CHAPTER 11

THEORETICAL CONSIDERATION

2.1 Diesel Engine

The diesel engine differs fromj\he\&\u% the heterogeneous combustion

of its mixture and the self-i Mme fuel. rature necessary for self-
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The diesel engine must fchleve compresswn temperatures and pressures, which
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when running. In hlgh-speed automotive'diesel engines, this is obtained/by the use of
compressioaam :)] l@vﬁnimgrl m;lh:% mﬁi'naraeﬂmbustion
system and whether the engine is turbocharged. It is the typically high compression
ratio of the diesel engine, which dictated the need for its general mechanical
robustness and also leads to its high-indicated efficiency characteristics.

After compression ratio, the main factors affecting combustion in the diesel

engine are combustion chamber design and fuel injection characteristics. The time



from start of fuel injection to end of combustion is very small, and during this a fuel-
air mixture has to be formed which will ignite within a reasonable delay period. Good
mixing of fuel and air is essential and adequate oxygen has to be available for
combustion to be completed early in the expansion stroke.

In general, two combustion chamber forms are principally used in automotive

diesel engine applications. These are the direct injection system as illustrated in

Figure 2.1 and the pre-chamber, inaw»)em shown in Figure 2.2 [4].
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Figure 2.1

Figure 2.2  Indirect injection combustion system.



With the deep bowl direct injection system the required fuel-air mixing is
achieved by direct injection of fuel into an open cylinder into which air has been
introduced with a high degree of rotational movement. The air movement is initiated
during the induction stroke by correctly sited and shaped inlet ports which causes the
air to swirl in the cylinder. The swirl continues as the piston rises during compression.

In contrast, in the pre-chamber indirect injection system air is forced into a pre-

chamber during the compression strokh\%“/f ted into the turbulent air and
e

because the chamber is not pmmy serﬁltlv&uzauon pintle-type nozzles
are often used. After ignitioﬂ'!l'e—-—'

through a narrow passage or

the éb?@es the burning mixture

€ ylmder where it mixes with air to

complete combustion [10].

If the ignition dela v ach the combustion

chamber unburned. The lenEth of 1gmt10n dclay depends ‘IGL both the design and
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Combustion fuel in a liquid state is injected in the cylinder at a precise rate
ensures that the combustion pressure is forced on the piston too early nor too late. The
fuel enters the cylinder where the heated compressed air is present.

Fuel will burn only when it is in a vaporized state (attained through addition of
heat) and intimately mixed with a supply of oxygen. All these conditions are present

in the cylinder. When the first minute droplet of fuel enters the combustion chamber,



it is quickly surrounded by its own vapor because the compression temperature at this
point is about 343 °C (650°F). Heat is withdrawn from the air surrounding the droplet
causing it to vaporize. It takes time for the heat to build up again and cause the vapor
to ignite since the core of the droplet is still liquid and relatively cold. One ignition
has started and a flame is present, the heat required for continuos vaporizing is
supplied from that released by combustion and the higher compression temperature.
The liquid droplet surrounded by i %ly/ s as fast as fresh oxygen is
supplied. This process contmue!'hnged Jmtx oil is burned or the oxygen

isused up [3, 11].

conditions favorable to chemical regg!j,l)n, The ¢
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liberates the potential energﬂin" fuel. L’J
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In any combust%n process, there arg at least three basic requirements;
1 Fodmgonor  mixibd of el bndaid 11 21 ) 6 2
q2. Ignition of the fuel-air mixture.
3. Completion of combustion of the fuel-air mixture
In the diesel engine, these requirements are met as indicated diagrammatically

in Fig. 2.3
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is accomplished by the direct ox1daﬂdﬁ‘ﬁftﬁ€@ue rate of which is comparatively
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ignition, the mixture

slow at first and accele;:tfs rapl(irll‘)7"1;:!’:(1;1H 1&3’%@ OM?

inflames and combustion/ may proceed as in 2.3, either by rapid

l -y v
oxidation of mixtures of fuel and air or by rapid oxidatio%lj of products of thermal

decomposition of ﬁﬁﬁﬁnﬁ%ﬂ%ﬂ%ﬁﬁm favorable for

combustion, then combustion is complete. If mixing g inadequate o&}f combustion

ections o il ekt bt b e e of Jnompic

combustion will result.

