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ABSTRACT 

Particulate and NOx concentrations and thermal 
efficiency have been measured on a medium-speed, 2500 
kW (340o-hp} diesel engine using diesel No. 2 reference 
fuel and three high viscosity residual fuels. The 
fuels were emulsified (without surfactant} at 0%~12% 
water addition (by volume} with droplet diameters of 
2-5, 5-10, and 10-20 micrometers. No effec.ts were 
detected as a result of different ranges of droplet 
diameter. Both NO·x concentration and thermal effi
ciency decreased as water level was increased: about 
10%-15% for NOx and less than 1.5% for thermal effi
ciency (at 12% water}. The engine emits about 0.051 
gm/MJ (0.14 gm/bhp-hr} particulate for diesel No. 2 and 
about 0.19 gm/MJ (0.50 bhp-hr} for both the 3500 and 
5000 Seconds Redwood lDternadonal (SRI} viscosity 
residual fuels. Contrary to what might have been 
expected, particulate format·ton with 12% water addition 
was higher than with 4% water addition or dry residual 
fuels. By x-ray fluorescence analysis it was deter
mined that the particulate matter contained about 9% 
ash when using diesel No. 2 and 30% ash when using the 
residual fuels. 

NOMENCLATURE AND ABBREVIATIONS 

bhp Brake-horsepower 
bmep Brake mean effective pressure 
btdc Before top dead center 
rpm Revolutions per minute 

INTRODUCTION 

Combustion equipment manufacturers and researchers 
have investigated the potential advantages of water 
injected into combustion systems since late in the 

1Parts of this paper are taken from the report "Em
ission Characteristics of a Medium-Speed Diesel Using 
Water Emulsified Residual Fuels", by D.D. Brehob, F. 
Robben, R.F. Sawyer, and K.R. Pearce, Lawrence Berkeley 
Laboratory Report No. 14987 which was presented at the 
Fall 1982 Meeting of the Western States Section, The 
Combustion Institute. 
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* eightteenth century.(1} Originally, water addition was 
desirable for lowering operating system temperatures. 
More recently, however, Kopa, et al. (2} suggested 
that water addition would reduce combustion generated 
nitrogen oxides (NOx>• Production of NOx has been 
found to be markedly reduced with the presence of water 
in compression ignition engines (3-7}. A alight 
increase in thermal efficiency with water addition has 
also been observed. 

About 25 years ago Russian researchers (8} postu
lated that small diameter 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 thereby increasing 
the surface area available for evaporation. Several 
bench experiments have verified this claim (5,8,9}. 
Conclusive evidence of shattering fuel droplets is not 
available in engines. However, several engine results 
have followed predictions obtained froa this theory 
(3,4,7). 

Transamerica Delaval, Inc. (TDI} with partial sup
port from the Maritime Administration (MARAD) of the
Department of Transportation has evaluated water emul
sified heavy residual fuels in the six-cylinder version 
of their Enterprise medium-speed diesel engine line. 
As part of the program, Lawrence Berkeley Laboratory 
(LBL) collected and analyzed particulate samples for 
mass and elemental composition. TDI tested diesel No. 
2 reference fuel and three residual fuels at 4 levels 
of water addition, 3 droplet diameters, and at 50%, 
75%', and. 100% engine load conditions. The purpose of 
this- program was to identify the most effective level 
of water emulsification.and water droplet diameter for 
each of the fuels in accomplishing the following: 

(1) increase thermal efficiency, 

(2) reduce particulate emissions, and 

(3) reduce 

In addition, 
for engine 
program. 

