaust pon utants inc1udi ng unburned hydrocarbons and sulfur

compounds.

One solution to this problem is to increase the mine ventilation to

ensure the safest air dilution levels possible. However, this must be

1i mi ted by economi c and practi ca1 cons i derat ions and also cannot always

account for problems of localized or short term pollutant concentrations.

Therefore, it is necessary that techniques for directly controlling

emissions on the engine be developed to allow effective but reasonable and

economical ventilation levels and the maximum use of diesel equipment in a

given mine.

This report covers a three part project directed to the development

of exhaust emissions controls for underground diesel powered vehicles.

The emphasis in this project is on the development of diesel exhaust

after treatment devices and other control techniques and as such is part

of a comprehensive program by the U. S. Bureau of Mines to minimize

hazards associated with diesel operations in underground mines.

* It has been recommended in a Canadian health effects survey study

that the TLV for respirable diesel particulate in mine air be 75% of

the present standard of 2 mg/m3 TLV for respirable coal dust or 1.5
mg/m3.(Reference 6)
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Phase I was concerned with an experimental survey of existing exhaust

emission control techniques and devices. The purpose of this phase was to

uncover promising after treatment devices and techniques for mining

diesels and especially to discover positive combinations of devices which

might provide new possibilities in attacking diesel exhaust pollution.

Phase II was designed to pursue in greater depth the characterization and

deve1opment of the most promi sing approaches defi ned in Phase I. The

objective of Phase III was to translate the results of the earl ier work

into practical, field-useable hardware for actual testing and quali­

fication in a mine environment.

In pursuing solutions, in this project, to the problem of exhaust

emissions control in underground diesels, a system approach has been

emphasized addressing the totality of diesel exhaust pollutants. The

commission for the project from the Bureau of Mines included the

instruction that "Efforts will be directed to optimize control so that all

exhaust species are r'educed to the lowest practical level". The work has

dealt not only with an evaluation of individual pollution control devices,

any single one of which is alone incapable of addressing the entire array

of exhaust pollutants, but with combinations of devices.

The selection of a balanced pollution control system is complicated

by the fact that successful use of a technique to reduce one pollutant
often causes an increase in other pollutants. In addition, all polluting

emissions are not considered equally undesirable. This is due to

perceived differences in the relative seriousness of known or suspected

health effects and the threshold levels at which these effects operate

relative to existing levels of emissions. Oxides of nitrogen (NOx:

effect'ively NO and N02) and particulate matter or soot are generally

considered to be the most important diesel exhaust constituents requiring

control. These two diesel pollutant species are considered particularly

troublesome due to relatively high levels noted in the exhaust, their

sensibly noxious nature and difficulties encountered in reducing their

levels.
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Much attention has been focused recently on diesel particulate

emissions. This is largely due to the interest in, and increase of,

diesel engines in above ground vehicles. There are from 50 to 100 times

more particulates emitted from a diesel engine than from a comparable

spark ignition engine. The size of the overwhelming bulk of these

particles are in the submicrometer range and they are capable of adsorbing

toxic constituents from the exhaust stream or mine environment and thereby

may act as carriers providing entry and residence of harmful substances

into the lungs. Known carcinogens and mutagenic hydrocarbon species have

been identified in diesel particulate. Recent extensive studies have been

made on the potential carcinogenic effects of exposure to diesel

particulates(3, 4). For these reasons, and because no practical solutions

for their reduction have yet been proven, particulate emissions are

generally considered to be the number one diesel exhaust pollutant of

concern.

A number of studies over the last several years have concentrated on

the chemical and biological character of diesel soot. The soluble organic

fraction of soot contains hydrocarbons which are adsorbed on the solid

respirable particulate. Some hydrocarbons from among the class of

polynuclear aromatics (PNA's or PAH's) are known to have carcinogenic

properties. For this reason, studies have pursued the identification of

particular PNA compounds in diesel soot and their quantification. In

addition, the Ames Salmonella/microsome bioassay has been widely used as a

short method to determine the mutagenic character of diesel soot(S). It

is generally felt that these studies will clarify the important question

of diesel soot health effects with regard to potential carcinogenicity.

Analysis of changes in the chemical and biological nature of diesel

soot emissions have not been included as a part of this study. The scope

and character of the present project was not meant to include the

additional dimension which such analyses would require. Continuing

parallel studies in this area are expected to provide this additional

information. The conclusion drawn from the present study is not

inconsistent with generally accepted conclusions so far drawn from Ames

Test or PNA analysis studies.
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Two techniques for control of diesel particulate emissions were

examined in this program. Water scrubbers were tested early in the

program but were considered less than satisfactory due to their

impracticability and the limitations of their effectiveness, usually less

than 30% reduction. Attention then was focused on mechanical filtration,

us i ng fi rst, a mesh fi lter 1argely developed by the Bureau of Mi nes and

secondly, a monol ithic ceramic honeycomb device made by Corning. Use of

the Corning type of particulate filter is emerging as the single most

effective new pollution control device for underground diesels.

A great deal of attention, in this project, has also been given to

NOx reduction. A three way conversion (TWC) catalyst system technique

with its use of stoichiometric air/fuel operation has been successfully

applied to spark ignition engines to reduce NOx along with CO and

hydrocarbons. This is not suited to diesel engines, however, which

operate in the lean A/F regime. For NOx reduction, investigation has been

made of exhaust gas recirculation (EGR) and water-fuel emuls"ification

techniques. Both of these can substantially reduce NOx emissions but with

the penalty of increased hydrocarbons and, with EGR, increased CO and

part i cu1ates. The use of aparti cu1ate fil ter along with NOx reduction

techniques has been examined as a way of counteracting negative effects of

the latter and achieving a balanced system control of both NOx and

particulates. The addition of an oxidation catalyst to this system, to

contro1 the increased CO and hydrocarbons, was also of some interest

especially since sulfates which may form across the catalyst were found to

be substantially reduced by the mesh filter (on which this feature was

tested).

There has been recognition of the need to address the overall impact

of pollutants of all kinds on mine air quality. Air containing at one

time, quantities of carbon monoxide, gaseous hydrocarbons, oxides of

nitrogen, soot and sulfur compounds should not be assessed on the basis of

standards presented as if each pollutant was alone present. An integrated

standard for overall air quality is needed to prevent overloading by

several pollutants, each of which may be within its allowed limit, and

also to recog~ize important interactive effects between pollutants. A

single figure of merit is desirable to provide an index of overall air
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quality while taking cognizance of the above considerations. An important

contribution has been made in this direction by the emergence of an air

quality index (AQI)* calculated as the sum of terms defining the levels of

each pollutant in a given case, as a multiple of its threshold limit

values (TLV) as follows(6).

AQI = (CO) + (NO) + (RCD) + 1.5 [ (S02) + (RCD ] +
TLV TLV TLV TLV TLV

CO NO RCD SO RCD
2

+ 1.2 [( N02) + (RCD) ]
TLV TLV

N02 RCD

The above is the original version of the AQI formula and was used in

Phase I and II of this study to develop hypothetical comparisons among

various pollution control approaches. A more recent, modified version of

the formula was used in the final Phase III comparison evaluations.

In the original formula, the presence of RCD (respirable combustible

dust - refers to diesel particulate emissions in this case) in combination

with S02 or N02 is considered to have extra potency and is penalized by a

factor of 1.5 and 1.2 respectively. A bracketed expression is understood

to go to zero if S02 or N02 are not detectable. Of course, no term may

exceed 1, since no TLV may be exceeded, giving a nominal maximum AQI of

8.4. The authors of this expression have recommended that an index of 3

not be exceeded to ensure a safe mine atmosphere.

* originally designated as a "Health Effects Index" by its authors.
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Although the AQI formula is meant to be used on ambient mine air

measurements, the temptation exists, in researching emission control

approaches, to apply it by plugging in available laboratory engine test

data on undiluted exhaust emissions. The result is a composite

calculation which has generated interest in comparing different emission

control approaches. Used in this manner the formula is considered as an

"exhaust quality index" (EQ!) and a dilution factor must be applied to

a11 ow nomi na1 comparli son to an ambi ent air qual i ty standard. Si nce a

maximum AQI of 3 is indicated, a determination of the EQI may be used to

calculate the amount of ventilation air required by calculating the

dilution ratio EQI/3 and multiplying by known exhaust flows. The air

quality index has a number of important limitations especially when used

as an exhaust quality index. The conversion of data arising from

dynamometer run engine tests to real life field operating conditions

undoubtedly involves more than the application of an appropriate dilution

factor. The pattern and extent of exhaust emissions I impact on ambient

air quality is significantly affected by factors present in the mine

environment. These include the effect of duty cycle patterns, transients,

and exhaust emissions interactions with the mine environment such as

removal of N02 or S02/S03 by water or by plating out on mine tunnel

surfaces.

The bracketed terms of the AQI/EQI provide a severe penalty for the

presence of S02 and N02 together with diesel particulate. This reflects

the concern that the fine particulate, capable of deep entry into the

lungs will act as a carrier for adsorbed N02 and S02 thus synergistically

increasing the negative health impact of these pollutants when taken

alone. A double penalty is involved since not only are the penalty

factors of 1.5 and 1.2 applied but the measured particulate is added once

again for the presence of S02 and again for N02. However, for an EQI

calculation on undiluted exhaust data, in the event of a high particulate

measurement in the presence of a very low N02 or S02 measurement (say

1 ppm or less), a question may be raised as to the meaning of the

resulting inflated EQI number. Here, the small N02 or S02 measurement

would undoubtedly not be detectable in the ambient air for an AQI
calculation.
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Some of these considerations were addressed in the later version of

the AQI formula(7):

AQI (Total) = AQI (Gas) + AQI (Particulate)

where, AQI (Gas) = CO +
TLVCO

and, AQI (Particulate) =

NO +
TLVNO

RCD
TLVRCD

+ + RCD ] +
TLVRCD

+ RCD ]
TLVRCD

Here N02 has been added as a separate term in the gaseous pollution group,

and the extra penalty factors on particulate of 1.5 (when S02 is present)

and 1.2 (when N02 is present) have been dropped.

This, more recent formula, is used in the EQI comparisons done in

Phase III of the program.

Generally, an air quality index type of approach is necessary to

allow quantitative assessment of overall ambient mine air quality. Much

new health effects information has been generated since this formula was

first presented in 1978. Also, current research and development is

working on new underground emissions control techniques and is focusing on

more advanced measurements of actual mine ambient air pollution content.

The EQI evaluations and comparisons made in this study for catalyzed

diesel particulate filters (DPFs) are based on the initial existing

catalyst formulations used for this study. Recent tests on new catalyst

formulations for DPFs (done since the completion of this study) show
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greatly reduced sulfate formation with standard fuel sulfur content. This

developm~nt should greatly influence the validity of DPF catalyzation as

an effective method of ensuring DPF regeneration in practical

app1i cat"ions.

It should be noted that the work covered in this report reflects two

different types of mecisurements. Fi rst, steady state measurements under

various operating conditions, were taken directly on the exhaust of

dynamometer contro11 ed di ese1 test eng i nes. Th is was the method used in

Phases I and II and was typi ca1 of work done in thi s comp 1ex fi e1d to

enable c:ontrolled parametric studies during early analytic stages. The

effect, however, of diesel exhaust pollutants on mine working personnel

is a function of ambient air quality at the work site. The conversion of

data arising from steady state dynamometer run engine tests to real life

field operating conditions undoubtedly involves more than the application

of an appropriate dilution factor to laboratory data. In the development

of practical emission control systems, a prime factor to consider is the

actual duty cycle over given time periods of diesel powered vehicles at

work, since exhaust poll utant patterns and the effectiveness of control

techniques vary greatly with engine operating conditions. For this

reason, a second type of measurement, based on simulated duty cycle

testing, was used extensively in Phase III. This was done using a

computer' controlled dynamometer faci 1ity wi th the capabi 1i ty of

duplicating known duty cycles characterized from field operating data or

capable of simulating hypothetical duty cycles.

Nevertheless, conclusions drawn from laboratory test stand studies of

any kind are subject to refinement. Consideration must be given to "field

variables" which ma~{ influence the impact of exhaust emissions on

operational air quality, that is, on the air that is actually breathed by

working personnel. These variables include actual mine ventilation
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patterns, mi ne geometry, exhaust poll utant i nteracti ons after emi ss ion,

po11 utant 1eve1s from other sources, type and extent of di ese1 powered

vehicles, etc. Many of these factors may vary among mines and among types

of mines. Finally, the effectiveness of a particular control method is

usually quite sensitive to the diesel engine used and to the state of

maintenance and repair of that engine.

It is for the above reasons that the conc1us ions ari sing from the

test stand data have been applied to the creation of field useable test

hardwarE! for application in actual field testing under Phase III and in

associated parallel programs. The major, concluding part of Phase III was

an application field demonstration of Corning diesel particulate filters

on a working ST5 scoop-tram at the Kidd Creek zinc mine in Timmins,

northern Ontario province. The demonstration was made in two separate

parts to show the effectiveness of both catalyzation of the filters and

also of use of fuel additives to enable continuous regeneration of the

filters. Field operation was successfully demonstrated for a period of

about 250 hours for each method.

The Bureau of Mines - Engelhard - ORF contract relationship helped

provide an important basis for, and a means of implementing, a United

States - Canadian Cooperative Planning Committee for coordinating research

in underground diesel emissions control. This Committee is now a means

for coordinating the interfaces of programs of the U. S. Bureau of Mines,

the Canadian Centre for Minerals and Energy Technology (CANMET) and the

Ontari 0 Mi ni stry of Labour (MOL). The Engelhard - ORF program has been

closely coordinated with the activities of other groups and related to

undergr'ound field testing of various emissions control hardware and

systems on LHD vehicles under relatively standardized and cross-calibrated

conditions.
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It should be noted that the Phase I and II activity by ORF on the one

hand and Phase IlIon the other were presented as separate reports during

the course of the program. These two reports are presented here as

originally written. The Phase III report is current and incorporates the

up to date evaluations and conclusions. Overall the central result is the

emergence of the ceramic diesel particulate filter (DPF) as a very
effective diesel pollution control device. The DPF, by substantially

reducing diesel particulate emissions shows a profound improvement in the

overall Air Quality Index. Current efforts are directed to perfecting the

DPF regeneration mechanism and proving applicability by broader field

trials. It should be noted that, as presently fabricated and tested, DPFs

are not permissible for coal mine use.

This project was undertaken by Engelhard Corporation, under contract

to the Bureau of Mines, so as to contribute to the development of diesel

exhaust poll ut ion control systems in the important area of underground

mines. Engelhard's interest derives from its industry position in

catalysts and catalytic purification systems and its extensive work in

development of catalysts for automotive emission control. Engelhard's

activities also include involvement in catalytic purification systems and

related hardware for off-the-road and underground mining vehicles. The

program has been developed and carried out with the Ontario Research

Foundation (ORF) of Canada acting as a major subcontractor, and utilizing

their c:onsiderable experience in this area to provide independent testing

and analysis. Involvement of ORF provided the opportunity of integrating

act i vity under thi s program with para11 e1 ORF work bei ng pursued for

Canadian Federal and provincial governmental agencies and has greatly

expanded, for both sides, the potential for achieving effective results.

This increased effectiveness, as a result of creating a bridge between

similar' U. S. and Canadian programs turned out to be well worth the

efforts, by all concerned, in overcoming the attendant legal and
administrative problems in arranging a contract program of this type.
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Parts of the work done in thi s study have also been reported in

sessions of the Society of Automotive Engineers(8,9) and to the Canadian

InstitutE~ of Mining and Metallurgy (CIMM)(10). In addition, a series of

Technology Transfer papers have been prepared summarizing the overall work

of the joint U.S.-Canadian research effort for diesel emission control in
undergroundmines, of which this study has-been a part(11, 12, 13, 14, 15,

16). A single paper reporting the work of the joint program has also been

prepared for presentation to the American Mining Congress during October,

1986(17)"

The report which follows on the activities of this study is of the

testing and analysis carried out by the Ontario Research Foundation.
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EXECUTIVE SUMMARY

This report covers Phase I and II of a three part project

directed to the development of exhaust emissions controls for underground

diesel powered mining vehicles. The direction is to emphasize the devel­

opment of diesel exhaust after treatment devices as well as other techniques.

Phase I covers an experimental survey of existing exhaust emission

control techniques and devices. This includes limited laboratory engine

testing of selected devices and systems for the purpose of surveying and

identifying promising candidates. A survey is also made of the relevant

literature and of parallel research efforts in this field. Based on the

results of Phase I, the development is continued in Phase II utilizing more

directed engine testing for fuller characterization of selected techniques.

The results of both phases are presented together in combined form in this

report so that the presentation of data and results is organized by the type

of emissions control device.

The diesel exhaust emissions requiring control and addressed in

this study include, carbon monoxide, gaseous hydrocarbons, nitric oxide,

nitrogen dioxide, sulphur dioxide and soot or particulate matter. Particu­

lateI' matter includes insoluble organic matter and usually a soluble organic

fraction (SOF) and may also include sulphates. These three constituents

of particulate matter are often addressed individually.

Diesel exhaust emission control techniques examined in the course

of Phases I and II, include water scrubbers, catalysts, particulate filters,

exhaust gas recirculation, water-fuel emulsification and various combin­

ations of these applied as systems.

Two test engines were employed:

(1) Deutz F6L--714 9.5 litre, V-6 during Phase I testing;

(2) Deutz F8L--413 12.8 litre, V-8 for Phase II testing.
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Both engines employ indirect injection and are air cooled. The

714 series engine is a presently discontinued model but still widely used

in hard rock, non-gassy mines. The F8L-413 is of a relatively new model

series gen.era11y considered as a replacement to the older 714 models.

Functional problems were encountered in use of the new 413

engine during the early part of the Phase II testing. These problems were

cleared up, however, and were not considered to influence the overall

conclusions arising from the work. Testing was carried out on an engine

test stand employing a Clayton 700 C.E. water-brake dynamometer at steady­

state load/speed points typically including all or some of the following:

• Full rated speed and full, 3/4, 1/2 load;

• 1900 rpm and full, 3/4, 1/2 load;

• 1600 rpm and full load.

Gulf Diesel 40 fuel with a sulphur content of 0.16% was used for all testing.

Measurement of emissions was carried out on sample streams of

the undiluted exhaust using conventional instrumentation for gaseous

analysis. Particu1a.te measurements were made using a modified EPA Method 5

source sampling trai.n consisting of filter and multiple impingers. Measure­

ments of S02 and sulphate were made using a controlled condensation sampling

system.

Table S.l shows the main types of combination systems examined on

the Deutz F8L-413 and the F6L-714 engines, and indicates the average percent

change inl emissions assignable to each of these systems. The numbers

assigned are based on average data assembled from the various test runs and

shown for one load/speed condition only for each engine (at full rated speed

and 3/4 or full load).
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The mesh filter proved very effective in particulate removal.

(See Table S.l). The mesh filter consists of a knitted multiple strand

material of stainless steel wire and fibreglass yarn. Sheets of this

material were packedl and arranged for testing with the exhaust gas flowing

perpendicular to the sheets and also parallel to the sheets. The parallel

flow arrangement with a packed bulk density of 150 kg/m3 proved optimum in

terms of particulatE~ reduction vs operating time before clogging. Particulate

reduction seemed generally effective with water spray or run dry. However,

S02 emissions were substantially depressed with the water spray but not with

the dry filter. When combined with a catalyst, effective reduction of CO and

THe are also seen for the system. Substantial reduction of sulphate was

apparent with the filter run both wet and dry thus reducing sulphate

emissions which could be expected to generate across the catalyst. Net

sulphate emissions were virtually eliminated with the wet filter at 2200 rpm

and 73 kW. However" in general, some sulphate impact is expected to remain

with this sytem, so that a judgement is required as to whether it is

beneficial to reduce CO and THC emissions at the expense of a small

increase in sulphatl~, or whether it is better to avoid any increase in

sulphate at the expense of allowing uncontrolled CO and THC emissions.

The catlyst/filter combination, does not address NO reduction.
x

The addition of water-fuel emulsification to this sytem reduces NO about
x

35% and also contributes to particulate reduction as can be seen when

comparing emulsification with catalysts both with and without the mesh filter.

In the latter case, total particulate reduction is at about the 40% level.

An increase in THC had been noted when emulsification was operated alone

but this was apparently compensated for when operated with the catalyst.

There is perhaps, more justification for using a catalyst in combination

with a water emulsion and filter system, in order to reduce increases in

CO and THC emissions.

Water-fuel emulsification applied in the program was limited to

in-situ unstabilized emulsification generated by a mechanical device, the

HydroShear. This device, previously developed by the Ontario Research

Foundation, was custom installed in both the F6L-7l4 and F8L-4l3 Deutz

engines for this program.
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On the Deutz F6L-7l4 engine, the Gaspe water scrubber showed

modest particulate reduction capability. Good reduction of CO and THC*

was offered when the scrubber was combined with a catalyst. In addition,

the scrubber was found to provide good removal of S02' as well as about

30% of the sulphate which was generated over the catalyst. However, NO
x

emissions remain unchanged and also some undesirable NO to NO formation
2

was observed through the water scrubber. Addition of EGR to this system

provides the expected control of NO emissions to a level of about 75%
x

reduction with the penalty, however, of greatly increased particulate

emissions. In general, these effects were greater at higher EGR (20%) and

at high speed, full load operation and were moderated at lower EGR and

off-full load conditions. With 10% EGR, total particulate was increased by

only 15% at the load/speed cond1tion of 1625 rpm/70 kW. However, less

effective NO control also resulted, with about a 45% reduction in NO from
x x

baseline levels.

The Corning Cellular Ceramic Diesel Particulate Filter, although

previously known for possible application to light duty surface diesel

passenger cars, became available for tieavy duty underground diesel testing

late in the contract program. This device is basically a ceramic honeycomb

monolith structure with numerous parallel flow-through "cells' or passage­

ways. As a filter, alternate passageway openings are blocked on inlet and

outlet faces so that the exhaust flow is forced through the extra porous

walls of the passageways. The large units tested in this program (about

12 inch diameter) consist of several shaped segments cemented together.

The Corning filter €:xhibited excellent particulate reduction capability and

was teamed with EGR to provide NO reduction, The EGR/Corning Filter
x

combination shows capability for good control of both NO and particulates
x

simultaneously with only relatively modest increases in CO and THC. The

tendency of EGR to increase particulates especially at high load/speed

conditions is generally cancelled by· the filter. Increases in CO and THC

due to EGR could be controlled, if necessary, with a catalyst in the system.

In an EGR/catalyst/filter system, sulphates generated across the catalyst,

are reduced by the particulate filter. Sulphate capture was measured across

* ':'IIC (Total !:yd:;:-oc.:1!:'bono).
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the mesh filter and it is considered likely that the Corning filter would

function similarly. However, in this respect, the collected sulphates may

be dumped all at once, if the Corning filter is operated with a periodic

on-board thermal regeneration technique. Undesirable NO and NO
Z

conversion

which can occur across the catalyst was not observed when in combination

with EGR.

In judging the desirability of a catalyst as a component in the

above systems, sulphate generation, deriving from fuel sulphur content, as

well as the possibility of undesirable NO to NOZ formation across the

catalyst must be considered as against the advantage of CO and THC control.

CO and gaseous hydrocarbons from well maintained diesel engines are often

considered adequately controlled by mine ventilation which is otherwise

supplied. However, in given circumstances such as in poorly ventilated

drifts and especially when increases of these pollutants due to EGR or

water-fuel emulsification are indicated, their danger should not be under­

estimated.

A catalyst was not tested with the EGR/Corning combination due

largely to concern of the added pressure drop burden this would place on

the operating life of the filter, between regenerations, and also in part

to practical reasons, since the Corning filter test sequence was started late

and added on to the program. The over-riding interest at this stage was to

determine the effectiveness of the Corning filter in handling increased

particulate from EGR and in its ability to regenerate by "spontaneously"

burning off collected particulate deposits under these circumstances.

With respect to the latter consideration, a catalyst may offer its greatest·

potential for being included in an emission control system, if it can assist

in filter regenerati,\>n. Capability of a catalyst coated filter to improve.

filter regeneration may prove to be a more important contribution of a catalyst

system, than the capability to reduce CO and THC emissions. This will be

investigated in the next phase of the present project.

A test was also run on the Corning filter combined with both EGR

and water-fuel emulsification (on the F8L-413 engine). The result, however,

although offering good NO reduction (to 75%) also gave excessive increases
x

in THC and CO. The THC and CO increases were much lower at off full load
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conditions. Further work is required on water emulsion application to the

413 engine, since the results on the 413 were less attractive than on the

714 engine, and the reason for this is not yet fully understood.

Both the mesh filter and the Corning filter seem effective in

particulate reduction. The main concern in application is with service

durability of the filters and particularly with operating time between

cleaning or regenerations. The mesh filter in its optimized version
- 3

(parallel flow, 150 kg/m density), seems capable of up to about 30 hours

before cleaning. Cleaning requires an off-board wash and flush operation.

The fibreglass yarn in the mesh filter seems delicate and attrition of the

yarn was noted over a period of several cleanings. Application of the mesh

filter to engines of the size tested, requires a rather large filter box

about 2.6 cubic feet (15 x 15 x 20 inches or similar volume).

~he Corning filter was applied in two units (one for each engine

outlet manifold) with a combined volume of less than 1.5 cubic feet.

Operational time between cleanings could not be determined after 26 hours

of testing due to the very slow rate of ~p increase. This was apparently

a result of self-regeneration of the filter due to exhaust temperatures

reaching the filter regeneration burn-off temperature of 5500 C when the

F8L-4l3 engine was run at 2300 rpm and 142 kW load. Depending upon the duty

cycle, therefore, the Corning filter may be capable of continuing in

operation for extended periods of service without removal for servicing.

For the above reasons, the Corning filter seems favoured as a more practical

alternative.

In an assessment of emission control net effectiveness, a simple

inventory of the inerease or decrease of each individual pollutant is not

fully satisfactory as a basis for reaching conclusions from this study. It is

necessary also to account for the overload impact of several pollutants

present and acting simultaneously even if each is below its TLV and for

interactive effects between pollutants. For.these reasons, an exercise was

carried out to apply an air quality index (AQI) to steady state engine

exhaust data collected during the program~ The AQI has been fomulated for

ambient air quality as:
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(CO) + JNO) (RCD) (HZS04) [ (SOZ)
(R;D) J +v = + 1 + 1.5 3 +50 25 2

[ (NOZl
+ (RCD) ]+ 1.2 3 2

where:

(CO)

(NO)

(S02)

(NO
Z

)

(RCD)

= Carbon monoxide concentration (ppm)

- Nitric oxide concentration (ppm)

= Sulphur dioxide concentration (ppm)

= Nitrogen dioxide concentration (ppm)
3

= Respirable combustible dust (mg/m )

(considered equivalent to the particulate level of diesel
exhaust).

The two bracketed terms indicate the synergistic effect of S02 and N0
2

respectively with diesel particulate. This reflects the ability of the

diesel particulate to increase exposure to S02 and N02 by deposition of

particulate, containing the adsorbed gases, on the lung membrane. The

term V(ventilation factor) originally used by the originators, is currently

best described as an Air Quality Index which is recommended not to exceed

a value-of 3. The above exp~ession was designed for use with ambient mine

air pollutant concentrations. If tailpipe emission data is applied to the

same expression, then it is possible to consider that an Exhaust Quality

Index (EQI) will result. The expression EjI then indicates the required

d~lution ratio, and the dilution ratio multiplied by the engine (or engines)

exhaust volume results in a value for the recommended quantity of fresh

ventilating air required in the mine.

There are, however, limitations to this approach. Since the expression

was designed as an air quality index, the use of tailpipe undiluted

emission values creates a different impact on the EQI values, due to the
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lack of acc0untability for the ultimate fate of emission components which

are emitted to the mine atmosphere. For example, NO emissions will be

oxidized to NO
Z

at a rate dependent on mine air residence time, and environ­

ment. NOr, may subsequently be removed from the mine atmosphere by inter-
L

actions with water. Similar considerations apply to H2S0
4

emissions. An

accurate assessment can only be made', therefore, by applying pollutant

concentrations actually measured underground. A further limitation is

evident with the synergistic terms of the expression which are capable of

making a large impact on the AQI/EQI. For example, it is a matter of

judgement as to whether the same synergistic health impact will result

from exposure to a large concentration of particulate matter when only

low concentrations of SOZ and NOZ are present. The weighting factors of

these terms under such conditions might become unduly severe. In effect

one must judge whether the NO
Z

or SOZ values ever become zero, and the

synergistic terms disappear from the expression. This will be illustrated

later when the EQI is discussed.

Despite these limitations, the expression is probably the best

tool presently available, in order to compare the different impacts on

exhaust quality of v'arious emission control strategies. It is considered

appropriate and relevant, but not necessarily yonclusive, therefore, to

use EQI values to pX'eview the ranking of different emission control

approaches, and try to assess which approaches show the greatest benefits

in improving the exhaust quality, and therefore also the mine air quality.

Using steady state data contained in this report, (and data from

relevant literature where available in this report), EQI values were

calculated at two engine load/speed conditions, and for two engines. The

EQI values vary with engine type and load/speed condition, but for the same

engine and the same load/speed conditions, it is possible to compare EQI

values of the controlled versus the baseline uncontrolled engine. Table S.2

shows EQI values for the Deutz F6L 714 engine at two different load/speed

conditions, with the application of various emission control devices.
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At 2200 rpm/full load, the worst strategy is the application of 21%

EGR alone to the the engine, which results in an EQI value 530% greater

than the baseline value. A catalyst/scrubber system used in combination

with the EGR, does not overcome the high particulate impact of EGR

application, even although the NO is considerably reduced, and the EQI
x

values remain greater than the baseline value. Similarly, the emulsification/

catalyst system appears a poor combination, with the test stand H
2

S0
4

data

impact of the catalyst overwhelming the advantages of reduced NO and
x

particulate created by the water emulsion, even though the catalyst

effectively reduced the increased CO and THC emissions created by the

emulsion application. Emulsion application alone produced a better result

with an EQI 67% of the baseline value. Using exhaust gas cooled by water

injection, the mesh filter, and catalyst mesh filter combination, both

produced EQI values 36-39% of the baseline engine value. However, the

disadvantage of storing water on board may tend to offset the advantage

of the low EQI value when used in non-gassy mines.

The same consideration applies to the water emulsion/catalyst/

mesh filter system, although in this case the water may be used for the

dual purpose of water emulsion application, and exhaust cooling. This system

produced the lowest EQI value for the 714 engine at 2000 rpm/93 kW.

Table S.2 also shows a set of data in parenthesis for the three

EGR systems. These data were calculated assuming that the term

1.2 + (RCD)
2

was absent. This shows the powerful ~ffect of the synergistic term which

makes a difference in the EQI values of as much as 300 units. Whether the

synergistic term should have so great a weighting factor when there is a

large particulate concentration, but only a small NO concentration remains
x '

a subject to be resolved. It should be noted, however, that even if the

synergistic term is ignored, the ranking of exhaust treatment devices

remains the same.
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Table S.2 also shows a similar set of EQI values for the 714

engine at rated speed and three-quarter full load condition. Because the

engine is operating at off full load condition, the EGR penalty is less

severe, and the EGR/catalyst/scrubber combination, for example, now performs

with an EQI value 93% of the baseline. The 21% EGR/mesh filter combination

performs with an EQI value 36% of baseline. It is clear from the earlier

set of data that such a technique is more likely to be successful at

full load condition, when the quantity of EGR appiication is reduced.