2.2 Diesel Fuel

Fuel for diesel engine is obtained from fractional distillation of the crude oil to

separate it into fractions with boiling ranges appropriate to the major fuel application.
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Figure 2.4 Proportion of di€se , , ; am products processed from
crude petroleum.

The boiling range of dlsuuate"‘i@s mately 150-370°C (300-700°F). It
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is a general property ﬂ}ydrocarbons that the m ile they are the higher

temperatures for spontane the less volatile middle

distillate fractions of petroleuyx crude and even Es}ldues are more readily applicable to

diesel engines thanasug' Qh?qug'm ‘3 W EJ f] ﬂ j

With refercnce to Fig. 2.4 [12 thé more comméit designation i§that portion of
the dlstxllat’lin H’V ﬁnqlﬂ ‘i;ld ;?uﬂ Ilg'u?-le‘l 1@ cﬁ'l within the
temperature ranges of 375-725 F. Other properties are evaluated and characteristics
are determined which influence the fuel performance value in a specific application.
In the diesel fuel classification many properties are considered significant by the
American Society for Testing Materials, such as cetane number, viscosity, carbon

residue, sulfur content, flash point, pour point, ash, and copper-strip corrosion.
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The properties of commercial fuel oils depend on the refining practices

employed and the nature of the crude oils from which they are produced.

2.2.1 Composition of Fuel Derived from Petroleum

The composition of diesel fuels derived from petroleum may be considered
under two classes [11];

compounds comprising on carbon

and hydrogen in varying proportions i N ;
—_— e
2. The second class, c:?"" @mds comprising carbon
and hydrogen together wi ' in the molecule. Highly

e reactive and tend to

1. The first class, consideration is ive

unsaturated molecules of
polymerize or to react wit products of extremely
low volatility.

Class I Component

hydrocarbon mixtures mtp four , E‘eﬁns, naphthenes and

aromatics.
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2. Olefifis structurally undefined.

3. Naphthenes consisting of major proportions of five and six carbon rings with
multiple and short parpffinic side chains.

4. Aromatics consisting of major proportins of mononuclear compounds and

multiple and short paraffinic side chains.
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Class II Components

Those derivatives of hydrocarbons containing sulfur, nitrogen or oxygen,
together with such compounds of the diolefin type which are quit reactive to form
high molecular weight.

Sulfur derivatives — In the most simple forms sulfur exists as mercaptans,

sulfides, and disulfides. These compounds are produced in the conventional treating

operations. Other sulfur compounf%“w/exist in diesel-fuel fractins from
A\ ) |
2 ""-\}-, L

petroleum. ——

| ——
Nitrogen derivatives Jﬁ'—-’ ‘

nature but very little more is

present in crude oils.

Highly unsaturated hy. g down of high molecular
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weight hydrocarbons to 5olecules;aﬁm‘h5 PRI,
5 !

i ht;roduces an increase in

the unsaturation of the p

2.2.2 Specification for Pgsel Fuels 'y

Although di%luglcg vm E\Jluinwzﬂsm ﬁwer output, and
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Performance «features desired of all diesel fuels, and the physical properties most

directly related to them are summarized below. Fuel properties are presented in the

order in which they are seen by the engine as the fuel flows from the storage tank,
through the fuel system, to the combustion chamber, No attempt is made in the table

to indicate relative importance [13].
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Performance Feature Desired Indicated By

1. Safety in handling Flash point

2. Pumpability at low temperature Pour or cloud point, viscosity

3. Freedom from all suspended matter Storage stability, suspended sediment tests
4. Readily atomized Viscosity

5. Readily ignitable Cetane number

6. Clean burning @‘V//// Volatility, Cetane number
P gravi

7. Good fuel economy

8. Major effects on engin

The properties g ative of diesel fuel quality,

however, are (a) cetane (d) sulfur content, and (e)

"API gravity. This secti fuel characteristics as they

relate to engine performance.