NO emissions. 
X 

the engine was disassembled and. inspected 
wear after completion of. the entire test 

EXPERIMENTAL~ 

Three residual fuels with viscosities of 15002, 
3500, and 5000 Seconds Redwood International (SRI) 
were compared to diesel No. 2 as the reference fuel. 
Table I contains information about typical fuel 
batches. In addition, mass spectrometer results on the 
diesel No. 2 and 5000 SRI fuels have been reported. 
Except for diesel No. 2 which is sufficiently pumpable, 
all the fuels were heated in order that the kinematic 
viscosity was nearly 70 Saybolt Universal Seconds. The 
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 emulsi
fied in the fuel. Most of the emulsified fuels were 
held inside the 2-5, 5-10, or 1o-20 micrometer droplet 
size ranges. The diameter was verified by photomicro
graphs at 1000 power. 

The engine used in this program is briefly 
described in Table u. 

* Numbers in parenthes.es denote references listed at 
the end of the paper. 

2sRI is nearly the same as Saybolt Universal 
Seconds. 



TABLE I 

FUEL PROPERTIES FOR TYPICAL BATCHES 

Diesel 1500 3500 5000 
Fuel No. 2 SRI SRI SRI 

Specific Gravity 0.86 0.98 0.98 0.98 
0 4.0 340 850 1200 Viscosity <3e c) 

(m2/sec X 10 ) 

Cetane Number 52 23 26 26 

Calorific Value 46 43 43 43 
(MJ/kg) 

Aluminum (ppm) <1 * * <1 

Silicon (ppm) 2 * * 1 

Sulfur (ppm) 1300 11000 10000 7800 

Calcium (ppm) 20 * * 405 

Vanadium (ppm) <1 55 80 55 

Nickel (ppm) <1 * * 45 

* No analysis for this element was made. 

TABLE II 

DESCRIPTION OF ENGINE 

MANUFACTURER: Engine· and Compressor Division of Trans-
america Delaval, Inc. 

LOCATION OF MANUFACTURER: Oakland, California 

MODEL: DSR-46 

CYCLE: Four Stroke Diesel 

NUMBER OF CYLINDERS: Six. 

BORE X STROKE: .432 mm X 533 mm (17 in X 21 in) 

COMPRESSION RATIO: 11.6:1 

BMEP: 1.55 MPa (225 psi) at full load 

SHAFT POWER: 2500 kW (3400-hp) at full load 

SHAFT SPEED: 450 RPM 

PRESSURE RATIO ACROSS TURBOCHARGER: 2.8 at full load 

OTHER FEATURES: Intercooler after Turbocharger 
Direct Fuel Injection 
Two-Piece Trunk-Type Piston 
Four Valves per Cylinder 

The DSR-46 manufactured by TDI is a 1.55 MPa (225 pai) 
bmep, medium-speed (450 rpm) diesel engine. This 
engine line is found in marine and stationary power 
generation applications. Figure 1 schematically shows 
the equipment used in this program: generator, exhaust 
emissions analyzers, particulate sampler, emulsor, etc. 

The engine•s thermal efficiency was determined by 
comparing the electrical energy produced by the engine 
to the fuel energy input. Tiae engine turned a genera
tor (of known efficiency) which produced electrical 
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power. This power was dissipated in a water rheostat. 
The rheostat's resistance was increased by raising the 
water level in the tank containing the electrodes. The 
power meter and the other equipment is shown in Figure 
1. The fuel energy input was calculated by measuring 
fuel consumption rate by a positive displacement flowm
eter and multiplying by the calorific value of the 
fuel. The water/fuel ratio was set by adjusting the 
flowrates of both fluids as determined by the flowme
ters. In addition. water/fuel ratio was periodically 
verified by boiling off the water from the emulsified 
fuel and weighing.· The two methods differed by 1.0% or 
less in water/fuel ratio. 

WATER IN LOW METER 

r:'UEL IN 

NO. 
OI£MILU.IIItf£SCENT 

ANALYZER 
THERMOELEC'TJOII 

MODEL 10 .lR 

CXINVEAGIG ·DIV[FG.,_G NOZZLE 
FCR MEASUAI<G NLT IIIII F\DWR&TE 

02 AHALYIER 
TELED\'NE 
IIIODEL ll«lP 

Figure 1: Schematic of test engine with associated mea
surement equipment. 

