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The Effect of Alternative Fuels on Gaseous and Particulate M atter

(PM) Emission Performancein an APU

B. Khandelwal, J. Cronly, I. S. Ahmed, C. J. Wijesinghe, C. Lewis
Abstract

There is a growing interest in the use of alternative fuels irugaisi¢ engineto reduce emissions. Testing

of alternative fuels is expensive when done on a large-scale gas turbine. dngthis study a re-
commissioned small gas turbine Auxiliary Power unit (APU), has been usedvartest blends of Jet A-

1 and Synthetic Paraffinic Kerosene (SPK), diesel with eight other nousel Aialetailed analysis of
performance, gaseous emissions and particulate emissions has been presented in this sthsgrved

that aromatic content in general as well as the particular chemical compositi@naromatic compound
plays a vital role in particulate emissions generation. SPK fuel shows sidiistdotver particulate
emissions with respect to J&t However, not all the species of aromatics negatively impact particulate

emissions. Gaseous emissions measured are comparable for all the fuels tested in this study.
Introduction

Thereis a growing interesh decreasing the net emissions produced by gas turbines. This has led to research
and development towards operating gas turbines using alternative fuels. The thotorg for this
increaed interest towards alternative fuels and decreasing emissions comes gnognfuiel cost [1],
decreasing crude oil resources and increasing environmental considg-adipThere is also a growing
concern about local air quality around airports and steps are being taken by itauestiyce emissions.

The aviation industry is growing at a rate of approximately 4% each yeas pretlicted to rise at this rate

for decades to come [1]. It is estimated that aviation currently accouatsofar 3% of total global warming

gases produced and is therefore continuously rising due to growth indheraiidustry. Alternative fuels



derived by Fischefropsch (F-T) process from biomass, coal and gas draws a interestantiness and
industry due to their drop-in capability [5]. Another reason for thiisrést is to improve the security of

energy supply as alternative fuel sources can be obtained domestically.

While oil shale and F-T fuels offer increased energy security, bio-derived fuetharmable and claimed

to reduce carbon emissions in their life-cycle [6]. FT fuels can be derived from a wide rangkstofclee

such as natural gas, used cooking oil (UCO), fuel crops, coal etc. FT Fuelhdaatential to provide

better combustion properties and lower emissions. Fuel derived from oi| ghaland coal are non-
renewable sources of fuels, but are readily available and viable as theseaimedalsing existing
technologies. Commercial production of fuel from shale, gas and coal has been estmahipl several
countries to date. In 1999, Sasol produced a Semi Synthetic Jet Fuel (SSJF), which wasfauplémd o
50% of synthetic fuel, made from coal by F-T synthesis and conventional jet fuel. From that time onwards

SSJF has been supplied to the Johannesburg Airport, South Africa for use for gas[fitbines

According to present regulations, restrictions placed on commerciatisfiion use of alternative fuels are
stringent This is due to economical and logistic issues and partly to provide safe anig felglbhat can
perform in the arduous conditions in which gas turbines work [8]. Sirecaviation industry tends to keep
its assets for around 40 years [9], the ability to be used as a dropsimflegjacy aircrafts is very important
along with their ability to meet future fuel standards. The presentaviael specifications are laid out in
the ASTM D 1655[10]. Any new fuel has to meet the specifications and has to go throgghoasr
approval process as shown in the Fig. 1 [11]. Any new alternate fuel development pragitaconsider

all other aspects of airframe, fuel handling and fuel processing as well [12].
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Figure 1. Flowchart of the Approval Process for New Aviation Turbine Fuels [11].

In recent years several commercial aircrafteetmerformed flight demonstrations burning various blends

of novel alternative fuels and conventional jet fuels. The American Sociefljeiiing and Materials
(ASTM) has approved blends of up to 50% synthetic blend stocks to be usedmiéimtional jet fuel

[13]. Researchers have done various studies on use of alternative fuels in gas,tbdih for military and
commercial aviation [146]. It has also been observed in various studies that there is an advantage in using
alternative blends for gas turbines as the use of paraffinic alterfiagilgeaids in reducing net carbon
footprint, particulate and smoke emissions—{22]. Thiscanalso contribute to improving the local air
quality [14, 15,1925]. Rye and Wilson [27] studied the effect of alternative fuel compositioa®tugbine

ignition performance. Lobo et al. [28] studied the effect of fuels derived frimative sources on non-
volatile particulate matter emissions. In recent years studies have presauntedregbrational and noise

production while using alternative fuels [29, 30, 33].

