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ABSTRACT

wPéfticulate'and NO# cdnéentra;ionsv and thermal. effi-
cieﬁéy have been measured on a médium—speed, 2500 kW (3400~
/héj'diesel eﬁgine using diesel No. 2‘ reference fuel and
three high viscdéity resi&ual fuels. The fuels were.eﬁulsi—
fied (without surfactant) at 0%-12% water addition (by
volume) with droplet diameters of 2-5, 5-10, and 10-20
.microméters. No effécts were detected as a result of._dife
ferent vranges .of.droplet diameter. Both NOx concentration
and thermal efficiency decreased as  water level.. was

increased: about IIO-Z—ISZ“forvNOx and less than 2% for ther-
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mal efficiency (at 12% water). The engine emits about 0.051
gm/MJ  (0.14 gm/bhp-hr) particulate for diesel No. 2 and
about 0.25 gm/MJ (0.65 gm/bhp-hr) for both the 3500 and 5000
Seconds Redwood International .(SRI) vigéosity residual
fuels. ‘Contrary to what might have been expected, particu-
late formation with 12% water addition was higher than with -
47 water addition or dry residual fuels. By x-ray fluores-.
cence analysis it was determined that the particulate matfer
contained aboﬁt 9% asﬁ when using diesel No. 2 and 307 ash

when using the residual fuels.

INTRODUCTION

Combustion equipment manufacturers and researchers have investi-

gated the poterntial advantages of water injected into combustion systems

since late in the eightteenth centljry.1 Originally, water addition wgs
desirable for lowering operating system temperatures. More recently,
however, Kopa, SE.il' 2 suggested that water addition woﬁld_ reduce
combustion geéerétéd _Nox. Prodqction of NOx has been foﬁndjtq be

markedly reduced with the presence of water in compression ignition

engines.B—7 A slight increase in thermal efficiency with water addition

has also been observed.

About 25 years ago Russian researchers8 postulatéd that small diam%
eter water droplets dispersed in fuel would improve fuel atomization.
This occurs by the water boiling inside the fuel droplet preceding fuel
vaporization. They theorized that the vaporizing water would shatter

the fuel droplet theréby increasing the surface area évailable for

“
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éVaPOratioh."TSeveraI bench eiﬁéfiménts have verified this claim.” "

EXPERIMENTAL METHOD -- - ‘ . -
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5,8,9

' Coﬁ@lusive evidence of shattering fuel droplets is not available in

-engines. However, several engine results-: have followed predictions

obtained from this theory.3’4’7 ‘

Transamerica Delaval, Inc. (TDI) with partial support from the Mar-

itime  Administration (MARAD) of the Department of Transportation

-

evaluated water emulsified heavy residual fuels in the six-cylinder ver-

. sion of" their Enterprise medium-speed diesel engine line. As part of

the program,.Lawrence Berkeley Laboratory (LBL)‘collécted and analyzed
particulate lsamples for  mass and elémental composition.. TDI tested
diesel No. 2 réference:fuel and three residual fuels at &4 levels of
watér. addition, 3  dr§plet diameters, .and at 50%, 75%, and 100% engine
load -conditions. . The purpése of this progrém was to identify the most
effective* level of &ater»emulsifiéation and water droplet diameter for

each of the fuels in accomplishing the following:

" 1.) increase thermal efficiency,
2.) reduce particulate emissions, and

3.) reduce NO_ emissions.

Three residual fuels with viscosiﬁies of 1500, 3500, and 5000

* : ‘
were compared to diesel No. 2 as the

Seconds Redwood International
reference fuel. Table I contains information about typical fuel

batches. In addition, mass spectrometer results on the diesel No. 2 and

* : :
SRI is nearly the same as Saybolt Universal Seconds.
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5000 SRI fuels have been reported. Except for diesel No. 2 which is
sufficiently pumpable, all the fuels were heated (up to 110°C for 5000
SRI fuel) in order that the kinematic viscosify was .nearly 70 VSaybolt
Universal Seconds. fhe residual fuels were tested without water and
with 4%, -8%, and 12% by volume addition of water. Another parameter
varied was 'the water droplet diameter emulsifie& in‘the fuéli Most bf
the emulsified fuels were held imside the 2-5, 5#10, or 10-20 micréﬁéter
droplet 'size ranges. The diémeter wés verified by photomicrographs at

1000 poWer.‘

The engine used in this progrém.is’briefiy describea in Table II.
The DSR-46. manufactured, by TDI is a 1.55 MPa (225 psi) bmep, medium-
speed (450 rpm). diesel éngine;_ This‘Qggipe line is.féund in marine and
stétionary. power,_generation applications. Figurévl-schematically show | .
the equipment wused in this program: generator, exﬁaust‘ ehiSsions

analyzers, particulate sampler, emulsor, etc.