The injectionpumps and the nozz1e holders. were 
manufactured by the Bendix Corp. The model numbers are 
FDXE-26 and H4L-400, respectively. The plungers in the 
injection pump were 26 mm in diameter. The spray .tip 
had 8-0.599 mm holes with a wall thickness of 1 .• 8 lllll• 

The emulsor unit operates by introducing the 
fluids tangentially in a conical cavity producing 
shear. This prototype model, ca-lled the Low Energy 
Hydroshear 1 can provide water flowrates up to 630 
mi./sec (10 gal/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 producing 1Q-20 micrometer 
droplets.. No surfactant was required since the emulsi
fied fuel was immediately injected into the engine·. 

NOx concentrations were measured by a ThermoElec
tron chemiluminescent analyzer. All measurements are 
normalized to 15%. oxygen concentration in the exhaust. 
This g.i ves :· 

NO (corrected) • 5.9 X NO (as read)/(20.9 % 
o2 faa read)). x 

The exhaust o2 concentration was measured by a Teledyne 
o2 analyzer. 

A schematic of the particulate sampling apparatus 
is shown in Figure 2. The sampling probe in the 
exhaust stack contains 15-6.4 lllll• diameter holes spaced 
so as to provide a mean sample of the exhaust. Approx
imately 0.05% of the exhaust gas was mixed w-ith ambient (' 
air in proportions of 1 part exhaust gas to 1Q-20 parts 

:!~~erAtw::es~o!!;ut!~:nra~~g~: t:ep~~~i~~a~~r~h~~ w!~~ ~ 
mixed, diluted exhaust sample was then pumped through a 
filter by a constant mass flowrate (1 gm/sec) vacuum 
pump. The remainder of the diluted exhaust was vented 
to the atmosphere. No attempt was made to sample isok
inetically because it is not an important consideration 



for collecting submicron particles (10). 

FILTERED 
AIR 

SUPPLY 

EXHAUST STACK 

........ o 
SQUARE·EOGED 

ORIFICE 

DIWllON 
TUNNEL 

(2.4111 LONG, 
T5-0l 

SAMPLE PROBE 
~·6.4mm HOLES FACING 
DIRECTION OF EXHAUST F\DW) 

ENGINE 

EXHAUST 

.---o<t---TO-NOr...,. ANALYIER 

F1L fElt HOLDER 

Figure 2: Schematic of diesel pa·rticulate sampler. 

The level 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 NOx concentration· in the diluted 
exhaust sample as measured by the chemiluminescent 
analyzer·. 

Measurement of the exhaust flowrate with the square
edged orifice shown schematically in Figure 2.was not 
satisfactory. With no flow, the pressure gauge indi
cated a pressure difference across the orifice of about 
25 mm water which is on the order of half of the full 
scale reading. At the sampling probe location down
stream of the turbocharger, large pressure fluctuations 
existed. A dynamic effect as a result of these pres
sure fluctuations appeared to be responsible for pres
sure differences across the orifice indicating a dif
ferent flowrate than under steady flow, steady pressure 
calibration conditions. Because of these problema, all 
data reduction was based on the NOx technique for 
determining dilution ratio. 

The samples were collected on two micrometer pore 
size, teflon coated filters obta-ined from theGh1a Cor
poration, Pleasanton, CA. The 37 mm diameter filters 
were mounted in a polyester frame by Ghia. These 
filters are compatible with an automated device 
developed at LBL for measuring aerosol mass. The beta 
gauge (11) operates by measuring the attenuation of 
beta particles caused by the filter substrate and the 
particles collected on the filter. The filter is 
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placed between a radioactive source, namely 141Pm, and 
a detector. The difference in attenuation before and 
after particle collection yield2 mass. The precision 
of this instrument is +/-50 ng/mm with a maximum load
ing of about 2000 ng/mm2• Careful measurements

3
with a 

microbalance can give slightly better precision. Bow
ever, the beta gauge has several significant advantages 
which have proven it to be a powerful tool in this pro
gram: 

(1) Over 100 filters/8 hour day can be measured by the 
automated beta gauge. 