J—g“_‘f"lll.:} _; =
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Cetane Number

Cetane number is is measured in a single

cylinder, variable comp-?si rati ; defmixed conditions of speed,

load, jacket temperature, inlet-air temperaturey etc. The ignition quality of the test fuel

e comprnt i LA TLELI S IEL VD) T e, s
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of zero.
Volatility

A simple laboratory distillation test indicates the volatility or boiling range of a
fuel. Important distillation points for determining fuel volatility are the 10%, 50%,
90%, and final boiling point. The higher than 50% and/or final boiling points, the

more difficult it is to vaporize the fuel completely. High speed engines in particular
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require volatile fuels high boiling products cannot be vaporized in the short time
available for combustion, and sooty, incomplete burning results. It is very important
in high speed engines to have volatile, readily vaporized fuels; the importance of fuel
volatility decreases as speed decreases or, stated another way, as the time available for

combustion increases.

Viscosity
Viscosity is a time measure of a ﬁ{\\i’ Wc to flow, and is directly related
to the ease with which the fuel.@zed in stlon chamber. Too high a

T —
viscosity will result in the f : we combustion chamber;
it wets the piston and cylin carbonizes on the hot combustion

-

gravity of a petroleum oil g of nﬁitures of petroleum prod\us with other substances

) . . ¢ o o .
is the ratio of the wﬁlufmnwlﬂﬁ ﬁWﬂ n]aanﬁerature of 60 F. to

the weight of an equal volume of dlstlllec} water at the same temperature, both weights
i s B Y5 8, i K v
the expressnon “Specific Gravity 60/60°F.” For heavier products such as asphalt and
liquid road materials a reference temperature of 77 F. is used instead of 60F.

The API gravity of petroleum oil is based on an arbitrary hydrometer scale,

which is related to specific gravity in accordance with the formula:
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Degree API = L 1P ST (1)
Sp. Gr.60/60°F

Sulfur Content
The sulfur content is associated with the corrosion and deposit forming
tendencies of the fuel. A considerable amount of work has been done in an attempt to

evaluate the harmful effects of sulfur in diesel fuels as a function of the percent sulfur

e%\\& % r fuels cause more corrosion or

deposits than low sulfur fuclsﬁem’lat @m, however, is how much

added fuel costs to reduce

contained in the fuel. There is evi

does this corrosion or deposi

the sulfur content.

Pour and Cloud Points
Pour point, or the mi_ ' qfa e i el remains liquid, is of

importance in mobile instaliati here: | be handled at or near

-v".a' -r

atmospheric temperatures. If the fuélis to bc thrbugh filters, the cloud point,

= .--"J"..-* b

or that temperature at wﬂch crystals “Begu{ to

which engine operation

inimum temperature at

r d point will result in
I
clogging of the fuel filters ;1 wax.

Flash Point ﬂuﬁﬁﬂﬁj‘ﬂ{ﬂﬁj’]ﬂﬁ

Fuel flash poirﬂtlis useful only as an-index of fire hazard. Although,flash point is
an indicatoh prhe “Fadinees” of (el tierte wher) cffoted td 4atib it cannot
be used for es‘:imating auto-ignition temperature of diesel fuels.

Water and Sediment Content
Water and sediment content reflects for the most part the care taken in the

finishing and handling operations employed in preparing the fuel for the engine.
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Sediment in fuel leads to filter clogging and injector fouling, while water is harmful
because it promotes rusting of critical steel injection equipment.
Ash Content

The ash content is usually quite small. Large values reflect improper finishing in
the production of fuels, particularly where treating steps are involved. In some cases it

is known that ash-forming contaminants may be introduced to fuel mixtures through

entrainment or otherwise in the dlszAQ\\ l#y)o)'ed to separate the diesel fuel

S —

N
.‘.y\ b

ing tendencies of a fuel. It
A

from heavier stocks. -...__L

Carbon Residue 7 )

Carbon residue content.i

carboni
reflects the presence of hi T ly low-volatility components
]

present in a fuel; they cra tesidue at the distillation

temperatures of the fuel.