Table S.3 shows EQI values calculated for the controlled and

uncontrolled Deutz F8L-4l3 engine, at two load/speed conditions, rated

speed/full load, rated speed/three-quarter load. In this case, emulsi­

fication, catalyst al1d EGR techniques, used alone, are unattractive at

either load/speed condition. At full load/speed condition, the Corning

filter and EGR/Corning filter system produce the best performance, reducing

the EQI values to 33:~ and 29% of baseline values respectively. This

result, by itself would seem to indicate that there is no great advantage

in combining EGR witll the Corning filter, since the addition of EGR further

reduces the EQI value by only 4 percentage points, while the complexity

of the device is significantly increased. However, when the EQI values

are examined at 2300 rpm/l03 kW, it is apparent that there is now a

significant improvement in the EQI value when the EGR is added to the Corning

filter to form a combined system. This shows the significance of assessing

EQI values at different load/speed conditions, and the need for performance

evaluation. over a typical underground vehicle duty cycle. The latter will

be included in a follow-up phase to this project. It is to be concluded,

therefore, that for the 413 engine, the EGR/Corning filter system offers the

best opportunities, in terms of effectiveness and minimum complexity, for

development into field usable hardware.

The following conclusions and recommendations are made from this

study,

1) The Air Quality Index (AQI) as a single index number to evaluate

overall air quality is an important breakthrough in providing a

useable formula for this purpose.
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However, because of present limitations, particularly when

used as an Exhaust Quality Index (EQI) of undiluted tailpipe

emissions data from steady state engine operation, EQI

comparisons should be used as guides to further investigations

rather than for definitive conclusions in the absence of data

from real duty cycle conditions.

2) The EGR/Corning filter has shown the promise of the best

improvement in exhaust quality with the least complexity. It

is considered the most likely to achieve earliest commercial

development.

3) A water-fuel emulsion/catalyst/mesh filter system shows

emission control potential at a similar level to an EGR/

Corning filter system. This type of system, although needing

further development in the area of mesh filter durability and

emulsion system optimization, may be of special interest for

gassy and coal mines where on board water boxes for flame

proofing scrubbers already exist.

4) Based on steady state engine test data, some devices have shown

the negative potential of deteriorating overall exhaust quality

in underground mine applications. These include EGR and

catalysts when used alone without other control elements.

Since result:s based on steady state engine data can vary, it

is important for all candidate systems to test control techniques

. under actual duty cycle and field conditions and to carefully

match control system components for positive results.

5) Further evaluation of the viable pollution control approaches

should be carried out over complete mine vehicle duty cycles

and under real field conditions.
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~) Further studies of regeneration aids for operation of the

Corning filter and to determine the nature of emissions produced

during regeneration,are important tasks in establishing this

promising device.
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TABLE S.2

Composite EQI Values for Comparison of Various Emission Control Strategies

(derived from data from steady state engine test stand data)

(Deutz F6L-7l4 Engine)

RPM/kW Device EQI % Baseline

21% EGR 944 (653) 530%

21% EGR/Cat/Scrubber 747 (262) 419%

10% EGR/Cat/Scrubber 363 (254) 204%

Emulsification/Catalyst 220 124%

2200/93
Baseline 178 100%

Gaspe Scrubber 135 76%

Emulsification 120 67%

Cat/Mesh Filter (Wet) 69 39%

Mesh Filter (Wet) 64 36%

Emuls/Cat/Mesh Filter (Wet) 50 28%

21% EGR 151 102%

Base Engine 148 100%

21% EGR/Cat/Scrubber 137 93%

2200/71
Gaspe Scrubber 114 77%

21% EGR/Cat/Mesh Filter 72 49%
(Cooled)

21% EGRI~esh Filter 54 36%
(Cooled)

Limiting EQI Value (CO
dilution) :L
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TABLE S.3

Composite EQI Values for Comparison ofYatious Emission Control·Strategies

(derived from data from steady state engine test stand data)

(Deutz F8L-4l3 Engine)

RPM/k''; Device EQI % Baseline

.
PTX Catalyst 364 131%

10% EGR 332 (295) 118%

Emulsification 281 (205) 100%

Baseline 279 100%
2300/138 Cat/Mesh Filter (Dry) 131 47%

Mesh Filter (Dry) 107 38%

Corning Filter 92 33%.
10% EGR/Corning Filter 82 29%

Limiting EQI value (CO2
dilution) 56

Emulsification 251 174%

PTX Catalyst 235 163%

Baseline 144 100%

2300/103
10% EGR 123 86%

EGR/Emuls/Corning Filter 86 60%

Corning Filter 71.9 50%

10% EGR/Corning Filter 40 28%

Limiting EQI Value (CO2
dilution) 47
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1. INTRODUCTION

Diesel engines are used extensively underground in Canada and

in many parts of the U.S.A. The possibility of increased dieselization

of North American mines has raised concern over the possible health

impact, on underground workers, of exposure to diesel exhaust emissions.

In view of this it would seem necessary to ventilate the mine to as safe

a level as possible. Since there are limits to the amount of ventilation

air which can be employed, it is important to develop diesel emission

control technology in order to reduce ventilation costs, and allow more

equipment to work wi.thin a given area.

The General Introduction and Executive Summary relating to

this report deals in more detail with these considerations and discusses

some of the emission control approaches and the problems of assessing

the relative merits of these approaches.
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2. CURRENT AND PARALLEL TECHNOLOGY DEVELOPMENT

2.1 Literature Review

At the commencement of the project, a literature review was

carried out to determine that all pertinent material had been collected

relevant to this work area. It was apparent at that time that there was

little material of direct interest and relevance to diesel exhaust control

with water scrubbing and filtration techniques. Most information related

to catalyst control, or to engine modifications (injector, timing

variations, etc.) which affect exhaust emission characteristics (4) (5) (6).

Engine maintenance is also extremely important in its effect qn exhaust

emissions. Some information was obtained on fabric filters for sub-micron

particulate(7), which showed that very high collection efficiencies could

be achieved with large (>10 microns) and very small «0.1 micron) particles.

Even at the worst size range of 0.4 microns, however, efficiencies of 90%

were possible. In contrast, electrostatic precipitators generally exhibit

poor collection efficiencies for sub-micron particles, which would require

the control device to be impractically large for on-board use. 90%

particulate removal efficiency is claimed by a Japanese invention which

comprises a water vapourizer, cooling pipe, and exhaust filter. Water

droplet formation in the cooling pipe is claimed to improve the efficiency

of the downstream filter.

For venturi scrubbers, removal efficiency is largely a function

of the energy consumed in the particle to liquid contact. Since this is

achieved by passing the liquid and particles through the venturi throat

where the velocity is increased dramatically, the efficiency is largely

a function of the pressure drop across the throat. Efficiency increases

with increased pressure drop and decreases with decreased particle size.

For submicron particles, efficiencies of 90% are possible at the higher

pressure drops.
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z.z Parallel Research Effort at ORF

Parallel studies carried out at ORF at the commencement of this

project included:

Analysis of Diesel Exhaust Emitted from Water Scrubber

d Ca 1 . P . f' (8)an ta yt1C ur1 1ers.

Emission Control of a Detroit Diesel 8V-7lN Engine

Derated for Underground Use. (9)

Emission Control of a Deutz F6L-7l4 Diesel Engine,

Derated for Underground Use, by Application of

Water/Oil Fuel Emulsion. (10)

Development of an Emission Control System for

Underground Diesel-Powered Equipment; Performance Data. (11)

A summary of the findings of these projects is outlined below.

Conventional Water Scrubbers and Catalysts

but will absorb 90% of the SOZ.

those of particulate removal.

These scrubbers have no effect on CO or NO emissions,
x

Hydrocarbon removal efficiencies .parallel

Conventional water scrubbers already in use in some mines,

principally as flame proofing devices, are only marginally effective in

reducing diesel particulate emissions. Removal efficiencies of 30% are

achieved on average.

Catalysts tested were monolithic Englehard PTX converters. These

were found to be extremely effective in reducing CO and THC emissions

(90% reduction). NO was however, oxidized to NOZ' and SOZ was oxidized to

S03 and HZS04 , which could be a disadvantage of using catalysts alone as

an emission control device for underground diesel engines at their particular

range of exhaust temperature operation.

Combination of the catalysts with a conventional water scrubber

showed additional benefits. Particulate removal efficiency in the water



~ 50 -

scrubber improved to 50% and, in addition, about 30% of the H
2

S0
4

produced

by the catalyst was removed by the water scrubber. This illustrates the

benefits of employing combined systems for emission control.

Venturi Scrubber

Tests carried out on the efficiency of a venturi scrubber for

diesel particulate removal (11), showed, however, that while collection

efficiencies of >50% were possible at 40" pressure drop, the back pressure

in engine exhaust increased particulate formation, so that the overall

control efficiency, relative to a bare engine, was closer to 30% at some

load/speeds. That is, despite the apparently good potential of the venturi

scrubber for fine particle removal, it is limited by the back pressure

effect on the engine. The increased design complexity of the venturi

scrubber would not therefore be justified for use in hard rock mines,

but may be justified in coal mines where flame proofing is required.

Water Emulsions

Unstabilized water/diesel fuel emulsions, applied to a Deutz

F6L 714 diesel engine, were found to be effective in co~trolling both

This is the only method known which canNO and particulate emissions.
x

control both of these emission components with one technique. About 50%

reduction in both NO and particulate emissions could be achieved.with
x

15% w/w H
2
0/diesel emulsions. Some penalty in the form of increased CO

and THC emissions occurred, especially at intermediate load/speed conditions.

Details of the techniques employed, and results obtained, are contained

in SAE and CIM publications (12)(13)

2.3 Other Technology Development

During the course of this project, other developments in the

field were closely monitored. It was found possible to incorporate some

of these developments into the project in order to maintain the objective

of employing best available technology. Developments are summarized below.
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Advanced Venturi Scrubber

Follow on ymrk by CANMET from that carried out at ORF has

led to the development of a model which may allow the achievement of

higher particulate collection efficiencies than that of the earlier ORF

work. A scrubber, ba.sed on this model, has been constructed by CANMET,

and is scheduled for testing by ORF in future programs.

Johnson Matthey Catalyst Trap Oxidizer

Early wo~k by Ricardo(14) on spiral soot scrubbers, and

parallel studies by Johnson Matthey has led to the development of a catalyst

trap oxidizer system (15). This system comprises a catalyst coated wire

mesh located in the exhaust manifold. The mesh traps particulate matter,

and the catalyst aids the periodic combustion of the particulate as the

trap loads up with particulate, according to the load/speed condition of

the engine. High filtration efficiencies are claimed with their latest

model (JM 10), with satisfactory combustion and minimum "blow-off" of

particulate matter. This system merits investigation over a typical mines

duty cycle, to assess the products of combustion during regeneration, and

determine how much H2S0
4

may be produced. It is expected that this will be

carried out by ORF in a future parallel contract.

Texaco Filter

An Alumina coated metal wool particulate filter has been developed

by Texaco for the control of diesel particulate emissions. High efficiency

over a wide range of engine speeds and exhaust gas velocities has been

reported (16). Regeneration of this filter was achieved with a catalytic

torch fired by propane. This involves placing a catalyst upstream of the

filter and injecting propane into the hot exhaust gas upstream of the

catalyst. The exothermic reaction of propane on the catalyst raises the

exh?ust gas temperature in order to initiate combustion of particulate on

the filter. Further development of the catalytic torch is required, however,

to determine its commercial viability.

Corning Filter

Development of a ceramic filter for diesel particulate has been

developed by Corning Glass Division (17) This is an extension of their

work on monolithic ceramic supports for automotive catalysts, and uses
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similar materials except that alternate channels in the honeycomb are

closed, to force the exhaust gas through the walls of the ceramic material

which produces the filtering action. This technology was of sufficient

interest to allow incorporation of test work within the p:esent project.

Furthermore, CANMET, are undertaking field trials of such filters under­

ground in order to assess durability potential. Progress in the development

of this technology for underground diesels is reported herein.

3. BASELINE

3.1 Test Engines

Two test engines were used in this project:

Deutz F6L 714, indirect injection, 9.5£ V-6, air cooled;

Deutz F8L 413, indirect injection, 12.8£ V-8, air cooled.

General specifications for both engines are shown in Table 3.1. The

F6L 714 engine is representative of mining engines presently in common use

and the F8L 413 engine is a late model engine, which is likely to replace

the outmoded 714, and may therefore be representative of a typical mining

engine which will be in common use in the future.

Serious mechanical problems were experienced with operation of

the new 413 series engine including cylinder glazing and ring problems,

excessive oil consumption, valve problems, overheating problems, and fuel

pump problems. Considerable effort was involved, working with the engine

manufacturer, to ov.ercome these problems. Details of the problems experi­

enced, and corrective action taken are included in Appendix I.

Both engines were installed on engine dynamometer test beds

(Clayton 700 C.E., water brake). Emission tests were carried out over a

range of steady state load/speed conditions, typically:

rated speed,

1900 rpm,

1600 rpm,

full, 3/4, 1/2 load

full, 3/4, 1/2 load

full load
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. The fuel used throughout the series of tests was Gulf Diesel 40, a typical

winter grade diesel fuel commonly used in Canadian mines. Typical fuel

specifications are shown in Table 3.2.

3.2 Analytical Techniques

Gaseous analysis was carried out using conventional NDIR and

chemiluminescent instrumental techniques. Particulate analysis was carried

out using the EPA Method 5 sampling technique with a train manufactured by

Joy Manufacturing. Sulphuric acid analysis was carried out using a controlled
(17)

condensation technique developed at ORF Details of instrumentation

and analytical methodology are provided in Appendix II.

3.3 Baseline Emissions

3.3.1 Deutz 714 Engine

Work on the 714 engine was conducted during the first phase

of this project which involved rapid scanning of a number of emission

control devices with the objective of selecting only the most promising

approach for further study. The number of load/speed conditions

employed were therefore smaller than that used in the subsequent phase

with the 413 engine.

Table 3.3 shows typical particulate emission rates from

the Deutz F6L 714 engine. Two injection timings are indicated 240 and

27° BTDC. 27° BTDC was originally recommended by Deutz Diesel, but the
o

mining industry currently uses 24. It is clear that emission

characteristics are more favourable at 24° BTDC. Table 3.4 shows a

comparison of the particulate emissions from the left and right banks

of the engine. This data was important in relation to tests of a water

scrubber, described later in the report, which was si~ed for one bank

of the engine exhaust only. The right and left bank exhausts are not

identical, which complicated a comparison of the left bank scrubber

controlled exhaust with the uncontrolled right bank exhaust.
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Table 3.5 shows typical uncontrolled gaseous emission

characteristics at 24° BTDC*injection timing. CO emission rates range

from 25 to 66 g/hr, THC 5 - 14 g/hr and'NO from 212 to 306 g/hr.
x

3.3.2 Deutz 413 Engine

More detailed data was obtained on the eight cylinder 413. engine.

Table 3.6 shows typical engine operating characteristics for this engine.

During baselining of this engine, engine problems were experienced

as described in Appendix I. As a result, the emission charact~ristics shown

in Tables 3.7, 3.8 and 3.9 are abnormal, and represent a condition where

high CO and THC emissions may have resulted from oil blowby past the piston

rings. Table 3.7 shows particulate emissions rates, characterized by

insoluble and soluble organic fractions, as well as total particulate emissions,

over seven steady state load/speed conditions. Tables 3.8 and 3.9 show

emission concentrations and rates obtained over 12 load/speed conditions for

CO and THC emissions, and NO, NO Z and NO
x

emissions respectively.

Because it was considered that the engine was operating abnormally,

further baseline tests were conducted during testing of control device

efficiency, and the data obtained at that time used as a comparison with

that obtained downstream of such emission control systems. It is apparent,

for example, that higher CO and tHc emissions can be observed at intermediate

loads for 2300 rpm in Table 3.8 as compared with Table 9.8.

The following sections examine the effects of various emission

control techniques, in modifying the baseline emission characteristics.

* ~LDC (3cforc Top Dead Centrc).
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TABLE 3.1

Deutz F6L 714 Characteristics

No. of Cylinders

Bore em (in)

Stroke em (in)

Displacement t (cu. in)

Compression Ratio

Combustion Process

Fuel Injection System

Max. Power at Rated Speed

6V

12.0 (4.72)

14.0 (5.32)

9.5 (579.1)

19.2:1

Swirlchamber

Bosch

135 BliP @ 2300 RPM

Deutz F8L 413 Char~cteristics

No. of Cylinders

Bore em (in)

Stroke em (in)

Displacement i (cu. in)

Compression Ratio

Combustion Process

Fuel Injection System

Max. Power at Rated Speed

11ax. Torque at 1500 RPM

8V

12.0 (4.72)

12.5 (4.92)

12.76 (779)

19.5:1

Swirlchamber

Bosch

185 BHP @ 2300 RPM

500 Ib.ft
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TABLE 3.2

Gulf Oil Canada Limited

Diesel 40 Fuel Specifications

Specific Gravity 0.818

API Gravity 41.6

Colour +20
0

:Flash F 138
0

Cloud F -52

Pour of -55

Distillation

% Recovered

I.B.P. 320

10 367

50 421

90 503

F.B.P. 545

Recovery 99.0

Residue 1.0

Loss 0.0

c/H Ratio 6.4

Carbon % 86.5

Hydrogen % 13.5

Sulphur % 0.16

Nitrogen ppm 17
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TABLE 3.5

Baseline Gaseous Emissions fram

Deutz F6L 714 Engine

i

Exhaust Speed Load Torque Cone. Emission Rates

Component rpm kW Nm ppm g/kW.hr g/hr g/kg Fuel

2200 93 407 122 0.702 65.5 2.41

CO 2200 71 305 92 0.724 51.3 2.39

1625 70 407 60 0.350 24.8 1.28

2200 93 407 40 0.145 13.6 0.498

THC 2200 7]" 305 30 0.146 10.35 0.481

1625 70 407 20 0.0731 5.18 0.267

NO 2200 93 407 530 3.27 305 11.20

1625 70 407 480 3.00 212 10.94.

N02
2200 93 407 <1 0.01 <1 0.01

1625 70 407 <1 0.01 <1 0.01

NO 2200 93 407 530 3.27 305 11.20
x

1625 70 407 480 3.00 212 10.94
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TABLE 3.6

Deutz F8L 413 F/W Engine Characteristics

Flow Rate, Flow Rate, Fuel
Speed Load FuRl/Air Dry Wet % H2O Consumption
(rpm) (kW) t~o

(SCMM) * (ACMM) * (kg/hr)

2300 139 0.0433 10.7 32.0 8.9 35.4

2300 103 0.0350 10.5 27.3 7.5 28.1

2300 69 0.0267 11.3 24.8 6.0 22.7

2300 35 0.0192 11.2 20.7 4.7 16.3

2000 132 0.0386 11.0 30.1 8.3 32.6

2000 99 0.0278 11.5 25.6 6.4 24.5

2000 66 0.0240 10.6 21.2 5.6 19.4

2000 33 0.0162 11.0 18.5 4.1 13.3

1600 112 0.0395 8.17 21.8 8.4 25.0

I 1600 84 0.0302 8.44 18.8 6.7 19.6I

1
1600 56 0.0212 8.66 15.8 5.1 14.1

1600 28 0.0132 9.08 13.6 3.6 8.9

I

*SCMM - Standard Cubic Metres per Minute

*ACMM - Actual Cubic Metres per Minute
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TA:BLE 3.8

CO andTHC Gaseous Emission Characteristics

from a Deutz F8L 413 Engine

I
I

Total Hydrocarbons as Methane Carbon Monoxide
Speed Load
(rpm) (kW) ppm g/kW.hr g/hr

g/kg ppm g/kW.hr g/hr g/kg
Fuel Fuel

2300 139 87.5 0.294 40.8 1.15 80.0 0.430 59.6 1.68

2300 103 69.0 0.303 31.2 1.11 45.0 0.321 33.0 1.18

2300 69 79.0 0.544 37.7 1.66 92.0 1.04 72.5 3.19

2300 35 83.5 1.11 38.7 2.38 171.5 3.80 133.0 8.19

2000 132 57.0 0.204 26.9 0.82 140.0 0.805 106.0 3.26

2000 99 61.5 0.301 29.9 1.22 127.0 . 1.02 101.0 4.14

2000 66 48.5 .0.326 21.6 1.12 28.5 0.318 21.0 1.09

2000 33 41.5 0.573 18.8 1.42 26.0 0.605 19.8 1.50

1600 112 57.5 0.181 20.2 0.808 126.0 0.636 71.2 2.84

1600 84 50.5 0.214 18.0 0.924 92.0 0.640 53.9 2.76

1600 56 59.5 0.384 21.5 1.52 96.0 1.04 57.8 4.10

1600 28 101.0 1.32 37.4 4.18 205.0 4.53 128.0 14.4
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4. EXHAUST GAS RECIRCULATION (EGR)

Exhaust gas recirculation is known to reduce NO emissions, but
x

has adverse effects on most other exhaust constituents. The effect of EGR

on the emission characteristics of both the 714 and 413 engines was there-

fore investigated to determine the magnitude of the effects created, and es~ab­

lish opportunities for employing EGR together with some other control device.

4.1 Deutz 714 Engine

The EGR system used on the 714 engine test bed is shown in.

Figure 4.1. The effect of EGR on engine performance is shown in Table 4.1.

As the EGR is increased, the OEM rated speed and full load condition cannot

be maintained without pro-rating the fuel pump to a higher fuel delivery

rate. The effects are small, however, at about the 10-15% EGR level.

The effect of various percentage EGR on gaseous emission

rates is shown in Table 4.2. Significant reductions in NO are apparent,
x

ranging from 40 - 50% at 10% EGR, to 65 - 70% at 20% EGR. The trade-off

occurs with increased CO and THC emissions. At 3/4 full load, and 21%

EGR, CO increases of 540% occur. However, the effect on CO emissions at

lower load conditions and smaller percentages of EGR is less severe. For

example, CO is increased only 30% by 21% EGR at rated speed and half load.

The effect of EGR on the insoluble particulate emission rates

is shown in Table 4.3. Again high loads, and high percentages of EGR

create very large increases in particulate matter. At lower loads and

lower EGR rates, the effect is less severe, but increases of 60 - 80%

are still observed.

The overall effect of EGR on gaseous and particulate

emissions-rates from the 714 engine, is summarized in the bar chart of

Figure 4.2. A comparison is made of the effect of 22% EGR under high load

conditions versus the effect at lower load conditions. It is c~ear that

the trade-off of increased CO, and particulate emissions, for similar NO
x
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reductions, is much less severe at lower load conditions. THC emissions,

however, are increased slightly. The N02 component of the NO
x

in these

tests was very low, and not recorded.

4.2 Deutz 413 Engine

Similar effects on emissions have been observed with EGR applic­

ation to the 413 engine. Table 4.4 shows the effect of various percentages

of EGR on CO and NO emission rates, under different load/speed conditions.
x

In this case the maximum EGR application was limited to 17% and at full

load condition, only 10% EGR wa~ applied. Ten percent EGR at full load

was sufficient to reduce NO emissions by 40%, while CO increases were
x

limited to about 90% at lower load/speed conditions and 10% EGR, only small

increases (10%) in CO emissions were observed. The situation was a little

worse at 17% EGR, where a 30% increase in CO emissions occurred at 2000 rpm,

half load condition. It should be noted that baseline CO emissions shown

in Table 4.4 are greater than that recorded later in this report. This is

again due to the 413 engine oil consumption being abnormally high at this

stage in the project.

With EGR limited to 10 - 15%, the effects of particulate emissions

are much less severe than was observed with the 714 engine. This is clear

by examination of Table 4.5 Most of the increase in particulate emissions

is due to an increase in the insoluble fraction, while considerable

reductions in the soluble organic fraction are evident. This results in

the total particulate increasing by 60% at full load/full speed with 8% EGR,

and decreasing by 17% at 2000 rpm, half load, with 15% EGR, which also

reduced NO emissions by 50%.
x

4.3 Conclusions on EGR Application

Application of EGR lowers NO emissions, and increases CO,
x

THC and particulate emissions. Increases observed are greatest at high

loads, and high percentages of EGR. At lower load/speed conditions, the

effects are much less severe, due largely to the reduction in SOF which

becomes a significant fraction of the total particulate at these load/speed

conditions.
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It is unlikely that EGR could ever be used alone as an emission

control approach without the aid of some additional device to minimize

increases in CO, THC and particulate emissions, especially under full load/

speed condition.
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TABLE 4.1

Effect of EGR on Engine Performance

for a Deutz F6L 714

Speed Load Torque

I
EGR Air Intake Exhaust Fuel Consumption

(rpm) (kW) Nm. % Temp. Temp. Rate

I °c °c kg/hr

\

I

93 407 0 28 546 27.2
,

2200
I

91 395 I 11.0 33 556 27.6

89 388 I 21.8 42 568 27.5

I
70 407 0 31 468 19.4

1625 70 407 10.9 36 479 19.4

69 403 21. 7 42 509 20.1

71 305 0 34 457 21.5

2200 71 305 10.7 39 460 21.3

71 305 21.4 42 473 21.4

l~8 305 0 - 343 14.0

1500 l~8 305 10.7 - 342 13.8

48 305 21.3 - 336 13 .6 I
I
I

I i
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TABLE 4.3

The Effect of Various Percentages of EGR

on the Particulate Emissions of a

Deutz F6~ 714 Diesel Engine

!

Average Particulate Concentration
and Emission Rates

Speed Load Torque EGR Insoluble Particulate Matter
(rpm) (kW) Nm %

mg/m3 g/hr
% (1)

Increase

2200 93 407 0 52.5 24.2

21.6 431. 2 186.6 671%

0 86.0· 30.4

1625 70 407 10.8 178.4 56.3 85%

21.6 431.4 119.7 294%

2200 71 305 0 26.1 12.5

21.6 53.0 19.9 59%

I

(1) Based on mass emission rates.
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d - EGR Control Valve e - Right Bank Intake Air Cleaner

FIGURE 4.1: View of Air Intake and EGR Control Valve.
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FIGURE 4.2:

Effect on Emissions of 22% EGR

at Full Load vs 22% EGR at Off Fu11.Load

on a Deutz F6L 714
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5. PTX CATALYST

5.1 Test Conditions

Engelhard PTX catalysts are presently in common use

underground. An assessment is made here of their performance. Similar

catalyst performances were obtained on both the 714 and 413 engines. Data

is reported here for the 413 engine only. Two Engelhard PTX 623D catalysts

were mounted close to the exhaust manifold of the engine, one on each

bank of the exhaust. The new catalysts were subjected to an aging period

of approximately 30 to 40 hours.

To establish the catalyst performance at various exhaust

gas temperatures the following twelve load/speeds were selected:

2300 rpm )

2000 rpm )

1600 rpm )

These engine conditions produced a range of exhaust gas temperatures from

148
0

C to 536°C (298oF to 997
o
F). Table 5.1 gives results of the tests

showing catalyst temperature, fuel/air ratio, catalyst back pressure,

exhaust flows, space velocities, and fuel consumption rate. From this

table it can be seen that the higher exhaust temperature~ are consistent

with higher catalyst back pressures, higher space velocities (actual

conditions) and cons,equently reduced contact times. Figure 5.1 illustrates

the relationship of space velocity (standard) versus engine speed and load.

Space velocit:y is the volume of gas passing through a unit volume of a

catalyst per unit time under specified conditions.

5.2 Emission Testing for S02/~2S~

A total of 10 sulphate tests were conducted during catalyst

aging. Tests were conducted at a post-catalyst location using the controlled

condensation sampling system. This sytem allows for the quantitative

collection of sulpha.tes (S04-) and sulphur dioxide (S02) from hot exhaust

gas st:reams. The sa.mpling system withdraws exhaust gas (11 tfmin) through

a glass probe maintained at 250
0

C followed by a glass cooling coil
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(@ 700 C). The sulphate fraction is removed in the coil while sulphur

dioxide is removed in a set of impingers, downstream of the coil, containing

a 3% hydrogen peroxide solution. Solutions are subsequently analyzed

using a spectrophotometer to determine the sulphur concentrations. (See

Appendix II).,

Table 5.2 gives average results of the ten sulphate tests and shows

that at higher catalyst temperatures to 4500 C there is increased conversion

of S02 to S04-. This conversion is reduced considerably at lower temperatures

(i.e. <3000 C). It seems apparent, therefore, that the conversion is affected

more by exhaust temperature than contact time of the exhaust with the

catalyst. The accountability of fuel sulphur is very good (~95%) for the

tests conducted.

The relationship of sulphate and sulphur dioxide in g/hr and g/kW-hr,

respectively, versus catalyst temperature is shown in Figures 5.2 and 5.3.

A significant increa.se in sulphate emission is apparant in Figure 5.2 at
o 0

catalyst temperature:s of about 350 C to 450 C, which correspond to fuel/air

ratios of approximately 0.028 to 0'.040.

As shown in Figure 5.4, above 4500 C to the last data point at

about 540
0

C, the conversion of S02 to S04- begins to falloff increasingly .

. This is consistent with the literature of catalytic oxidation of S02 and
(18 19) 0

is apparently well lmown ' . Above about 450 C, the reaction is in

thermodynamic equilibrium and the decomposition of S03 is increasingly

favoured. An example of this effect is described in Figure 5.5 for a 300

ppm sulphur content fuel as a function of catalyst temperature and oxygen
. (LO)

concentration for temperatures above 4000 c.

5.3 JB:mission Testing for Hydrocarbon, Carbon
Monoxide and Oxides of Nitrogen

Concentrations of total hydrocarbons (THC as methane CH
4

, carbon

monoxide (CO) and oxides of-nitrogen (NO
x

as NO and NO
Z

) were measured

continuously throughout the catalyst aging procedure. Sampling was conducted

befon~ and after thE~ right and left bank catalysts.
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Table 5.3 provides concentration and emission rates of both CO

and THe emissions upstream and downstream of the catalyst. Plots of the

percentage reductions of THC and CO versus catalyst temperature and fuel

air ratio are present:ed in Figures 5.6 and 5.7 respectively'. Significant

reduct:Lons in THC and CO occur above a catalyst temperature of about

2500 C and a fuel/air ratio of 0.020.

Figures 5.8 and 5.9 show inlet and outlet THC emissions upstream

and downstream of the catalyst, expressed as gram/hr and gram/kW-hr,

respectively. Figures 5.10 and 5.11 show similar data for CO emissions.

A consistent pattern is evident with respect to improved catalyst- efficiency

at the higher temperatures. It is clear that at low loads, engine combustion

efficiency results ill less CO and THC emitted at 2000 rpm than at other

speeds. At the lower speeds, however, the catalyst temperature is insufficient

to allow significant oxidation to take place.

NO concentrations and emission rates are provided in Table 5.4.
x

Emission rates of NO
x

as N0
2

in g/hr and g/kW-hr are given in Figures 5.12

and 5.13. Some N0 2 (45 ppm max.) was noticed at the pre-catalyst locations.

The N0
2

concentrations at this location increased as the load was decreased

for given engine speeds. Post catalyst N0
2

concentrations were generally

higher at the higher catalyst temperatures; however, the N0
2

concentrations

are lower than pre-catalyst concentrations for lower catalyst temperatures.

Both Figures 5.12 and 5.13 show higher emission rates of NO for all loads
x

at the 2000 rpm speed. This is probably due to improved combustion at this

speed condition which was also noted for THC and CO.

Figure 5.1.4 shows pre and post catalyst N0
2

emission rates

(g/hr) versus temperature. It is interesting to note that at low catalyst

temperatures the catalyst appears to convert N0 2 to NO. This occurs up

to a catalyst temperature of about 260
0

C and then N02 emission rates are

higher after the catalyst.
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5.4 Conclusions on PTX Catalyst Performance

Table 5.5 s1ummarizes the performance of the Engelhard PTX

catalysts, which are 'widely used in underground mining operations.

Efficiencies for reducing CO and THC emissions are very high, but there

is a trade-off in the form of increased N02 and H2S0
4

emissions created by

oxidation of NO and S02.

It would appear that such catalysts for use on underground diesels

would be better applied in combination with some other device or technique

~mich would minimize the N0 2 and H2S0
4

emissions produced.
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6. WATER SCRUBBER AND WATER SCRUBBER SYSTEMS

6.1 Scope

. Wate.r scrubbers are used presently on some underground vehicles,

principally as flame proofing devices. An evaluation was therefore made

of the effect of such devices on exhaust emission characteristics. Two

water scrubbers were tested:

Domi.no combined catalyst/water scrubber system;

Gaspe Mines water scrubber.