(2) Filter handling, storage, removal, and installa
tion are greatly facilitated by the polystyrene 
frame. Also, the risk of contamination is minim
ized. 

(3) The teflon coated filters absorb a negligible 
amount of water making desiccation of the filters 
unnecessar.y. 

The elemental composition of the particulates was meas
ured by z-ray fluorescence. Each filter vas scanned 
for concentration of 30 elements with molecular weights 
greater than magnesium. In addition, the diesel No. 2 
and 5000 SRI fuels were analyzed by a mass spectrometer 
for metals content. 

Upon completion of the emulsified fuels test pro
gram, various engine components were inspected for 
deposit build-up and measured for wear. The following 
were· measured before and after testing: cylinder 
liners, piston skirts, piston rings, connecting rod 
bearings, valve stems, and valve guides.. A:lso, the 
following components were inspected for deposits: 
cylinder heads, intake and exhaust por.ts, turbocharger, 
cylinder liners, piston lands and grooves, piston 
rings, injector nozzle assemblies, and fuel inj.ection 
pump. 

RESULTS 

Nitr.ogen ~ .!.!!!! thermal efficiency 

Figures 3 and 4 show thermal efficiency and NO 
concentrations as a. function of water addition for th~ 
3500 and 5000 SRI fuels at 100% load. Since no diff:er
ences were detected as a function of water dr.oplet 
diameter, each data point is an average over all dro
plet sizes. Figures 3 and 4 are subdivided by injec
tion timing. Notice that for each fuel and inject·ion 
timing there is a trend towa·rd lower thermal efficiency 
and lower NOx emission with increasing water content: 
1.5% and 10-15%. reductions, respectively, at 12%' wa·ter. 
The repeatability for any given water level is about 3% 
in thermal efficiency and 10% in NOx concentration. 
Thus, verification of these trends in therma·l ef.f i
ciency by proving statistical significance is not pos
sible. 

The chemiluminescent analyzer was not available 
when testing on the diesel No. 2 or the 1500 SRI fuels. 
Thus, NOx information was not obtained. However, Fig
ure 5 shows that the thermal efficiency tends to drop 
slightly with increasing water level just as that found 
with the other fuels. The 1500 SRI fuel results in 
Figure 5B show the expected trend: thermal efficiency 
increases with advanced timing. 

3Actually the precision is +/-30 ng/mm2 per indivi
dual measurement. But, both a tare and final me2sure
ment are required. This results in a +/-50 ng/mm to
tal uncertaintly. 

.,. 
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Figure 3: NO and thermal efficiency response to water 
ad~itionwith 3500 SRI fuel at three injection 
timings. 
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Figure 4: NO and thermal efficiency response to water 
ad~ition with 5000 SRI fuel at two injection 
timings. 
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Figure 5: Thermal efficiency response to water addition 
with two fuels at varying injection timings • 

Thermal efficiency and NOx for 50% and 75% loads 
are not presented here. The injection pump used had a 
variable start of injection at loads leas than about 
85%. Since the rate of injection was constant for all 
testa, at part loads both the start and the end of 
injection timing varied with increasing water concen
trations in the. fuel. For example, at 75% load, the 
a.tart of injection is 3 CAD (degrees crank angle) more 
advanced with 12% water than with neat fuel. Because· a 
helix which would provide a constant sta-rt of injection 
a·t all load condit-ions was not available, the part load 
NOx and thermal efficiency data are leas meaningful. 
It should also be pointed out that the rate of injec
tion was not varied. Thus, at. 100% load the injection 
duration is increased by about 7 CAD with 12% wa•ter 
compared w-ith no water addition. 