There are various studies in the literature regarding the overatbemental impact, global warming

potential and use of alternative fuels in gas turbineg2834-48]. One of the recent study by Christie et



al. [47] and Brem et al. [48] shows impact of hydrogen content in the fueMoarfissions. Results of
experimental tests related to impact of gas turbine engines on environment are not evideatLirelsand
not fully explored. One of the reasons for fewer studies and tests on use of aéduadsiwith gas turbines
is the high cost and fuel requirement for a gas turbine engine for completseytests. AP, however,

are well suited to perform studies and critical evaluations of alternative fuels for gee turbines.

This paper reports the results of an experimental campaign to evaluate the gaseous arnssidhkem
characteristics of an aircraft APU burning various blends of syntheticviiteldet A-1 and several other
alternative fuels. The study was partially conducted FAA CLEEN prajeht University of Sheffield’s
Low Carbon Combustion Centre and involved teams from the University of SheffieldhBitways and

Rolls-Royce. Gas phase emissions and PM emissions were measured at the engine exit plane.

Properties of Fuels Tested

Properties and list of the fuels tested in this study are presented in Tabke Hemtling was carried out
using grade A glassware. The uncertainty in the volumetric blending was calculbtedpproximately
+1%. For ease of data representation, all the fuels have been namddiéugland fuel Ato H as shown
in the table below. Fuels 1 to 4 are different blends of SPK and Baseline Jet A-1, whereasdeksré
different ASTM approved novel jet fuels to be blended with conventional jetsiugiced from different
companies. Fuel 5 is commercially available diesel, and fuel E-H are novel fuelsssooncalifferent

sources, not currently approved under ASTM.

Table 1. Pertinent properties of fuels used

Fuel Representation Density Energy Fuel  Aromatic
Name (a/) Content Content (% val)
(MJ/kg)
Baseline Jet A-1 Fuel 1 801.9 43.23 17.3
50% Jet A-1 and 50% SPK Fuel 2 781.9 43.66 8.6




25% Jet Al and 75% SPK Fuel 3 771.8 43.88 4.4
SPK Fuel 4 761.7 44.10 0.1
Diesel Fuel 5 832 45.0 23.6
Straight Run Jet A Fuel 6

Novel Fuel 1 Fuel A 791.0 43.57 9.4
Novel Fuel 2 Fuel B 756.2 43.67 13.4
Novel Fuel 3 Fuel C 756.2 43.47 19.7
Novel Fuel 4 Fuel D 804.4 43.26 15.8
Novel Fuel 5 Fuel E

Novel Fuel 6 Fuel F

Novel Fuel 7 Fuel G

Novel Fuel 8 Fuel H

Experimental Set-up

A re-commissioned APU gas turbine (Honeywell GTCP85 APU engine) has been usisdsindi to
examine the effect of different fuel blends on emissions and performanaee Bighows schematic of
the experimental setup used in this study. Real time data acquisition system avicheetianisms have
been used for conducting these experiments. Performance parameters including estteasperatures,
bleed air flow, fuel flow, inlet air flow, engine RPM, pressure and temperatwarious core locations
have been measured and examined. This APU gas turbireetivasstage centrifugal compressor. The
compressed air, mixed with fuel and ignited, drives a radial inward-fldvine wheel. The rotating shaft

power of the turbine wheel drives the compressor, which also provides bleed air, and generator.
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Figure 2. Experimental Set-up

The APU control panel is used to change the bleed flow rate to a predefined value Horgreaset
operating condition. Fig. 3 below shows the actual picture of the APU, inlet @netagor, transducers
and bleed valve mounted on the test bed. All the relevant performance parameters aed médstire
help of pressure transducers, flow meters and thermocouples fixed on the engine bed anthengjieed
duct is connected to a variable solenoid operated valve before the exhaust talwefiwal of bleed air
as bleed air is used for loading the APU (changing operating conditions)AFb also houses a 32 KW
generator, which is conventionally used to control the operating conditions oPthheThe generator on
the APU is not able to change the operating conditions of the engine, since power genehatedPthyis
substantially higher than generator and no noticeable change in fuel flow and gdsatgshperature is
observed when the generator is fully loaded or when the load on the generator loadad.cahigration
of all the transducers used in the experimental set-up has been carrieggaatly to maintain