Both scrubbers were tested on an F6L 714 engine only. Since the Domino

device was supplied as a combined catalyst/water scrubber system, tests of

the Gaspe Mines scrubber were also conducted in a systems approach,

employing catalytic and EGR techniques together with the water scrubber.

6.2 Domino Catalyst/Water Scrubber System

A diagram of the cross section of the Domino scrubber is shown

i.n Figure 6.1. It cmmprises a monolithic catalyst located close to the

exhaust manifold together with a multipass water scrubber through which

t:he exhaust must pass before emission to the atmosphere. Figure 6.2

shows a photograph of the test set-up. Testing was carried out at two

engine load speed conditions:

1850 rpm and 78 kW (3/4 load)

1625 rpm and 70 kW (3/4 load)

1850 rpm was the highest speed which could be achieved while maintaining

an acceptable water level in the scrubber. Higher speeds blew most of the

~Nater out of the scrubber.

The scrubber was mounted on the left bank of the exhaust only,

and an equivalent back pressure applied to the right bank by installation of
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a butterfly valve immediately downstream of its exhaust manifold. Emission

testing was carried out with a water make-up delivery system installed to

replace contipuously lost water, through evaporation. Test results are

therefore reported with the water maintained in the scrubber at an optimum

level.

Table 6.1 shows the scrubber operating parameters of back pressure,

inlet and outlet exhaust temperature, scrubber water temperature, inlet

and outlet exhaust mclisture content, and scrubber water evaporation rates,

rneasun~d at the two load/speeds tested. Back pressures and water evapor­

arion rates are similar to those measured during operation of a Gaspe

Copper Mines 'water scrubber tested in an earlier ORF study(8). However,

the Domino water box contains only 23 litres of water in steady state

operat:ion at 1853 rpm, 3/4 load, in contrast to the Gaspe scrubber which had

an operational capacity of 90 litres at 2200 rpm, full load, full exhaust

treatml~nt. Thus the outlet exhaust temperatures were higher with the Domino

than the Gaspe being typically l80
0 e with the Domino, and 700 e with the

Gaspe. As a result of the scrubber water capacity of the Domino scrubber,

it would be evaporatl~d to dryness in less than one hour at 1625 rpm, 70 kW

load using the exhaust from one engine bank.

Gaseous emissions from the left bank of the exhaust, equipped

with the Domino scrubber, are compared with the uncontrolled right bank

exhaust in Table 6.2. CO and THe emissions are very effectively reduced

by the catalyst. NO emissions are, however, reduced only at the expense

of an increase in N02 emissions.

Particulate emission data are shown in Tables 6.3 and 6.4.

Table 6.3 shows the particulate emissions from the left bank of the

Deutz exhaust, with and without the Domino scrubber installed. Total

partic:ulate is increased with the Domino installed, in part due to the

increased back pressure created by the device, and in part due to sulphate

production by the catalyst. A breakdown of the particulate matter is shown
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in Table 6.3 for insoluble matter, and a combination of the soluble organic

fraction with sulphuric acid. It is clear that the Domino is doing little

for the removal of pa~ticu1ate matter from the Deutz exhaust.

The reason the comparison was made in Table 6.3 of the uncontrolled

and controlled left exhaust bank was due to the finding (see Table 3.4)

that the particulate emissions were different from the right and left banks

of the engine.. This made it unsatisfactory to compare the Domino equipped

left ba.nk with the uncontrolled right bank exhaust using simultaneous

sampling, as had originally been intended. This makes it clear, that it is

generally unsatisfactory to try to determine the control efficiency of a

device when it can be used to treat only half of the exhaust flow. Table

6.4 shows the effect of increased back pressure on the right bank exhaust

particulate emissions. Total particulate emissions are increased about

10% with 50 60 cm H20 increase in back pressure. This explains, in part',

the increased particulate emissions observed when the Domino exhaust at

60 - 80 cm H20 back pressure are compared with the normal uncontrolled exhaust

at a back pressure of 13 - 17 cm H
2
0.

It is to bE~ concluded that the present design of the Domino

scrubbier allows catalytic control of CO and THC emissions, and acts as an

exhaust cooler and flame trap, but acts adversely in terms of increase

in total particulate emissions (due to back pressure effects and sulphate

production), and in terms of increased N0
2

emissions.

6.3 Gaspe Water Scrubber Systems

Because th,e Domino scrubber was undersized and difficult to

test, it was decided to continue testing of water scrubber systems using

a water scrubber which had been obtained from Gaspe Copper Mines, and

was si.zed to accommodate the exhaust from both banks of the F6L 714 engine.

Figure~ 6.3 shows a layout of the scrubber which is a simple single pass

unit, while Figure 6.4 shows a photograph of the installation on the test

bed. Tests were carried out with a combination of the PTX catalyst and
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Gaspe scrubbe.r, and further scrubber systems were examined by combining

EGR with the catalyst/scrubber·device.

Table 6.5 shows the difference in gaseous emissions measured

upstream of the scrubber (but downs.tream of the catalyst)and downstream

of the scrubber. CO and THC emissions are low as a result of catalytic

oxidation, ar~ the effect of the scrubber is therefore difficult to assess.

However, it is apparent that about 5 to 20% of the NO was converted to

N0
2

by the scrubber, possibly as a result of increased residence time of

the gas in the scrubber exhaust system.

The effect of EGR on the catalyst/scrubber system is shown in

Table 6.6. All measurements were. taken at the outlet from the catalyst

scrubber while 0, 10.8 and 21.6% EGR was applied to the system. 21.6%

EGR decreases the NO emission rate by 64% to 75%, and 10.8% EGR decreases

it by 39 to 50% at the four engine conditions tested. N02 formation in

this system is seen to be a complex phenomenum, but clearly, the EGR

reduces the ,amount of N0
2

produced by the catalyst/scrubber combination.

CO and THC emissions are not greatly increased when EGR is applied to

the catalyst/scrubbE~r system, which suggests that the catalyst is capable

of controlling the increased CO, THC emissions produced by EGR (see

Section 4).

Th.eeffect of the EGR/catalyst/scrubber system on particulate

emissions is shown :in Table 6.7.

Without EGR application, the scrubber reduces the particulate

emissions by only 25-30%. At both high load conditions of 2200 rpm/93 kW

and 1625 rpm/70 kW, application of 21.6% EGR created very large increases

in palrticulate emissions (mostly insoluble matter), and the scrubber did

little to reduce these unacceptably high emission rates. Application of

21.6/.: EGR at the lower fuel/air ratio conditions of 2200 rpm, 71 kW

produced a more acceptable solution, since EGR increased particulates by
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only 30% which the scrubber was able to control. Similarly, 10.8% EGR

at the higher load conditions again produced more-acceptable emissions

almost back to the baseline condition of an uncontrolled engine.

6.4 Conclusions

Water scrubber technology will at best reduce particulate emissions

by about 30-%, and have little effect on gaseous emissions other than S02

which can be removed with 90% efficiency. The back pressure created by the

scrubber also tends to increase baseline particulate emissions, and water

consumption rates are high enough to create considerable maintenance

problems in order to ensure that the scrubbers contain sufficient water

at all times •

. In combination with a catalyst, however, there was a sound

j~provement in particulate collection efficiency, and when used in combin­

ation with small quantities of exhaust gas recirculation, the scrubber

\lTaS able to control the increased levels of particulate emissions to values

no greater than the uncontrolled baseline engine emissions. This demonstrates

the value of using combined devices for diesel emissions control, and much

more powerful approaches will be demonstrated later in this report through

the combination of more effective devices.
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e - Particulate Sampling Ports
(through wall)

f - Manifold Cooling Water Drain
g - Fuel Emulsification Control Panel
h - Engine Cooling Air Supply

Scrubber Test Set-Up.DominoFIGURE 6.2:

a - Domino Scrubber
b - Butterfly Valve
c - Make-up Water Delivery System
d - Water Level Sight Glass
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a - PTX Catalyst

b - Gaspe Scrubber

c - EGR Take-Off Point

d - EGR Control Valve

FIGURE 6.4:
,

Gaspe Scrubber/EGR Test Set-Up.
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7. FILTERS AND TRAP OXIDIZERS

7.1 USBM Mesh Filter

7.1.1 Cooled Filter

Basic studies of the filtration of sub-micron particlate

from gas streams carried out at the University of Waterloo, Canada,

resulted in the development of a number of filter media which were

c.onsidered" suitable candidates for the filtration of diesel exhaust

particulate. The basic studies were developed further at the U.S.

Bureau of Mines (USBM) Bruceton Research facility, and a full scale

filter was constructed suitable for testing in a mine diesel engine.

~I.fter preliminary tests had been carried out at Bruceton(22), the

USBM filter was shipped to the Ontario Research Foundation (ORF) for

testing under the current program. The filter was initially tested

on the Deutz F6L-7l4 engine, using exhaust which had been cooled by

water injection upstream. of the filter.

Installation of the filter in the exhaust system of -the Deutz

lengine is shown in Figures 7.1 and 7.2. Figure 7.1 shows the general

layout relative to the engine, with sampling ports located at the inlet

and outlet frmn the filter at points close to the vertical white

arrows indicating direction of flow.

The filter material used for the tests was Mister Mesh Type

Xl02, a fibreglass material knitted in a stainless steel mesh for

support. Each filter bale, as received from ACS Industries in Rhode

Island~, measured 38 em square by 81 em long. The number of single

filter sheets varied from one bale to another (160-170). The first

configuration employed in testing made it necessary to cut the bale

in half and place one half behind the other. The filter was compressed

and inserted i.nto a cage to prevent movement of the sheets. Dimensions



- 114

of the bale were then 38 cm square by 50 cm long, with the bale

positionE~d in' the holder so that exhaust gas flow was perpendicular

to the filter sheets. The bulk density of the bale was 185 kg/m3 •

Figure 7.2 shows a close-up of the filter, indicating the

point at which a water atomizing spray was used to cool the exhaust

ga.s. Because the exhaust gas temperature varied with load/speed

condition employed, there was some variation in water flow rate,

added to the exhaust, in order to cool the exhaust gas entering the
ofi.lter to approximately the same temperature of 75 C. In general, a

slight excess of water was employed over that required to produce

maocimum decrease in exhaust gas temperature by evaporation, that is,
othe gas entering the filter was saturated with water vapour at 75 C,

and contained condensed water. The water flow rate required to achieve

the condition was about 2.2 kg/min. A drain, located at the lowest

point of the filter allowed the water,collected in the filter to be

removed.

A critical aspect of filter operation on diesel exhaust,

rE!lates to the ease and effectiveness of cleaning the filter when it

bE!comes loaded writh particulate matter to the extent that the

pressure drop ac.ross the filter becomes unacceptable. The procedure

developed to cle,an the filter was as follows. The filter bundle was

rE~moved from the, container and immersed in the solvent Diverfos 207

for about 15 minutes. It was then removed, and hosed down with water

for about 30 minutes. It was then replaced in its container in the·

exhaust system, and evaluation of its effectiveness for particulate

matter continued.

Data showing the effectiveness of the filter in reducing

particulate matt:er is shown in Table 7.1 and Figure 7.3. Figure 7.3

shows a histogrc~ plot of the insoluble particulate matter removal

from the water cooled exhaust over operating periods of up to 12 hours.
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Excellent collection efficiencies of 75% to 85% are evident, with

the filter effieiency improving as it loads up. After lZ hours of

operation, the filter was cleaned as described earlier, and the

cleaned filter E~fficiency is shown, at time zero, to remain satis­

factory at 66%.

Table 7.1 shows details o£ the test series. Three load/speeds

were employed during the tests at elapsed times, from commencement of

the test, indicated in the table. Initial pressure drop across the

filter was found to be only 16 em HZO, increasing to 20 cm HZ'O after

12 hours of operation. This pressure drop is still within acceptable

limits for operation of the Qeutz engine. Manufacturer's specifications

allow for 100 cm H20 backpressure. After cleaning the filter, the

pressure drop reverted to a value, a little lower than that of the

clean filter, and the efficiency of removal followed a similar trend.

A plot of the variation in removal efficiency with pressure drop

across the filtE~r, as it loads up with particulate, is shown in Figure

7 .. 4 for a load/speed condition of l6Z5 rpm, 70 kW. Good correlation

is evident.

7 .. 1.2 Uncooled Filter

As part of the optimization of size and confi~uration for

the USBM filter,. the same size of filter with the same bale configur­

ation was installed on the exhaust system of the Deutz F8L-4l3 engine.

Being a larger E~ngine than the F6L-7l4 tested previously, and having

a higher exhaust flow rate, some impact on the size of the filter was

expected. In effect, since this filter size worked well on the smaller

714 engine, using the same filter on the 413 engine would show whether

downsizing of the filter was possible while still remaining effective.

In addition, since the use of cooling water in the earlier experiments,

was considered a complication feature for future practice, it was

dl~cided to investigate the feasibility of operating the filter in a dry,
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uncooled, condition. Stability of the material was therefore investi­

gated using thermal analysis.

The glass fibre material was separated from the wire mesh

and cut into shorter lengths of about 3 mm. A sample (3.4 mg) was

heated at 200 e/min 'to 7600 e in air flowing at 15 ml/min; and

examined by differential thermal analysis. An exothermic reaction

occurred from 200-400
0

e with a major peak at 304-3l5
0

e and two smaller

ones at 23loe and 354°e. No melting endotherm was observed at 7600 e,

and visual inspection of the sample after cooling, showed that the

filter material had not fused. The sample was also examined by

thermogravimetry, and observed to lose 0.74% of its weight from ambient

to 200°C, with an additional weight loss of 2.4% from 260-7000 e for

a total eight loss of 3.1%. The major weight loss was in the temper­

ature region where the exothermic reaction was observed. Reheating

°to 700 C caused only a very small weight loss of 0.3%. Based on the

results it appears that the Mister Mesh material should be capable

of withstanding diesel exhaust temperatures without cooling.

Table 7.2 shows the results of testing this filter on the

413 engine at full load/speed condition. The spread of the data

is greater than normally observed, particularly with respect to the

SOF, and is indicative of the mechanical.problems which were experienced

"rith this engine, which resulted in abnormally high oil consumption.

The uncooled filter showed insoluble particulate collection efficien­

cies ranging from 50% on a cleaned filter to 80% on a loaded filter,

that is, not greatly different froJ!l the cooled filter. Total particulate

collection efficiency was lower due to the impact of the SOF and ranged

from 50": on a cleaned filter to 70% on a loaded filter with an average

of 62%. Figure 7.5 shows plots of the collection efficiency and pressure

drop across the filter with operating time. The engine was stopped

and restarted once during the test series. The pressure drops across

the filter using the larger 413 engine were considerably greater than
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that observed ~.ith the 714 engine. After 5 hours operation, the pressure

drop reached 80 em H20 compared with only 30 em H20 on the 714 engine.

lliter 10 hours operating, the pressure drop reached the maximum

permissible backpressure for the engine. Figure 7.6 shows a profile

of the particulate loading on the filter as measured by pressure taps

located at different distances from the inlet bale face. The profile·

shows a reasoncilily uniform distribution, with no evidence of caking

or plugging on the face of the filter.

A further observation of the performance of this filter

~.as the finding of glass fibre particles on the particulate collection

filters. Photomicrographs of samples were prepared and analyzed using

a digitiser to measure the fibre lengths. Details of the analysis

are contained in Appendix III. Thirty three percent of the fibres

measured less than 0.3 mm and 77% less than 0.7 mm. The lowest detection

limit of this method, using the digitiser, is 0.1 mm, assuming all

fibres to be greater than 0.1 mm, it was calculated that the filter

concentration was 240 fibres/m3 gas. Further examination with different

methodology revealed fibres ranging from 2 - 20 micron diameter and

LfO - 1000 microns in length. These fibres are not respirable, but

are considered a nuisance dust.

In the present bale configuration, a larger filter would

be requ:Lred for the 413 engine. However, further optimization was

considered possible through changes in bale configuration which might

allow the prese:nt filter size to be maintained. Accordingly, a new

configuration was devised, where a new ACS filter bale was placed in

the filter holder such that the layers of material were vertical in

the holder, and parallel to the exhaust flow. This has been designated

as a parallel flow configuration. The bulk density was also lowered

to about 130 kg/m3 • Tests with this configuration showed that more

acceptable engi.ne backpressures were created during engine operating

and, further,. the filter bale was easier to clean after loading up with
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particulate. Table 7.3 shows that at full load/speed condition,

engine backpressure increased from 60 - 80 em H
2
0 in 12 hours

which is a significant gain in bale life over the previous configur­

ation, and higher filter bulk density. (A catalyst was installed

during the collection of these data, which added about 15 cm H
2
0

backpressure to that of the filter alone). It was clear that, even

'with a catalyst present, the present parallel flow configuration,

130 kg/m
3

bulk density, would allow the filter to operate for 24

hours at full load/speed condition before reaching the maximum

permissible 100 cm H
2
0 backpressure limit. Table 7.4 shows particu­

late collection efficiencies of this filter configuration over a range

of load/speed conditions. Disregarding the first test as a spurious

result, the total particulate collection efficiency ranged from 34-

67% with insoluble particulate removal ranging from 48-66%. C0!Ilparison

of the relativE~ efficiencies of the 185 kg/m3 and 130 kg/m3 filter

bales, at full load/speed condition can be made as follows:

Configuration

Perpendicular Flo'w

Parallel Flow

Bulk Density

3185 kg/m
3130 kg/m

Average
Insoluble Collection

Efficiency

71%

48%

Average Total
Particulate
Collection
Efficiency

62%

45%

Degradation of efficiency is significant, and there is clearly

a trade·-off between collection efficiency and load-up time.

It was considered that shorter load-up times than that

observed with the 130 kg/m3 filter would be practical. Therefore in

the next step towards optimization, the bulk density was increased to

150 kg/m3 while maintaining the parallel flow configuration. Table

7.5 shows the variation of insoluble particulate collection efficiency

with pressure drop across the filter at full load/speed condition.

High collection efficiencies are evident, and it was estimated that
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30 hours of operation would be possible before the engine backpressure

reached the maximum permissible level of 100 em H
2
0. Table 7.6

shows a similar set of data for total particulate matter. Correlation

of the data is not so good due to possible bleed-off from" the filter

of soluble organic material. A plot of the ~P/efficiency characteristics

for both the insoluble and total particulate is provided in Figure 7.7.

7.1.3 Conclusions on USBM Filter

Table 7.7 summarizes the bale endurance under different

conditions of configuration and density. For the 413 engine, it is
3 .

clear that the 150 kg/m density, parallel flow filter represents the

best design of the USBM filter. This design allows operation with

good efficiency for periods of about 30 hours between cleaning. The

filter c:an be operated dry in order to reduce the complexity of oper­

ation, amd cleaning of the filter is facilitated by the parallel flow

sheets allowing it to be opened up easily for cleaning. Some concern

remains, however, for long term durability, as fraying of the material

was obs€!rved during cleaning, and fibreglass emissions were found

during operation.

7.2 Corning Filter

During the course of this project, it became apparent that

technological advances were being made in the development of particulate

trap oxidizers for light duty diesel vehicles. One example of this technology

is the: development of a trap oxidizer, or filter, by Corning Products

Divisi,on of Corning Glass Works. It was possible to incorporate testing of

these filters through the co-operation of Corning Products Division who

suppli.ed filter units suitable for testing on the Deutz F8L 413 engine. The

two ceramic filter units supplied by Corning were installed in metal

contai.ners by Walker Manufacturing. The filter elements are 28.6 em diameter

by 30.5 em ill length, and are sealed within each container to prevent leakage.

The sealant also serves to reduce vibration of the element within the container.
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Figure 7.8 shows a photograph of a typical Corning filter element

together with a schematic of the porous wall filtering effect. Details of

the design and mode of filtering the exhaust are described by Howitt and

Montierth of Corning Products Division(22). Figure 7.9 shows a photograph

of both units installed on the Deutz engine test bed, and Figure 7.10

provides a close up View of one of the units with a scale showing the size

of the units.

The exhaust system of the Deutz engine was modified to accommodate

the Corning units. Each of the two units was located 36 em from the exhaust

manifold flange. This arrangement prevents simultaneous testing of the

upstream and downstream particulate loadings. Tests,therefore, were conducted

on the downstream side of the filter only, and efficiencies were based on

baseline testi.ng without the Corning units. Placement of the filter units

near the exhaust manifold where temperatures are high, provides a better

opportunity for achieving trap regeneration by combustion of the particulate

at the highest: exhaust temperatures.

Table 7.8 shows the baseline particulate emissions from the bare

engine at three load/speed conditions of 2300 rpm, 138 kW, 2300 rpm, 104 kW

and 2000 rpm, 63 kW. Table 7.9 shows, at the same -load/speed conditions,

the particulat:e emissions from the engine when equipped with the Corning

filters. The filters are clearly effective in reducing all particulate

emissions including r,emoval of some of the soluble organic matter. Table

7.10 averages the data and provides efficiencies for both insoluble and

total particulate. Efficiencies of 84% and 90% are evident for insoluble

particulate removal, and total particulate removal efficiency ranges from

69% to 83%. The effieiency of these units for reducing particulate

emissions is very satisfactory.

The durability of the units in terms of load-up time and possible

regenerative capability was examined by monitoring changes in engine back­

pressure with time as the filter loaded up with particulate matter. Engine
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backpn~ssure is, of c:ourse, a function of both the porosity of the filter

and thl: filter space velocity ,which in turn is related to the engine load/

speed condition. Figure 7.11 shows the increase in backpressure over a

period of 10 hours with the engine operating at 2000 rpm and 63 kW, that is,

about half full load condition. Both left and right bank exhaust pressures

are shown. These are different due to a difference in position of the

pressure sensor in each exhaust bank. It is suspected that the pulsating

nature of the exhaust creates a standing wave, so that the recorded pressure

:ls sensitive to the position of the pressure tap in the exhaust. Also

shown in Figure 7.li is the maximum backpressure limit which the en~ine is

capablE~ of tolerating. It is clear that at this load/speed condition, the

filter is not rapidly loading up, and after 10 hours had changed from a

backpressure condition, (left bank) of 30% of the maximum, to 40% of the

maximum tolerable backpressure. Figure 7.12 shows a similar plot at 2300

rpm and 10.4 kW. The rate of loading up of the filter has now increased,

and af1:er 7 hours of operation, the backpressure had increased from 35% to

50% of the maximum tolerable limit. This is considered quite a satisfactory

performance. Figure 7.13 shows the results of operating the engine and

filter at 2300 rpm, 138 kW, which is full load/speed condition. The

characteristics of pressure change with time are now different, and it was

observE~d that the engine backpressure decreased with time of operating

at full load/speed condition. This suggested that regeneration of the

filter was oCiC:urring by combustion of" the particulate matter.

Finally, Figure 7.14 shows a composite record of the variation in

engine backprl:ssure 'tirhich occurred at the different load/speed conditions

over the indieated time intervals. Also shown, is the exhaust temperature

at each load/speed condition. The vertical changes in backpressure which

occur w"ith eaeh change in load/speed condition are due to changes in filter

space velocity. Figure 7.14 shows that after loading up the filter at

2300 rpm, l04kW, partial regeneration can be achieved by operating the

Emgine at full load/speed condition and an exhaust temperature of 5500
C.

The partial regeneration can be observed by comparing the two pressure traces
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for 2300 rpm, 104 kW load/speed condition.

7.3 Filter Comparison Summary

Table 7.11 summarizes the essential data from the testing of

both the mesh (USBM) filter, in two versions, and the Corning Filter.

All three filters are satisfactory in reduction of particulate, reaching

high reduction levels of insoluble matter (85-90%) and substantial

reductions of soluble organics. The dry mesh filter, however, was very

variable with respect to SOF, perhaps due to the operation of a storage

effect.

The greatest concern in application of the filters is with

operating time and overall durability. This is limited by rate of back­

pressure increase which seems greatest for the high density, perpendicular

flow, mesh filter and most promising for the Corning filter. The 150 kg/m3

parallel flow mesh filter is also promisi~g in terms of operating time.

The most serious consideration with the mesh filters is the

potential attrition due to loss of fibreglass yarn and the need for frequent

off vehicle cleaning. The Corning filter seems more durable and apparently

has potential for extended on board operating periods. For this reason, the

Corning filter seems favoured for further development and optimization.
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TABLE 7.2

Particulate Test Results Run No.2.

For Bale 1 (Used Filter Bale) 2300 RPM 130 kW

Deutz F8L 413

Insoluble Total % Collection
Particulate S.O.F. Particulate Efficiency

Location (mg/m3) (mg/m3) (mg/m3) Insoluble Total

Inlet 61. 2: 21.5 82.7
54 50

Outlet: 28.1 13.1 41.2

Inlet 64.3 44.8 109.1
73 72

Outlet: 17.8 13.6 31. 5

Inlet 72.6 14.2 86.8
73 . 71

Outlet 19.7 5.41 25.1

Inlet 58.4. 12.0 70.4
75 47

Outlet: 14.7 23.0 37.8

Inlet 63.9 34.3 98.2
80 72

Outlet: 13.3 14.4 27.7

Average == 71 62
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TABLE 7.3

~P Characteristics (em H20) for USBM Filter for 'Sulphate Tests

Test Time Location Engine Back Pressure
No. (min. ) 1 2 3 Overall (Pre-Catalyst)-
1 0

5 9 13 18 21 56.
15 10 15 19 25 60
25 10 16 20 26 61
35 10 16 20 27 61
45 11 16 21 28 62
67 11 17 22 29 62
92 11 17 23 30 64

2 117 11 18 23 31 65
127 11 18 23 31 65
137 12 18 23 32 66

Engine Shut Down

3 0 11 16 21 27 61
10 12 19 24 33 69
20 12 20 26 34 70
30 12 20 26 35 70
65 13 20 26 36 70
85 13 20 27 37 70

110 13 20 27 37 71
130 13 20 27 37 71
145 13 21 27 38 72

q. 165 13 21 28 38 72
180 13 21 28 38 72
200 13 21 28 39 72

~' 240 13 21 29 40 74~I

260 13 21 29 40 75
275 14 22 29 41 75
290 14 22 30 41 75

Engine Shut Down

6 0 12 20 26 35 71
10 14 22 30 42 77
20 14 22 31 43 77
30 14 22 31 43 79
40 14 23 31 44 79
63 14 23 32 44 78
85 15 23 32 45 78

100 15 23 32 45 79
7 115 15 23 32 45 79

130 15 23 33 46 80
145 15 23 33 46 80
165 15 24 33 47 80

Note: All tests done~ at 2300 rpm, 139 kW
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TABLE 7.11

Filter Comparison Summary

Mesh Filter

3185 kg/m
with Water Spray,
Perpendicular Flow

(Deutz F6L-7l4)

3150 kg/m
Dry Operation,
Parallel Flow

(Deutz F8L-413)

Corning
Filter

(Deutz F8L-413)

Average Particulate
Reduction Efficiency %

Total Particulate

Insolubles

S.O.F.

Test P, initial (em, H
2

0

Test P, final (em, H20)

77 73 75

84 88 87

58 (variable) 49

16 32 25 (approx)

28 79 Not reached

"Continuous" Operating
Time (Hrs) 12 30 (est) 26 hours

tested
(maximum not
determined)
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a - Mesh Filter b - Filter Drain Location

FIGURE 7.1 Mesh Filter Installation.
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c - Water Atomiz~ng Spray Location
d Spray Air Pressure Filter and Regulator

FIGURE 7.2 Close-up of Mesh Filter Installation
and Water Spray Location
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Preliminary Results
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Figure 7.7

Variation of Particulate Removal Efficiency with
Pressure Drop across the Filter - 2300 rpm/138 kW

USBM Filter: 150 kg/m3, Parallel Flow, Deutz F8L 413 Engine

Total
Particulate

Insoluble
Particulate

100

95

90

85

80

75
>.

'"'~
QJ

oM 70t.)
oM,
4-l
4-l
~

~ 65

•60

55

50

10 20 30 40 50 60 70 80 90 100

Pressure Drop across the Filter Bale (cm H20)



-I.Js:JQ
)

~r
l
~

..
H

III
Q

)

$
-I.J
r
l

!
or-!
J:>:.<

..-l
_

W
",'iri1jljf;··,,;·..;w

;r;:•
~

00
.;:t-

,rrr••I,If""
fOf

r
r

•
i

hir!i!:!:d!frf';I;:t:t~d!I!:f
s:J

..-l
or-!

i
e0u

J
.

i
0

0
0

.......

~::Jt:l
HJ:>:.<



-142-

FIGURE 7.9 Corning Filter Installed on Deutz Engine.
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FIGURE 7.10 Close-up View of Corning Filter.
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Figure 8.1 shows a schematic of the modified fuel system used

.:. 148 -

8. WATER-FUEL EHULSIONS

8.1 Deutz 714 Engine

In an earlier study of the effect of unstabilized water/diesel

oil emulsions on the Deutz F6L 714 diesel engine, (10, 13) it was shown that

application of a l5%w/w unstabilized water/oil emulsion to the engine

could reduce both NO and particulate emissions by about 40%. In the
x

present study, this work was confirmed, and extended to combined device

testing. This section deals with the configuration of the earlier results

on the: Deutz 714 engine, and extends the technique to the Deutz 413 engine.

Details of the technology for the creation and supply of an

unstabilized water/oil emulsion to a diesel engine is described elsewhere
(10, 13)

to supply emulsions to the test engine. Water and diesel oil are proportioned

and supplied under pressure to a mechanical emulsifier, the ORF HydroShear.

The enrnlsion exiting from the HydroShear is fed with a fuel loop from which

some of the emulsion is consumed in the engine. The remainder returns

to the HydroShear for re-emulsification via a fuel cooler. Figure 8.2

shows a diaglram of the HydroShear whose operation is described in detail

elsewhere (10 , 13). The HydroShear used in the present studies was a double

ended unit, designed to supply emulsion to both banks of the V-6 or V-8

enginE~s. The effect of a 14% w/w water/fuel emulsion on the gaseous

emissions of the Deutz 714 engine is shown in Table 8.1. At the load/speed

condit.ions tested, NO emissions were reduced 28-33%, while CO emissions

showed small increases and THC emissions moderate increas~s. The increases

shown could easily be controlled with a catalyst.

The effect of the 14% water/oil emulsion on parti"culate emissions

is shown in Table 8 .. 2. Significant reductions in particulate emissions are

evident at the load/speed conditions tested.

It is to be concluded that the effect of water/oil emulsions

on the Deutz 714 engine is beneficial in terms of both reduced NO and
x

particulate emissions.
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8.2 peu tz F'8L 413 Engine

Th.e emulsion fuel system schematic used in ,tests on the larger

413 engine is shown in Figure 8.3. This is similar to that used with the

714 engine, but perhaps a little simpler in design. A larger capacity

HydroShear was employed to satisfy the higher fuel consumption rate of

the 413. The effect of 15% w/w water/oil emulsion on the gaseous

emissions from the '~13 engine is shown in Tables 8.3 and 8.4 The

reduction in NO emissions was modest, ranging from 21% to 33%, but
x

N0
2

emissions were reduced by 50% to 100% although only in the 10 ppm range.

The emulsion had detrimental effects on the CO and THC emissions. Table 8.4

shows THC increased by 1-7 to 25 times baseline value, and CO increased

by 36% to 236%. Table 8.5 shows the effect of the emulsion on particulate

emissions. Total particulate increased, particularly at the inter-

mediate load condition, due to the large increase in soluble organic

fraction.

The result.s found in the 413 engine studies contrast those found

with the 714 engine. The reasons for this difference could be due either

to the difference in engines used, or to a difference in emulsion quality

supplied to this larger engine. Poor combustion characteristics of the

emulsified fuels is supported by the increased fuel consumption shown in

Table 8.4., in addition to the unfavourable CO and hydrocarbon emissions.