Particula.tes 

Each bar in figures 6 and 8-10 represents the 
average of all particulate samples taken at each point. 
The vertical line through the bar indicates the 90% 
confidence interval for the mean of that measurement, 
that is, the range· in which the true mean lies at 90% 
assuredness. Taking into cons-ideration the va-riability 
of these measurements and the number of samples col
lected, the true mean at each test condition can be 
estimated to be w-ithin about 25% of the measured mean. 

The diesel No. 2 reference fuel emitted approxi
mately 0.051 gm/MJ (0.14 gm/bhp-hr) of particulate. 
Particulate formation at 100% load was higher than at 
either 50% or 75% load (statistically significant at 
the 90% confidence level). This difference is depicted 
in Figure 6. 

Figure 6 also shows comparisons between diesel No. 
2 reference and two residual fuels (with no water addi
tion). The 3500 and 5000 SRI viscosity fuels were 
indistinguishable in particulate formation. However, 
these residual fuels generate about four times as much 
pa-rticulate as the diesel No. 2 reference fuel, i.e., 
approximately 0.19 gm/MJ (0.50 gm/bhp-hr). No trends 
as a function of engine load were observed for either 
residual fuel. 

Table III shows average x-ray fluorescence results 
for particulates for three fuels. The presented 
results are for a typical batch of fuel. The particu
late contains about 9%, 32%, and 27% by mass of 

( 
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Figure 6: 

REFERENCE 
c::J DIESEL ND. 2 

RESIDUAL FUEL 
~ 3500 SRI 

~ 5000 SRI 

190'"4 CONFIDENCE 
INTERVAL 

07'!1 

Specific particulate emission (gm/KJ) for 
three fuels at varying load setting for no 
water addition; n • number of samples. 

TABLE III 

ELEMENTAL ANALYSIS OF EXHAUST PARTICULATE MATTER OF 
TRANSAMERICA DELAVAL'S DSR-46 MEDIUM-SPEED DIESEL 

(reported in ppm) 

Diesel 3500 5000 
Fuel No. 2 SRI SRI . Uncertainti· 

Aluminum 1500 3000 3200 55% 

Silicon 2000 3600 2600 20% 

Sulfur 65000 165000 1-30000 10% 

Chlorine 2500 1000 1100 35% 

Calcium 17000 115000 110000 5% 

Titanium 600 900 500 40% 

Vanadium 1100 llOOO 6000 5:· 

Chromium 150 280 270 80% 

Iron 700 9000 4-500 5% 

Nickel 1400 16000 10000 5% 

Zinc 550 1200 1100 10% 

Lead 200 150 210 5% 

Strontium 170 200 210 5% 

Total 9% 32% 27%' 

Uncertainty +/-1% +/-3% +/-·3% 

elements with molecular weights greater than magnes-ium 
for diesel No. 2, 3500 SRI, and 5000 SRI fuels., respec
tively. The percentage ash may be up to twice this 
value depending on the compounds that the elements-are 
found in. For example, if calcium and sulfur ez-ist in 
calcium sulfate (CaSO 4), the molecular weight is nea·rly 
twice that for calcium sulfide (CaS). The amount of 
carbonaceous material in the particulate was inferred 
by subtracting out an estima·te for the ash containing 
component (x-ray fluorescence mass of elements plus 
50%.). Figure 7 shows the same information as Figure 6 
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with the bars divided into an aah.containing component 
and the remainder which is assumed to be carbonaceous. 
The particles from the residual fuels contain more than 
three times as much carbonaceous material as the diesel 
No. 2 particulates: 0.14 gm/KJ and 0.045 gm/MJ, respec
tively. Even when taking into account the 10% uncer
tainty in ash content, the difference in the carbona
ceous cqmponent between the the two fuel types is sig
nificant at the 90% confidence level. 