‘ GAULIN
WATER IN .
FLowMETER] W ,
U;GY CONVERGING -DIVERGING NOZZLE
ENE - FOR MEASURING INLET AR FLOWRATE
HYDROSHEAR )
ENTERPRISE :
SWITCH '| ceEnERATOR ENGINE )
GEAR S vomas | T T Y
PARTICULATE
SAMPLER
[ : 1 --(See Detuil in
‘ o NOx : , Fig.2)
CHEMILLUMNESCENT 0, ANALYZER
ANALY. X
. N
RHECSTAT | THERMOELECTRON TELEDYNE,
MODEL 10 AR MODEL 340P
XoL 829-64 8

Figure 1. Schematic of test engine with associated
measurement equipment.
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The engine’s thermal efficiency-was determined - by comparing the
electrical energy-produced by the engine EB the fuel energy inpﬁt. The
engine furped a generator (of known efficiency) which produced electri-
cal- power. ‘iThis power was dissipated in the rheosﬁét.-'The rheostat’s
resistance was increased by raising the water level in the tank contain-
ing the -electrodes. The power méter and the other equipment is shown in
Figure 1. The fuel energy input was calculated by measﬁring, fuel con-
sumption rate by’ a positibe displacepent flowmeter and multiplying by
the calorific value of the fuel. The water/fuel ratio was set by adjust-.
ing the “flowrates of both-fluids as.determined ﬁy the flowmeters. In:
addition, water/fuel ratio was periodically verified by Béiling Sff the
water from the eﬁulsified fuel and weighing. The two methods differgd‘

by 1.0% or less in water/fuel “ratio.

The emulsor unit used in tﬁ{s study was manufactufed by the Gaulin
Corporatioh. This prototype, éallé& Ehe Low. Energy Hydroshear, can pro-
vide water flowrates up to 630 cc/sec (10 géi/min)'with a pressure drop
of 1.9 MPa (280 psig) for 2-5 micrometer diameter droplets and a 70 kPa
(10 psig) drop for produéing 10-20 micfbﬁeﬁef_dropleté. No surfactant
was required since the emulsified fuel was immediately injected into the

engine.

NO_ concentrations were measured by a ThermoElectron chemilumines~
cent analyzer. All measurements are normalized to 15% oxygen concentra- .

tion in the exhaust. This gives:

-

NOX (corrected) = 5.9 X Nox(as read)/(20.9 - % Oz(as read)).

Exhaust 02 concentration was measured by a Teledyne 02 analyzer.
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A schematic of the particulate sampling apparatus is shown in Fig-
ure 2. Tﬂ; sampling probe“'iﬁ the eﬁhaust stack contains 15-6.4rmm.
diameter holes spaced so as to provide a mean sample of .the exhadst.
Approkimateiy 0.05% ,Of the exhaust gas was mixed.with ambient;air in
propoftions of 1 part exhaust gas to 10-20 parts air. At these dilution
ratios, the temperature at the filter was lower than 50°C. A portion of
this wéll miked, diluted exhaust sample was then pumped through a filfer
by a :c§nstant mass flowrate (1 gﬁ/sec) vécugm_pump. The remainder of
the diluted exhaust was:veﬁted to the atmosphefe.ﬂ No attempt was made
té‘ sample isbkinetically because it is not an impOrtantvconsidefation

for collecting submicron particles.10

SAMPLE PROBE
(i8-6.4mm HOLES FACING
EXHAUST STACK DIRECTION OF EXHAUST FLOW)
; 4
ENGINE
. : ) ’ EXHAUST
19mm D
SQUARE-EDGED
om%cgs
| p— — 1
DILUTION ‘
TUNNEL™
(24 m LONG, :
. 7T5mmD)

YO NO, ANALYZER
l——

-~

OWERVENTS
T SO PHERE

SUPPLY

CONSTANT MASS
FLOWRATE PUMP
(SOSLPM) -

X8L 82e-8812

Figure 2. Schematic of diesel particulate sampler.

i
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The lével of dilution achieved was measured in two ways:

1.) direct'measurement of the flowrate through the exhaust probe

and the flowrate of the dilution air.