Some problems were also experienced with the injection pump when it was

found that the delivery valve seats were eroded due to the water/diesel

emulsion. This again contrasts with earlier data which showed that many

hundreds of hours could be run on the pump for the 714 engine without

effect from water ~nulsions. It is conceivable that water emulsion

quality may have affected this larger engine.

An in-depth study is required to resolve the difference between this and

earlier work. It may be possible to obtain insight on this problem by

carrying out a few tests with emulsion stabilizers in order to reduce the

settling out time of the emulsion, and examine the effects on emission

characteristics.
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It is to be: concluded that water emulsions require further study

to resolve the contrasting results from the 413 and 714 engines. The

effect of combining water emulsion technology with other emission control

approaches is descri.bed in the following section.
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9. COMBINED SYSTEMS

9.1 Catalyst/Filter Combinations

The mesh f:l1ter has been shown to be effective in the removal

of diesel particulatl~. Catalysts are effective in cOntrolling CO and

THC emissions, which is of special interest since these pollutants can

be substantially increased when using EGR or water emulsion techniques.

Catalysts, however, tend to produce undesirable sulphate and NO
Z

emissions.

It was of interest therefore to examine the filter's potential for reducing

sulphate emissions by testing a catalyst/filter combined device.

Accordingly, a PTX catalyst was installed in the exhaust of a

Deutz ]~6L-714 engine,. upstream of the filter, and SOZ/HZS04 analysis

carried out at the inlet and outlet of the filter, while the engine was

operated at ZZOO rpm" 93 kW. Analytical tests did not commence until the

filter had be,en loaded with particulate to the extent that the pressure

drop was 36 em HZO. Test data were therefore collected over a period during

~vhich the pressure drop varied between 36-55 cm HZO. In this test series,

the mesh filter was operated on exhaust cooled by water injection upstream

of the filter and do~mstream of the catalyst. Two cooling water flowrates

were etnployed during the test series; Z. Z kg/min, similar to that used in

particulate tlesting, and 1.5 kg/min, a lesser water flow rate designed to
omaintain the filter temperature at 100 C, but not create particulate water

in the gas stream.

The results are shown in Table 9.1. Several important conclusions

can be drawn:

1.. The accountabilit:;y of the total sulphur measured by

the controlled condensation method is excellent.

Z.. The filter is highly efficient in removing HZS04
showing an average removal efficiency of 95%.
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3. The filter also reduces S02 concentrations by an

average of 33%, presumably because of solution in

the cooling water.

4. Little difference in removal efficiency is apparent

when the cooling water flow rate is reduced from

2.2 kg/min to 1.5 kg/min.

These results clearly reulder the catalyst much more viable as a component

of a comb~led emission control device.

Further testing of catalyst/filter combinations were carried out

using the Deutz F8L-4l3 engine, and operating the mesh filter in an

uncooled mode. Table 9.2 shows the effect of the uncooled catalyst/filter

combination on the S02 amd S04= emissions. In contrast the 502 emissions

are largely unaffected by the dry uncooled filter. However, sulphates are

still removed si.gnificantly by the hot filter, with collection efficiencies

ranging from 24-75%. The mesh filter in this series of tests was the high

bu~k density filter of 185 kg/m3 • Testing was also carried out on the low

bulk density filter (130 kg/m3) in combination with a catalyst. The results

(Table 9.3) sti.ll show good S04- trapping efficiency, ranging from 46-79%.

Testing of the catalyst/mesh filter combination for insoluble

and total particulate (excluding SO-4) removal was also carried out, and

the results compared with that of operating the filter alone. Table 9.4

shows that there is little difference between catalyst/filter and filter

a10ne,with perhaps a trend towards improved efficiency with the filter

acting alone at these load/speeds.

The major benefit of the catalyst/filter combination is that

it allows the catalyst to act in controlling CO and THC emissions (such
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as might be increased by EGR application) while minimizing the sulphate

emissions produced by the catalyst. Catalyst/Corning filter combinations

will likely produce similar results although this system has not been

tested in the present program. Furthermore, it is possible that the

catalyst may act beneficially to improve the potential of in-situ filter

regeneration using engine exhaust heat, by accelerating the rate of

carbon combustion. This subject will be addressed in detail in a follow

on Phase III project to the present program.

9.2 EGR Combined System

9.2.1 EGR/Catalyst/Mesh Filter Combination

This system was considered of interest because it offered

the following advantages:

EGR 1will reduce NO emissions, but increase CO, THC
x -

and particulate emissions.

The eatalyst will reduce the increased CO and THC

emissions created by the EGR.

The filter will reduce particulate emissions, including

thos~= generated by EGR, and sulphates generated by the

catalyst.

'Testing was thE~refore .carried out on the Deutz F6L-7l4 engine to

determine the magnitude of these effects. The test rig schematic

for this set of tests is shown in Figure 9.1. The exhaust from

both banks was combined and passed through an Engelhard PTX 623 DF

catalyst (A), followed by an 'inlet' sampling point (B). The

,exhaust was then cooled by the atomized water spray (C). The EGR

take-off point (D) followed the water spray, so that cooled, moist

exhaust was directed to the engine air intake (E) before the air

,cleaner (F), by a flexible stainless steel pipe. The amount of EGR
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was controlled by a self-clamping butterfly valve (G). Immediately

after the EGR take-off point was the USBM particulate filter (li),

followed by the 'outlet' sampling point (J). The conditions tested

were :;~200 rpm and 1500 rpm at 75% load with 21% EGR.

The USBM filter material was washed once (with Diverfos 207)

and rinsed, then 5.25 hours of running time was accumulated before

this set of particulate tests was started.

Table 9.5 shows that the capability of the USBM filter

to remove particulate remained excellent. 87% to 93% of the insoluble

particulate matter was removed after the filter had remained in the

exhaust 5.2.5 to 8.0 hours respectively. The pressure drop across the

filter at 8 hours ...las 57 cm of water; correspondingly the engine

backpressure is 90 cm of water. The soluble organic fraction was

reduced alm.ost to half the original value by the filter. The SOY

was also re,duced almost to half by the PTX catalyst, as seen when

the first inlet test (without PTX) is compared to the second inlet

.test, which was controlled by the PTX. However, the outlet emissions

for the two tests were 1. 2 - 1. 0 g/hr. This suggests the catalyst

has little effect on net SOY emissions at the filter outlet, and that

the filter is an effective trap for SOY.

All three particulate tests were done with 21% EGR, which caused

relatively high pa.rticulate emissions. It is encouraging to note the

ver~, low particulate emission rates (4-6 g/hr) at the outlet of the

filter, even after the filter had been in use for 8 hours. '

A check was made to determine the effect of the mesh filter on

the PTX, EGR treated gaseous emissions. As seen in Table 9.6 the filter

has no eHect on the emission rates of the gases measured.

The effect of EGR on gaseous emissions is shown in Table 9.7.

Nitric oxide (NO) was decreased by 62-71% by application of 21% EGR.

Nitrogen dioxide (NOZ) cannot be detected in the exhaust after the

catalyst when the EGR is applied, presumably because of the decreased
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amount of oxygen present. Total hydrocarbon emissions (as measured

by the FID) doubled at 2200 rpm and remained unchanged at 1500 rpm.

Carbon monoxide also did not incre.ase with application of 21% EGR

as measured at the outlet of the catalyst. These results are

consistent with the results described in Section 6, which showed

that the catalyst successfully controlled the increased THC and CO

which we,re produced when EGR was employed.

It can be concluded that the EGR/PTX catalyst/Usmf filter emission

control package has been shown to be an effective combination as tested

at 2200 rpm and 1500 rpm at 75% load. The addition of EGR to the package

succeeded in dec:reasing nitric oxide by 65% and nitrogen dioxide was

below thlc detection limit. Carbon dioxide and total hydrocarbons were

also greatly reduced by the PTX catalyst and the filter was very

effectivlc in reducing particulate including sulphates. In subsequent

tests of EGR systems, described below, the amount of EGR was limited

to 10-15%, which reduced the impact of increased CO and THC emissions,

mlile maintaining respectable NO reductions.
x

9.2.2 EGR/ Cornin"g Filter Combination

This system employs the Ceramic Corning filter unit, described

E~arlier, together with EGR. No catalyst was present in this series of

tests which were run on the Deutz F8L-4l3 engine, due largely to concern

of the added pressure drop burden this would place on the operating

life of the filter between regenerations, and also in part to practical

reasons, since the Corning filter became available late in the program.

As a result of filter regeneration capability shown earlier, the primary

interest, during this phase, was to determine the impact of increased

particulate emissions due to EGR on the regeneration activity,

efficiency and load up times of the filter. In this series of tests,

a comparison was therefore made of the effectiveness of the following

three systems:
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EGR alone

EGR/Corning Filter

Corni.ng Filter alone

Figure 9.2 shows schematics of the various engine test

configurations. The location of the emission sampling points are

ir.~icated, together with the EGR control valve in appropriate schematics.

In the case of the EGR/Filter system, EGR was taken downstream of both

filter units, so that "clean" EGR was applied to the intake combustion

air, minimizing recycling of particulate matter. Figure 9.3(a) shows

a photograph of the EGR intake system to the engine, and Figure 9.3(b)

shows the EGR control valve located downstream of both filter units.

This configuration was ,used for the 10% EGR tests. However, with 15%

EGR, it was found necessary to locate EGR input further downstream

in the air intake, in order to maintain the intake air temperature

belo~ 40
0

C. The amount of EGR applied to the engine was calculated from

thlc CO
2

values measured in the intake combustion air.

The pE~rcentage of EGR employed in this test series varied

between 10% and 15%. EGR was limited to 10% at full load/speed

condition (2300 rpm, 138 kW) for two reasons; one, to limit the increase

in particulate emissions, and the second, so that 2300 rpm, 138 kW

could be maintained with and without EGR for comparative purposes.

Greater than 10% EGR would result in inability to achieve rated speed,

full load conditi.ons. At off full load condition it was possible to

apply higher and varying percentages of EGR while maintaining the same

load/speed condit,ion.
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Gaseous ~nission Characterisics

Table 9.8 shows the gaseous emission characteristics emitted

from the engine with and without the application of the EGR/Filter

combination. This data is represented in bar graph form in Figure 9.4

for No emissions and in Figure 9.5 for CO and THC emissions. Reduction
x

in NO emissions of 40% occur with 10% EGR at full load/speed condition.
x

At off full load condition, 10% EGR produces a 30% reduction in NO and
x

15% EGR at 50% NO reduction. Increases in CO emissions, and the
x

absolute values of the emission rates, become of significant concern

. only at full load/speed condition with 10% EGR, where the emission rate

doubles. If rl:!quired, it should be possible to control this with

catalyst application. THC emission increases are relatively small at

off full load condition, with 10% EGR, becoming of greater concern

'with 15% EGR. At full load/speed condition, no change in THC emission

'Was detected w:lth 10% EGR application.

It can be concluded that it appears feasible to employ

10% EGR at full load conditions in order to reduce NO emissions
x

'without serious penalty to THC emissions. At off full load condition

greater than 10% EGR may be applied. The need for catalyst control

of CO and THC l:!missions resulting from EGR application, may be

evaluated by applying appropriate information based on steady state

engine test stand data to an Exhaust Quality Index (CANMET Formula).

The validity of this exercise is discussed in Section 10 of this report.

Pa.rticulate Emission Characteristics

Tab14:! 9.9 shows the particulate emissions obtained from the

bare engine. Table 9.10 shows the particulate emission characteristics

from the engil1iE! equipped with the Corning filter units. Simultaneous

sampling of pa'rticulate matter upstream and downstream of the filter

was not: possible in this case due to the location of the filter close

to the exhaust manifold. Table 9.11 shows the new data from the engine
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with EGR application, and Table 9.12 shows the particulate emission

characterisitcs from the engine equipped with the EGR/filter combin-

ation.

These data are reduced to a form convenient for interpretation

in the bar graphs shown in Figures 9.6-9.9. Figure 9.6 shows a

comparison of the three emissl0n control strategies, EGR, EGR/Filter

and Filter, on particulate emission rates, together with the bare engine

particulate emission characteristics. Insoluble, soluble organic fraction

(SOF) aTIrl total particulate emission rates are shown at full load/speed

condition of 2300 rpm, 138 kW. It should be noted that the data is

plotted on long·-linear axes to make the lower emission rat-es, after the

filter, more sensitive to interpretation. The data shows that the effect

of 10% EGR is to increase insoluble particulate and decrease SOF. The

filter is more l~ffective in reducing the insolubles, so that the net

effect on the EGR/Filter combination is that its performance for total

particulate removal is quite similar to the filter alone.

Figure 9.7 shows a similar set of data at off full load

condition, 2300 rpm, 104 kW. At this load/speed condition, the SOF is

a greatE~r percentage of the total particulate than occurred at full load/

speed condition. The impact of 10% EGR is again to reduce the SOF and

incr~ase~ the insolubles, with the net result that total particulate with

EGR is i.ncreased only 5% above the baseline value for the bare engine.

The filter is more effective in removing insolubles than SOF, but, in

addition, it appears that the EGR/Filter combination, at this load/speed

is also more effective in reducing SOF than at a full load/speed condition.

The sum total of these effects is that the EGR/Filter combination

exhibits a supelrior performance for total particulate removal, at this

load/speed condition, than does the filter alone. Figure 9.8 shows a

similar effect at 2000 rpm, 63 kW.
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Finally Figure 9.9 shows a comparison of the efficiencies

of the EGR/Fi1ter system, and filter alone, for particulate emission

reduction. The benefits of the EGR/Fi1ter combination over tp.e filter

alone, for both particulate and NO reduction suggests that this system
x

merits further d€~ve1opment.

Filter Load-Up Times and Regeneration Potential

Filter load-up times were monitored by following changes

in engine backprE~ssure upstream of the Corning filter units. Figure 9.10

shows a composite plot of engine backpressure measured during a series

of filter load-ups and regeneration, with and without EGR application.

The vertical lines indicate a change in load/speed condition which

instantly affects the value of the engine backpressure. Arrows indicate

where the engine had been stopped and restarted. At time zero, the

engine was operated under full load, and the backpressure was observed

to remain constant, indicating both loading-up and burning-off. At four

hours, the load/speed condition was changed to three-quarter load, with

a corresponding drop in backpressure. Backpressure was then observed

to increase steadily as the filter loaded up. At nine hours from the

reference point, a successful burn-off was achieved by moving the engine

to full 10ad/speE~d condition, and at about ten hours, the load/speed

condition was again changed to a lower load/speed condition. The increase

in backpressure reflected operation and filter load-up under these

conditions. At eighteen hours, another filter burn-off was achieved

at full 10ad/speE~d condition. After the backpressure had reduced

to about 4.5 kPa" 9% EGR was applied to the engine. The backpressure

increased, suggesting filter load-up, and thus was continued at two

other 10a.d speeds of 2300 rpm, 104 kW, and 2000 rpm, 64 kW. At twenty­

eight and a half hours, the engine was moved into full load/speed

condition, while maintaining 7.5% EGR, and on this occasion, a success­

ful fi1t€:r burn-off was achieved, as evidenced by the decreased back­

pressure. Particulate burn-off continued to be evident when the EGR

was increased to 9.5% and, at thirty two and a half hours, the load/speed

condition was decreased to 2300 rpm, 104 kW, while the EGR was increased
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to abou.t 15%. The increase in backpressure reflects the loading up

of the filter. Loading up was continued after thirty seven hours

for a further three hours at the lower condition of 2300 rpm, 63 kW,

which completed the composite test sequence.

It is evident that it is also possible to regenerate the

filter when EGR is being applied, although the conflicting results

require further study. It is also evident that EGR application does

not create a large impact on filter load up times. Figure 9.11 shows

a comparison of the increase in engine backpressure obtained from

operating the l:!ngine with the Corning filter alone, and with 9% and

14.6% EGR application together with filters. The difference in slopes

is not excessive. Figure 9.12 shows similar data, and results, at a

lQwer load/speed condition. Figure 9.13 shows the constant backpressure

achieved at full load/speed condition, with and without EGR. In this

case, little difference was observed with and withou.t EGR. Figure

9.14 shows the successful particulate burn offs with and without

EGR, plotted 011 a more sensitive scale than Figure 9.10.

It appears that EGR application is not detrimental to

filter load up times and may not affect filter regeneration potential.

Table 9.13 shmvs the operating characteristics measured during the

present series of tests. The latter was estimated at a given load/speed

conditi.on, assuming that the engine was operated steady state, and

that there was an essentially linear increase in engine backpressure

until the maximum tolerable backpressure value was reached~ Projected

lifetimes at steady state operation (1. e. without regeneration) range

fromtlYenty four to fifty two hours. Clearly the engine never operates

in that mode on-board a vehicle, so that filter lifetimes are likely

to be longer than those measured in Table 9.13 since intermittent

particulate burn off is expected to occur at certain times during the

mines vehicle duty cycle.



169 -

9.3 Emulsification Combined Systems

9.3.1 Emulsification/Catalyst/Mesh Filter. Combination
-- 714 Engine

This system has similar emission reduction objectives to

that of the EGR/catalyst/filter combination with the emulsification

approach replaci.ng the EGR approach to NO reduction. Additional
x

bE!llefits were experienced since the emulsification approach had the

potential for re~ducing particulate emissions from the Deutz 714

engine, 11'lhereas the EGR approach increased particulates.

Tests were therefore carried out on the Deutz F6L 714

engine using the: emulsification system described earlier, together with

a PTX catalyst, and USBM filter operated in a cooled mode. At the

time of collecting particulate samples, the USBM filter had been subjected

to three cleaning cycles, and operated on the engine for an additional

11 hours. Table 9.14 shows that the combined effects of water emulsion

and filtE~r serve to reduce total particulate emission rates by 83-88%,

and insoluble particulate matter by 92-94%.. This results in very low

total particulate emission rates from this combination of devices

amounting to only 3-5 g/hr.

The effect of such a system on gaseous emissions is demon­

strated by exami.ning the catalyst impact on gaseous emissions produced

from the combustion of 14% water/diesel fuel emulsion. Table 9.15

shows the results. At ZZOO rpm, full load, there was no conversion

to NO
Z

by the catalyst, but as the speed and load decreased, increasing

quantitilcs of NO
Z

were found in the exhaust. The catalyst was, however,

capable of controlling the CO and THC emissions, even through they were

increased by wat:er emulsion application. The net effect was a signifi­

cant reduction in all emission components except for NOZ which increased

at certain load/speed conditions. Sulphates produced by the catalyst

were controlled by the filter as described earlier. The impact of this

combination on E!missions can be seen by comparison to the effects on
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emissions of using water emulsion alone as described in Figures 8.1

and 8.2" Here, although there are reductions in NO emissions, there
x

are also increases in THC and CO and a smaller decrease in particulates.

9.3.2 EGR-Emulsification - Corning Filter - 413 Engine

It was shown earlier that the application of water emulsions

to the 413 engine pro.duced much less favourable results than on the

714 engine, for reasons yet unknown. It was of interest, however, to

investigate the combined effect of water emulsion and EGR on the

413 engine. Since water eIll1lsion increased the SOF dramatically in

the 413 engine, which resulted in a net increase in total particulate

emissions, and since EGR had been found to decrease SOF it was considered

that the combined effect of both approaches would produce an interesting

rE:sult. Tests were therefore carried out on the 413 engine at two load/

speed conditions of 2300 rpm/l04 kW and 2000 rpm/63 kW, using a combined

water em~lsion/EGR/Corningfilter approach. The full load/speed

condition could not be achieved in this series of tests due to aerating

from the combinE~d effects of the water emulsion and EGR. 13-15% water

emulsion was applied together with 14% EGR.

The effect of the combined approach on particulate emissions

is shown in Table 9.16. The increased particulate emissions, created by

the water emulsion, have now been controlled by the combined effect of

EGR reducing thE~ SOF and the filter ·removing the insoluble particulate.

Total particulate reductions of 45-81% are evident. In addition to

these benefits, Table 9.17 shows that NO emissions are reduced by
x

69-75%. However, significant increases in THC and CO emissions still

rE:main as shown in Thb1e 9.18. These emissions would likely require

control with catalyst application.
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It is of interest to compare the effect on particulate

em.issions of the various emission control strategies applied to the

413 engine. Figures 9.15 and 9.16 show this comparison in bar graph

form at the two load/speed conditions of 2300 rpm, 104 kW, and 2000

rpm, 63 kW respectively. At 2300 rpm, 104 kW, the particulate

reductions created by the H
2
0 emulsion/EGR/Filter combination are not

as good as either the filter alone, or the EGR/Filter combination,

probably because of the large SOF impact from the water emulsion. At

2000 rpm, 63 kW" however, the H20 emulsion/EGR/Filter combination

proves to perform better than all other devices. If the performance

of the water emulsion system on the 714 engine could be duplicated

011 the 413 engine, extremely effective emission control should be

achieved with the H
2
0 emulsion/EGR/Filter combination approach.

Further work is in progress to resolve the issue of water emulsion

application to 1:he Deutz 413 engine.

9.4 Conclusions on Combined Systems

There is clearly a trade-off between the various emission control

approaches in terms of their effectiveness in controlling different exhaust

emission components, relative to the complexity of the device employed, and to

the reduction of one pollutant at the expense of increase in other pollutants.

This is apparent from Tables 9.19 and 9.20.

Table 9.19 summarizes the patterns of changes in emissions indicated

by the application of some of the various control systems tested, both

singly and in combination. The numbers assigned are based on average data

at the indicated load/speed condition assembled from the various tests run

during the program and rounded to the nearest 5%. Table 9.20 compares the

effects of combined systems with the Corning Filter versus the individual

devices operating alone on particulate, NO , CO and THC emissions as applied
x

to the 413 engine at two specific load/speed conditions.
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The Corning Filter, which exhibited excellent particulate

NO
x

At the same time some EGR conditions showed relatively modestreduction.

reduction capability was teamed with EGR to provide NO reduction. The
x

tendency of EGR to"increase particulates is generally cancelled by the

filter. OVler the range of the two load!speed conditions shown (Table 9.20),

the H
2

0 emulsion/EGR/Corning Filter system was able to reduce particulates

by 45-90% and NO by 70-75%. The EGR/Corning Filter device showed higher
x

particulate reductions of 90% but lower NO reduction of about 50%. The
x

Corning Filter alone reduced particulate by 70-75% but there was no

increases in THC and CO emissions.

The catalyst/mesh filter combination with water spray cooling for

the filter provides good reductions of CO, THC and particulates but has no

In this case, addition of HydroShear water/fuel emulsificationeffect on NO .
x

adds a moderate NO reduction with continued substantial particulate
x

reductions. The catalyst/mesh filter combination when run dry, without

water spray, gives similar results to water cooled operation except that

S02 is no longer re!duced by the filter. There is significant reduction of

sulphates across the dry filter as with the we"t version although the wet

filter is much more: effective. Some H
2

S0
4

impact remains, however, to

offset the advantage of CO and THC reduction. The mesh filter alone also

produces good particulate reduction without an H
2

S0
4

impact, although the

CO impact remains t:he same as with the uncontrolled engine. There is,

perhaps, more justification for applying a catalyst in combination with

water emulsion systems in order to reduce the trend for increased CO and

THC emissions. ThE~ latter trend was found to be more severe with the 413

engine than with the 714 engine, which is a result requiring further

clarification in future studies.
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On the Deutz F6L-714 engine, the Gaspe water.scrubber showed

modest: partieulate reduction capability. Good reduction of CO and THC

was offered when the~ scrubber,was combined with a catalyst. In addition,

the scrubber was found to provide good removal of SOZ as well as about

30% of the sulphate which was generated over the catalyst. However, NO
x

emissions remain unchecked and also some undesirable NO to NO
Z

formation

was observed thr'ough the water scrubber. However', an H
Z

S0
4

impact

remained, so that there is a trade-off, and a judgement required,

as to which is more beneficial: good reduction of CO and THC emissions

at the', expem;e of increased H
Z

S0
4

emissions, or uncontrolled CO and THC

emissions with no change to HZS0
4

emissions. Addition of EGR to this

system provides the expected control of NO emissions to a level of about
x

80% reduction with the penalty, however, of greatly increased particulate

emissions. In general, these effects were greater at high EGR (ZO%)

and at high speed, full load operation and were moderated at lower EGR

and off-load conditions.

Load/speed conditions are ,also important in assessing the best

trade-off. Testing should ultimately be carried out over a typical mines

duty cycle to assess the total emission impact, and it is expected such

work will be carried out in a subsequent phase of work. ~ preliminary

assessment of the available control technology, may be tried, at present,

by gathering the miscellaneous engine test data to try to determine the

impact of thE~ emission characteristics of the various emission control

approaches on the air quality index (3) and TLV's. This places weighting

factors on the impact of reducing various exhaust emission components,

and can produce a ranking of emission control device effectiveness relative

to air qualit.y and complexity of device. For example, is it better to

have high particulate reduction and lower NO reduction, or higher NO
x x

reduction and low particulate reduction, or both high particulate and high

NO reductions. If the latter, how complex does the device have to be?
x

This topic will be addressed in the following section.
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TABLE 9.20

Comparison of Emission Reduction Effect of

Various Emission Control Strategies

Applied to the Deutz F8L 413 Engine

,
% Change Relative to

!
Bare Engine I

Load/Speed Total ICondition Device Particulate NO CO THex I,

Corning Filter -69% 0 0 0
I
I

2300 rpm/ EGR/Corning Filter ** -88% -53% +12 +57 I
104 k\-.T H 0 Emulsion * +215 -22% +236 +2590

I
2

H2O Emuls/EGR/Corn.Filt -45% -75% +67 +2300
I
I

Corning Filter -74% 0 0 0 I
2000 rpm/ EGR/Corning Filter -90% -54% +32 +55 I

I63 kW H2O Emulsion +21 -33% +36 +180
I

H2O Emuls/EGR/Corn.Filt -89% -69% +32 +93 I
I

,~ Results more beneficial with 714 engine than present 413 engine.

*~~ Approximatlely 15% EGR application
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(a) BASELINE TESTING

GASEOUS
MEASUREMENTS

INTAKE AIR-
---f

ENGINE
.~

.

I,
EXHAUST

PARTICULATE
SAMPLING

(b) EGFL

GASEOUS
MEASUREMENTS

PARTICULATE
~ SAMPLING

EXHAUST

(- ENGINE

l
INTAKE_J

t C:°2 -
'-.:::EGR--

EGR CONTROL VALVE '7 - I

I

INTAKE
AIR --

(e) CORNING FILTER

ENGINE
CORNING
FILTERS

GASEOUS
I~__~MEASUREMENTS

~
EXHAUST

PARTICULATE
SAMPLING

EGR CONTROL VALVE?

(e1) CORNING FILTER /EGR:::--r----,

t
EXHAUST

-"'-tt---:.....- CORN ING
FILTERSENGINE

INTAKE _~r-""L------------...J

~~ ,
C1D

2

'~'EGR-

INTAKE '-.--_._-
j~IR -----. r----..,

FIGURE 9.2 ENGINE TEST CONFIGURATIONS
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FIGURE 9.3(a) EGR Intake System.
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~-~---

FIGURE 9.3(b) EGR Control Valve on
EGR Filter System.
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10. SYSTEM COMPARISONS

10.1 Exhaust and Air Quality Inaices
,

A number of methods are used presently to determine the impact of diesel

exhaust emissions on underground mine air q~a1ity, and the amount of

ventilation air which is considered necessary to reduce toxic component

concentrations to 1E~ve1s for which no long term threat to the workers

health is anticipatE~d. In Ontario, there is a defined quantity of fresh

air which must be supplied per kilowatt of engine power, or per kilogram

of fu,e1 burned. In the U.S.A. the requirement is that the concentration

of diluted components shall not exceed 0.25% CO
2

, 50 ppm CO, and 12.5 ppm

NO •
x

These methods, how~ler, do not address the possible synergistic effects of one

component in the presence of another, increasing the toxicity of combined

exposure. In recognition of this, a group of Canadian consultants under

contract to C~T, Energy Mines and Resources Canada, examined the

literature on the hE~a1th effects of exposure to a mixture of toxic diesel

exhaust components. (3) They were able to fomulate the following expression

containing synergistic exposure terms:

where:

(CO) =
(NO)

(S02)

(~02) =
(RCD)

carbon monoxide concentration in ppm

nitric oxide concentration in ppm

sulphur dioxide concentration in ppm

nitrogen dioxide concentration in ppm

r,espirable combustible dust in mgjm3

(eonsidered equivalent to the particulate
level of diesel exhaust) (20).
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The two brac.keted terms indicate the synergistic effect of .S02

road N0
2

respectively ~Mith diesel particulate. This reflects the ability

of the diesel particulate to increase exposure to S02 and N0
2

by deposition

of particulate, containing the adsorbed gases, on the lung membrane. The

tlerm V (ventilation factor) can best be described as an Air Quality Index

(AQI), which is recommended not to exceed a value of 3 (or 4 if protective

equipment such as filter helmets are used).

The above e:il:pression was designed for use with ambient mine air

pollutant concentrations. If tailpipe emission data is applied to the

same expression, then it is possible to consider that an Exhaust Quality

Index (EQI) will result. The EQI then indicates the required dilution

ratio, and the dilution ratio 3multiplied by the exhaust volume results

in a value for the rec.ommended quantity of fresh ventilating air.

There are, however, limitations to this approach. Since the

expression was desigm~d as an air quality index, the use of tailpipe

undiluted emission values creates a different impact on the EQI values,

due to the lack of acc.ountability for the ultimate fate of emission

components which are emitted to the mine atmosphere. For example, NO

emissions will be oxidized to N0 2 at a rate dependent on mine air residence

time, and envi.ronment. N02 may subsequently be removed from the mine

atmosphere by interaction with water. Similar considerations apply to

H
2

S0
4

emissions. An accurate assessment can only be made, therefore, by

applying pollutant concentrations actually measured underground. A further

limitation is evident with the synergistic terms of the expression which are

capable of making a large impact on the AQI/EQI. For example, it is a

matter of judgement as to whether the same synergistic health impact will

result from exposure to a large concentration of particulate matter when

only low concentrations of S02 and N02 are present. The weighting factors

of these terms under such conditions might become unduly severe. In effect

one must judgE~ whether N02 or S02 values ever become zero, and the syner­

gistic terms disappear from the expression. This will be illustrated later

w'hen the EQI data is discussed.
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Despite these limitations, the expression is probably the best

tool presently available, in order to compare the different impacts on

axhaust quality of various emission control strategies. It is considered

appropriate and relevant but not necessarily conclusive, therefore, to use

EQI values to provide a view of the ranking of different emission control

approaches, and try to assess which approaches show the greatest benefits.

10.2 Representation of Emission Control Strategies
Relative: to Exhaust Quality Indices

Usin.g the data contained in this report, (and data from relevant

literature where available in this report). EQI values were calculated

at two engine load/spl=ed conditions, and for two engines, the Deutz F6L-7l4

and the Deutz F8L-4l3. The EQI values vary with engine type and Load/speed

conditions, bu.t, for the same engine and the same load/speed condition,

it is possible to co~pare EQI values of th~ controlled versus the baseline

uncontrolled e:ngine. It must be kept in min.d that the representation of

the effect of control strategies in this manner neglects the impact of

duty cycle patterns over time on ambient air quality.- This is' so since

the effectiveDLess of different devices often varies widely as a function

of engine load/speed eondition. However, this calculation of EQI's,using

steady ~tate test stand data, provides a preliminary view of control .

strategy relationships at load/speed conditions typically seen in the duty

cycle patterns of LHD mining vehicles. Table 10.1 shows EQI values for

the deutz F6L-7l4 engine at two different load/speed conditions, with

the application of various emission control devices. At 2200 rpm full

load, the worst strategy is the application of 21% EGR alone to the engine,

which results in an EQI value 530% greater than the baseline value. A

catalyst/scubber system used in combination with the EGR, does not overcome

the high particulate impact of EGR application, even although the NO is
x

considerably reduced, and the EQI values remain greater than the baseline

value. Similarly, the emulsification/catalyst system appears a poor

combina.tion, with the test stand H
2
S0

4
data impact of the catalyst over­

whelming the advantages of reduced NO and particulate created by the water
x
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lemulsion, even though the catalyst effectively reduced the increased CO

and THC emissions cn~ated by the emulsion application. Emulsion applic­

ation alone produced a better result with an EQI 67% of the baseline value.