"' "' <I 
::I 
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!;i.O.I 

5 
u 

~ 
: 

REFERENCE 
0 DIESEL N0.2 

RESIOUAL FUEL 
m 3~0SRI 
~ 5000 SRI 

Figure 7: Specific particulate emission (gm/KJ) for 
three fuels at varying load setting for dry 
fuels· indicating ash containing and ca·r.
bonaceous .components·. 

Figure 8 shows the particulate levels· at 0%', 4%.,. ,Y:;h! 
8%:,. and 12%. wa.ter addition for 3500 SRI fuei; F·igure 9 
shows the same for 5000 SRI fuel,. At all load condi-
tions with 12%. wa•ter addition,. more particula.te· is 
emit.ted· than w-ith 0% water addition.. Moreover, the 
fuels containing 12%water formed more particulate· than 
fuel conta·ining·. 0% or 4%: water at both 50%. and 75% "' . " 
loads·· .. 1; 

.f.~!!t·!£!!: ~ and. deposit analysis 

Engine. wear· on this DSR'-46 engine using wa·ter 
emulsified res-idual fueis· has been compared· W·ith wear 
sustainedon the DMRV-16-4 engine using• dry residual 
fuels.. The wear. rates for the emulsified fuels tests 
were nearly the same as the. dry fuels for the· va·lve 
stem, valve guide, piston skirts, piston compression 
rings, and the· connecting r.od bearings. However, both 
ra,ils of· the oil ring were severely jagged. and worn. 
Dur.ing the 1000 hour test, the DSR-46 engine with water 
addition had an average liner wear of 0.046 mm compared 
to dry residual fuels with 0.008 mm wear. Upon visual 
inspection, the DSR-46 liners did not show signs of 
scuffing indicated by metal transfer or scoring. How
ever, the cross-hatch grinding marks from the original 
surface finish were almost entirely removed. 

The emulsified fuels tests gave higher deposits in 
the combustion chamber, intake and exhaust ports than 
that seen in the DMRV-16-4 using dry fuels. The hard 
ash coating on the combustion chamber face was about 
o. 75 mm. thick. The· ash on the port sur.faces vas. easily 
cleaned off. A light, easily removable coating was 
also found on the turbocharger. Although no ring 
sticking vas experienced on the emulsified fuels, the 
piston ring faces showed indications of blovby; and 
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Figure 9: Specific particulate emission (gm/MJ) at three 
load settings for varying levels of water addi
tion (mean values averaged over all water 
droplet diameters); 5000 SRI fuel, n • number 
of samples. 

deposit buildup was present in the ring belt area. The 
cylinder liner area above ring travel was inspected for 
varnish buildup after testing with each fuel. A light 
varnish was observed at each inspection with the bore
scope. (The borescope is inserted in the head with the 
injector removed.) 

The injector nozzle assemblies and fuel injection 
pumps were inspected by the manufacturer. Bendix Corp. 
The complete report is found in reference 12. Bendix 
found signs of rusting and varnish in the nozzle valve 
area. The injection pump showed the same rusting and 
varnish phenomena in addition to plunger and barrel 
scoring. Both the nozzle assemblies and injection· pump 
had water globules present upon disassembly even though 
a minimum one hour flush with No. 2 diesel was com
pleted before any shutdowns. 
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DISCUSSION 

Nitrogen ~ and thermal efficiency 

ROxwas reduced by about 10-15% at 12% water addi
tion. This agrees with several similar studies as sum
marized by Wilson. et al. (4). In these previous stu
dies. however. more dramatic drops in NOx concentration 
were observed as the water to fuel ratio was increased 
further. Thermal efficiency increases of up to 2% at 
12% water addition have been reported (4). But. as dep
icted in figures 3 and 4. the present work shows a 
decrease in thermal efficiency of up to 2%. The ther
mal efficiency and NOx reductions may be a result of 
the increasing injection duration with increasing water 
to fuel ratio. The standard injection equipment on the 
engine gave a constant water plus fuel injection rate, 
not a constant fuel injection rate. With increasing 
water addition the volume of fluid injected increases 
and hence the injection duration increases. Unfor
tunately. the equipment required to change the injec
tion rate was not available in time to be used in this 
progrSII. 