2.) comparison of the NOx concentration in the exhaust stack with
the NO_ concéntration in the diluted exhaust sample as meas-
ured by a the chemillminescent analyzer. It was assumed that

none of ' the NOx décbmposed to N2 and‘02. Upon dilution, the

. temperature ' was lowered sufficiently to prevent: reaction

~ toward chemical equilibrium.

Measurement of the exhaust flowféte with the square-edged orifice shbwn
schematicaliy in Figure 2 was not éatiéfactory. With no flow, the pres-
sure gauge indicated a pressure difference across the orifice of about
2.5 cm of water pressure which is on the ordef of half‘of the full scale
reading. At the>$ampling probe logation downétream of the turbocharger,
large pressure fluctuations ekisted. A dynamic effect as a)result of
these pressure fluctuations appeared to be responsible for rpressure
diffefénqés across the orifice indicating a different flowrate than
under steady flow, steady préssure'calibration conditions. Because of

these problems, all data reduction was based on the NOx technique for

determining dilution tratio.

The samples were collected on twoé micrometer pore size, teflon
coated ~ filters obtained from the Ghia Corporation, Pleasanton, CA. The
37 mm diameter filters were\mounted in a polyester frame by Ghia. These
filters are compatible with an automated device developéd at LBL for

measuring aerosol mass. The beta gauge11 operates by measuring the

B gl T bainhtin-izn -ty
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attenuatién -of %beta parﬁicles caused by the filter substrate and the
particles colleéted on the filter. The filter is placed between a
radioactive ‘sburcé, namely 147?&;' aﬁd a’déteétof.' The differencenin
atténuation before>aﬁd after pafticle colléétion_yields mass. Tﬁé pre-—
cision of this instrument is +/-5 micrograms/cm2 with a maximum loading
of about- 200 micrograms/gmz. Actually - the -precisioﬁ is +/-3_
microgr‘é‘ms/cm2 ‘per individual measurement. But, both a tare and final
measurement are requireda' This resuits.in é.+/55 micrqgrams/cm2 totalr
uncertainty. Céfeful measurements with a microbalance can give slightly
better precision.. However, the beta _gauge,  has several significadt

advantages which have proven it to be a powerful tool in this program:

l.) Over 100 filters/8 hour day can be measured by the automated

_beta gauge.

2.) Filter handlihg; stofage, removal, and installation are
greéﬁly facilitated by the polystyrene frame. Also, the risk

of contamination is minimized§

3.) The teflon coated filters absorb a negligible amount of water

making desiccation of the filters unnecessary.

The éleﬁeﬁtai éombbsitionwof-thérvparticulates was measured by xxFray
fluorescence. Each fiiter &as scanned for concentrafion of 30 elements
with molecular weights greateﬁ thanvmagnesium. In addition, the diesel
No. 2 and 5000 SRI fuelé were analyzed by a mass spectrometer for metals

content.
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Figures 3 and 4 show thermal efficiéncy and NOx concentrations as a

function of'water addition for the 3500 and 5000 SRI fuels at 100% load.

Since no diffe??ﬁces were detec#ed as a function of water droﬁlet diame-
ter, eacﬁ.bdéta point is aﬁ average over all droplet siZeé. Figuresbj
and 4 are subdivided by injection timing. Notiée'fhgg for'each fue; and,
injection timing there 1is a trend toward lower thermal éfficiency and
lower NOx emission with increasing water content: 2% aﬁd 10-15% reduc-
tions, respectiyély, ‘af ‘IZZ Waﬁef." The repeatabili;yvfor any éiveﬁ

water level is about 3% in thermal efficiency and 10% in NO* concentra-

tion.

040 T Y — 1200 040 T S(Ino 'SRI 1200
3500 SRL 23°870C -
21°87DC

0.39- e .. 1000 0. : 1000

| g a 800

0.38 g !