Using exhaust gas cooled by water injection, the mesh filter, and catalyst

.mesh filter combination, both produced EQI values 36-39% of the baseline

engine value. Howev.er, the disadvantage of storing water on board may tend

to offset the advantage of the low EQI value when used in gassy mines.

The same consideration applies to the water emulsion/catalyst/

mesh filter system, although in this case the water may be used for the

dual purpose of water emulsion application, and exhaust cooling. This

system produced the lowest EQI value for the 714 engine at 2200 rpm/93 kW.

Table 10.1 shows a set of data in parenthesis for the three EGR

systems. These data were calculated assuming that N02 and particulate

was absent. This shows the powerful effect of the synergistic term which

makes a difference in the EQI values of as much as 300 units. Whether

the synergist:ic term should have so great a weighting factor when there is

a large particulate concentration, but only a small N02 concentration,

remains a subject to be resolved. It is understood that such considerations

are currently under investigation by Ian French Associates. It should be

noted, "however, that even if the synergistic term is ignored, the ranking

of exhaust treatment devices remains the same.

Table 10.1 also shows a similar set of EQI values for the 714

enginE! at rated speed and three-quarter full load condition. Because the

engine is operating at off full load condition, the EGR penalty is less

severe, and the EGR/catalyst/scrubber combination, for example, now performs

with an EQI value 93% of the baseline. The 21% EGR/mesh filter combination

performs with an EQI value 36% of baseline. It is clear from the earlier

set of data that such a technique is more likely to be successful at full

load condition, when the quantity of EGR application is reduced.
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Table 10.2 shows EQI values calculated for the controlled and

uncontrolled Deutz FBL-4l3 engine, at two load/speed conditions, rated

speed/full load, rated speed/three-quarter load. In this case, emulsi­

fication, cat.alyst and EGR techniques, used alone, are unattractive at

either load/speed condition. At full load/speed condition, the Corning

filter and EC~/Corning filter system produce the best performance, reducing

the EQI values to 33% and 29% of baseline values respectively. This result,

by itself, would seem to indicat~ that there is no great advantage in

combining EGR with the Corning filter, since the addition of EGR further

reduces the EQI value by only 4 percentage points, while the complexity

of the device is significantly increased. However, when the EQI values

are examined at 2300 rpm/l03 kW, it is apparent that there is now a

significant improvement in the EQI value when the EGR is added to the

Corning filter to form a combined system. This shows the significance of

assessing EQI values at different load/speed conditions, and the need for

perfor'mance evaluation over a typical underground vehicle duty cycle. The

latter will be included in a follow-on phase to this project. It is to

be cOTIlcluded, therefore, that, for the 413 engine, the EGR/Corning filter

system offers the best opportunities, in terms of effectiveness and minimum

complE~xity, for development into field usable hardware.

Further comments are necessary at this stage regarding the relation­

ship between EQI values and the dilution ratio with ventilation air

necessary to reduce the Air Quality Index to the recommended value of three.

Dilution ratios can be calculated for the EQI values for various emission

control approaches. For example, for the Deutz F6L-7l4.engine, the dilution

ratio for the uncont.rolled engine at 2200 rpm/93 kW (full load/speed) amounts

to 59:1, whereas if the engine is controlled with the emulsification/catalyst/

mesh filter <combination, the dilution ratio (D.R.) is reduced to 16.6:1.

D.R. values are however, limited by the dilution necessary to reduce CO
2

concentrations prodLlced by the engine to below the threshold limit value

(TLV) for CO 2 which is 5000 ppm. Since the CO2 concentration at full load/

speed condition for this engine is 9.9%, then a D.R. value of 19.8 is

required to maintain CO2 concentrations below the TLV. There is therefore,
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little value in applying exhaust control technology which will result in

EQI values less than 60 (at 2200 rpm/93 kW) since further reductions in

EQI values will not result in a reduction in ventilation air requirement,

due to the CO 2 limitation. It is apparent that the system: emulsification/

catalyst/mesh filter has reached this condition for the 714 engine at

2200 rpm/93 kW load/speed.

For the 413 engine, at full load/speed condition the limiting

dilution ratio for CO 2 is 18.6:1, corresponding to a limiting EQI value of

56. The EGR/C:orning filter system at this load/speed condition, shows an

EQI value of 82, which justifies application of this system to reduce

ventilation re:quirements. At 2300 rpm/103 kW however, the limiting EQI

value amounts to 47, and hence the EGR/Corning filter system reduces the

EQI value from that of the uncontrolled engine to the limiting value as

controlled by CO 2 dilution requirements. This discussion, however, must

be considered as preliminary, since final evaluation must be conducted by

assessing EQI values obtained over a typical mines vehicle duty cycle

containing engine transient operation.
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TABLE 10.1

Composite EQI Values for Comparison of Various Emission Control Strategies

(derived from steady state engine test stand data)

(Deutz F6L-7l4 Engine)

RPM/kW Device EQI % Baseline

21% EGR 944 (653) 530%

21% EGR/Cat/Scrubber 747 (262) 419%

10% EGR/Cat/Scrubber 363 (254) 204%

Emulsification/Catalyst 220 124%

2200/93
BaselinE:! 178 100%

Gaspe Scrubber 135 76%

Emulsification 120 67%

Cat/Mesh Filter (Wet) 69 39%

Mesh Filter (Wet) 64 36%

Emuls/Cat/Mesh Filter (Wet) 50 28%

21% EGR 151 102%

Base Engine 148 100%

21% EGR/Cat/Scrubber 137 93%

2200/71
Gaspe Scrubber 114 77%

21% EGR/Cat/Mesh Filter 72 49%
(Cooled)

21% EGR/Mesh Filter 54 36%
(Cooled)

Limiting EQI Value (CO2dilution)

I



- 218 -

TABLE 10.2

Cc~posite EQI Values for Comparison of Various Emission Control·Strategies

(derived from steady state engine test stand data)

(Deutz F8L-4l3 Engine)

RPM/k~T Device EQI % Baseline

PTX Catalyst 364 131%

10% EGR 332 (295) 118%

Emulsification 281 (205) 100%

Baseline 279 100%
2300/138 Cat/Mesh Filter (Dry) 131 47%

Mesh Filter (Dry) 107 38%

Corning Filter 92 33%

10% EGR/Corning Filter 82 29%

J:"imiting EQI value (CO2
dilution.) 56

Emulsification 251 174%

Jl?TX Cata.lyst 235 163%

Baseline 144 100%

2300/103 10% EGR 123 86%

EGR/Emuls/Corning Filter 86 60%

Corning Filter 71.9 50%

10% EGR/Corning Filter 40 28%

Limiting EQI Value (CO2
dilution) 47
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11. CONCLUSIONS AND RECOMJMENDATIONS

A number of emission control devices have been tested, both

singly and in combination, for effectiveness in controlling the emissions

from Deutz diesel engines for application in underground mines. The devices

included in these tests were water scrubbers, catalysts, filters, water/

fuel eUlllsification, and EGR techniques. The following are the

conclusions and recommendations arising from this work.

(1) The use of a single index number to evaluate overall air quality

is a much needed development. The Air Quality Index (AQI) is an

important breakthrough in providing a usable formula for this

purpose.

Application of the AQI formula, however, has some limitations

particularly when used as an Exhaust Quality Index (EQI) of

undiluted tailpipe emissions data from steady state test-stand

engine operation. EQI calculations and comparisons from steady

state test stand data, should presently be used as a guide to

further investigations rather than a basis for definitive con­

elusions, in the: absence of other data arising from field data

under real duty cycle conditions.

(2) Of all the various approaches evaluated, the EGR/Corning filter

system has shown the greatest capability for improving exhaust

quality, under tested engine operating conditions, with the

lE~ast complexity. This has been shown to an extent that

promises that ventilation requirements can be reduced close to

the minimum levE!ls necessary to maintain ambient CO2 concen­

trations below t:he threshold value.
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When fully developed with appropriate filter regeneration techniques,

this system would be suitable for use in non-gassy, non-coal mines

and is judged best in terms of effectiveness and ease of application.

It is considered the most likely system to achieve earliest commerical

development.

(3) Control strateg:les utilizing various combinations of mesh filters

(of the type tested in this study), catalysts and water/fuel

emulsification have also shown great effectiveness in improving

exhaust quality at the tested engine operating conditions. An

emulsion/catalyst/mesh filter system shows emission control potential

generally equivalent to an EGR/Corning filter system. This type

of system, although needing further development in the area of mesh

filter durability and emulsion system development, may be particularly

rlelevant for gassy and coal mines application where the requirement

for carrying water on board for flame proofing already exists.

(4) A number of con1~rol devices have shown themselves to have negative

aspects for undl~rground diesel use as judged by data taken at the

tested engine operating conditions. These include EGR, and catalysts,

each when used alone without other control system elements. Water/

fuel emulsification, when used alone on the 4.3 engine, also showed

negative aspects, but when applied to the 714 engine, positive results

were obtained, indicating that clarification of the benefits of using

water emulsions alone is required. Combinations using a water scrubber

together with EGR and catalyst or using water/fuel emulsification

with catalyst but without filter, also show the potential of deteriorating

overall exhaust quality relative to an uncontrolled engine.

Since results based solely on steady state engine test stand data are

subject to variations unrelated to real working conditions, the

importance is e~phasized, for all candidate systems, of final testing

under actual duty cycle and field conditions as well as of careful

matching of control system components to ensure positive results.
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(5) Further evaluation of the viable pollution control approaches should

be carried out over complete mine vehicle duty cycles, and under

real field operating conditions. This should be done, in the first

place, for Corning filter systems in order to assess overall

per.formance and determine filter lifetime and the degree of self

regeneration over defined duty cycles and duty cycle segments.

(6) It has already b~~en established by engine test stand data that

self-regeneration of the Corning filter is possible at full load/

speed conditions.. However, further studies of regeneration are

needed to assess the effectiveness of regeneration "aids and to

establish the nature of the emissions produced during regeneration.

It is of importance to determine whether catalytic reduction of

Corning filter ignition temperature is possible and advantageous.

Other regeneration aids such as in-situ supplementary exhaust

bm,ners or electric heating schemes also may be possible.

Th,:! development of simple regeneration techniques will greatly aid

th,:! acceptance of filter emission control technology by underground

workers.

("7) This program did not address all potential safety hazards from these

devices. There Illay ~e potential hazards with the ceramic filters if

regenerations are uncontrolled. When a filter becomes overloaded

with soot and thE~n the material burns off, temperatures hot enough

to melt the ceraD~ic substrate (2700
0

F) have been observed by other

researchers. High CO emissions have also been noted ~3,300 ppm.

ORJ~ data (see Page 21 of Phase III) shows controlled regeneration

peaks of 550 ppm CO. Once the technology development is completed

to control regenerations,safety hazards should be eliminated.
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APPENDIX I

Operational Experience with

Deutz F8L 413 Diesel Engine
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SUMMARY OF ENGINE PROBLEMS

The following i:8 a documentation of engine problems experienced with

the Deutz F8L 413 F/1'N series engine. Problems of this magnitude have

never been experienced by ORF with any other engine tested at their

facilities.

September 1980

The engine was started, but the specified peak rpm and HP

(2300 rpm, 185 lIP) could not be achieved. The injection

pump was sent tC) Montreal for calibration. The pump was

rE~-installed, but the same problem occurred. A mechanic

from the Deutz l!pproved fuel pump service shop in Mississauga

was then called in, and the governor adjusted on the pump.

Specified maximlxm rpm and HP were then achieved.

January 1981

Oil was observed blowing out from both exhaust manifolds.

A mechanic from Deutz in Montreal was called in and found

all cylinder walls glazed and the piston rings not properly

sE~ated. New rings of the same type were installed, and

light. Oil

of the maximum
Deutz

the cylinder walls deglazed.

M.a.y 1981

~)normal gaseous emissions were observed together with

actuation of th(~ engine temperature warning

temperatures were l2SoC which was in excess
allowable (1200 G) specified for that engine.

engineer's suggested that there was a fuel pump problem,

since the fuel pump setting was found to be 90 cc/lOOO

shots wb.ich is in excess of the specified 77 cc/1000 shots.

However, at the latter setting, specified rpm and HP could

not be ClLchieved. The engine was, therefore, removed to the

Deutz, ~tississauga, shop where it was disassembled, and new

piston rings again installed. The cylinder walls were

again dE!glazed. After re-assembly, the same engine over­

heating conditions were again observed.
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A nE!W engine was, therefore, shipped from Montreal to Mississauga,

but the new engim! also overheated, and would not reach

spe(~ified rpm and HP. Following discussions between Deutz,

Montreal, and KHD Cologne, a new set of specifications were

issued which incrlaased the maximum allowable oil temperature

(1300C). The fUl:1 pump setting was also changed to 81. 55

cc/1000 shots, and KHD suggested that a different type of

cooling fan be installed on the engine to increase the cooling

air flow. The 01riginal engine was, therefore, returned to ORF.

JunIa 1981

During the course of testing in June, abnormally high oil

consumption was observed. Oil consumption was 0.2 Q./hr and

inc:reased to O. 7 IL /hr by July.

~Y 1981

A Dleutz engineeragai,n deglazed the cylinder walls, and

replaced t.he piston rings with a new ring type. A new cooling

fan was also installed. This reduced the rate of oil

Aug:ust 198:1

The Deutz approved fuel pump service shop received

instructiolns from Deutz that they should alter the torque

ris,e of the pump to a new specification. When they did

this, however, only 125 HP could be achieved at 2300 rpm.

The relief valve on the pump was found to be faulty and

was replaced. The maximum HP was now 165 HP at 2300 rpm

which was still unsatisfactory, and the fuel pump setting

was again found to be incorrect at 79 cc/1000 shots. This

was increased to 81.5 cc/1000 shots after which the speci­

fied 185 E~ at 2300 rpm could be achieved~
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After 10 hours of emission testing, however, a change in

engine conditions developed with increased hydrocarbons,

and. uneven exhaust temperatures on right and left banks.

Deutz Montreal, therefore, decided to ship a new fuel pump

whi.ch had been SE!t up and calibrated at the Montreal works.

Thi.s new pump eliminated the hydrocarbon emission and uneven

exhaust temperature problem, but the engine would not

de'V'elop the specified 185 HP at 2300 rpm. Despite all

pre~ious communication regarding this problem, the fuel pump

had again been SE!t to 79 cc/lOOO shots, and had to be

inc:reased to 8l.·S cc/lOOO shots before specified power

chc9Lracteristics e:ould be achieved. It was also revealed

thc9Lt the original pump had incorrect components installed

due to a lack of supply of the new components required for

this pump. The new pump has been equipped with the new

components. In addition, Deutz advised ORF that the present

type of intake arid exhaust valves could result in a change

oce:urring to emission characteristics after an unspecified

nUDlber of hours elf engine operation. They advised that

thE! valves should be replaced with a new set, of different type,

and this was carl~ied out. Valve seals were not replaced,

hO'il7ever. The engine is now performing satisfactorily, and

it is hoped that no further problems will occur.
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APPENDIX II

Analytical Instrumentation and Methodology
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1. Particulate Testing

All particulate tests were conducted using modified EPA Method 5

source samplin.g trains. With this system, sampling is conducted in situ

where a portion of thle exhaust gas is drawn via a heated stainless steel

sampling probe from the exhaust pipe through a pre~weighed 12.5 em Pallflex,

teflon coated filter. The filter is maintained at a temperature not less

than l2loC, to minimize moisture condensation on the filter. A nozzle

connected to the sampling probe is directed upstream of, and parallel to the

exhaust flow at a location approximately 8 exhaust duct diameters down­

stream of the nearest flow disturbance (i.e. elbow). After passing through

the filter the sample gas is cooled in four impingers which are contained

i.n an i.ce bath. The first two impingers contain approximately 125 ml of

distilled water each, the third is dry and the fourth contains a known

mass of silica gel. The cooled, dry sample gas is then passed through

8, calibrated dry gas meter for subsequent determination of the volume

sampled..

Following each test the sampling equipment is disassembled and

the probe rinsed with cyclohexan.e (cyclohexane/isopropyl alcohol 50% w/w

for catalyst tests). Rinsings are collected in a jar for subsequent

analysts. The filter is removed from its holder and stored in a glass

petri dish and the filter holder rinsed with the appropriate solvent. All

samples collected arE! then transferred to the laboratory for analysis.

Probe rinse solutions are filtered to remove the insoluble

fraction and the filtrate evaporated to allow for the determination of

the soluble fraction.. Any residue remaining after evaporation is considered

soluble particulate. The 12.5 cm sampling filter is allowed to condition

for 24 hours and re-weighed to determine the total particulate material

collected. Filters are then extracted for a minimum of 4 hours with

water to remove sulphates in the case of tests performed with catalysts

on. With catalysts removed the cyclohexane extractions can begin immediately.

Following the cyclohlexane extraction which lasts for 4 hours, the filters
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are removed and transferred to the conditioning room where they are allowed

to condition for 24 hours before re-weighing. The difference between

the total weight and weight after extraction is considered to be soluble

particulate material.

All pertinent data collected using the above method were used in

a computer program to determine particulate soluble and insoluble concen­

tration.s (mg/m3 ) and emission rates in g/kW-h, g/hr, g/kg of fuel.

2. Gaseous Emissions Testing

Testing for gaseous emissions included the measurement of CO,

C02' 02' NO, N02 and total hydrocarbons (THC as methane). A portion of

the hot exhaust gas is drawn from the exhaust duct through a heated

(180oC) stainless steel. sample line. Prior to any sample gas cooling, a

portion of the hot exhaust is sent to the THC an.alyzer. Cricital components

in this analyzer are maintained at approximately 1900C to minimize hydro­

c:arbon condensation. This analyzer, therefore, displays concentrations on

a 'wet' basis ..

The following analyzers were used during the test program:

CO2

CO

02

(NO + N(2)
NO

x
THC

Horiba, Model ~A23, non-dispersive infra-red.

Horiba, Model A1A23AS, non-dispersive infra-red.

Taylor Servomex, Model OA272, paramagnetic.

Thermo-Electron, Model lOA, chemiluminescent.

Ratfisch IPM, Model RS5 heated flame ionization.

Following the THC anaiyzer, the sample gas is cooled in a

condensing coil and the condensate removed. Sample gases are then filtered

and sent to each analyzer using a stainless steel metal bellows pump.

Flow rates to each analyzer are monitored and controlled using rotameters.
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All analyzers are zeroed and calibrated for span prior to testing

on a given day'. Analyzer outputs are displayed on strip chart recorders

for a hard. copy of data. Following emissions testing, all pertinent

information was entered into a computer program for calculation of concen­

trations and emission rates for each load/speed condition.
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APPENDIX III

Analysis of Glass Fibre Emissions

from Operation of the USBM Filter
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FIBRE LENGTH DISTRIBUTION ON TWO FILTER DEPOSITS

The lengths of the fibres in the deposit on the filter as

picturE~d in Figure 1 were measured using a d;igitizer. The photo is

a 4.8 X magnification of the original filter. The fibre length distri­

bution data are presented in Table I and plotted as a histogram in

Figure 2. This technique allowed for a lower detection limit of a 0.1 rom

long fjLbre, although shorter fibres may have been present.

It was difficult to detect whether fibres were present on the

deposit of the filter labelled T24 Outlet. Fibres were visible in

1~ef1ected light on the microscope but they may have been fibres in the

filter itself. Some of the deposit was scraped onto a microscope slide

and viewed in transmitted illumination on the microscope. A representative

photo is presented in Figure 3. The fibres present could have- come from

the deposit or may have been detached from the filter. The fibres in the

photo are in the range of 30 to 60 micrometres in length.
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App. III-3

FIGURE 1: A 4.8 X Magnification of the Original Filter.
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SUMMARY

The Corning DPf, Corniing DPF/EGR, Catalyzed Corning DPF and Corning

DPF/fuell additive diesel emission control systems were evaluated for

emissions and auto-regeneration. System evaluations were done

during simulated lHD cycles. All systems showed excellent reduction

of diesel emissions wHh the best systems incorporating EGR. There

is; significant S02-S0~ conversion by the catalyzed DPF but it is

hoped this problem can be alleviated with other catalyst formulas.

Alito-reueneration was achieved using the MTU and MTU MOD 4 cycle

with both the catalyzt!d Corning and fuel additive techriiques during

transient dynamometer testing. The success using the MTU cycle

however was borderlint! depending upon intake air temperatures and

the typl:! of fuel additive. Final systems testing was done at Kidd

Cl"eek M'ine and the MTfJ experimental mine. The MTU tests were to

compare emission results between test bed and underground mine

tl:!stS •.. Kidd Creek te~sting was aimed primarily at evaluating real

wlJrld systems durability. Both the catalyzed Corning and

CIJrninglfuel additive systems were successful from a durabi 1ity and

a1uto-re,generation standpoint. Unfortunately emission reductions

could not be verified as the mine air monitoring tests were

inconclusive.
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12. INTRODUCTION

Diesel engines are used extensively underground in Canada and in
many parts of the U.S.A. Growing concern of the health effects of

uncontrolled diesel exhaust emissions led to the development of many

techniques for the control of diesel emissions. Phases I and II of
the USBM program made an extensive survey of the control strategies

available. Many of these control strategies were then evaluated
and/or developed during steady state dynamometer testing.

Performalnce of the various control systems tested were compared

using the EQI (Exhaust Quality Index). Systems incorporating the
Co,rning ceramic diesel particulate filter (DPF) were concluded to be
the most efficient and practical.

Therefor"e Phasle III of the program keyed on the ceramic DPFs and
welrked towards an undE~rground mine evaluation of the final systems.
In order" fo evaluate the Corning systems over transient condition,
siimulated mine LHD duty cycles were developed for tests on computer
c(mtro1·' ed trans i ent test ce11 s . Much of the cyc1e dev:e1opment work
was done under a Ministry of Labour program. An essential component
to a practical system is the auto-regeneration of the DPF. The DPF
is very efficient at trapping diesel particulate so frequent
c'Ieaning or burning off of the trapped particulate is vital.

Therefolre a number of techniques were investigated to come up with a

system which would be self-regenerating while on the vehicle.

Catalyz1ed DPFs and fwel additives were deemed the most practical so
wlere further developed and evaluated in this program.

To complete the transition from the test bed to the real world an
underground mine demolnstration was carried out to assess durability,

regeneration and emissions performance under actual mine operating
conditions.
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13. EGR SYSTEMS APPLIED TO MINE DUTY CYCLES

Pr'evious work dealt with the basic effects of EGR on diesel
emissions characteristics during steady state conditions. Steady
state testing gives a general indication of what effects a system
will have in the real world. However, the transient nature of
actual nrine duty cycles can substantially change the effect of
certain parameters such as DPF regeneration. Testing was therefore
keyed to simulated trcLOsient mine duty cycles. An LHD cycle was

developed by Michigan Technological University (MTU) at White Pine

Mines" Cycle data was obtained by MTU using a Deutz FBL-7l4 engine
in a Wagner ST-5 scooptram. This cycle was altered by ORF for use
on a Deutz FBL-413 FW engine. Much of the cycle development was
done under a Ministry of Labour program. The cycle is 150 seconds

long and is made up of four modes:

Mode 1

Mc)de 2

MlJde 3

Driving into the drift from a cross-cut

Loading at the face (mucking)

Hauling out of the drift from face of cross-cut

Hauling from cross-cut to dump point,
dumping, tramming to cross cut.

Typical speed and torque profiles of this MTU cycle are given in
Figures 13.1 and 13.2.

Also, in this phase, an LHO vehicle was outfitted with an
EGR/ceramic DPF system for underground evaluation at the MTU
experimental mine.
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13.1 White Pine Mine Installation

As part of the effort to relate dynamometer emission results to the
real wor"ld of mining, ORF base1ined a Deutz F8L-413 FW engine with

its dynamometer/dilution tunnel test facility. The engine was then

shiipped to MTU and installed in a Wagner ST5D scooptram.

Exhaust Controls Inc. (Eel) and ORF then outfitted the scooptram
with an EGR/DPF emissil:>ns control system. This system was then to

be evaluated in an underground mining environment by MTU at White
Pine Mines.

Th"ls system was configured with an individual EGR valve and DPF for

each exh.aust bank of tihe engine. There was effectively an

individual system for each bank except that the final exhaust from
both DPFs was combined. In order to eliminate particulate matter

frl:>m being recirculated into the combustion air, the EGR takeoff .was

do,~nstream of the DPFs and the EGR return upstream of the combustion

air filters. In ORF experience with EGR applications, the normal

paper element air filters have been found to plug up very quickly.

Therefore, oil bath air cleaners were used in this installation.
Oil bath air cleaners, although not quite as efficient as paper

element types, have a much greater filtration capacity.

Special shock mounts were constructed for the ceramic DPFs. Due to
the rough nature of the LHD cycles this was felt to be necessary to
ensure the ceramic elements would not fracture due to mechanical
stress.
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Other concerns addressed in this installation were:

('l) keepi ng all components within the scooptram frame to avoid
damage to the system from rocks, walls, etc.

(2) avoid hindering routine engine maintenance

(3) leaVE! open pathways for engine cooling air flow-

(4) allow the exhaust pipe to be either pointed 20
0 up from

the top surface of the vehicle or routed downward toward
the original port.

All exhaust components, OPFs, EGR valves, oil bath air cleaners and
DPF shock mounts were' procured and/or constructed by ECl and ORF.
All exhaust components were stainless steel. Components were

shipped to MTU duringr the summer of 1983.

ORF and ECl staff tralvelled to Houghton, Michigan, September 5th,
1983. A meeting was held between EC1, ORF, MTU and White Pine staff

alt the Houghton shop where the scooptram was located. Oi scussions

focused on the confi~luration of the final system installation on the

L.HO.

ORF and Eel staff fitted the system together for the remainder of
the weE!k with two Wh'ite Pine Mines mechanics and a welder from
Northern Industrial. The vehicle was then transported underground
for comparison testing by MTU.

13.2 Evaluation of EGR/Ceramic DPF System on the Test Bed

In the test cell configuration, each exhaust bank was routed through
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its own ceramic DPF mounted directly on the exhaust manifold. The

two filtered exhausts were then combined and the EGR flow

withdrawn. A single butterfly valve was then used to control the

combined EGR flow. The EGR return entered the combustion air flow

upstlream of two oil bath air cleaners. Combustion air flow was then

directed tiD each of the two air cleaners' and then into the intake

air manifolds. See Figure 13.16 for exhaust configuration. For all

testing the EGR valve was at a fixed setting which caused the amount

of EltiR to vary continuously over the cycle. Before starting

transient tests the engine emissions were measured at steady state

conditions over the complete range of engine operating conditions.

Comp,arisons could thus be made between steady state and transient

results.

13.2.1 Effect of EGR on Emissions During

Steady State Engine Operation

The effects of applying various percentages of EGR to the

steady state gaseous emission rates of the Deutz engine

equipped with the EGR/Corning filter system, are shown in

Tables "13.1 to 13.6. The test matrix covers engine loads

<llf 100%, BO%, 610% and 40% of full load condition, at speeds

of 2300, 2100, 1900, 1700, 1500 and 1300 rpm. Reductions

in NO and increases in CO and THC observed, providex
important steady state information for comparison with the

transient effects measured during engine operation over

simulated mine duty cycles.

Of special interest are the engine operating conditions

measured over the same load/speed matrix shown in Tables

13.7 to 13.12. It should be noted that, at 100% load, the

maximum torque available decreases with increase in EGR due
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to the derating effect of EGR. At all load speed
conditions, the fuel consumption rate i~creases with EGR
application. The increased fueling rate results in
increased exhaust temperatures, a richer fuel/air ratio,
decreclsed NO)c: emi ssions from the lower peak flame
temperatures in the combustion chamber, and increased
particulate €!missions. The latter effect is more prominent

at 100% load conditions.

In general, the conclusions that can be drawn from Tables
13.1 to 13.6 and Figures 13.3 to 13.5 are:

(1) The perc:ent reduction of NO and N02 is greatest at

100% engine load and gradually decreases as load
decreases.' Engine speed does not appear to affect the

NO reduction.x

(2) The increase in CO is significant at 100% loads but
drops off rapidly once off full load. The increases
at off jFull load conditions are not particularly

significant.

(3) THC emissions, on the average, are changed very little
at the '100% load condition. Off full load THC
emissioll"ls are reduced 10% to 70% with no particular
pattern.

13.2.2 .Effect of EGR on Gaseous Emissions
puring the MTU Cycle

For this set of experiments the EGR valve was set to fixed

positions corresponding to 0, 10 and 15% EGR measured at
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the steady state engine load/speed condition of .2200 rpm
and 80% load. The engine was then operated over repeated
duty cycles with the EGR valve in the preset position so
that the amount of EGR applied varied over the duty cycle.

Real time trclces of combustion intake and exhaust CO2
values obtained over the duty cycle are shown in Figure
13.6 for 10% EGR, and Figure 13.7 for 15% EGR application.
Intake CO2 is a measure of the amount of EGR applied.

Also shown is the variation of EGR over the cycle. Modes
1, 2, 3, and 4 of the cycle are indicated at the bottom of
the plots.

With EGR var~,ing in the manner shown above, it is of

interest to observe the overall effect of the variable EGR
over the cyc'le on real time emission traces. Figure 13.8
shows the real time concentration traces of NO emissions. x
measured ovelr the cycle with application of a nominal 0%,
10% and 15% IEGR. It is apparent that the fixed position
EGR valve is capable of reducing the NO emissions over

x
all modes of the cycle. Table 13.13 shows the average
emission ratlC!s of NO, N02, NOx' CO, THC and CO2
obtained witlh 0%, 10% and 15% EGR measured over one duty
cycle. Also shown are the percent changes in average
emission rates over the cycle wi~h EGR application. A
nominal 15% EGR application can reduce NO by 41% withoutx
significant adverse effects to emissions of CO and THC. It
can be concluded, therefore, that a fixed position EGR
valve is a simple and effective way of controlling NO. x
emissions while the engine is operating over mine duty
cycles.
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13.2.3 Effect of EGR on Emissions

Duid ng MTU MOD 4 CyC 1e (Hot MTU CyC 1e) .

The details of this modification of the MTU cycle will be

d"iscussed in the next section. Basically, the MTU MOD 4 is

a significantly hotter variation of the MTU cycle. Table

1:3.14 compares the gaseous emissions of the two cycles with

and without 15% EGR. NO reductions were very good withx
a 41% reduction for the MTU cycle and 55% reduction for the

MTU MOD 4 cycle. In both cycles there was no significant

"effect on THC elmi ssions. There was a large increase in CO

from 122 g/hr to 282 g/hr (131%) with the EGR application

on the MTU MOD 4 cycle. The increase of CO for the MTU

cycle was only marginal. This larger increase for the MTU

MOD 4 cycle is partially due to particulate combustion on

the filter as shown by the CO emissions in Table 13.14

before and after the DPFs. Gaseous emissions were also

analyzed during a steady state (2300 rpm/100% load) burnoff

and showed no change except for CO. Figure 13.9 shows CO

peaking at 560 ppm from a normal concentration of 200 ppm.

Control system efficiencies for particulates are shown in

Table 13.16. There are only slight variations in

efficiencies between EGR and non EGR tests and between the

two fue"ls teste!d. (Phillips 0-2 and Gulf Diesel 40). All

soluble and insoluble efficiencies are excellent for the

combined EGR/DPF system; all being 94% or better.

13.3 Regeneration of DPFs and Development of Hotter Cycles

Ouring emissions testin~1 the MTU cycle was not hot enough to

regEmeratEt the DPFs with EGR application. Therefore, the DPFs had
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to be regenerated at a steady state engine condition of
2300 rpml100% load.