Particulates 

Ultrachem Corp. (13) bas taken particulate samples 
of a Transamerica Delaval DSRV-16-4 engine which is of 
the same family as the DSR-46 engine used in the 
present ·work. The data from both analyses on diesel 
No. 2 fuel are in excellent agreement as seen in Figure 
10. The Ultrachem data reported is an average value 
for several measurements. Both analyses show that par
ticulate· loading is maximum at 100% load and minimum at 
75% load. 

Bare and Bradow (14) reported results for heavy
duty. high-speed diesels operating on diesel No. 2 
fuel. The two-stroke and four-stroke engines emitted 
~pproximately 0.65 and 0.4 gm/MJ (1.75 and 1.0 gm/bhp
hr) particulate. respectively. This is in excess of 
e-ight times as much as that produced by TDI's medium
speed engine on the comparable distillate fuel. This 
can be partially explained by the longer residence 
t-imes in the medium-speed engine allowing for more 
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Figure 10: Specific particulate em-iss-ion (gm/MJ) - Com
parison of LBL and Ultrachem measurements 
with diesel No. 2 fuel. 
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complete soot particle burnout. 

Other researchers (3-7,15) have observed signifi
cant advantages when using water addition in compres
sion ignition engines. Sizable reductions in both par
ticulate and NOx emissions have been reported. How
ever, the bulk of these data were collected at much 
higher water/fuel ratios than those studied here. 
Greeves, et al. (3) found that at water/fuel ratios 
less than 20%, smoke levels (indicative of particulate 
concentration) were higher than with dry fuels in a 
high-speed, naturally aspirated, automotive type diesel 
engine. This may corroborate evidence found in this 
study. But on the other hand, it is tenuous to compare 
results obtained in the automotive type engine with the 
medium-speed engine. Other researchers (4,7) have 
found smoke reductions with water/fuel ratios of around 
50% in medium speed diesels. These soot reductions 
over dry fuels were more evident at part load condi
tions. Such high water/fuel ratios were not investi
gated in this program. 

A large portion of the particulate matter is 
comprised of ash as indicated in Table III. This is 
much higher than Gabele and coworkers (16) found using 
two automotive type diesels. They found that using 
three distillate fuels with slightly different proper
ties and with one highly refined shale derived fuel 
that the particulate contained less than 2% ash com
pared with nearly 40% ash with residual fuels. There 
are two reasons to account for this discrepancy. 
First, automotive diesels generally burn higher quality 
fuels than medium-speed engines. Of course the resi
dual fuels will contain much higher levels of metals 
than dis-tillate fuels. For example, data on fuel sul
fur is readily available showing anywhere from two to 
ten times as much sulfur in the residual fuels as the 
distillate fuels. Secondly, because of the longer 
residence times in the larger engine, the extent of 
soot particle oxidation will be increased. Fur.ther, 
the longer time allows for increased adsorption. of 
othe-r species onto the particle's surface. Thi11 is 
substantia-ted by information available on the two types 
of diesel engines.. By calculation from data presented 
in Gabele's paper (16), the amount of soot formed is 
about 0.006 kg soot/kg fuel burned. Whereas with resi
dual fuels, the medium-speed diesel has a lower value 
of 0.003 kg soot/kg fuel burned. But, by comparing 
fuel sulfur to that found on filters s~ows 0.015 kg S 
in soot/kg S in fuel in Gabele' s study and 0 •. 07 kg S 
in soot/kg S in the residual fuel in the present study. 
Even though the uncertainty in these data may be 50%.or 
more, they indicate that a larger fraction of the fuel 
sulfur in the medium-speed engine is found on the par
ticulate and that this larger engine produces less par
ticulate per unit mass of fuel burned. 