. E
i T
A.
0.37_ - - | - 1 J600 . - ooié i ?20& ;
T T
5 0% T u 1200 3 5000 SRI 3
2 3500 SRI x 3000 SHI g
w ) 23°BTDC 4 3 . 1
i - £ 039 * 41000
[T
u E oL
.oa
- & 3
-3 a :
o
[ 2 03 800
z T
-
[ ! .
B. 1 ) ]
0.40 T 3500 SRI Jl00 0 % WATER ADDITION
h XBL829- 6462

0% Figure 3. NO_ and thermal

efficiency reSponse to water

038 addition with 5000 SRI fuel at

' two injection timings.
- 037 Figure 4. NO_ and thermal efficiency

° 4 8 2 response to water addition with 3500 SRI

L) . . .
%o WATER ADDITION fuel at three injection timings.
X6L 829 -6483
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The chemilluminescent analyzer was not available when testing on’
the diesel No. 2 or the 1500 SRI fuels. Thus, NO information was not
obtained. However, Figure 5 shows that the thermal efficlency tends to

drop slightly with 1ncrea51ng water’ level Just as that found with the

s

other fuels. The 1500 SRI fuel results show the expected trend' thermal

efficlency increases with advanced timing.

0;40

5
z 1500 SRI:
o o 25°BTDC

398 . C
g f 237 870C "Figure 5. Thermal efficiency
3 _ 21° 8TDC: response to water addition
x with two fuels at: varymg
z injection timings.
o

o 4 8 12
- % WATER. ADDITION

XBL 829-6484

Comnlete NOx and thermal efficiency results have been reported by
Delaval 16,: Hdwevet; neither NOx nor thermal efficiency for 50% or 75%
loads are pfesented here. - The injector‘used had a variable start of
1n3ection at 1oads'1ess than about 85%. Since the rate of inJection‘Was
constant for all tests, at part loads both the start and the end of
1nJection_ timing ‘varied with increa31ng water concentrations. in the
fuel. For example,_at 75% .load, the statt of ‘injection is 3 CAD
(degrees crank angle) more advanced with 12% water than with neat fuel.
Because a helix which would prowide‘a constant start of injection at all
load.vconditions was not available, the part load NOx and thermalveffi-
ciency data are less meaningful. It should also-he pointed out that the
rate of injection was not waried. Thus, at 100% load the injection
‘duration is increased by about 7 CAD with 127 .water compated with‘ no

water .addition. .
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The dieeel No. 2 reference fuel emitted approximately 0.051 gm/MJ
(0.14 gm/bhp-~hr) of particulate. Particulate formation at 1007 load was
higher than at either 50% or 75% load (statistically significant at the

» *
90% confidence level). This difference is depicted in Figure 6.

Figurev6 also shows coeparisons between diesel No. 2 reference aed
two res&dual fueis (with ne water addition).. The 3500.and 5000 SRI
viscosity fuels were indistinguishéble in particulate formation. How-
ever, theee res1dua1 fuels generate about four times ae.;uch partlculate
as the d1ese1 No. 2 reference fuel, i.e., approx1mate1y 0.19 gm/MJ (O 50

,gm/bhp—hr) No trends as a functlon of engine load were observed for

elther re81dual~fue1.

REFERENCE
] DIESEL NO.2

RESIDUAL FUEL I9QJ$§§§KPENCE
. EA. 3500 SRI . S . R _ P
0.3~ 5000 SRI —07s -
Figure 6. Specific
particulate emission
(gm/MJ) for three -
fuels at varying load
settings for no water
“addition: n = number
of samples.

o2

1

(gm/bhp - hir)

IS,

7%

1IN,

O.p

0 ln=5

ThhR:
s

AT
27623

PARTICULATE MASS (gm/MJ)

DA

\._
<)

\:2 |n=5 ne2in=2] . n=a|n=2lh= 0‘

LOAD 75% LOAD 100% LOAD

(NG
[

(44
(o]

XBL824-55!3

*Each bar in Figures 6 and 8-10 represents the average of all sam-
ples taken at each point.. The vertical line through the bar indi-
cate the 907 confidence interval for the mean of that measure-
ment, that is, the range in which the true mean lies at 90% as-
suredness. Taking into consideration the wvariability of these
measurements and the number of samples collected, the true mean at
each test condition can be estimated to be within about 25% of the
measured mean. :
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Table II1 contains average x-ray fluorescence results for.particﬁ-
iates for three fuels. The pfesented results are‘for a tyficéljbéféh of
fgel. The particulaté contains about 9%, 327, and 27% by mass of ele-
méﬁ?s‘ with molecular Weigﬁf greater than magnesium for diesel No. 2,
3500 SRI, and 5000 SRI fuels, respectively. The percentage ash may be
up to twice. tﬁgs -value depending on the compound that these elements
exist iﬁ. for example, if calcium and sulfur are found to exist in cal-
ciumv suifate? theb‘ﬁass of the calcium sulf;;éﬂ(CaSO4)ié nearly twice
that of éélgium sﬁlfide (CaS). The aﬁount of carbonaceous material in
the particﬁié£e was inferred by sﬁbtracting out'the-estimate of the ash
confainiﬁg coméoﬁent (x-ray fluorescence mass of eleménts plus 50%).
Figure 7 showé the same information as Figure 6 with the bars dividéd
into an ash containing component and the remaiﬁder which is assumed to
be carbonaceoué; The particles from the residual fuels contain more