separation of the diesel fuel by ae:g‘bnﬁho @gh

-boiling fractions. A carbon
residue value on diesel fgfls is alWaY'& ﬁewmm

10%
____________ L

order to increase the acctiracy of the test. The hi sarbon residue value, the

from entrainment during

distillation residue in

greater will be the tendenvg for dé—posus to orm on the fuu injector tip or in other

partsofthecombUW'ﬂm Wﬂm‘ngqﬂj
“"Zj‘ﬁ.iﬂﬁ“’?ﬁ‘ﬁﬁ’ﬁm NWINEIAY

As previously stated, the most universally accepted measure of the ignition
quality of diesel fuels is cetane number. The standard method for determining the
cetane number of a diesel fuel is the ASTM D613 CFR engine technique. In this
procedure the cetane number of a diesel fuel is determined by comparing its ignition

quality with two reference fuel blends of known cetane numbers under standard
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operating conditions. This is done by varying the compression ratio for the sample
and each reference fuel to obtain a fixed delay period between the start of injection
and ignition. The compression ratio for the sample is bracketed by reference fuel
blends, which differ by less than five cetane numbers, and the rating of the sample is
calculated by interpolation.

The cetane number scale is based on two primary reference fuels. One, normal

cetane (n-hexadecane), has excellent xm\y ;kt s and, consequently, a very short

ignition delay. A cetane numbem\:s ar31tr med to this fuel. The second

T —
tipnw was assigned a cetane
Mas a primary reference

fuel, alphamethylnaphthalenesH&S poos i

number of 0. In 1962, alpha was

matches the ignition qua

matching blend percentages to the first decimal are insertedﬂ the following equation

to obtain the cetaneﬂlﬁgjﬁ ﬁm EJ m ‘j w EJ ﬁ] ﬂ ﬁ
R VH PR UTCRREGR o

When fuel is injected into the combustion chamber of a diesel engine, ignition
does not occur immediately. The interval between the beginning of the fuel injection
and its self-ignition is known as the ignition delay period. This delay period depends

on the fuel, the engine and its design, and on the operating conditions.
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High speed diesel engines normally are supplied with fuels in the range of 45 to
55 cetane number. The actual cetane number required in any given service depend on
engine design and size, speed and load variations, and on starting and atmospheric
conditions. Exhaust smoking and odor are affected only indirectly by cetane number.
Diesel fuels of high cetane number differ from those of lower cetane number by
having a shorter ignition lag when injected into the diesel-engine cylinder. High-

cetane fuel also is ignited at a IOE{Y& yyur temperature than low-cetane fuel.

These characteristics result ere rformance of high-cetane and

low-cetane fuels in oper 12]:
Starting. The highe the lo the temperature at which the

engine can be started, fafge n’fhe.ratures differs for different

J" A -
cetane fuel, but it COUBHO‘Z be expe’étéd to start at 0°Fawith 85 cetane fuel.

Warm-up. Afters artmg at low te can be brought to a state

of steady running, w1th‘t1t mlsﬁnng or ermttmg white sn’i‘lé)ke, more quickly on high-

cetane fuel thanﬁ ﬂﬁlaﬂg L9 ‘j NEI1N?

Combustitl)“ Knock. Combustion roughness'bor diesel knock, as well as shock
oading Spiftons| sking] sndipdeerph parh, Suts zhen el aving too ow
cetane nur:ber is used for the size and type of engine and conditions under which it is
being operated. Use of higher-cetane fuel will give smoother combustion and reduce
the noise and stress on the parts. The small, high-speed engines in automotive service
usually require fuel of higher than 40 cetane number, although large-bore, slow-speed

engines can utilize fuel of lower-cetane quality.
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Engine Deposits. Low-cetane fuels may cause more rapid accumulation of
varnish and carbonaceous deposits while the engine is idling at light-load operation
than high-cetane fuels of the same grade. Such deposits are probably the result of the
fuel composition per se rather than the result of poor combustion due to late ignition
or low cetane number. -

Smoke, Fumes and Odor. High-cetane fuel will help reduce the production of
acrid odor and fumes (cold smoke)\(k\g\! Mw , cool-running conditions; but
ignition quality has only a mf&ét 05 bléﬂ smoke. In some types of
i : MOke than fuel of lower