Wear and deposit analysis 

The wear and deposit results in the engine with 
emuls-ified fuels was satisfactor.y except for the fol
lowing areas: 

4These data were evaluated from information collect
ed on the Federal Test Procedure driving cycle. Cer
tainly the transients adversely affect the part·iculate 
concentrations in the high speed engine's exhaust. 
However, this analysis is concerned with percentage ash 
in the particulate not a comparison of total particu
late emissions of the two engine types. 
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(1) Cylinder liner wear with associated blowby. 

(2) Fuel injection equipment durability. 

These problem areas should be alleviated with minor 
modifications as discussed below. 

The cylinder liner wear, ring belt deposits, high 
blowby, and excessively worn oil scraper ring are all 
related (17). As the liner becomes polished from the 
crown land deposits, the cross-hatch marks are worn 
away. This 8mOOther surface is unable to hold the 
lubricant on the walls and the compression ring sealing 
diminishes increasing blowby. Also, the oil scraper 
rinegwears more quickly because of the insufficient oil 
film protection on the cylinder walla. Several things 
could explain the higher crown land deposits: high ash 
content fuel oil or insufficient water stability of the 
lubricating oil. The fuel oil did contain greater than 
1% ash. Ash can be very abrasive to metal surfaces. A 
comparison with the dry residual fuel tested in the 
DKRV-16-4 cannot be made because the fuel's ash content 
vas not measured. Because of the water emulsification, 
it is likely that water dilution of the lubricating oil 
vas higher than with dry fuels. The additional water 
in the oil could have a deleterious effect on the oil's 
additive package. Thus, the lubricating oil additive 
package must be carefully chosen for this use. No 
lubrica·ting oil analysis was made to test this 
hypothesis. The oil used for this test had been previ
ously used for 1000 hours. Therefore, the additive 
package was somewhat depleted. The lubricating oil 
becomes less effective· at preventing deposit buildup as 
the piston temperature increases. One would expect 
lower piston temperatures with water addition because 
of the water • s latent heat of vaporiz·ation. But in 
these series of tests, the water addition is accom
panied with an increase in injection duration. This 
w·i:ll give a longer combustion duration for heat 
transfer to the piston. No piston temperatures were 
measured to determine which of these competing effects 
dominates. However·, from measured cylinder wall tem
peratures (indicative of piston temperatures), the dry 
and· emulsified fuel tests gave S·imi:lar results .• 

The fue•l injection equipment manufacturer found 
that the equipment was dis·tressed. However, w-ith the 
follow-ing changes Bendix. has reported that satisfactory 
operatic~ on emulsified fuels would be possible: 

(1) Selection of materials for system components which 
will not be prone to rusting. 

(2:) Development of an improved flushing prodcedure to 
remove trapped water globules from the system. 

CONCLUSIONS 

(1) NOx concentrations drop about 1Q-15% with addition 
of 12% water. Thermal efficiency falls off 
slightly ( 1. 5% or less) with 12% water. 

(2) No differences were detected in NOx concentra
tions, particulate concentrations, or thermal 
efficiency as a result of water droplet diameter • 

(3) TDI's DSR-46 engine emits about 0 •. 051 gm/MJ (0.14 
gm/bhp-hr) particulate on diesel No. 2 fuel and 
about 0.19 gm/MJ (0.-50 gm/bhp-hr) on the two high 
viscos-ity residual fuels: 3500 and 5000 SRI. How
ever, the particulate matter from the diesel No. 2 
fuel contains about 9% ash compared to 30% in the 
particulate from the residual fuels. Thus, the 
carbonaceous material produced by the distillate 
fuel was about 0.045 gm/MJ (Ool2 gm/bhp-hr) and 
0.14 gm/MJ (0.36 gm/bhp-hr) for the residual 



fuels. 

(4) At 12% water addition a higher particulate loading 
was observed than at 0% or 4% water addition in 
the 5000 SRI fuel. 
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