than three times as much carbonaceous material as the diesel No. 2 par-

ticulates: 0.14 gm/MJ and 0.045 gm/MJ, respectivelyt

REFERENCE - : ESTIMATE OF

ASH COMPONENT
. [ obese noz B3 |\ PARTICULATE -
0.3 RESIDUAL FUEL - 10.75 :
3500 SRI : :
- 5000 SRI
> ) N
=
~ v )
So2f Hoso _
£
A C
g £
= 8
= g
Z ol dozs S
3 -
o
f—
[+ 4
&
o o
X8L 829~ 8480

Figure 7. Specific particulate emission (gm/MJ) for
three fuels at varying load settings for
dry fuels indicating ash containing and-
carbonaceous components.
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vFiéufé 8-sh;ws fhe particulafe levels at 0%, 4%;‘82, aﬁd 127 water

. adaition. for‘3500 SRI fue}ﬁ.Figﬁre 9 shows the same for 5000 SRI fuel.

;At all loaé con&itions Qith 12% watér ,addition, more particulaﬁe is

emitted than with 0% water addition. Moreover, the fuel containing 127%

' water formed more particﬁlaté than fue1>containing 0% or 47 water at

both 50% and 752'1o;ds; |
N :

WATER ADOMON . 9‘0" CONFIDENCE
[ | 2) INTERVAL
o &9 u ﬁ e Figure 8. Specific particu-
. , X ~ late emission (gm/MJ) at
R {0 '~ three load settings for
= az- Ny, L 35 varying levels of water
: gfig" ' % addition (mean values
u Z §§ ¥ averaged over all water. -
3 o /’§§ ‘oz droplet diameters); 3500
g éiF\ SRI fuel, n = number of
: nsl f‘;éx n*é Samp-l es -
_° S0% L0AD 75% LOAD -0
WATER‘W 90% CONFIDENCE I
[+) INTERVAL
4 10 - B
e 1
2

: Figure 9.  Specific particu-
- late emission (gm/MJ) at
three load settings for

” : ‘varying levels of water
{.; 4s$ addition (mean values
%4 ¢ averaged over all water

droplet diameters); 5000
- SR1 fuel, n = number of
- samples.

PARTICULATE MASS {gm/MJ}

DI

E;§§§§?;,;=:?:‘

R

 7T5%L0aD

(o]

;
B

XBL8R4-35IS
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DISCUSSION

NOx‘wés reduced by about 10-15% at 12% water addition. This agrees
with several similaf‘ studies as summarized by Wilson, et al. 4 In
these previous studies, however{ more dramatic drOps.iﬁ NOx concentra-
tion were observed as the water to-fuel ratio was furthef increaséd.
Thermal efficiency increases of up to 2% at 127% water additionihave been
repofted.4 But, as depiéted in Figures 3 and 4, the present wﬁrk shows a
decreaée in thermal efficiency of'ﬁp to 2%. The thermal efficiency 'and 
NOx reduétions‘may be a result of the ingreasing injecfion_duration with
increasing water to fﬁel ratio. The s;andard injection'equipment on the
engine gave " a coqétantvwéter plus fuel injection réte;‘not a-coﬁs;ant
fuel injection rate. With increésing water addition éhe volume'ofAflﬁid
injeéted incfeases"énd henée the injectionhduration increases. Unfor-
tunétely, the equipment required to change the injection rate was not

-available in time to be used in this program.