Attempts were made to regenerate the DPFs over duty cycle

opl:!ratioln. Figure 13.10 shows filter pressure drop traces measured
ov~:!r repeated duty cycles without EGR application. No apparent

regeneration effect was observed. The same result was found with
EGR application, also shown in Figure 13.10. The reason for this

becomes ,apparent when Figures 13.11 and 13.12 are ex~mined. Figure
13.11 sh,ows the temperature traces measured over the cyc1e wi th 10%

EGR application. Filter inlet temperatures rarely reach 4800 C,
and filter outlet temperatures are smoothed out by the heat capacity

of the filter and average out at less than 3100 C. Figure 13.12
shows the temperature traces when the EGR was increased to 20%. The

DPF outlet temperature averages less than 4250 C and still appears
too low with this cycle for effective filter regeneration.

Therefore it was decided to investigate the development of hotte~

cycles to promote DPF regeneration

13.3.1 Development of Hotter Cycles

It 1s recognized that the ignition temperature of trapped

diesel partic:ulate is approximately 5100 C. The typical
MTU temperature profile (see Figure 13.13) has an average

temperature Clf 3430 C with no excursions close to the
desired 5100 c:. Before developing a hotter cycle a number
of additionall duty cycle temperature profiles from
operating mine vehicles were examined. Swedish LHD duty

cycles show a significantly higher temperature profile (24)
as do typicall temperature traces from a Wagner ST-8 LHD
vehicle as m.!asured at the Canadian Dennison Mine
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(25). Table 13.16 summarizes the average exhaust
temperature and the percentage time temperature exceeding

5100 e for various cycles. It is apparent from-this data
that the MTU cycle is very much on the cool end. Average

oexhaust temperatures vary from 370-425 C for the other
cycles examined with most showing significant excursions

above 5100 C. As shown, the MTU plus 20% EGR did reach
3900 C average exhaust temperature with 5% of the cycle
exceeding SlOoC. However, regeneration was not achieved.

Four modifications were made to the MTU cycle as shown in

Table 13.16. It was found that modifications 3 and 4
approached the average cycle temperatures of the hotter
mine duty cycles examined. The MTU MOO 4 (Hot MTU) cycle,

. 0
with an aver'age exhaust temperature of 429 C and 5% of
the cycle e):c~eding 5100 C, was felt to have potential to
regenerate OPFs with EGR application.

13.3.2 Cycle Regeneration Tests

Four differEmt cycle conditions were tested for

regeneration potential as follows: (1) MTU Cycle,

(2) Hot MTU Cycle, (3) MTU Cycle and 15% EGR, and (4) Hot

MTU Cycle and 15% EGR. Figure 11.14 shows that the MTU

Cycle and the Hot MTU Cycle had similar backpressure rises
of 0.289 and 0.275 kPa/h respectively. The MTU Cycle and
15% EGR produced a substantially higher rate of 0.793
kPa/hr due to the increased particulate emissions
associated l!'Iith EGR. The initial Hot MTU Cycle and lS% EGR
had a pressure rise rate of only 0.363 kPa/hr despite

having highler particulate emissions than the MTU Cycle.
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This result suggests that partial regeneration was being
achieved. A second test was performed on the Hot MTU Cycle

and 15% EGR with gaseous analysis performed before and
after the Corning filters. This test produced a
significantly higher pressure buildup of 1.05 kPa/hr. No
other significant differences between the two tests could
be found.

Figure 13.15 illustrates the temperature profile of the MTU

MOO 4 (Hot MTU) cycle with 15% EGR. This cycle has an

average tempel~ature of 4960 C with 48% of the cycle
exceeding 510°C. These temperatures are high enough for
regeneration. However, the exhaust gas oxygen content is
reduced due to EGR effects. Another effect of EGR

application is increased total particulate emissions so
that a border"line regeneration may not keep up with the

rate of particulate deposition. The two very different
buildup rates for this cycle condition (.363 kPa/hr and
1.05 kPa/hr) ~)uggest a borderline partial regeneration

condition.

13.4 Conclusions on EGR Systems

Thle combined EGR/OPF clontrol system is a simple and effective method

of reducing particu1at,e and NO emissions. However, operating on
x

thle MTU cycle regeneration of the OPFs could not be obtained. The
development of hotter versions of the MTU cycle and the application
of EGR still did not produce regeneration conditions, despite

tellllperatures in excess of 5100C with the application of EGR. It
appears that the application of EGR does not assist regeneration of
OPFs. However, EGR do,es improve NO emission quality so should be

x
seriously considered for emission control systems.
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TABLE 13.13

Ef1Fect of Fixed Position EGR on Duty Cycle Emission Rates
from EGR/Corning Filter ( MTV Cycle)

%EGR indicated is set at 2200 rpm, 80% full load steady state
AVlerage 1oadlspeed condi ti on over cycle = 2177 rpm, 71.9 kW
(52% full load)

%Change in Emission Rates with EGR, based on G/H
%EGR NO N02 NOx CO THC CO2

10 -26 -47 -27 +3 +5 -0.2

15 -41 -41 -41 +12 -3 -0.2

Effect of Fixed Position EGR on Duty Cycle Emission Rates
from EGR/Corning Filter

%EGR indicated is set at 2200 rpm, 80% full load
Average load/spleed condition over cycle = 2177 rpm, 71.9 kW

-
Emission Rates in G/H

%"EGR--
NO N02 NOx CO THC CO2

° 328 23 526 115 37 76188
i

118 3910 242 12 383 24827

15 194 13 311 129 36 74837
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TABLE 13 .~ 16

Duty Cycle - Temperature Profiles

Cycle

100 - 250 meter flat grade haul (LHD)
ST8 - F8L-714 RSV

1100 meter flat grade haul 5% upgrade
loading LHD ST8 - F8L-714 RSV

250 meter flat grade haul
LHD ST8 - F8L-714 RSV

215 meter flat grade haul
6 Phase LHD F6L-714

89 meter haul.
LHD ST8 (Swedish data)

MTU cycle computer simulated
LHD F8L-413 - RQV/2300, Avo Load 69%
(Simulated from MTU F8L-714-RSV/
2300, Avo Load 59%)
(150 seconds)

MTU as above plus 20% EGR

Modified Falconbridge Cycle
LHD F8L-413 - RQV/23i00, Avo Load 87%
(Modified from Fa1conbridge simulated
413-RSV/2000, Avo Load 77%)
(Simulated from Fa1c:onbridge 413-RSV/2000,
Avo Load 67%)
(257 seconds)

MTU MOD 1 = MTU+ 10% Load
MTU MOD 2 = MTU + 20% Load
MTU MOD 3 = MTU + 30% Load
MTU MOD 4 = MTU + 30% Load + 10%

rpm mucking

Average Exhaust
Temperature

373°C
(357-385)

423°C
(413-441)

385°C
(371-399)

414°C

396°C
(371-427)

359°C
-390°C
407°C
429°C

%Time Tempo
Exceeds 950 F

16%

34%

10%

7%

0%

0%

5%

77%

0%
0%
0%
5%
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14. DIESEL PARTICULATE FILTER REGENERATION OPTIONS

Diesel Particulate Filter (DPF) technology has been steadily edging
into the underground mining industry. One of the major problems
that plague trap development for underground use is DPF
regleneratlon. IlPF regEmeration is the process of oxidizing or
burning trapped diesel particulates on the ceramic material of the
filters. This regeneration is necessary to maintain an acceptable
engine exhaust backpressure during engine operation. The

regeneration of the OPF should be a controlled regeneration to
prevent temperature stl~ess fracturing of the DPF ceramic material.

DPF regeneration may occur if the diesel exhaust gas temperature is

equal to or exceeds thE! ignition temperature of the trapped
particulclte matter for a specified period of time. The ignition
temperature of the diesel particulate matter (carbon) has been found

to be in excess ~f 550oC, depending upon the chemical nature of the
diesel e)(haust stream. Diesel Particulate Filter regeneration can

be accomplished by using each of the following methods, or, in some

cases, a combination olF two or more.

1. Face Heater.
2. Burner Assembly.
3. Engine Throttling.
4. High Temperature Soak.
5. Catalyzed DPF.
6. Fuel Additive in Diesel Fuel.
7. Exhaust Gas Rl:!ci rculation.

The fuel additive/EGR and catalyzed DPF/EGR approaches to filter

regeneration will be dl~scribed in detail in the following



subsections.
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A general overview of the first four methods of filter

is presented as follows. These techniques were not

this program but are included for background

14.1 Face Heater.

Research has been completed on variations of electrical assistance

of OPF regeneration. One such type of electrical resistance heater

was a dual element self-·limiting glowplug installed in a manner that

the tip of the plug just contacted the trap material (26). The

other exposed-element ignitors which have been evaluated for OPF

regeneration aids are stranded-wire grids, spiral coil elements

(cigarcoils) (26) and a calrod type electrical face. heater (27)

The glowplug ignitor regeneration tests indicated that heavily

soot-ladened OPFs were necessary for filter regeneration but on

regeneration the filters frequently failed or partial regeneration

occurred.

A Calrod I'face heater ll combined with a low flow of bleed air was

successful in initiating DPF regeneration. This regeneration method

was completed successfully with and without fuel additives in the

engine diesel fuel supply. This type of DPF regeneration creates

high radial temperature gradients and thermal stresses within the

ceramic filter medium. Cumulative regenerations may reduce the
working life of the OPF with this type of regeneration mode.

BurnE!r Assemb1yo

The application of an in-line diesel-oil burner as an initiator of

OPF regeneration has been experimentally tested. Major problems of
burner nOHle clogging, ignition reliability and trap durability
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have been reported (28 iand 29). A limit on OPF inlet temperature

and filter loadings would be required to avoid excessive thermal

stress within the OPF. The present complexity and expense of burner

control systems makes this system unfavourable.

J4. 3. Throttling

The exhau~)t gas temperature of a diesel engine can be increased by

throttling the intake ai~ supply to the engine. On reducing the

combustion air supply to the engine the air-fuel ratio of the engine

is decreased from normal, thereby increasing the combustion gas

temperature and subseqUiently increasing exhaust gas temperature.

The major problem with throttling is that carbon monoxide,

hydl"ocarbon, and particulate emissions increase. OPF failure is

imminent if overthrottling is followed by low exhaust gas flows and

high oxyglen content, particularly with a highly loaded filter.

'14.4. High Temperature Soak - Off 80ard System

OPF regen1eration can oClcur by placing the filters in an ove"n at a

temperature above the ignition temperature of carbon for a period of

time. Regeneration can be controlled by limiting the amount of

oxygen available for regeneration. An onboard regeneration system

is, howev1er, a more practi ca1 approach.

,14.5 Catalyzed Diesel Particulate Filter (OPF)

14.5.1 Particulate Ignition Temperature

Particulate ignition temperature test results shown in
Figure 14.1 reveal that the catalyzed OPF reduced the

particulate ignition temperature by 1490C to a value of
3490 C.
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This brought the diesel particulate ignition temperature

into the range of the average exhaust temperature
experienced during the MTU LHD cycle. The exhaust

temperature from a diesel engine is influenced by the

temperature of the combustion air supply; lower combustion

air temperatures result in lower exhaust temperatures. By

varying the intake combustion air temperature and by

applying EGR, it was possible to vary the average exhaust
otemperatures over the standard MTU cycle from 322 e to

3620e which bracketed the threshold ignition temperature

found from Figure 14.1. Figure 14.2 shows that with

average exhaust temperatures of 3220 e and 3380 e, resulting

from a combustion air intake of 30 e and 250 e respectively,

catalyzed DPF auto-regeneration did not occur (plots 1 and

2). However, with an average exhaust temperature of 3540 e
resulting from 37.50 e intake air, auto regeneration of the

'catalyzed trap was achieved (plots 3 and 4). Using 10%

EGR, it was possible to achieve 36.50 e combustion air using

pre-EGR intake air of 150 e. Again, auto regeneration of

the catalyzed trap was achieved. Varying the temperature

of the intake combustion air was used as a convenient way

to alter the MTU cycle exhaust temperature over a narrow

margin in order' to investigate the effect on DPF auto

r'egeneration. A more effective method of increasing the

diesel engine e!xhaust gas temperature was to operate the

engine over the Modified MTU cycle (MTU MOD 4). An average

cycle exhaust gras temperature of approximately 3950 e is

experienced. This is an average exhaust gas temperature

increase of 700 e above the average exhaust gas temperature

of the MTU cycle which is 3250 e. This increase in exhaust
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gas temperatur1e allows catalyzed DPF regeneration to occur

as illustrated in the MTU and MTU MOD 4 rate of engine

lexhaust backpressure rise shown in Figure 14.3.

14.5.Z Particulate Test Results

Particulate testing was conducted over the MTU-MOD 4 cycle

with catalyzed DPFs installed. The test results presented

in Table 14.1 indicate soluble particulate accounts for an

average of 54% of the total particulate. These results

suggest total particulate removal of approximately 93%

based on baseline results from a separate test cell with an

identical engine. The sulphate fraction is not included

with the particulate results.

14.5.3 Gaseous Emission Results

Gaseous emissions of CO, THe, NOx' NO and NOZ for the MTU

and MTU MOD 4, LHD cycles with catalyzed DPFs are presented

in Table 14.Z. Highly effective CO emission control is

evident for the catalyzed DPF when the diesel engine is

operated over the MTU and MTU MOD 4, LHD cycles. This is

an important consideration in reducing the concern over the

peak CO emissions created if EGR is applied. There

appeared to be a reduction in NO emissions found with thex
catalyzed trap over the MTU LHD cycle. This could be a

result of carbon combustion producing CO which reduces some
of the NOx to NOZ in an oxygen deficient zone close to the

catalyst surface. The NOZ content of the exhaust appears
to be increasEtd.
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14.5.4 Sulphate Emission Results

Tests were pel~formed to determine emissions of sulphur

dioxide (502) and sulphate (SO;) with the use of catalyzed
Corning DPFs. Tests were conducted at steady-state engine

conditions and also over two versions of the MTU-lHD cycle.

The average engine conditions for the first series of
sulphate tests are given in Table 14.3.

A series of tests were conducted at steady-state engine
load/speed conditions to determine the sulphate production
characteristics of the catalyzed DPFs. Table 14.4 shows
that 69% of the fuel sulphur is as SO; for high engine load

conditions (high exhaust gas temperature 54SoC). Since the
acco.untabilit~, of the fuel sulphur is good (90% analyzed)
it is clear that there is very little storage of SO; on the
DPF. When engine conditions are changed to obtain an

oexhaust tempel"ature (250 C), below the threshold of·

particulate rE!generation, there is very little production
of sulphate (10%). Again, the accountability of fuel

sulphur is vel"Y good (100%) and the catalyst does not
change the e"l~ine 502 emissions. It can be assumed,

therefore. that the catalyst activity on sulphur is
negligible at these low load engine conditions.

When catalyzed DPFs are used on the Deutz F8l 413 F/W
engine operating over the MTU-lHD cycle there is increased

production of SO; and some storage of SO; on the DPF. Since
there is an 84% accountability of fuel sulphur
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it can be assumed that some of the fuel sulphur is stored

on the DPF as so;. With the application of a nominal 15%

EGR over the MTU-LHD cycle there is an increased production

of sulphate due to an increase in the engine fuelling rate

(brake specific) and an increase in the exhaust gas

temperature. Sulphate storage is also evident when EGR is

applied over this cycle.

Table 14.5 gives additional S02/S0; emission results for
engine operation over the MTU-LHD cycle. Three tests were

conducted to establish MTU-LHD cycle baseline (without

catalyzed DPFs) emissions for S02 and so;. For baseline

conditions, 11% of the total sulphur is as so;. When

catalyzed DPFs are employed over the MTU-LHD cycle the S04
portion of the total sulphur increases to 31%.

Figure 14.4 shows the relationship of s02 to so; conversion
versus exhaust temperature for an Engelhard PTX-623D

catalyst and the! catalyzed DPFs. The PTX data was obtained

in a previous phase of this study and is given in ORF Final

Re!port No. 2828 for Phases I and II. Conversions of S02 to

so; for the catallyzed DPFs follows a similar trend as was
determined for the PTX catalyst. These data indicate that

the catalyst activity for sulphur compounds is somewhat

similar for both emission control devices. Figure 14.5

give~ the relationship s02 and so; emission rates versus
exhaust gas temperature for the PTX catalyst and the

catalyzed DPFs. It 'should be noted that this data applies

tel the catalyst formulations tested. Current information

on later catalyst formulations for DPFs show very low

conversion to SCI;. The information in this figure is based
on emiss'ions frClm a Deutz F8L 413 F/W engine with a known
fuel sulphur content.
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Three tests were conducted to determine emissions of S02

and so; over the MTU MOO 4 with application of catalyzed
DPFs. The MOD 4 version of the MTU-LHD cycle gives a

higher avera~le load (91 kW) than the standard MTU-LHD cycle
(approximate'ly 72 kW). Since. the load is increased with
theMTU-MOO 4 cycle, the exhaust temperatures are

increased, and increased catalyst activity can be expected

compared to the standard MTU-LHD cycle.

Table 14.6 gives results of the S02/S0~ tests carried out
over the MTU MOD 4 cycle. These tests were carried out
under a parallel program sponsored by the Ontario Ministry

of Labour. An average of 72% of the total sulphur analyzed

is as so; for the three tests conducted.

14.6 Fuel Additives

One of the options fOI~ reducing the ignition threshold of diesel

engine particulate matter is through the use of fuel additive.

Ol"gano-rnetallic fuel additives result in metal dispersion in the
particu'late matter conection in the ceramic filter. This catalyzes

the combustion of the particulate at significantly reduced ignition

temperatures. Studie~) have shown manganese and manganese/copper to

be an eHective fuel iidditive in this respect. Diesel particulate

ignition temperatures of 3700 C for manganese and 34SoC
manganese/copper fuel additive have been achieved. The manganese
and manganese/copper fuel additives are manufactured by Lubrizol
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Corporation and are identified as 8220 and 0565135 respectively.

Preliminary trials of manganese/copper fuel additive at a
concentration of 80 mg of additive per litre of diesel fuel were

completed over the MTU cycle to compare the effects with those found
for the catalyzed DPF.

l4.fi.l Fuel Additive Test Results

Figure 14.6 shows the results of operating over the MTU

cycle with different combustion air temperatures and with

80 mg/L fuel additive. With 10% EGR, at an average exhaust

temperature of 3430 C and 362oC, no trap auto-regeneration
was evident. Auto-regeneration of the DPF over the MTU
cycle with fuel additive could only be obtained by

increasing the combustion air intake to 390 C. This
resulted in an average exhaust temperature of 3690 C as
indicated in Figure 14.6 plot 3. It appears that the
particulate ignition temperature is slightly higher than

that found for the catalyzed DPF.

14.6.2 Gaseous Emission Test Results

Average gaseous emissions obtained over the MTU cycle while
the ceramic DPF was operating in a regenerative mode are
shown in Table 14.7. In contrast to the catalyzed DPF a

small increase in CO and THe emissions is evident using the

fuel additive technique while NO emissions are essentially
x

unchanged.

14.1 Conclusions

Both the catal~,zed OPF and Fuel Additive/DPF approaches showed good

potential for auto-regeneration, particularly if the hotter MTU MOD
4 cycle was used. Emissions with the catalyzed DPF were excellent
except for a potential problem of 502 to SO; conversion. Fuel
additive/DPF had no detrimental effect on gaseous emissions.
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TABLE 14-.1

Particu'late Emissions for MTU-MOO 4
LHO !Cycle with Catalyzed OPF's

Test Particulate Concentration (mg/m3)
No. Insoluble Soluble Total* %Soluble of Total

1 1.44 1.78 3.22 55

2 1.63 1.44 3.07 47

3 1. 73 2.16 3.89 56

4 1.06 1.44 2.50 58

Average 1.47 1.71 3.17 54

* Note: Total particulate results exclude sulfate fraction.
Total is comprised of soluble and insoluble particulate.
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15. FIELD TESTS

Field testing was carried out to evaluate mine durability and

emission control effectiveness. It was felt that laboratory testing

of the DPF ceramic fi ltr'ate was not an adequate substitute for real

world conditions. In conjunction with DPF durability testing it was

perceived that the monitoring of mine air during this demonstration

may provide information on the improvement of mine air Quality with

the DPF technology. Two approaches of DPF regenerative assistance

were considered for this project; catalyzed OPFs and fuel

additive. A standard cEiramic OPF was not tested because it would

not be expected to self-·regenerate and hence, would plug very

Quickly.

In choosing a location for this OPF demonstration a series of test

pre-requisites needed tel be fulfilled. These were:

1. The LHD vehic h! exhaust gas temperature during LHD

operation had to be sufficient to allow successful filter

r"egenerati on.

2. The DPFs had to be readily adapted to the engine.

3. The LHD vehiclE! had 'to be operated by the same operator in

eln area for a minimum of 3 weeks, where no other vehicle

E!xhaust would 'interfere with the air Quality in the test

lone.

4. A management that was willing· to participate and supply the

necessary auxi'llary equipment and manpower necessary in

performing the~se emissions and endurance trials.

~ Mine Selection

Two mines were considered for the OPF mine demonstration; St. Joe
Resources Mine in Balmat, N.Y., U.S.A. and Kidd Creek Mine in
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Tilllllins, Ontar"io, Canada. Ontario Research Foundation (ORF) and
USBM personnel visited each mine site and discussed program

requirements with mi~ing personnel.

St. Joe mine's personnel recommended that the tests be carried out
in an area being clear'ed for an underground maintenance bay.
Discussions held with production supervisory personnel revealed that
this operation would c1nly involve periodic LHD operation, and it was
not possible for the mine to extend the time of the duty cycle.

Kidd Creek Mine indicated a willingness to participate in this DPF
demonstration and met all the test pre-requisites.

15.2 Mine Test Area

Copper a.nd zinc are the primary metals mined at this operation with
1esser a.mounts of si 1ver and cadmi um. In 19B1 the mi ne produced an
ore tonnage of 4,076,-4-00 for subsequent milling at its refinery.

The mine management was cooperative during the planning stages and

actively participated in the program itself. Mine personnel

provided the necessary maintenance staff and facilities which

allowed for tne installation of the emission control hardware on the

LHD. In addition, thEi necessary electrical power supplies and fuel

storage facilities were provided by the mine.

It was decided to use the 915 metre level of the No.2 mine as the
location for the tests,. Mine personnel were cooperative in ensuring
that no other diesel powered machines operated in the vicinity of
the LHD under test. This was necessary to minimize changing
background air quality during mine air sampling. Figure 15.1 shows

the layout of the 915 metre level of the mine.
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The test ~5ite area of the 915 metre level is illustrated in Figure

15.2. Approximately 22 m3/s of ventilation air was supplied in the

main drift of the test site. Also, an axial fan supplied some

ventilation air via a duct to the mucking area (771 stope). The LHD

travelled between the muck pile and the ore pass, a distance of
approximately 67 metres. There were no significant gradients

bet""een the ore pass and the muck pi leo

)5.3 Equipment Selection and Set-Up

USBM provided all the n1ecessary test equipment and instrumentation

to allow IDRF personnel to collect samples of the mine air. It was

originally envisaged that collection of air samples both upstream

and downstream of the tlest LHD would allow for an adequate

comparison of air quality. Mine air monitoring stations were

located at the ventilation air supply to the test site (Location

IIA") and downstram of the test site (Location IIB") as indicated in

Figure 15.2. One high volume air sampler, three permissible

samplers (personnel samplers) for particulate sampling and one CO
2

bag sampler were located at each monitoring station.

Strip chart recorders used for measuring RPM and exhaust gas

temperature were mounted on the test LHD along with three personnel

samplers and a'co2 sampling system. Figure 15.3 and Figure 15.4

illustrate the mine air sampling equipment. A detailed description

of the emission test equipment is located in Appendix II.

15.4 DPF Installation

The LHD machine (No. 502) used in this underground demonstration was

a 4 m3 ST5 "scooptram" powered by a Deutz FBL 714 air-cooled
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engine rated at 133 kW at 2300 RPM. As indicated in Table 15.1, a

rebuilt engine had been installed in the ~HO on November 1, 1983 and·

a total of 2092 hours of engine operation had been accumulated prior

to this demonstration.

The original exhaust system employed on the LHO vehicle included an

Engelhard 6 OM PTX catalyst in conjunction with a muffler on each

exhaust bank. This machine was primarily chosen for the field

testing due to the ease of replacing the current exhaust system

with the OPFs and for its high engine exhaust temperature
(400 degrees C+) necessar"y for succe.ssful OPF regeneration.

In previous lab tests OPFs were installed in the horizontal·

position, however, due to vehicle exhaust configuration and limited

space, the OPFs were mounted vertically on the LHO. OPFs were

attached solidly to the LHO mainframe by bolting the OPF flange

directly to the vehicle floor. In this installation the exhaust,

after passing through thE! OPF, encounters a deflection plate and is

deflected towards the reclr of the machine. A convoluted section of

flexible tubing complete with mating flanges was mounted between the

engine manifold and the IlPF inlet. The flexible tubing acted as a

shock absorber reducing the stress between the engine manifold and

OPF inlet. Easy removal of the OPF from the LHO was accomplished

through the use of 4 hole mating flanges on the OPF exhaust inlet

and outlet. OPFs could be removed from the LHO vehicle in

approximately 10 minutes by the simple removal of sixteen 6 mm.

bolts. The total length of time for initial retrofitting of the LHO

with OPFs was a total of 2 working shifts (16 hours).



- 318 -

Upon installation of e!ach OPF demonstration system the LHO vehicle
would be driven from the 853 metre mine level to the 1036 metre mine

level and back again. This procedure produces high engine exhaust

temperatures inducing OPF regeneration which ensured a "clean " OPF
before air monitoring tests.

15.5 Vehicle Operation Results

The engine exhaust manifold temperatures and RPM were constantly

monitored using a Soltec strip chart recorder set to a chart speed
of 0.5 em/min. This chart speed was selected to reduce the chance

of chart paper jamming in the recorder. A typical chart tracing is

given in Figure 15.5. In order to differentiate between LHO cycles,
the chart speed was increased from 0.5 em/min to 8 em/min. for a
number Qlf LHO cycles one of which is shown in Figure 15.6. Ouring

this accelerated cycle trace the LHO operation was timed using a
Hewer digital stopwatch. This was completed to determine the four
(4) lHO cycle modes.

These modes were identified as the following:

1.

2.

3.

Travel to stope

Mucking

Travel to ore pass

The lHO vehicle travels from
the ore pass to the mucking
face at the stope.

The lHO vehicle fills the
bucket with ore.

The lHO vehicle travels from
the stope to the ore pass
with a load of ore.
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The LHD vehicle dumps the
bucket of are down the mill
hole (are pass).

The chart recording of the LHD vehicle was segmented into 1 second
increments. Engine exhaust temperature and RPM data was obtained

for each of these 1 second increments. The result a digital version

of the LHD vehicle cycle is given in Table 13.2 and resultant

temperatUire and RPM gralphs of these tables are shown in Figures 15.7

and 15.8. The average RPM and temperature for the four modes is
given in Table 15.4.

On completion of each dlay1s testing the LHD vehicle would climb an
access ramp from the 915 metre level to the maintenance bay on the
853 metre level. During one of these ramp ascents the engine

exhaust temperature and RPM were monitored using strip chart
recorders. The engine exhaust backpressure was also noted. The

graphs of RPM and tempE!rature duri ng thi s ascent are shown in

Figures 15.9 and 15.10 respectively. A digital version of ramp

ascent RPM and temperature is located in Table 15.3.

ThE! LHD alverage engine exhaust temperature was 4390C as indicated in
Table 15.4. This is a much hotter cycle than the MTU cyc1e 1s

average exhaust temperalture of 3400 C. DPF regeneration temperatures

of 4200 C and 3700 C with respective fuel additive concentrations of
80 mg andl 40 mg ManganE!Se per litre of diesel fuel have been

recorded in ORF fuel additive test programs. Therefore using a

concentrClltion of 80 mglL of fuel additive ensured DPF regeneration
during mine air emission tests.
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. . • . ' 0Catalyzed DPF regeneratlon temperature of 349 C measured at ORF test
facility ensured that regeneration would occur over the Kidd Creek

LHO CYC1EL

The engine exhaust bacl<pressures (Tables 15.5 - 15.6) indicate no
significant increase in engine exhaust backpressures during
catalyzed and fuel additive DPF mine emission trials. The exhaust
backpressures for both DPF systems were significantly lower than the
original exhaust system (PTX + muffler) as indicated in Tables
15.5-15.7. The maximum high idle exhaust backpressure for the DPF
units was approximately 3.5 kPa compared to 8.0 kPa for the PTX +

muffler system. Both OPF systems appear to exhibit

auto-regeneration as predicted.

A_ signif'1cant aid in tlhe regeneration of the DPFs was the daily ramp
ascent from the mine 9'15 metre level to the 853 metre level. The

average lengine exhaust temperature was 5100 C with extreme

temperatures of 5500 C. Auto-regeneration of the DPFs without any
assistanlce would likely occur during this 3 minute period of time.

It would be interesting to observe an LHD vehicle with similar
exhaust control devices in a mine without an access ramp.

15.6 Mine Air Monitoring Test Results

To calculate the net effect of the different exhaust conditioning
systems the pollutant concentrations of the upstream air were
subtracted from the pollutant concentrations of the downstream air
(Table 15.8) and illustrated in Table 15.9. A negative (-) sign in
Table 15.9 columns (except combustible particulate matter
concentration) indicates that the downstream air was I C1eilner" than

the upstream air.
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The personnel filter mass gains and concentrations are
located in Tables 15.10-15.12. Insufficient particulate
mass did not allow for conclusive results.

Analysis of cc)mbustible particulate matter test results

were complicated by positive mass gains on some of the test

filters. A mass loss of particulate matter (carbon) on the

high volume f"ilter was expected. However, a mass gain

occurred on mc)st of the filters and is suspected to have

been due to oxidation of mine dust on the filter. The

combustible particulate matter results, therefore, cannot
be accepted as reliable.

The soluble particulate matter in mine air is not entirely
due to diesel engine exhaust. Soluble particulate material

may originate from oil leakage from the lHD. One of the

major problems encountered with the Deutz engine used in

this project was leakage of oil from the valve cover

seals. This ,oil would impinge on the hot exhaust creating

a high soluble particulate content in the mine air. The

soluble particulate matter concentration has been recorded

for the mine air as shown in Table 15.8 but is suspect.

The organic fraction of the mine air may have originated
from the diesel engine exhaust as well as other sources.

The sulphate SO; pollutant concentrations as shown in Table
15.8 and Table 15.9 suggest that the catalyzed DPF is
producing less sulphate than the standard DPF and fuel

additive. This data conflicts with earlier laboratory
catalyst DPF tests completed at ORF engine test facility.
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The sulphate ic," results were obtained from the analysis of

the high volume filter isopropyl alcohol extract.

The nitrate (NO;> results were obtained using the same

method as for the sulphate ion; a method not normally used

in nitrate detE~rmination in air.

The mine air sclmpling methodology and sample analysis are

located in Appendix II.

15.7 Durability Tests

15.7.1 Catalyzed DPF Durability Test

The catalyzed ()PFs were operated for a total of 251.2 hours

at Kidd Creek Mine. In conjunction with those hours, 186

hours of operation were accumulated at ORF's research

facility for a total of 437.2 operating hours. Test

details can be found in Appendix III.

No catalyzed cli!ramic DPF failure was evident during the

mine demonstration.

The engine exhaust backpressures during the endurance

testing phase of the mining demonstration showed a decrease

of approximately 0.85 kPa at high idle. This, however,

could be the accuracy difference between the magnehelic

gage and the diaphragm type differential pressure gage.