measurement accuracy. The operation panel (PCB based control panel) is used toexiugnitstr gas



temperature, engine operating speed (RPM) and bleed flow rate. This isdnstalts as safety control
mechanism in case the more complex control software based on LabVIEW stops respondipgraftum
panel also provides control of fuel solenoid, starter motor and ignition system. The startes msdorto
spool the engine to 50% speed of engine RPM (Maximum) before being cut off. The igystiem is cut
off when the engine RPM reaches 95% speed of engine RPM. This is done to avoid any damage to igniter.
Boolean data on status of ignition system, fuel and oil systems are also fed from tie tABdperation

panel for the purpose of operator feedback and emergency shutdown.

I

Bleed Valve Geteritor Aii Tnlet Inlet Duct Bleed Duct Pressure Transducers

Figure 3. Gas Turbine Experimental Set-up

Continuous sampling and measurement of gaseous emission have been carried out as per SAE ARP1256D
testing standards. The University of ShetfielMobile Emissions Laboratory has been set-up to comply

with the SAE ARP1256D standard [41], and has been used to take measurements in this study. The
Experiments were conducted using the Mobile Emission Laboratory. The same mobilerelaigsiatory

has also been used for measuring emissions in various other test campaigns avéttaitire [19,27

31].



A stainless-steel sampling probe is fixed in place with bolts behind the APU factes¢ sampling of
exhaust gases. The probes themselves do no conform to the afore mentioned ARP starmirdedtion
traverse of the engine exhaust has been done, and it was found that two locations where these probes were
placed had same AFR and PM. The conditioned exhaust sample is drawn through a %.edckahngale

line into Mobile Emissions Laboratory for analysis. The sample lines anetaimsd at 160+8C per
ARP1256D [41)with a minimum bend radius of 10x the line diameter. A constant sampling flogarate
system pressure) was maintainedhe gaseous analysis equipment by using a metal bellows pump, with
excess sample flow being exhausted through a back-pressure regulator. Gasednssefissurned
Hydrocarbon ‘UHC’, Carbon Monoxide ‘CO’ and Nitrous Oxides ‘NOy’) were measured per ARP1256D

[41]. A Flame lonization Detector (FID), namely a Signal 3000HM hydrocarbon analyserseateto
measure unburned hydrocarbons in the exhaust stream. The concentration of CQ emis€iGns in the
exhaust stream were characterized using a Rosemount Binos 1000 analyser. The waditisaael Non-
Dispersive Infrared Analyzer (NDIR), the principle of which is basedhembsorption of infrared radiation

in the CO and C&frequency band. In order to reduce the interference effect of water in the esdrapi,

a chiller was installed upstream of the NDIR analyser to dry the safiglure 4 shows the location of

sampling probes with reference to the exhaust of engine.

Figure 4. Sampling Probe

An Eco Physics CLA EL ht (chemiluminescence) analyser was used to recerioh M@ experiment.

Oxygen levels in the exhaust sample were also monitored, as a redundant measuremerst datasses



quality. Theanalysers were zeroed and then spanned using appropriate gas concentrations judterior to t
beginning of each experiment, with the zero and span drift established at engine shilitdo®&pan gas
cylinders were accurate to £2%. Instrument linearity and interferefesgtseivere assessed and corrected
for as per the aerospace recommended practices [42]. The experimental errotedssattiathe

measurement of gaseous emissions is estimated to be approximately £4% of the reading.

A separate sampling probe was fixed in close proxittityhe gaseous emissions sampling probe for
measurement of particulates by DMS500. Smoke emissions were measured usingdhg gagssions
probe. PM size distribution and mass were tested using a DMS 500 supplied by Cambustiparate
sampling line heated at 160¥5was used to supply exhaust gases to the DMS 500. For uniformity with
gaseous emission sample lines, the line was fabricated with a minimum bend radiusefib@diameter

in the sampling line for both DMS 500 and gas sampling line to avoid any error in the readings taken. The
DMS500 analysers use electrical mobility measurements to produce particle size/spedber between

5 nanometres and 1000 nanometres. Since the classification of particles according difféhieig
electrical mobility takes place in parallel (rather than in series as in a scamsimignent) the DMS series

is able to offer the fastest available size/number spectral measurementps.ifehte DMS500 uses a high
sample flow rate (8 litres per minute) and unique multiple sheath flows in thgechesulting in low
diffusion losses even of small particles. Figure 5 below shows schematic of particakgarement
instrument principle. Particles are introduced in the instrument from left handfsh&ltube; particulates
are provided charge by Unipolar Corona Charger and passed through tube of eleatietesttms to detect

the size, weight and number of particulate emissions.