Power and Fuel Con Jnition quality as ailegligible influence on
output and economy. Low-cetang fuels, 10 2 they satisfy the cetane

r at maximum output or

.n.,-a-.,.-

we'

lower fuel consumption than high because low-cetane fuels

duration of injection. Undegsuch circumstances, the total c(LrLbustlon period can be

considered to be diwtﬁ%wﬁ Wé?w EJ "’] ﬂ j‘

1. Ignition delay’'

2 Rapapmae\mm 1R1INYIAY

3. Constant pressure or controlled pressure rises

4. Burning on the expansion stroke

The rapid pressure rise results from the large number of ignition points and the
accumulation of fuel during the ignition delay period. Following this stage, the rate of

combustion can be controlled to a much greater degree by controlling the injection
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rate, since the fuel is being injected into flame. Because the rapid pressure rise
represents uncontrolled and inefficient combustion resulting from the burning of fuel
accumulated during the ignition delay period, it is desirable to limit ignition delay to
minimum. This limitation can be accomplished mechanically by the development and
selection of a spray pattern configuration properly tailored to the combustion
chamber. Ignition delay can be reduced by the use of high fuel injection pressures and

high fuel/air turbulence to promote \‘“‘!’ w break-up and through fuel

distribution. "---_ 2 :..""-’-—’
Although the reductioﬂ('—" ! nl-t' byh means is important, the

nature of the fuel is the pri ing the time consumed by ignition
\ -

PR | :
delay. Physical characteristi - vjic"' y, gravity, ang mid-boiling point are
(= 4 -
influential [14]. On the other type portant only as it affects the
[ Jeakids 42
physical characteristics of th Smgc tm%lgon elay characteristics of diesel
JlJ- -

fuels directly influence the inte al*bfﬁ{lbon@om ustion during injection and

LRI
as a result, the overall cngjne perfbrlﬁe‘im:e, this

f primary importance, It

have a numerica

thus becomes desirable to g the fuel ignition delay

and for measuring and predie‘ﬁng this prc-jpény.

The hyﬁmaﬂnﬂlﬁ)ﬁ%ﬂiﬂ ‘ﬁ'ﬁ Ejievrﬂoﬁnﬂuence ignition

quality and combustion characteristics, thbe depending on the degree of q_fgel-air mixing
obtained. beRgr Corpfele mbubion, Tt Fanitiony ablify) of Tawftémperature
ignitability, 1031g chain normal paraffins have a high cetane number. Highly branched
chain paraffins and aromatics (compact structure) have a low cetane number. Olefins
and naphthenes are intermediate. It is obvious that fuels having a high cetane number
have a low octane number. We have also seen that aromatics in gasoline have very

high octane numbers. This reversal of desirable fuel properties when comparing diesel
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and gasoline suggests an inverse relationship between cetane and octane numbers, as

illustrated in Figure 2.5.

CETAME NUMBER

Figure 2.5 The inverse relatior cfween cetane and octane numbers.

The cetane numbers o hown in Table 2.1. As a
rule, for compounds having same number of carbon atoms, the cetane number

drops in the order n-alkane > alk Kyl aromatic [15].

ANE NUMBER
g
-

o2
D

ASTEALKYL NAPNTHAL OIS

T T T T T t
6 8 1e 12 14 16 18 2@
CARBON NUNBER

Figure 2.6 Cetane number of pure hydrocarbons.
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Table 2.1 Cetane number for pure organic compounds.

Chemical Structure Compounds Cetane Number

Hexadecane 100.0
Tetradecane 96.1
Dodecane 87.6
Decane . 76.9
Octane 63.8
\ 56.3

Normal Paraffins

90.0
84.2
82.7
113
60.2
40.5

Olefins

474
42.1
20.0

Naphthenes

50
26
8
-12

Aromatics

232Cetaneﬂﬂuﬂfj1q ﬂﬂ%lw EJ’] ﬂ‘j
- Wt%ﬂm%rﬂfi@ﬁl HRA IR AR oo

equipment, as well as being time consuming and costly, alternative methods have
been developed for calculating estimates of cetane number. The calculation is based
upon equations involving values of other known characteristics of the fuel.