From the standlPoint of auto-regeneration and durability the

mine demonstration was a success.
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15.1.2 Corning DPFs with Fuel Additive

During the fuel additive phase of the endurance
demonstration three injectors on the right engine bank were
found to be 1E~aking unburnt fuel into the engine exhaust.
This diesel fuel coated the right DPF increasing the engine
exhaust backpressure and create'd a "smoking" problem as

described in Appendix III. Once the injectors were

replaced and the DPFs regenerated with an access ramp climb

the right engine exhaust backpressure decreased to initial
idle endurancE~ test conditions. The high idle condition

was slightly higher than initial test conditions. The
right DPF ceased smoking after the access ramp climb

indicating the unburnt fuel had been cleared off the filter.

The standard [)PFs with fuel additives were operated for a
total of 194 hours. No physical damage to the DPFs was
observed and the DPFs successfully auto-regenerated.

15.8 Conclusions

The majOlr succe'ss of this demonstration was the fact that both the

catalyzed DPF and the standard DPF with fuel additive withstood the
rigors of a mine environment while ~uto-regenerating. Although the

m1ne a1r mon1tor1ng re~)Ults were inconclusive. visual inspectionof
the DPFs indicated they were removing diesel exhaust particulates.
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TABLE 15.1

SCOOPTRAM #502 ENGINE HISTORY

ENGINE TYPE:

ENGINE SERIAL NO.

Deutz F8L714

SIN 5202751

DATE TASK ENGINE HOURS

Nov. 1/1983 - installed rebuilt engine 0

Dec. 24/1984 - Set Valves 595

May 15/1984 - Replaced leaking oil
return tube 1344

June 6/1984 - Tune up 1349
- Set valves
- Replaced injectors.
- Replaced flywheel and

rear main seal

Nov.22/19~4 BASELINE MINE AIR MONITORING 2092
TESTS



KIDD CREEK
LHD CYCLE

RPM AND TEMPERATURE
TABLE15 .2

TRf~'V!E~!.... TO :3TDF'E

i .L r"-lE (SE::C.) TE!"1P. C
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J.

2
3
4
5

8

1. 1
1:2

14

16
17
1::3
1. '~/

~?()

·· ..:'·i
.:.. J.

22

24
'-,e:"
::.:.. ...J

.--,--t

..::'. .-'

28

:':;;0
.......;

.,:;,1.

::~;5

..10
"'"'-'

..~.'-?
5()
1::'" -,
...•.:.:.

1'l33
1£:IL80

1812
1764
1669
lf31:2
1'::;>06
2200

-.., '".:; ..::. q=!'
4·_···..'·._J

1480
1.717

2167
2214
2214

....,.~~-::
~'_' .._' ..,,:
:23(j9
2:337
22T:;

. "-:"-:'-7~
...r.:....:... i '_'

2273

2273
·-:··"i~....:....:.. i ,_,

:2273
22'73
20'16
1'706
1~?54
1\383
1 '11-1-2
:201:S
:2.1. :51
2179
2()C'16
1'7'18
2119
2.380

2119
2191
2191

420
420
420

420
·425
'+30
460

460
460
4:""()
430
i-l-::::;S
440
455
,.11::"(1
'~.-!Q

44:5
440
11 ~CJ._,.,_,".-."

47;n
(t25
420
420
4·25
430
430
442
45<)
445
440
440
4-40
440
440
l~·25

430
430
4:35
440
'l55
460
460
44::i
4~~O

450
445
<1-45
4:.50
445

AVERAGE RPM: 1841

VERAGE TEMP C: 443
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KIDD CREEK

LHD CYCLE

RPM AND TEMPERATURE
TABLE 15. 2

1~1UC!<. I i\lG

TE!"1F'. C

~S2
C"...,..
,_1 •...;.

r.::-t:"
',.J •...)

.~ '7

7"1,. ...

7·3

':,.1.-::.
... '-'

Ii
,. I

.... "7

db

1 ,:,Q1
....... -10

Ell 7
1271
1527
1646
1717
u:/rs
16'7'.::­
162:2
1575
15'78
1148
105·'~1·

1456
1527

1:385
. 1622
1812
1977

2356

2380

1622
1 ~.57'5

1788
len7
223~:3
........_.-:"N:,'I",,::...:: / .,,;,.

2273

,.,,,-.....,.-;t.
..,;....:.:, ,/ ."':'

2273
209.S
1764
1598

420
410
400
405
[+is
42(;
430

440
4'<1·5
i!·50
450
435
4.35
440
420
'120
42:':;
'~f.3~5

45()

460
465
460
45(>
440
440
420
415
420
43::i
4:38
4.38
43~3

440
<:lA2

··45()
{4-70
475
L~78
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KIDD CREEK
LHD CYCLE

RPM AND TEMPERATURE
TABLE 15 .2

l"lUCK I NG (CD!\IT.)

T T!....IE (~~3i:::C.)

'=i2

94

96

98
99
lCO
L r) 1

1. O~~;
104

108
1 ()9
11 ()
; ; ;
J. .i. .L

11.:2
11 ~;

114

FWM

1551

1587
15'=;".li3
:1.,::A6
16;1-6
1646
164.::3
1729
1741
1::;'52
1764
1669
1 fl'c,
.L. -"'_"_'

1054
651
1243
1587
1.b93
1 Q C:::':::lw,..!.!

1646
1906
20'96

2344

TEI'1P. C

-478
47:3
480
~1-80

482
482
48::;'
48L~

485
485
490
490
490
490
490
470
460
460
46.3
·470
·465
462
46~i

48::::­
480

(., 'L=::R(4i3F. TEMP C;: 1+4::;;
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KIDD CREEK
LHD CYCLE

RPM AND TEMPERATURE
TABLE 15 .2

TRAVEL TO ORE PASS

11 f:3

120
1.::21
122
1.2::::;
1.24
125
126
1. :::"i
_, r", r",
.!. ..'::.CJ

129

131
132
1::'~J

1::::4

1:::'7
i ~CJ·
.!.. ,_'o..J

1. ':'.\-O
1f.q
142
1 ~1·3

1.4L!­
14~.s

PPM

'-"":"1:::- .."
~ ...:•._IO

23f:3()
2:380

2356
2:333

2:::;.S(-3
~;:: 14:::;

;~380

2·380
230'::

r,:,. -~. -::-::
~'_."_'._I

2191
2191
2214
221·4

··-.-, .....'i-=!"O
...;.,.a:_"_"-J

2285
22:35
228~5

2:285

TEI'"lP. C

460
4·60
455
450
450
'l~50

440
440
450
4~j()

4~i()

450
455
460
455
445
445
450
445
442
·455
455
4~.SO

4:::;;5
430

'+20
41~'5

4·10
400
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KlPD CREEK
LHD CYCLE

RPM AND TEMPERATURE
TABLE 15.2

TEMP. C

'L ~1-6

147

1.49
15C'
·1 C:' .;
J. .~.} .L

152
1. :::.i2;
154
1~;5

157
15~:3

159
1hO
1 {::) 1.
., l':" '-')
.t. t,_' ..:..

1.64

1 ,'~6

167
1.:Sd
i ,;;:,'::;'

of ""7
.1. l J.

172
1. T;
174
175
i " /
.1. / a
l-Ti'
i ···t r.:)
J. i '...!

1
...,,..,
,/ i

:L :3()

2048
1291
14TS

156~3

1'=777
l q77

197"7
U312
1575
1480
1.385
150L'j.

1504
1. 5()4}.

1409
14()9
1433
131'+
1148
1;:+(;9
140'7'
J.40'i
1196
1575
1:335
12'':;;1
-"'-""1
/' L.l::.

580
~;80

$::10
580
~j~3()

580
58()

400

380
390
4(j()

420
,q.30

450
460
460
463

465
47n
470
470
47()
4'7~5

4·7C)
455
4~S5

450
450
440
440
450
450
4::;0
410
400
390
:3:3(>
:385

~ERAGE TEMP C: 443
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KIDD CREEK
RAMP ASCENT

RPM AND TEMPERATURE

TABLE 15.3

::~.~ A1'''1 t::' !~'iSCENT

r l' IV'c ( :3EC ) PPM TEt'lP Cl I It-. " .
0 1 :::;.::::.8 400
""':!" 1 78~3 4 10..... .L

,~ 1 906 L~20,I,

i") < ':.?3(> 4::::'07 1

1 ~2 1 '=;"77 440.L

1 ~:; 1 ';:"')-/,"7 4::15J,

1 t.1 < 954 460,l

2 1. :2:~
..
)f

..
) 1 470- ..

:2 l t 1. '=to!::> 470
:~27 1 9:::;;0 475
3(:, 1954- 4 7 r;;.-; ,_J

:.:33 1 ':::;"77 475
36 1 '=t30 480
~;9 1930 480
!+2 1 (i::~;O 480
4~) 1 '=t54 482
48 2001 485
1:' 1 2072 4(:;;0'.J

~34 2()~5 500
~:57 1977 500
60 1 977 5()()

,;:J.3 2{)72 505
l~'b 2<)72 c:: 10._J

.SS:' ~'2()25 c:: 18,.J

-,,, 19T7 518I ...::.
..-::t:=

1977 518i ,_,

'78 1 9"71' 518
C1 1 2048 5~::()',._'
Cill ~2(),q·8 52<)' ..i '-,

f-3~7 2()() 1 O:::"C-,_I":':'\-'

Cj'(} 1977 52~5

():::. 1977 C="O:::"..J..&:: __'

96 2(}7~.'2 S:3()
~19 2 1 1 '=t 538
1 ()::'~ 21 19 538
1. ()~:i 2048 5':'l-O
:I. U~3 1977 540
1 :I. 1. 1977 C""":'"t::'

~.";I_'

1 14 1 '=777 ~535

1. 1 7 2072 t::"-rr::o
,L ....1 •.::r ..:)
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KIDD CREEK
RAMP ASCENT

RPM AND TEMPERATURE

TABLE 15.3

125
1 ~:?b

129

; ..~c:::
.L ._, •...J

1.38
141
14.14­
1::j·7
1. S()

1':':;6
159
1 t:):;,~

16~='.;

1h8
171
1.:.;'4
17/

ASCE1\IT

2119
2(>72
1977
1<::/1'7

1966
:1.':,54
1906
1 !3H=~:

1883
1':130
1977
1;7>77

:::::048
2() (:.:i 6

204:3
2().25
2()25
2i)() 1
2001

(CONT. )

TEf1P. C

~i40

:.5-42
~545

540
~.540

~540

~540

538
~S3()

~53()

52~5

C"...,.~

._I.~I •..J

'540
542
55()
sse>
5S(>
550
550

, /E:F:A(3f::fE:MF' C : 510
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KIDD CREEK LHD

CYCLE ANALYSIS

TABLE 15- 4

CONDITION

Travel to Stope

Mucking

Run to Ore Pass

Dump

CYCLE AVERAGE

TIME (sec)

51

64

30

35

180

RPM

2071

1841

2294

1320

1880

TEMPERATURE (C)

439

443

443

430

439
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ENGINE EXHAUST BACKPRESSURES (KPA)

CATALYZED DPFs

TABLE15.5

. EMISSION TESTS

ENGINE HIGH-
HOURS BANK IDLE IDLE RAMP

770.0 RIGHT 0.8 3.4 4.0
LEFT 0.8 3.5 4.0

777.9 RIGHT 0.8 3.2 4.0
LEFT 0.8 3.5 4.0

791. i' RIGHT 1.0 3.5 4.0
LEFT 1.0 3.5 4.0

803.1 End of Catalyzed DPF Emission Tests

TOTAL HOURS: 33.1

CATALYZED DPF ENDURANCE TEST

ENGINE HIGH
HOURS BPINK IDLE IDLE RAMP

837.6 RIGHT 1.0 3.4 ****
LEFT 1.0 3.4 ****

920.3 RIGHT 0.4 2.5 ****
LEFT 0.4 2.5 ****

1055.7 RIGHT 0.3 2.5 ****
LEFT 0.3 2.6 ****

TOTAL HOURS: 218.1

TOTAL HOURS EMISSIONS -to ENDURANCE 251.2
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ENGINE EXHAUST BACKPRESSURES (KPA)

STANDARD DIESEL PARTICULATE FILTER

WITH FUEL ADDITIVE

TABLE 15.6

Fuel Additive DPF

EMISSION TEST
ENGINE
HOURS BANK IDLE

HIGH
IDLE RAMP

803.1 OPERATED ON PREVIOUS SHIFT

814.1 RIGHT 0.8 0.8 1.5
LEFT 0.8 0.8 1.5

818.3 RIGHT 0.4 2.4 2.0
LEFT 0.4 0.8 2.0

828.6 RIGHT 0.3 2.5 2.5
LEFT 0.3 0.8 2.5

837.6 End of Emission Tests.

TOTAL HOURS: 34.5

FUEL ADDITIVE DPF ENDURANCE TESTS

ENGINE HIGH
HOURS BANK IDLE IDLE RAMP

1055.7 RIGHT 0.3 2.5 ****
lEFT 0.3 2.5 ****

1215.0 RIGHT 2.0 3.4 ****
LEFT 0.3 3.0 ****

1215.0 RIGHT 0.4 3.0 ****
LEFT 0.3 3.0 ****

TOTAL HOURS: 159.3
TOTAL HOURS EMISSIONS T" ENDURANCE: 193.8

NOTE: The first pressure taken at 1215 was before ramp ascent
(The filter was coated with DIESEL FUEL)
The secol1d time was after ramp ascent.
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ENGINE EXHAUST BACKPRESSURES (KPA)

6DM PTX CATALYST + MUFFLER

TABLE 15 .7

TEST BANK IDLE
HIGH
IDLE RAMP

1 RIGHT 4.0 6.0 7.0-8.0
LEFT 4.5 6.5 7.0-8.0

2 RIGHT 4.0 6.0 7. a-B-. a
LEFT 4.5 6.5 7.0-8.0

3 RIGHT 3.8 6.5 7.0-8.0
LEFT 4.2 6.2 7.0-8.0
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16. SYSTEM COMPARISONS

16.1 Exhaust and Air Quality Indices

A number of methods are presently used to determine the impact of

diesel exhaust emissions on underground mine air quality, and the

amount of ventilation air which is considered necessary to reduce

toxic component concentrations to levels for which no long term

threat to the workers' health is anticipated. In Ontario, there is

a defined quantity of fresh air which must be supplied per kilowatt

of engine power. In the U.S.A. the requirement is that the

concentration of diluted components shall not exceed their TLVs

which are 2500 ppm CO
2

, 50 ppm CO, 12.5 ppm NO, 5 ppm N0
2. In Canada

the limits are .25% CO2, 50 ppm CO, 12.5 ppm NO, 5 ppm N0
2, 2 ppm

3 3S02' 2 mg/m RCD and 1 mg/m H2S04,

These methods, however, do not address the possible synergistic

effects of one component in the presence of another and thereby

increasing the toxicity of combined exposure. In recognition of

this, a group of Canadian consultants, under contract to CANMET,

Energy Mines and Resources Canada, examined the literature on the

health effects of exposure to a mixture of toxic diesel exhaust

components.(3) They were able to formulate the following

expressions:

AQI (gas) CO + NO + 1!Q2
50 25 3

AQI (part) RCD +~+ R~~ + E~2 + R~~ + ..!i2S04
2 1

AQI (Total): AQI (gas) + AQI (part)

Note: If the S02 and N02 concentrations are 25% or less of their

TLVs the respective bracketed terms are not included in the
calculation.
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where

(CO) = carbon monoxide concentration in ppm

(NO) = nitric oxide concentration in ppm

(S02) = sulphur dioxide concentration in ppm

(N02) = nitrogen dioxide concentration in ppm

(RCD) = respirable combustible dust in mg/m3

(considered equi~alent to the particulate

level of diesel exhaust) (20).

(H2S04) = sulphuric acid concentration in mg/m3

The expressions are split up so that toxicants with similar mechanisms
of action are considered first on an individual basis and then as a
whole in ·the total AQI. The inclusion of the S02/RCD and N02/RCD
factors weight the equations towards diesel particulate. Thus
recognizing the impact of diesel particulate and its synergistic

effects with S02 and N02. (Sulphuric acid was collected using the
controlled condensate method for this program.)

An aerosol is a particle of solid or liquid matter that can remain
suspended in the air because of its small size. Both H2 S04 and
80-95% of diesel particles (i.e. particles < 1 pm) are considered
aerosols. Therefore it appears to be appropriate to consider both as
particulates. However since diesel particulate do have a synergistic

effect with S02 and N02 it was not considered correct
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to include H2S04 with the RCO. Therefore in this report H2S04
concentrations were recognized in a separate term from the Reo but
were considered part of the EQI (part).

The AQI expressions were designed for use with ambient mine air
pollutant concentrations. When undiluted exhaust is being considered

as in this program, the same equations are applied but are I~eferred to
as an Exhaust Quality Index·(EQI).

The AQI (gas) should not exceed 1.0 and no individual pollutant should
exceed its TlV. The AQI (part) should not exceed 2.0 and again no
individual component should exceed its TlV as stated by the ACGIH.
The total acceptable EQI then is 3.0. Therefore the EQI/3 indicates
the dilution ratio required to obtain an acceptable air quality. This
dilution ratio multiplied by the dry engine exhaust f10wrate results·
in a value for the recommended quantity of fresh ventilating air.

Considerations have been made that the total AQI value of 3 is too
high and that 2 may be more appropriate.

There are, however, limitations to this approach. Since the

expression was designed as an air quality index, the use of tailpipe
undiluted emission values creates a different impact on the EQI
values. This is due to the lack of accountability for the ultimate

fate of emission components which are emitted to the mine atmosphere.
For example, NO emissions will be oxidized to N02 at a rate dependent
on mine air residence time, and environment. N02 may subsequently be

removed from the mine atmosphere by interaction with water. Similar
considerations apply to H2S04 emissions. An accurate assessment can
only be made, therefore, by applying pollutant concentrations actually
measured underground.
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The original 1978 equations did not address concerns with the

synergistic terms N02 and S02' It was felt that at lower levels of
N02 and S02 the synergistic effects would become less prominent.
Therefore the current equations now carry the rider that if the S02

and N02 concentrations are 25% or less of their TLVs the bracketed
terms are not included in the calculations.

Despite these limitations. the expression is probably the best tool
presently available. in order to compare the different impacts on
exhaust quality of various emission control strategies. It is

considered appropriate and relevant but not necessarily conclusive,

therefore. to use EQI values to provide a view of the ranking of
different emission control approaches, and try to assess which
approaches show the greatest benefits.

16.2 Representation of Emission Control Strategies
Relative to Exhaust Quality Indices.

Since the EQI equation had been changed since the Phase I and II final
report all EQls have been recalculated and included in this section.

Using the data contained in Phases I. II and III. (and data from
relevant literature referenced in this report) EQI values were
calculated at two engine load/speed conditions, and for two engines,
the Deutz F6L-714 and the Deutz F8L-413 FW. The EQI values vary with
engine type and load/speed conditions, but. for the same engine and

the same load/speed condition, it is possible to compare EQI values of

the controlled versus the baseline uncontrolled engine. Calculations
of EQI values were also made with results from two mine duty cycles,
the MTU Cycle and MTU MOD 4 Cycle. Data used in the calculations can

be found in Tables 16.4 to 16.8 along with explanations of assumptions
and estimates that had to be made.



- 355 -

Table 16.1 shows EQI values for the Deutz F6l-714 engine at two

different load/speed conditions with the application of various
emission control devices at 2200 rpm full load.

EGR/Catalyst. EGR/Scrubber and EGR alone applications. were the worst
strategy with respect to EQI (Total). For both 10% and 21% EGR the
gaseous emissions were significantly improved over the baseline.

However. the particulates and sulphates were 600% higher than

baseline. totally offsetting the gaseous improvements. The

application of 21% EGR alone also resulted in very large particulate
emissions above baseline. Emulsification/Catalyst reduced the EQI
(Gaseous) to 61% of baseline but again large increases in sulphate
emissions resulted in a 212% increase in EQI (Total). Emulsification
alone produced good results with an EQI (Total) of 75% of baseline as
did the Gaspe Scrubber at 63% of baseline. The mesh filter with
exhaust gas cooled by water injection. the wet mesh filter with
catalyst and the emulsion/catalyst/mesh filter (wet) produced EQI
(Total) values of 48%. 37% and 32% respectively. These final three

systems show excellent emission reduction. However. all require an

onboard supply of water which is a disadvantage. Also the mesh

filters would require frequent cleaning.

Also in Table 16.1 are EQI values for the 714 engine at 2200 rpm and
three quarter full load condition. Off full load the EGR penalty is
less severe as shown by the 21% EGR EQI (Total) at 108%. The 21%

EGR/Catalyst/Scrubber however. is still very high due to S02 to SO;
conversion. Gaspe Scrubber technology is again fairly good with a 75%
EQI(Total). The 21% EGR/Catalyst/Mesh Filter (wet) was excellent with

31% EQI (total) due in part to the wet mesh filter removimg the SO;
caused by the catalyst.
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Table 16.2 shows EQI values calculated for the controlled and

uncontrollied Deutz F8L-413 FW engine, at two load/speed conditions,

rated speed/full load, rated speed/three-quarter load. In this case,

emulsification, catalyst and EGR techniques, used alone, are

unattractive at either load/speed condition. At full load/speed

cond'ition, the C?rning filter and EGR/Corning filter system produce

the best p,erformance, reducing the EQI values to 47% and 44% of

baseline values respectively. This result, by itself, would seem to

indicate that there is no great advantage in combining EGR with the

Corning filter, since the addition of EGR further reduces the EQI

value by only 3 percentage points, while the complexity of the device

is significantly increased. However, when the EQI values are examined

at 2300 rpm/103 kW, it is apparent that there is now a significant

improvement in the EQI value when the EGR is added to the Corning

filter to form a combined system. This shows the significance of

assessing EQI values at different load/speed conditions, and the need

for performance evaluation over a typical underground vehicle duty

cycle. It is to be concluded, therefore, that, for the 413 engine,

the EGR/Corning filter system offers the best opportunities, in terms

of effectiveness and minimum complexity, for development into field

usable hardware.

EQI values from typical LHD cycles are given in Table 16.3.· For both

cycles the catalyzed Corning filter is unattractive due to its

conversion of 502 to SO;'. There is a discrepancy between the

effectiveness of the catalyzed Corning filter reported here and in the

April 19, 1984 CIM report "Diesel Exhaust Emissions Cpntrol Using EGR

and Particulate Filters". Differences in assumed fuel sulphurs are

the main reason for the difference. The CIM report used a fuel

sulphur of 0.1% while this report uses 0.22% fuel sulphur.
This causes a significant difference in H2S04 emissions

and hence in the total E:QI value. This device however is

the simplE!st and most effective as far as regeneration is



- 357 -

concerned. Therefore if the S02 conversion problem can be improved

this device would be ver'y practical. As in the steady state testing

the Corning and particularly the EGR/Corning system results are very
favourable. However, the Corning and EGR/Corning systems do not

regenerate on their own. For this reason the Fuel Additive/Corning or

a EGR/Fuel Additive/Corning look to be the most promising systems at

the moment. One note of concern with fuel additive systems, however,

is the pass-through of additive. However, recent preliminary results

at OIRF suggest the retention of the fuel additive is very high by the

Corning Filter so may not be a concern.

Further CClmments are necessary at this stage regarding the

relationship between EQI values and the dilution ratio with

ventilation air necessal~y to reduce the Air Quality Index to the

recommendl~d value of thlree. Dilution ratios can be calculated for the

EQI value~i for various l~mission control approaches. For example, for

the Deutz F6L-714 enginl~, the dilution ratio for the uncontrolled

engine at 2200 rpm/93 kl~ (full load/speed) amounts to 59:1, whereas if

the engine is controlled with the emulsification/catalyst/mesh filter

combinati1on, the dilutilon ratio (D.R.) is reduced to 18:1. D.R.

values are however, limited by the dilution necessary to reduce CO2
concentrations produced by the engine to below the threshold limit

value (TLV) for CO2 which is 5000 ppm. Since the CO2 concentration at

full load/speed condition for this engine is 9.9%, then a D.R. value

of 19.8 is required to maintain CO2 concentrations below the TLV.

There is, therefore, little value in applying exhaust control

technology which will lower the EQI below the CO2 limitation. For the

cycle data however the limiting EQI was not reached by any system.



- 358 -

The system comparisons have illustrated the following conclusions:

(l) The Phase III results using transient LHD cycles, generally
confirmed the results obtained using steady state engine

conditions. However, in general, steady state and transient
tests would not be acceptable for comparison because of the

different natUire of transient emissions. Another important
point observed was that emission measurements must be made
\~hen the control device is in a regenerative mode due to the
storage/release phenomena.

(2) IEGR/Corning sy:stems are the most efficient in the treatment
of diesel exhaust emissions.

(3) The Corning filter is also the most practical system to
install and op1erate on a vehicle.
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17. DISCUSSIONS AND CONCLUSIONS

As in many areas of research it has to be stressed that there are

potentiall;~ significant differences between laboratory and field

test·jng. This is particularly true with underground diesel

emissions. This unique environment of cool temperature, high

moisture, rock dust etc. is quite different from dilution tunnel

cond'jtions in the laboratory. Therefore there is concern over

negative or positive phenomena which may affect the pollutants in

the underground environment.

Sulphuric acid is a crucial pollutant because of its production by

catalyzed control systems. Laboratory results show S02 to H2S0
4

conversions to be a real problem. What however happens

underground? One school of thought suggests that interactions of

H2S04 with water droplets may cause H2S04 to be removed from the

mine air. If this occurred to any great extent, catalyzed units

would be much more viable than suggested by laboratory results.

This would also impact on whether more costly low sulphur fuels

would need to be used. Therefore it is critical that additional

work be done in evaluating sulphur compounds in the mine environment.

Of course, there may also be factors affecting (negatively or

positively) the other pollutants in the underground environment. So

it is important that mine air monitoring in general be advanced,

researched and understood.

In this report the AQI/EQI equations have been used to provide a

means of comparing emission control systems. Although the validity

of the equations can be debated it was felt that they do provide a

reasonable measure for comparing relative system efficiencies.

Although not addressed in this program, the Ames Test has been used

in parallE~l programs to clarify diesel soot1s potential

mutagenicity. In generall, these other programs have found that the

mutagenicity reduction is similar to the reduction in total

particulate matter, eXCE!pt with precious metal catalyst coatings,

where the mutagenicity reduction is significant but not as great,
due to a more active soluble portion.
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1. Of all the various approaches evaluated in the three phases
of the program, systems utilizing Corning DPFs showed the
greatest capability for improving exhaust quality. This
was true for both steady state and transient engine
operations. Corning DPF systems are also the least complex
and most practical of all the systems for installation and
operation. However, poor regeneration performance makes
the systems impractical without the addition of fuel
additives or the catalyzing of the DPFs.

2. The EGR/Corning DPF system was the best system as a result
of its having the highest AQI improvement. This reflected
the EGR benefits of reduced NOx and reduced exhaust flow rate.

3. It was observed that some control systems can actually
worsen the' exhil.Ust emissions. This is an important point
in that a control system may decrease one pollutant but
increase others so that the net effect is a negative
control system. Applications of EGR alone is a prime
example. However, it should also be re-emphasized here
that potential differences exist between field testing and
laboratory evaluation.

4. Mesh filters consisting of a fibreglass material knitted in
a stainless steel mesh were successful in treating diesel
exhaust. However they were impractical because of size,
compaction problems and possible fibreglass fibre loss.

5. Water scrubbers were also effective in reducing diesel
emissions. Due to complications of size and water supply
however they too were considered impractical for on vehicle
use.
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6. It has already been established by engine test data that

regeneration of the Corning DPF on the engine is possible

at full load/speed condition. During a simulated mine

cycle (MTU MOD ~f) constant regeneration was accomplished

using manganese based fuel additives and with the Engelhard

catalyzed Corning DPF. These two techniques allow a

Corning DPF system to operate continuously during an LHD

cycle so that the system can be considered acceptable and

practical for underground mines. The only drawbacks of

these two regenElrati ve systems are:

(1) the catalyzed Corning DPFs tested in this program have

an 5°2-5°; conversion problem. Testing of improved
catalyst formulations which do not seem to have this

problem should be pursued as well as underground H
2
S0

4
impact studies.

(1i) questions have been raised on the health effects of

additives that pass through the DPFs. - However recent

preliminary tests have suggested the retention of fuel

additive by the Corning Filter is very high.

7. Both the Corning DPF/fuel additive and catalyzed Corning

DPF systems survived and regenerated successfully on board

an LHD vehicle during routine operation at Kidd Creek

Mine. Long tenn evaluations are still desirable but both

systems look viable in the real world.
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8. Additional wor~: must still be done. in two important areas:

(i) improved regenerative systems must be developed for
vehicles ,,~ith lower exhaust temperatures. At this
point only hotter rtinning vehicles such as LHD

vehicles can use the current regenerative systems.

(ii) additiona"' studies are a must in mine air monitoring.

The correlation between laboratory and field emission
results are unclear, especially for H2S04,

~------..
Manager, Emissions Technology
Centre for Alternative Fuel Utilization
Engineering Sciences Division.

B. Manicom
Techno1ogi st II
Centre for Alternative Fuel Utilization
Engineering Sciences Division.
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APPENDIX I

Analytical Instrumentation and Methodology.
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1. STEADY STATE ANALYSIS

1.1 Particulate Testing

All steady state particulate tests were conducted using modified EPA
Method 5 source sampling trains. With this system, a portion of the

exhaust ~Ias is drawn vlia a heated stainless steel sampling probe
from the exhaust pipe through a pre-weighed 12.5 cm Pallflex, teflon
coated flilter. The fi1lter is maintained at a temperature not less

than 121 c1
C, to minimizE~ moisture condensation on the filter. A

nozzle connected to thE~ sampling probe is directed upstream of, and
par"allel to the exhaust flow at a location approximately 8 exhaust
duct diameters downstrE~am of the nearest flow disturbance (i.e.
elbow). After passing through the filter the sample gas is cooled
in four impingers which are contained in an ice bath. The first two

impingers contain approximately 125 ml of distilled water each, the

third is dry and the fClUrth contains a known mass of silica gel.

The cooled, dry sample gas is then passed through a calibrated dry
gas meter for subsequent determination of the volume sampled.

Following each test thll! sampling equipment is disassembled and the
probe rinsed with cyclillhexane (cyclohexane/isopropyl alcohol 50% w/w
for catalyst tests). IRinsings are collected in a jar for subsequent

analysis. The filter is removed from its holder and stored in a
glass petri dish and the filter holder rinsed with the appropriate

solvent. All samples ,collected are then transferred to the
laboratory for analysis.

Probe rinse solutions are filtered to remove the insoluble fraction
and the filtrate evaporated to allow for the determination of the
soluble fraction. Any residue remaining after evaporation is
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considered soluble particulate. The 12.5 cm sampling filter is
allowed to condition for 24 hours and re-weighed to determine the
total particulate material collected. Filters are then extracted
for a minimum of 4 hours with water to remove sulphates in the case
of tests performed with catalysts. With catalysts removed the
cyclohexane extractions can begin immediately. Following the
cyclohexane extraction which lasts for 4 hours, the filters are
removed and transferred to the conditioning room where they are

allowed to condition for 24 hours before re-weighing. The

difference between the total weight and weight after extraction is
considered to be soluble particulate material.

All pertinent data collected using the above method were used in a
computer' program to dE!termine particulate soluble and insoluble

concentrations (mg/m3) and emission rates in g/kW-h, g/hr, g/kg of
flJjel.

1.2 Gaseous Emissions Testing

Testing for gaseous emissions included the measurement of CO, CO2,

02' NO, N02 and total hydrocarbons (THC as methane). A portion of
the hot exhaust gas is drawn from the exhaust duct through a heated

naOoc) stainless stet~l sample line. Prior to any sample gas
cooling~ a portion of the hot exhaust is sent to the THe analyzer.
Critica"J components ill this analyzer are maintained at approximately

1900 C to minimize hydrocarbon condensation. This analyzer,
therefore, displays concentrations on a 'wet' basis.

The following analyzers were used during the test program:

Horiba, Model A1A23, non-dispersive infra-red.



co

THe

377 -

Horiba. model A1A23AS. non-dispersive infra-red.