HEPA filtered sheath flow  Electrometer Detectors

NN RPN

 EPPIYONSD IR IY !

Unipolar Corona Charger High Voltage Electrode

Fig 5. Principle of particulate emission measurement instrument (DMS 500) [43].



SAE smoke number was established using a Richard Olivekesmeter, Whatman no. 4 filter paper and
a reflectometer (EEL43M Smokestain Reflectometer, Diffusion Systems Ltd.) getl&Rc [44]. The
technique involves passing a set volume of sample through the conditionepiaiterand measuring the
change in the absolute reflectance of the filter paper due to the PM collecteé. &igelow shows four
different filter papers with varying SAE smoke number for representatigropelr Details of measurement

instruments deployed in this study are shown in Table 2.

SN 36

SN 3

Figure 6. Actual pictures of Whatman no. 4 filter paper with varying SAE smoke number.

Table 2. Details of Measurement Instruments

Species Analyser Detection Range
Measured
Unburned Signal 3000HM FID Hydrocarbo| 0-100 ppm

Hydrocarbon Analyzer

NO, NO,, NOy | EcoPhysics CLA 700 EL ht 0-100 ppm

CO NDIR Rosemount Binos 1000 | 0-1500 ppm
CO: NDIR Rosemount Binos 1000 | 0-5 %

O MAG 0-100 %
SMOKE Richard Oliver smoke meter 0-100
Particulate Cambustion DMS500 5-1000 nm

Three different test windows were selected to determine the performarnice APU for a range of

conditions. Sampling at the selected test condition was conducted over a six-minuteeaxpeviimdow



once the APU had appeared to stabilzgure 7 shows exhaust temperature profile measured at the exit
of the gas turbine with time. One test window is at full RPM when the eisgivithout any load at an EGT

of 300+10C and AFR of 130+2, second is with the bleed on at EGT of 44&t40d AFR of 75+2 and
third with the bleed on at EGT of 580IDand AFR of 50£2 test windows, before returning the engine to
a full power condition prior to shut down. Full RPM winddsvstable when EGT remains constant at
300+£5°C for three minutes. The second and third windostable when EGT remains constant at 445€10

and 580+10C respectively in addition to the bleed mass flow for three minutes.

__ 700

5"_” 600 Exhaust Temperature

@ 500 ['

2 400 r

S 300

E‘ 200 1 Window 2 Window 3 Window

2 108 300£10°C 445210°C 580£10°C
8583833858382 =2942323280%32794as
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Fig 7. Exhaust Temperature profile for illustration of engine test windows.

Results and Discussion

Emissions data concentrations have been converted into emission indices to aid in theajicantfi

emissions per kilogram of fuel burned. The conversion to emission indices is done stanplard

calculation methods [19.2].

Gaseous Emissions Analysis

Table 3 below shows gaseous emissions data collected at maximum RPM with EGT ofGUd BFR

of 130+2 for different fuels. C£ CO, NQ and NO emissions are represented in form of emission index

(El), whereas N@THC is represented as PPM.



Table 3. Gaseous emissions data at condition 1.

Uncert | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel
ainty 1 2 3 4 5 6 A B C D G H

[45] | [45] | [45] | [45] [45] | [45] | [45] | [45]

CO: (El) +10 3171| 3178 | 3182 | 3182 | 3165 | 3175| 3188 | 3192 | 3189 | 3189 | 3201 | 3185

CO (El) +2 34.1 332 (319|316 | 375|338 |33.6 | 305|330 333|302 ]|354

NOXx (EI) +01 |4 41 |42 |42 |388 (40 |4 4 39 |4 42 |41

NO (El) +0.1 15 |16 |16 |15 198 |17 |15 |16 |17 16 |16 1.8

NO. (PPM) | £0.1 70 |75 (74 |69 |994 (81 |70 |74 |79 |72 |73 |88

THC (PPM) | £3 25 23 21 22 724 | 8 10 6 1 5 3 6

Oxygen (%) | £0.2 184 | 184 | 184 | 185 | 18.3 | 184 | 184 | 18.4 | 184 | 184 | 185 | 184

It is observed that all the fuels give similar range of emissions. Tablegrdsents gaseous emissions data
collected at EGT of 450+2C@ and AFR of 752 for different fuels.