Ultrachem Corpolzihés taken.particulate sampies‘éf a Transamerica
Delaval DSRV-16f4 engine which is of the same family as thevDSR—46 i~
engine hsed'in thé present work. The aataffrom Both»analyseS'oQ' diesel
.No. 2 fuel aré in exééiiehf;égreeﬁeht.aé segnTin Figﬁré“lo. .The<ﬁltra-
cﬁem daﬁa'reportéd is an;avérage value‘for several vmeasﬁrements, _Both
analyses‘ show Ehét particulate 1oéding‘is tﬁe maximum at 100% loadiand.

the minimum at 75%-load.
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0.10

i LBL MEASUREMENTS
DSR-46.
ympeesroers ||
_ | 90% conFipence 7
3 INTERVAL ;4 -
> ‘ <
§ | £
005 / 1 <,
g Z 8’
W ] Hou
1 Ze
3 21
E 7
g ;5‘ .
o 1] A
' T50%LOAD  75%LOAD 100% LOAD :

XBL824-3518

Figure 10. Specific particulate emission (gm/MJ) --Comparison
~ of LBL and Ultrachem measurements with diesel
- No. 2 fuel.

Hare and Bradow13' reported results for héavy-duty, high-speed
diésels opera;ing on-diesei No: 2 fuel. - The two—st;oke and four-stroke
engines'emitted‘approximately 0.65 and 0.4 gm/MJ (1.75 and 1.0 gm/bhp~
_hr) particulate, résﬁectively. This is in excess of eight times as much
as that produced by-TDI;s ﬁedium—speed_engine on‘the comparable distil-
late ‘fuel. This can be partially explained by the longer residence
times iq tﬁe médium-speed enéine allowing for more complete soot_ partij

cle burnout.

Other.researcher33—7’14

have obéerved significant advantages when
using water addition in compressiqn ignition engines. Sizable redué—
tions in both particulate aqd'NOxiemissions have been reported. How-
_ever,. the bulk of these data were collected at much higher water/fuel

ratios than those studied here. Greeves, et él.,3 found that at

water/fuel ratios less than 20%, smoke levels (indicative of particulate
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concentratidn) were higher than with dry fuels in a high-speed, natur-
aliy aspirated, automotive type diesel engine. This may corroborate
evidence found in this study. But on the ofher hand, it is tenuous to
compare results obtained in the automotive type engiﬁe‘with the medium-

7 : ' . .
’>" have found smoke reductions with

speed engine. Other researchers
* water/fuel ratios around 50% in medium speed diesels. These soot reduc-—

tions over dry fuels were more evident at part load conditionms. Such

high water/fuel ratios were not investigated in this program.

A large portion of the particulate matter is comprised of ash as
indicated 1ih Figure 7. This is much highgr than Gabele and coworkers15
found using tﬁo automotive type diesels. They found ghat using three
distillate fuels'with slightly different properties and with one highly
refined shale derived fuel that.the particulate contained iess than 27
of elements with molecular weight géeater than magnesium by mass com-
pafed to nearly 307 for the medium-speed engine wusing residual fuels.

There are two reasons to account for this discrepancy. First, automo-

tive diesels generally burn higher quality fuels. than medium—-speed

engiﬁes. Of course the residual fuels will contain much higher levels
of contaﬁinénts than distiilate fuels. For example, data on fuel sulfur
is readily available showing anywhere from two to ten times as much sul-
fur in the residual fuels as the distillate fuels. Secondly, becauée of
the longgr fesidence times in the larger engine, the extent of soot par-
ticle oxidation wiil be increased.b Further, the longer time allows for
increéséd adsorption of other species onto the parficle's surface. This
is substantiated by information available én the  two types of diesel
engineé; ' By calculation from data presented in Gébele's papef,15 the

amount of soot formed is about 0.006 kg soot/kg fuel burned. Whereas,

L34
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the medium—Spééd diesel has a lower value of 0.003 kg soot/kg fuel

“burned. Bqt; by comparing fuel sulfur to that found on filters shows

0.015 kg S in soot/kg S in fuel in Gabele’s study and 0.07 kg S in

soot/kg S in fuel in the present study. Even though the uncertainty in

these ' data may be a factor of two, they indicate that a larger fraction

of the fuel sulfur in the medium-speed engine is found on the particué'
N

~late and that this larger engine produces less particulate per unit mass

of fuel burned. (Gabele’s data were evaluated from information collected

on the Federal Test Procedure driving cycle. Certainiy the transients
adversely -affect the particulate concentrations in the high-speed
engine’s exhaust. However, this analysis is concerned with the percen—

tage ash in the particulate, not a comparison of total particulate emis-

sions of the two engine types.)