Taylor SE!rVOmex. Model OA272. paramagnetic.

Thermo-E~ectron. Model lOA. chemiluminescent.

Ratfisch IPM. Model RS5 heated flame ionization.

Following the THt analyzer. the sample gas is cooled in a condensing
coil and the condensatE! removed. Sample gases are then filtered and
sent to each analyzer using a stainless steel metal bellows pump.

Flow ratE!S to each analyzer are monitored and controlled using
rotameter-s.

An anal~,zers are zeroE!d and calibrated for span prior to testing on

a given day. Analyzer outputs are displayed on strip chart
recorders for a hard C()py of data. Following emissions testing. all

pertinent information ~"as entered into a computer program for
ca~culat;on of concentrations and emission rates for each load/speed
condition.

2. DYNAMIC DYNAMOMETER TEST CELL

The follc)wing sub-sect"ions describe some of the equipment used in
the facility.

2.1 Dynamometer

An Eaton Model AO-a121 eddy current dynamometer is used in test cell
#5 to absorb the power generated by the engine. This dyno is a wet
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gap type capable of absorbing 373 kW at 5000 RPM and has an inertia

of 46 lb. ft2. Test cell #4 is equipped with a General Electric
eddy current dynamometer'. Torque is measured using a Lebow load
cell connected to the tr'unnion mounted dynamometer casing. The

dynamometer operation cain be manually controlled in a speed or
torque mode via a stand-·alone dyno exitation controller.
Dynamometer bearing lubr'ication is provided by gravity fed oil
reservoirs. A Hayes-Dana driveshaft with rubber element absorption
is used as a coupling between engine and dyno.

2.2 Computer Control System

The heart of the dynamic: test facility lies in the computer control

system. This system uses a Hewlett Packard 1000 series E computer
·with 128K of memory and is coupled with a HP disc drive unit.
Input/output interface iis performed with Computer Products I/O

equipment.

All programs are stored on a HP 7900 disc unit with measured and
calculated data displayed on the operator console. The console is
also used for entering ()peration cOl1l1lands concerning the test cell.
Dur"lng automatic contro" the system reads engine speed and torque

ten times per second and, if required, corrects via output signals

ten times per second. The system has a programming capability for

cycle testing known as the schedule builder. The schedule builder
is based upon a series lof steps. A step is a defined RPM, torque,
ramp time, stay time, where ramp time is the length of time to
change from one load sp1eed condition to the next. Stay time is

defined as the length of time to remain at a given load speed. The

minimum ramp time is onle second and the minimum stay time is zero
seconds. Up to 198 steps are user definable, however, the system
includes the capability of major and minor looping within a cycle.
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3. HEAVY DUTY DIESEL EMISSIONS TEST FACILITY

The sampling and measurement of diesel exhaust emjssions has
presented many problems with respect to obtaining representative
data that will correlate to conditions that occur in the underground
mining environment. Clhemical and physical reactions with certain
species of diesel exhaust emissions take place after the exhaust has
been released from the engine exhaust system. Specifically,

particulate agglomeration in the soluble and insoluble form occur as

the exhaust temperature is lowered to promote condensation of the
soluble organic material. Formation of nitrogen dioxide (N02) from
nitric acid (NO) is a characteristic reaction in diesel exhaust as
often it is released from the exhaust system. These reactions have
necessitated the need for a representative diesel exhaust sampling
and analysis system. EPA has standardized such a system for engine

4

certification procedures.

In an effort to keep abreast of these changes, ORF has installed and
commissioned a heavy duty diesel emissions test facility. The

primary purpose of this facility is the measurement of emissions

from diesel engines which are part of the dynamic test facility.

The facility is comprised of two major systems; the dilution tunnel
system and the analytical system. The following sub-sections
describe these systems.

3.1 Dilution Tunnel System

There are basically t",o types of dilution tunnels available for the
sampling of diesel exhaust emissions. One uses a single dilution
method,theother a double dilution. ORF has selected a double
dilution tunnel from at flexibility and cost standpoint. With a

double dilution system the primary air mover can be down-sized
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consideralb1y to meet the temperature criteria necessary in designing
such a system. The system comprises of three basic sections as
described below.

3.1.1 Dilution Tunnel

The dilution tunnel consists of 25.4 cm inside diameter
primary tunnel and a 10.2 cm inside diameter secondary
tunnel. All tunnel components are fabricated of stainless
steel. Engi nE! exhaust enters the primary tunnel via an
upstream facing 10.2 cm nozzle. Dilution air flows past
the nozzle and the resultant counter-current flow enhances

mixing of the exhaust with the air. The primary tunnel has

been engineerl!d to provide a Reynolds number of more than

4000 to provide sufficient turbulence of the diluted
exhaust. A folne mesh screen prevents large foreign objects
from entertng the primary tunnel.

Three sample I~robes are located approximately 2.5 meters
downstream of the exhaust inlet. The first probe is used
to transfer a portion of the primary tunnel exhaust to the
secondary tunnel. The second probe is used for sample
transport to the heated hydrocarbon analyzer and the third
probe is dedicated to the other gaseous analyzers. Maximum
allowable primary tunnel gas temperature at the sample

probes is 1900 C. A specially designed acoustic chamber was
installed at the primary tunnel inlet to minjmize engine
exhaust and air mover noise in the vicinity of the test
facility.

The secondary tunnel can be used to further dilute the
sample from the primary tunnel to maintain a sample filter
that will not exceed the maximum allowable 520 e. Three
sample filters and one bypass
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filter are connected to the outlet of the secondary
tunnel. The filter holders accept 70 nvn diameter filters

(Pallflex T60"20) and produce a 60 nvn diameter stain area.

Secondary, or back-up filters, are used to remove any
particulate mclteria1 that has passed the primary filter.
Anyone of thE~ four filters can be selected manually or

automatically from the particulate console. Automatic

sequencing of the filter is achieved using computer

activated relclys or using a progranvnable sequence timer.

The particulate console, contains an air pump and
protective filters for sampling diluted exhaust. A second
pump is used to provide pre-filtered air to the secondary
tunnel when further dilution is required. Mass flows of
sample gas and secondary dilution air are measured and
controlled us'jng mass flow controllers (Tylan Model
FC202). Thes4! controllers are state-of-the-art devices
which continuc)usly monitor and correct the mass flow to

maintain a pr~)portional sampling rate, regardless of gas

temperature and pressure. Accumulated dilution and sample

gas flows are displayed using integrators, one set for each

of the sample filters. The particulate console also

contains a temperature measuring device to allow for
recording of ia variety of temperature stations, especially
the primar:-y and secondary tunnel gas temperatures.

3.1.2 Heat Exchanger

According to EPA specifications, the primary tunnel gas

temperature must be adjusted to 430 C in order to provide



-' 382 -

constant gas dEmsity conditions to the primary ai r mover.

In order to achieve a 1470 C gas temperature drop, a tube
clOd shell heat exchanger is located between the primary
ct i 1ut ion tunne 11 and air mover. A 227 1 pm water pump
recirculates water through the shell side of the heat
exchanger whilE! primary tunnel exhaust gas is passed
through the tube side.

Ouring testing of duty cycles with high load factors, the

~lrimary tunnel gas temperature is well above 430 C. In
these cases the heat exchanger is used solely to cool the
gas and this is achieved by adding cold water to the
r"ecirculating water loop. Thermostatically controlled, air

clctuated, watel" valves a11 ow water to enter the system and
a check valve discharges an equal volume of warm water. A

second heat exchanger which is steam heated can be used to

raise the water temperature to 430 C (in the case of low
load factor duty cycles).

3.1.3 Air Mover

The primary tunnel gas flow is normally maintained at 51.0
standard CUbic meters per minute (SCMM) with a high
Icapacity positive displacement blower. This blower is a
roots type and uses a 22 kW electric motor as a drive.
Excessive noise, characteristics of these blowers, is

reduced using a Donaldson muffler.

3.2 Gas Analysis

The gas analysis system is comprised of a hydrocarbon console and a
main analysis console. Filters, housed in the heated hydrocarbon
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console, are used to rE!mOVe particulate matter from the sample gas
stream. A Beckman, Model 402, heated hydrocarbon analyzer

continuously measures gaseous hydrocarbons (as methane) at a

temperature of 1900 C using a flame ionization detector. Background
(ambient air) hydrocarbon concentrations are determined by sampling
the dilution air at thE! primary tunnel. Concentrations of
hydrocarbons in the dilution air are subtracted from the primary

tunnel concentration to obtain hydrocarbon concentrations that are
attributable to engine exhaust.

The main analysis console contains the NO, CO, CO2 and heated NOx
analyzers. Four samplE~ pumps are used to provide sample gas to the
var'ious analyzers. ThE~ following analyzers are used:

NOx

NO

CO

Beckman ~'ode1 955 heated chemi 1umi nescent ana1yzer

Beckman ..odel 951A chemiluminescent analyzer

Beckman ..odel 867 non-dispersive infra-red.

Beckman ..odel 864 non-dispersive infra-red.

Horiba Model A1A-2l-AS non-dispersive infra-red.

Three ca"libration gases are used to span each analyzer for a given
concentration range. These gases can be selected by push buttons on
the main analysis cons()le front panel. Strip chart recorders are
used to display analyzE!r outputs on a continuous basis. Heated
lines are used to keep the sample temperature well above the gas
dewpoint to minimize losses due to condensation. A Hankinson dryer
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is used to remove sample gas moisture prior to the NO, CO and CO
2

analyzers. Air/water heclt exchangers are used to remove sample gas

moisture pr'ior to the COr) analyzers.
~

Recent additions to the tiP 1000 computer software 'now provide the

capability of recording ci11 gaseous emissions data for steady state

and cycle testing. The computer provides a printout of gaseous

pollutant mass emissions and exhaust flows and can average results

over a transient engine operating cycle.

3.3 Particu1atl:! Analysis

The filters taken from the secondary dilution tunnel are conditioned

for =12 hours and weighed. Then they are extracted for 8 hours

using methylene chloride. After reconditioning the weight of the

filter is taken. The difference between the total weight and the

weight after extraction 'is the soluble particulate material. The

remaining material is thle insoluble fraction.

3.4 Sulphate Sampling and Analysis

Samples were taken using the controlled condensation method. This

system allows for the quantitative collection of sulphate SO; and

sulphur dioxide (S02) from hot exhaust gas streams. The sampling

system withdraws diluted exhaust gas through a glass probe

maintained at 2500e for raw exhaust and 1000e for diluted exhaust.

Next the exhaust passes through a glass cooling coil maintained at

700e. The sulphate fractio~ is removed by the coil. Sulphur

dioxide is removed by a following set of impingers containing a 3%

(V/V) hydrogen peroxide solution. Solutions are then reacted with

barium chloride to form a barium sulphate suspension. The

absorbance is measured with a spectrophotometer to determine the

sulphur concentrations.
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APPENDIX II

Mine Air.Monitoring.
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APPENDIX II

MINE AIR MONITORING

A mine air sampling station was placed in the upstream and

downstream ventilation air of the LHD vehicle work area as shown in

Figure 15.2. Each sampling station consisted of a Hi-volume

sampler, three personnel sampling units and a CO2 sampling system.

A GMWL-2000 high volume sampler capable of maintaining a sample

flowrate of 1.75 m3/min. was used as the primary air mover enabling

collection of particulatE! matter on a 20 cm x 25 cm, 935 BJH glass

fibre filter at each station.

Also used to collect airborne particulate samples at each station

were three Dupont Constant Flow Model 2500A permissible air sampling

pumps with an air flowrate of approximately 2 L/min. using a 37 cm.

diamE!ter GFC glass fibre filter as its filter medium.

An· MSA portable permissible pump e'xhausting into a 115 L Tedlar bag

at a flowri:lte of about 0.275 Llmin. was used to collect a time

weighted air sample for subsequent CO2 analysis.

Similar Dupont permissible pumps with 37 cm diameter· glass fibre

filters and ·an MSA portable pump were installed on the LHD vehicle

to collect particulate and CO2 samples.

Portable tables were constructed at ORF on which the permissible

pumps were placed. Each table consisted of two .37 m square pieces
of 1.5 cm thick plywood with a 2 cm floor flange bolted in its

centre. A piece of 25 cm steel pipe threaded at both ends and
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threaded "into the two f'loor flanges connected the two pieces of
plywood into a free standing table. Four ceiling flanges were
bolted on to the top of the table and 30 cm of 1 cm threaded rod
placed into these flanges. This threaded rod allowed the
permissib'le pump to be iittached to it and also allowed the personnel
particulate fi lter to b4~ placed (filter opening toward ground)
approximately 30 cm above the permissible pump.

The CO2 sampling pump WiiS attached to the table similar to the

permissib"le particulate sample pumps. A 3 mm Tygon tube connected
the pump's exhaust to a Tedlar CO2 sample bag. The sample bag hung

vertically from the sid4~ of the table attached to the table with 41

mm binder clips for easy removal.

The high volume sampler orifice pressure was recorded at sampler
start up and shutdown. The time was also recorded.

The mine air sampling equipment used in this project was assembled
in a lunch room located on the 915 metre level. This allowed
adequate j~C power for daily recharging of the permissible pumps and
a safe refuge for the equipment. The origihal test plan was to
locate the equipment in the drift at the two sampling locations;
upstream and downstream of the LHD vehicle work area and leave it
there during the evening shifts.

Kidd Creek mining personnel recommended that the test equipment be

placed in the 915 metre level lunch room on the completion of each

day's testing. This would protect the instrumentation from being
damaged by an unwary SCIi)optram operator or rock blast shock wave.
Their suglgestion was accepted. On completion of each day's test,
the equipment would be loaded into the LHD vehicle's bucket
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and transported to the 'lunchroom approximately 90 m away from the

test area. All the LHO vehicle test equipment, chart recorder and
personnel samplers were also disconnected from the vehicle at this

time.

Each morning ORF personnel would prepare'the test equipment for the
dayUs testing. Filters would be installed in the high volume and
personnel particulate samplers. New Tedlar CO2 sample bags would be
attached to their respective sampling pumps. The LHO vehicle 'would

at this time locate itself in the drift outside the lunch room. The
emission sampling equipment was loaded into its bucket to be
delivered to the appropriate sampling location.

The two Saltec chart re1corders, used for measuring RPM and exhaust
gas temperature, were mounted on the vehicle along with personnel

samplers and the CO2 sampling system. The RPM tachometer drive and
thermocouples were connected to the chart recorder.

The RPM tachometer drive was calibrated by setting the engine idle
(580 RPM) to 10 chart units. This was followed by increasing the

engine RPM to ensure that the RPM tachometer drive, thermocouples
and chart recorders were operating properly. Upon completion of
vehicle equipment checkout the LHO vehicle transported the equipment

to the appropriate sampling locations in the drift.

Following completion of an initial LHO cycle the personnel and CO2
samplers on board the tHO vehicle were started and the start time
taken. The downstream station test equipment was initialized next
and the start up time taken. The upstream air sampling test
equipment was the last to be started and its start up time recorded.
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It was ol-iginal1y assumed that four hours of continuous sampling
time wou"ld be availabll~ for sample collection. Throughout the test
problems occurred limiting the length of sample time from one hour
to three hours~ Surprisingly, the lHD vehicle operated without any
mechanical breakdown through the three week test period. The mine
mechanics had stated that an lHD vehicle could not operate for three
weeks without breakdown.

The majodty of the prll>blems during testing were related to the

accessibility of ore. Baseline tests were delayed for two days
while orle was drilled and blasted in 7-71 stope. The size of ore
was a large factor in Il>btaining a steady lHD cycle. With larger

pieces of ore the lHD vehicle had to idle at the ore pass with a
bucket load of ore waiting until the hole ram broke the ore into
sizable chunks for passage down the ore pass.

During the mine air monitoring tests, engine RPM and exhaust

temperature were recorded on a real time basis. A Rhul RPM digital
to analog frequency converter sending unit was installed on the

Wagner scooptram's Deutz FBl 714 engine's tachometer drive take
off. A 3 mm diameter grounded K type thermocouple was installed in

each exhaust manifold bank. The thermocouple millivolt signal was
conditioned with an Omega universal thermocouple amplifier and
linearizer with cold r'eference junction. Both RPM and temperature
millivolt signals were recorded on two Soltec 2 pen strip chart
recorder's powered by the scooptram,s 12 volt D.C. electrical system
as shown in Figure 15.4.

Magnehelic pressure gauges (0-10 kPa) were installed above the
sCQoptra,m driver's console and were used to monitor engine
backpressure from each! exhaust bank. Engine exhaust backpressures
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were only monitored at low and high idle RPM and with the operator1s

assistance while mucking.

The Soltec 2 pen strip chart recorders were mounted on the LHD

vehicle with a removable plywood board with polyurethane foam as a

shock absorber. Rubber tarpaulin straps connected to a dexion frame

held the chart recorders firmly in place.

-Permissible pumps were installed on the LHD vehicle to measure

operator exposure particulate levels during vehicle operation.

Three pumps were installed on a removable plywood board with foam

padding as a shock absorber. Four ceiling flanges were bolted on to

the plywood and 30 cm of threaded rod placed into these flanges.

This threaded rod allowed the permissible pumps to be attached to

the board and to allow support for the personnel particulate

filters. Polyurethane fClam was also used to isolate the pumps from

LHD vehicle vibration.

The CO2 Tedlar sample baH was attached onto the LHD vehicle with 41

RID binder clips. A 3 nIB Tygon tube joined the exhaust of the CO
2

samp1e pump to the Tedlar bag inlet.

It was necessary to instilll all the equipment on the LHD vehicle in

a way that would make it easily removeable. This was necessary

because.thl~ equipment was removed from the LHD vehicle on completion

of each test to allow the scooptram to be used on evening production

shifts.

Sample Analysis

The Whatman 20 x 25 cm glass fibre filters were conditioned at a

room temperature of 20 dlegrees C and relative humidity of 50% prior
to weighin,g.



- 391 -

The filters were weighed on a Mettler microbalance and the total

mas-s of parti culate matte!r and fi lter recorded. The total

particulate mass on the filter was determined by subtracting the

total mass of the particulate matter and filter from the initial

clean filter mass.

The filters were then extracted for 16 hours with dichloromethane

(methylene chloride) solvent in a soxhlet extraction apparatus. The

extracted dichloromethanEt solvent was evaporated to dryness in

preweighed disposable aluminum weighing dishes. The total mass of

the aluminum dish and orHanic residue was determined with a Mettler

microbalance. The soluble organic mass can be determined by

subtracting the initial mass of the preweighed aluminum dish from

the aluminum dish and organic residue mass. The mass of the

Hi-Volume filter after dichloromethane extraction was then

determined.. Filters wen:! extracted again for 16 hours in the

soxhlet extraction appariitus with isopropyl alcohol (IPA) as the

solvent. This extraction removes sulphate present in the

particulate matter. The masses of the filters after the IPA

extraction were recorded and the volume of IPA solute used for

extraction of each filter was recorded. A sample of the IPA was

analyzed using a Dionex Ion chromatograph for determination of

sulphate content. The N03 ion was also analyzed using the above

procedure. Upon completion of these extractions all that remained

on the filters was insoluble carbonaceous material from the diesel

engine exhaust and inorganic particulate matter (ore dust).

It was decided that to determine the amount of carbon particulate

matter on the glass fibre filter it would be necessary to subject

them to a minimum temperature of 550 degrees C (the ignition

temperature of carbon). A trial test using Test #1 Baseline high

volume glass fibre filters from upstream and downstream sampling
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locations, plus three preweighed 20 x 25 em blank glass fibre
filters was attempted. The blank filters were necessary to
determine the mass loss of an unused glass fibre filter when
subjected to identical conditions.

The filters were placed inside a Limberg heavy duty Muffle furnace

operated by a Pyr-O-Vane temperature controller. These fi 1ters were
initially sUbjected to a temperature of 400 degrees C for 24 hours,

removed amd conditioned at 20 degrees C and 50% relative humidity
(RH) for 24 hours, and the mass recorded again.

Fi lters "iere again placed in the Muffle furnace at a temperature of
550 degrees C for 24 hours, conditioned at 20 degrees C and 50% RH
for a fUI"ther 24 hours, and thei r mass recorded. The loss of
carbonaceous particulate matter was calculated by subtracting the
initial mass of the fi'lter and particulate matter recorded before
the 400 degrees C soak from the filter and particulate matter mass
after the 550 degrees Ie combustion temperature and adding the
average mass loss of tlhe three blank filters.

On compl1etion of the trial it was analyzed and a corrected insoluble
carbonaceous material mass loss of 19.2 mg and 63.3 mg was recorded
for the Test #1 Baseline high volume glass fibre filters from
upstream and downstream emission sampling locations respectively.

The remaining high volume filters were then subjected to identical
analysis procedures described since the trial test results appeared

correct. Ten preweighed blank 20 x 25 em glass fibre filters were·
used to determine average blank filter loss.
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Particu1alte matter that remained on the filter following combustion
was considered to be inorganic mine dust (non-combustible

particulate matter). The total mass of non-combustible particulate
matter was calculated by subtracting the initial filter mass before
particulate matter co1"lection from the final filter mass including
non-combustible particulate matter and adding the average blank
filter mass loss.

The personnel sampler filters were conditioned for 24 hours at 20
degrees C and 50% relative humidity before recording the mass of the
filter and particulate matter. Total particulate matter on the

filter was calculated by subtracting the initial filter mass from
the mass of the filter and particulate matter. Since the mass gain

was too 'low for furthelr analysis to be complete (0.0 mg - 2.2 mg

mass gain) only the total particulate mass was recorded.

Ted1ar plastic bag sam1P1es of upstream and downstream ventilation

air were analyzed for CO2 concentrations. A Varian 2700 Gas

Chromatograph using a 3.1 metre long x 3 mm diameter, stainless
steel column filled with PoroPak 881-100 mesh was used for
analysis. The gas chromatograph employed a 150 ma

thermoconductivity detector using Helium gas as a carrier.
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APPENDIX III

Durability Tests.
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APPENDIX III

DURABILITY TESTS

Catalyzed DPFs

Upon completion of mine air monitoring with the DPF/fuel additive
system on [)ecember 5, 19U4 the diesel fuel and fuel additive was
hand pumped from the LHD"s fuel supply tank into the 1131L holding
tank located in the 30-1 fuel bay. Purging of the LHD fuel tank

insured that no fuel additive would be deposited on the catalyzed
filters during thei r endurance trial. The LHD was. then refuelled
with diesel fuel and driven to the 853 metre level maintenance bay

for installation of the catalyzed DPFs.

Both of the catalyzed DPFs were visually inspected for cracks in the
c.erami c and! cerami c to mE~ta1 interface. None was detected. The
catalyzed DPFs were placed vertically on each exhaust bank and the
engine hour's (831.6) and engine backpressures recorded at engine

idle (580 ~:PM) and engine! high idle (2300 RPM) as shown in Table
15.5.

On December 20, 1984 ORF personnel arrived at Kidd Creek Mine to
inspect the catalyzed DPFs and replace the two magnehelic exhaust
backpressure gauges with two Orange pressure gauges. The Orange
pressure gauge (0-2000 RI11I H20) is powered by a 12 volt DC source
(LHD vehicle electrical system) and has the ability to illuminate a
warning light when a preset engine exhaust backpressure is
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exceeded. The Orange pres·sure gauges were preset to 900 nm of water
pressure; 100 nm H20 ~.ressure below what ORF considered a safe
exhaust backpressure.

ORF personnel ascertained that if an excessive engine backpressure
alarm should occur the LHD vehicle could safely be operated until
ORF technical staff arrived to analyze the problem.

The Orange pressure gauges were installed on the right hand side of

the LHD vehicle operatctr. The position allowed for good visibility
and also was out of the way of the LHD bucket controls.

Catalyzed DPFs were removed from the LHD vehicle and inspected for
particulate breakthrough; none was detected. The engine exhaust
outlet of the catalyzed DPFs contained a very small amount of light
brown soot. Several Kidd Creek mining personnel were impressed by
the cleanliness of the exhaust outlet. Both DPFs were reinstalled

and engine hours (920.~1) and engine exhaust backpressures recorded
as indicated in Table 15.5.

On January 15, 1985 ORF personnel returned to the Kidd Creek Mine to
remove and inspect the Catalyzed DPFs and to install standard DPFs
for endurance testing with manganese fuel additive. It was decided

to observe the LHD vehicle in its operation of mucking ore on the
1158 metre level and record the engine exhaust backpressures. Upon
locating the scooptram it was noted that both Orange exhaust
backpressure gauges wer~e not functioning. The LHD was then returned

to the 853 metre maintEmance area for repair of the gauges:

On examination of the Orange pressure sensors it was noted that the
left exhaust bank gauge had a large chip out of its glass face and a

dent on the top of the gauge. The crack was repaired with a
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silicone adhesive. The right engine exhaust pressure gauge

indicating needle had fanen below the metal zero rest post.

Pressure exerted on this gauge would only push the needle hard

against the post preventing it from indicating. This gauge was

repaired by removing the front glass face and manually placing the

pressure indicating dial from below the zero post to resting

position above and on the post.

The left and right engine exhaust backpressure lines were

disconnectlad and pressure applied. No pressure was indicated on the

gauges. Both pressure snubbers were then removed from the Orange

pressure gauges revealing significant amounts of diesel particulate

matter in them. Exhaust backpressure lines were then reconnected to

the Orange gauges without the snubbers and pressure again applied as

before. Tlhe indicating needles moved freely with the applied

pressure indicating that the snubbers were restricting the pressure

lines. It was felt that cleaning the pressure snubbers was

impractical so a 1.17 cm pipe coupling was inserted in the pressure

lines to act as a pulsation damper.

During diagnosis of the pressure gauge problem it was also noted

that when pressure in excess of the preset alarm pressure (900 mm

H20) occurred the alarm indicating light failed to illuminate. On

further investigation it was discovered that the Orange pressure

gauge 12 volt DC power supply was disconnected.

The power supply was repaired and pressure applied to the pressure

gauges with the high pressure indicating lights illuminated for both

gauges at the preset pressure of 900 mm H20. Both exhaust
backpressure lines were reconnected and the engine started.
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The LHD vehli c1e was a11 oWI~d to operate through afternoon and eveni ng

shifts allowing ORF personnel to observe the vehicle in operation

the next day. On January 16, 1985 the scooptram was observed

operating on the 1158 metlre level with engine exhaust backpressures

monitored at idle and high idle as indicated in Table 15.10.

The catalyzed DPFs were removed and visually inspected for

particulate pass-through, none was detected. Mining personnel

witnessed the cleanliness of the exhaust outlet of the catalyzed

DPFs. The engine hours at removal were 1055.7. Both catalyzed

filters were exposed to 251 hours operation in actual mining

conditions at the Kidd Creek Mine.

DPFs With Fuel Additive

Upon completion of the catalyzed DPF endurance testing, the standard

DPFs plus manganese fuel additive testing was initiated.

On January 16, 1985 the standard DPFs were visually examined for

ceramic failure, none was detected. Filters were then mounted in a

vertical position on each engine exhaust bank of the Wagner ST5

scooptram identical to the installation of the catalyzed DPFs. The

fuel additive used in this test program was supplied by Lubrizol

Corporation. Lubrizol identify the stock manganese as 8220

containing 40 mg of manganese per millilitre of stock additive.

Treatment level of the diesel fuel for this endurance test was 40 mg

Mn per litre of fuel. This treatment level was selected on the

basis of the high duty cycle temperature and the expected ignition

temperature of the soot with this treatment level.

Fuel additive was added to the LHD fuel tank at a concentration of

40 mg/L of fuel. The engline was started and engine hours (1055.7)
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and engine exhaust backpressures recorded at idle and high idle
conditions as indicated in Table 15.6.

A 1137L fuel tank was installed at the 30-1 fuel bay for refuelling
the LHO during the earlier tests. This tank was filled with diesel
fuel and manganese fuel additive at a concentration of 40 mg/L of
fuel added. A chart of fuel additive volume (mL) versus fuel volume
(US ga 11 ons) was prepared enab1i ng mi ne personnel to refi 11 the tank

and add the appropriate amount of fuel additive. The number of

gallons of diesel fuel used could easily be determined by reading
the electric fuel pump totalizer on the supply tank.

On February 19, 1985, Kidd Creek Mine maintenance personnel
contacted ORF informing: them about a problem of large amounts of
black smoke being emitted from the right exhaust bank of the
engine. From the conv€!rsation it was gathered that the "high"
pressure indicating liglhts on the Orange pressure gauges had not

illuminated and that the engine right exhaust backpressure was

indicating zero.

ORF suggested that the LHO be driven up the access ramp from the 915
metre level to the 853 metre level to initiate filter regeneration
if indeed the filters were plugged.

Kidd Creek personnel claimed that they had completed this procedure
but the smoke started again after 5 minutes. ORF technical

personnel questioned whether the engine was operating properly or
perhaps overfuelling occurred. Kidd Creek personnel assured ORF
that a tune up had just been completed ~ith all fuel injectors

having been replaced. When asked to remove the filter and observe
the fi lter exhaust out"let it was revealed that this had been
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completed and the DPF exhaust outlet was black. Kidd Creek Mine

personnel claimed that with the right filter removed and engine

operating no smoke was observed from the right e~haust bank.
However, when the filter was replaced the smoking effect continued.

ORF technical personnel responded by travelling to the mine site.

The LHD vehicle was inspl~cted in the 853 metre maintenance bay

awaiting a new differential. Engine hours at this point were 1215.

The engine was started resulting in emissions of white smoke from

the right exhaust bank when the exhaust temperatures were increased

by increasing engine RPM. The Orange pressure gauge was indicating

norma1 eng'1 ne exhaust backpressure on the 1eft exhaust bank but 0.0

on the right bank. Once again the indicating needle on the.pressure

gauge had fallen below the 0 resting post. The gauge was repaired­

and engine exhaust backpressure monitored using both the Orange

pressure gauges and a magnehelic pressure gauge. The right exhaust

backpressure was slightly higher than the left and higher than the

initial reading at the beginning of the endurance test. Results are

shown in Table 15.6.

The right DPF was removed from the engine and the engine restarted.

No smoke was observed with the DPF removed.

The DPF was visually examined for ceramic fatigue and none was

observed. Exhaust outlet of the right DPF was light brown in­

colour; al normal appear'ance and not black as had been indicated.

When questioned about the engine maintenance one of the mine engine

mechanics explained a different sequence of events than was

previously given.

The scooptram had originally undergone differential repair and it
was decided that an engine tune up could be accomplished at the same
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time. All the fuel injectors had been replaced and it was noted
that the scooptram engine exhaust was not emitting smoke at this
time. The engine was placed back into service, however, a lack of
communication resulted in the differential not being filled with
oil. After approximately 3 hours of operation the differential
malfunctioned.

The initial DPF, smoking problem was first noticed when climbing the
access ramp to the maintenance bay from a lower mine level. With

the scooptram in the shop it was decided that an inspection of the
injectors should take place. Three injectors on the right side of
the engine were found to be leaking and were replaced. ORF
technical personnel diagnosed the problem to be a build-up of

unburned diesel fuel in the right DPF caused from leaking
injectors. It was felt that when the temperature of the DPF was
increased by increasing engine speed, or by driving up the access
ramp, the residual fuel would be burnt off the DPF creating white
smoke. Removal of the unburned fuel from the filter required
operation at increased temperatures for an extended period of time.

To remedy the problem the scooptram was driven from the 853 metre to
the 792 metre level and back again. On returning to the maintenance
bay it was observed thclt the ri ght DPF had ceased to stop smoking.

The engine exhaust bad~pressure was recorded at engine idle for both
exhaust banks and it was noted that the right exhaust backpressure

had decreased from 2.0 kPa to 0.4 kPa indicating that the
particulcite trap was c"'ean. At this point it was then decided to
halt the fuel additive endurance tests since 159 engine hours had
been accumulated on the DPFs at the mine.

Both DPFs were found tl) be in good operating condition on completion
of the test.