Table 4. Gaseous emissions data at condition 2.

Uncert | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel
ainty 1 2 3 4 5 6 A B C D G H

[45] | [45] | [45] | [45] [45] | [45] | [45] | [45]

CO: (El) +10 3169 | 3172| 3172| 3174 | 3162| 3170 | 3171| 3171| 3170| 3170| 3172 | 3162

CO (El) +2 239|229 213|221 (263|228 | 232|215 |235|237 (214 | 243

NOXx (EI) +0.1 |4 41 |42 |42 |4 4 4 4 39 |41 |4 3.9




NO (El) +01 |2 21 22 |21 |25 2.2 21 |22 |21 21 |21 2.2
NO; (PPM) |+0.1 |16.4 |16.8|18.1|16.2 |21 188 | 16.5|17.7 | 17.2 | 16.7 | 16.6 | 17.0
THC PPM) | £3 1 0 0 0 3 48 3 2 0 1 25 55
Oxygen (%) | +0.2 | 16.7 | 16.8 | 16.7 | 16.9 | 16.5 | 16.7 | 16.7 | 16.8 | 16.7 | 16.8 | 16.9 | 16.7
Table 5. Gaseous emissions data at condition 3.
Uncert | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel | Fuel
ainty 1 2 3 4 5 6 A B C D G H
[45] | [45] | [45] | [45] [45] | [45] | [45] | [45]

CO;, (El) +10 3169 3171| 3172 3172| 3164 | 3171 | 3170| 3171| 3170| 3171 | 3173 | 3169
CO (El) +2 141|134 | 13.0| 128 | 174 | 14.1 | 14 13.0 | 14.0 | 139 | 12.7 | 144
NOx (El) +0.1 41 |42 |42 |42 |41 |41 44 141 |40 (42 |41 4
NO (El) +0.1 29 |29 |30 |29 |3 3.0 28 |29 |28 29 |29 2.8
NO; (PPM) | £0.1 34.1 | 334|336 (479|350 (332 324|332 |323|33.3|331 |334
THC (PPM) | £3 0 0 0 0 0 0 1 1 0 0 0 0
Oxygen (%) | £ 0.2 149|151 | 15.1 | 15.2 | 149 | 15.2 | 15.1 | 15.2 | 15.0 | 15.1 | 15.2 | 15.0

Table 5 represents gaseous emissions data collected at EGT of 8B@ttDAFR of 50+2 for different

fuels. Gaseous emissions analysis (CO,,®D, NQ, and THC) conducted on fuels studied in this work
showed similar performance for all fuels and were within the uncertainty afnmestts. It can be seen that

for all fuel’s NOy remains relatively the same hovering around 4 and also does not appear to change with

the engine condition. Moreover, it can be seen that THC for Fuel 6 is extremehyiltigrespect to the

other fuels in the first two conditions. With a high point of 78 ppm in thedastlition then reducing to

48 ppm in the second condition. Eventhough tota) i@ains relatively constant with respect to engine

condition the amount of NO increases with engine condition. The amount-dIdiincreases as engine

condition increases. This phenomenon can be attributed to the higher engine peaterfig@ratures

reached as more power is extracted from the engine.




Smoke Number

SAE smoke numbers for all the fuels tested in this study are presented in Fig. 8. The accapey af
the method is +3 smoke numbers and average of three different samples have bee pndSigns. It is
observed that fuels 1-4 produces substantially lower smoke as compared to fued$ Avithukl 5 has the
highest smoke number of all for all three conditions, this can be expected as fD&$eishas a highest
aromatic content as compared to the other fuels tested in this Biashl’s higher smoke results are in-
line with other published literatur€uel’s E and H have the lowest smoke number of all the fuels tested.
Fuel A, B, C and D have significantly lower smoke as compared to Jet A-h ltecabserved from the

figure that at third power condition smoke emissions goes down, this could be dumtiptiaetic losses.
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Figure 8. SAE smoke number distribution for all fuels and conditions. Fuels 1-4 dn{#5}

PM Emissions

Figure 9 shows size spectral density comparison for first, second and third condi¢itbfukels considere
in this study. It can be clearly observed from the figure that particulatesiens decrease with a decline
in aromatic content from Fuel 1 to 4. This is consistent with the smoke meastiseas shown in Fig. 9.