These tests on the water emulsified fuels did show *Nox reductioﬁs.
as expected.’ However, the water addition did not decrease particulaté
emission nor was thermal efficiency‘increased. Since a somewhat limited
range of water addition 1level and engine operating paramgkérs (fuel
injection timing and duration) was evaluated, it is bossible that the
combinétign of variables which would meet all the goals was not investi-

gated.
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- CONCLUSIONS

1.)1 NOx concenpratigns.drop about 10-15% with addition of 12%
water.  But, thermal efficiency falls off siightly (2% or

¥

iess) with 12% water.

§

2.) No differences were detected in NO# or particulate concentra-

, tions or thermal efficiency as a result.of water droplet diam-

. eter, .

i,

3.) TDI’s DSR-46 erlxgine.. emits about 0.051 gm/MJ (0.14 ‘gm/bhp-hr)
parﬁicﬁlate on diesel vNo. 2 fuel and aBéut 0.19 gﬁ/MJ (0.50
1Agm/bhp—ﬁr) on the two high viscosity residuai fuels: 3500 and
'5000 SRI. However, the ﬁarticulate matter from the diesel No.

2 fuel containsrroughly 9% ash compared fp’30% in the particu-

late from the residual fuels. Taking into account the uncer-
tainty in the ash measurements, the carbonaceous material pfo-

,duced by the distillate fuel was around 0.045 gm/MJ and 0.14

gm/MJ for the residual fuels.

4.) At 12% water addition a> higher particulate 1loading was

.obsefved than at 0% or 4% water addition in the 5000 SRI fuel.
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a TABLE I~

FUEL PROPERTIES FOR TYPICAL BATCHES

Fuel Diesel 1500 3500 5000

No. 2 ~ SRI ~ SRI -SRI
Specific | 0.86  0.98 0.98 0.98
Gravity _ -
Viscosity (38°C) 4.0 340 850 1200
| (mz/sec X 106) -
tétané Number A S 239 26 . 26
Calorific Value 46 43 43 43
(MJ/kg) | o |
‘Aluminum (ppm) o< x | * <1
Silicon (ppm) / 2 | * - | * 1
Sulfur (ppm) 1300 11000 10000 7800 -
Calcium (ppm) 20 S * 405
‘Vanadium (ppm) <1 85 80 55
Nickel (ppm) <1 E o 45 .
*

No ‘analysis for this element was made.
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~ TABLE II

DESCRIPTION OF ENGINE
| ’MANUFACTURER:‘ Engine and Compressor Division of Transamerica
' . Delaval, Inc. -
LOCATION'OF MANUFACTURER: Oékjand, CA
'MODEL: DSR-46
CYCLE: Four Stroke DiéseT ; v‘
NUMBER OF CYLINDERS: Six |
BORE X- STROKE: ~ 432mm X 533mm (17in. X 21in.)
COMPRESSION RATIO: 11.6:1
BMEP:  1.55 Mpa (225 psi) at full load
SHAFT;POWER: 12500 kw‘(3400—hp) at full load
SHAFT SPEED: ~ 450 RPM |
PRESSUREaﬁATIO ACROSS TURBOCHARGEﬁ: 2.8 at full load
OTHER FEATURES:  Intercooler after Turbocharger
Dfrect Fuel Injection
Two-Piece Trunk-type Piston

Four Valves per Cylinder



-23-

TABLE III

ELEMENTAL ANALYSIS OF EXHAUST PARTICULATE MATTER OF
TRANSAMERICA DELAVAL'S DSR-46 MEDIUM-SPEED DIESEL
AS DETERMINED BY X-RAY FLUORESCENCE
(reported in ppm)

FUEL | Diesel 3500 5000 Uncertainty
No. 2 SRI SRI ~

Aluminum - 1500 3000 3200 55%
Silicon 2000 3600 2600 20%
Sulfur | 65000 165000 130000 0%
Chiorine 2500 1000 R 35%
Calcium 17000 115000 110000 5%

Titanium 600 900 500 40%
Vanadium 1100 11000 6000 5

* Chromium 150 280 270 - 80%
Tron 700 9000 4500 5%
Zinc o ss0 1200 1100 10%
Lead * 200 - 150 | 210 - 5%
Strontium 170 200 210 5%
TOTAL 9% - 32 27%

Uncertainity +/-1% +/-3% +/-3%
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