Fuel A, B, C and D follows similar trend to that of Baseline Jet-Al fuetr@hSimilar trends are observed



at engine operating conditions 2 and 3 as shown in Fig. 11 aridid2lso observed that at condition 1,
fuels with higher aromatic content produces substantially larger particaltesmpared to fuels with a

lower proportion of aromatics.
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Figure 11. Number and Size distribution of Particulates measured'f@o8dition
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Figure 12. Particulates measured for fuels at size of ~27 nm.

Figure 12 shows the distribution of particulate mass for all the fuels and conditions testedurdyhiscs
calculate the mass of the particulates coming out of the test endewivefdensity of baseline Jet JA-
fuel was used [46]. It can be clearly observed that particulate mass follows the same trgrataslaite
number when aromatics are decreased from Fuel 1 to 4 (shown in Fig. 10, 11 and 12). &udaldl Bn
has 24.6% and 21.7 % aromatic content respectively by weight, whereas theamehgmsticulate size
distribution differs substantially. Fuel B gave a substantially better peafa@rin terms of particulate mass
and size emissions. The probable reason for reduction in particulate emissions s thieFeeel B is due
to its aromatic content composition. This result is in line with one of our stheies where it was found
that different aromatic composition behaves in a different manner when it inteticseals and produces
different PM [22, 41]. Though it is to be noted that seals could lead to prodottgmall number of
volatiles in the exhaust and this aspect has not been covered in this studdasidgcthe number of
aromatics in the fuel would lead to reduction in energy density per litre of thevhieh could eventually

lead to reduction in range of the aircraft. Not all aromatics halieeat effect on smoke and particulate



emissionsit is just that right aromatics species need to be selected for reducgarticulate emissions

and appropriate seal swell.

800

]
oS o
==
T T
om
i/
.

v
[~3
=
/
/.

L)
8
/
-
j.
J.,
e

Weight (10000*fg/cc)
(3] =
[l =
= (=)
/
»
/
[

—_
=
(=]

T

/

13.6 13.8 14 14.2 14.4 14.6 14.8 15 15.2

Hydrogen content % m/m
- .= Linear (mass Ist) o Linear (mass 2nd)

— —Linear (mass 31d)

Figure 13. Particulate mass concentration against hydrogen contents of fuels

Figure 13 above shows the particulate mass concentration against the hydrogen content (mesgepercen
% m/m). It can be observed from Fig. 13 that the particulate concentration iedemkithe hydrogen
content is increased. This can be fundamentally explained by the fact that théenaydrbgen content

is, the less the number of carbon-carbon bonds present in the fuel. This observatlomeiwith other

literature Christie et al. [47] and Brem et al. [48].
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Figure 14. Particulate mean gravimetric diameter against hydrogen content of fuels tested

Figure 14 shows the particulate mean gravimetric diameter against the hydrogen content (massepercentag
% m/m). It can be observed from the figure that the gravimetric diroéparticulates is reduced as the

hydrogen content is increased. These findings are corroborated by Christie et al. Bfdrared al. [48]

Conclusions

Gaseous emissions analysis (CO 00, NO, and THC) conducted on fuels studied in this work showed
similar performance and were within the uncertainty of instruments. The smdkgarticulate emissions
of theSPK fuel were substantially lower than other fuels tested in this study.dseed from the results
that smoke and particulate emissions are decreased with a reduction in aromatic coiméefotedf It has
also been observed that PM emissions also depends on hydrogen content of the fueht® anéss
emissions of Fuel B are substantially lower than other comparative fuels diffierent types of aromatics,
even though fuel B contains more aromatic content by volume than Fuel AeiFsttidy is required to
evaluate the effect of different types of aromatics on particulate emissimes, investigation into the

composition of aromatics and their specific impact on emissions has been studied by Corpof22j et al.
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