One of the most widely used methods is based on the Calculated Cetane Index

formula. The formula represents a means for directly estimating the ASTM cetane
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number of distillate fuels from API gravity and mid-boiling point [16]. The index
value as computed from the formula is termed the Calculated Cetane Index. The
Calculated Cetane Index is not an optional method for expressing ASTM cetane
number. It is a supplementary tool for predicting cetane number with considerable
accuracy when used with due regard for its limitations. It may be conveniently

employed for approximating cetane number where the quantity of sample is too small

for an engine rating. In cases where the cetane ber of a fuel has been initially

established, the index is useful'as a ceta c >ck on subsequent samples of
- —

that fuel, provided its sourcem_—' \FM\ unchanged.

2.7.

-420.34 +0.016G* ﬂ).wzc logM
AutInaringimes o
Q7 b W o il b

cetane number. The calculated cetane index improver is determined from the equation

Calculated Cetane Index ((gl)

2 plus equation 3.

Improver value = 0.1742 (0.1G)"**** (0.01M)"%? {In (1+17.5534D)} @)
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Where:

G = API gravity, determined by Test Method D287 or D1298.

M = Mid-boiling temperature (°F), determined by Test Method D86 and
corrected to standard barometric pressure.

D = Percent weight of cetane improver, %weight.

g\%m

Therefore;

CCI improved 4)

wwwn‘

EEEEETEEY
CILING POINT (°F) TEMR. FOR S0% RECOVERED=ASTM DISTILLATION

uﬁﬁ”ﬂmfwﬂﬂ
a»&&%ﬁmﬂ I

cn.cumn CETANE INDEX (FORMULA}

€

=

Figure 2.7 Nomograph for calculated cetane index.

The Calculated Cetane Index formula possesses certain inherent limitations,

which must be recognized in its application. These are:
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It is not applicable to fuels containing additives for raising cetane number. It is
not applicable to pure hydrocarbons, synthetic fuels, alkylates or coal-tar products.
Substantial inaccuracies in correlation may occur if used for crude oils, residuals or
products having a volatility of below 500°F end point. Correlation of index values
with ASTM cetane number is dependent to a great extent upon the accuracy of

determination of both API gravity and mid-boiling point. A difference of 2°F in the

mid-boiling point represents a difference % imately 0.4 in index value. Within
the range of 30 to 60 cet@ @aﬁon of the calculated cetane

The cetane quality of 5 ditic been high, and importance is

attached to the performance beneﬂsﬁtﬁis‘- efs in féxms of:

-

1. Imp

2 Reduc smoke

A neningng
Q Wﬁ‘ﬂ@ﬂ@mwﬂ’n 181 ﬂ ¢

The cope of refiners to produce diesel fuel of high cetane quality varies

significantly with the types of crude oil processed and the process units available
within the refinery. In general, throughout the world the conversion refinery utilizing
catalytic cracking predominates, and the diesel fuel blending components typically

available are shown in Table 2.2 and 2.3, the effect of crude source on light gas oil
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available are shown in Table 2.2 and 2.3, the effect of crude source on light gas oil

quality being illustrated by the data in Table 2.2 and the effect of component type by

the data in Table 2.3.

Table 2.2 Effect of crude source on diesel fuel blending component quality.

Light gas oil ex | Light gas oil ex | Light gas oil ex
Property/crude source \
Ku “""\1‘1‘. ' | Forties crude Nigerian crude

Density (kg/1 at 15°C) 0.8785
Viscosity (cSt at 40°C) 4.5
Cloud point (°C) -8
Cold filter plugging poin -11
ASTM distillation 283
50% distilled at °C
Sulfur (%owt) 0.19 0.13
Cetane number (AS 40.9

AULINENINYINS

ARIAANTUAMINYAE



Table 2.3 Effect of component type on diesel fuel blending component quality.

28

Light cracked gas oil ex
Kerosene ex | Light gas oil North Sea crude
Property/Component type North Sea | ex North Sea Non- Hydrotreated
crude crude hydrotreated
Density (kg/1 at 15°C) 0.8558 0.9613 0.9294
Viscosity (cSt at 40°C) 33 3.0
Cloud point (°C) -11 -11
Cold filter plugging point -9 -9
ASTM distillation 276 273
50% distilled at °C
Sulphur (%wt) 1.35 0.24
Cetane number (ASTM D613) 21.0 24.1

i
increased quantities of the Bwe}" cte

blending. Projectio:;szrb that, without the use oﬂhdditi\ij, lgj‘ar edil
quality of diesel fu ﬁyﬂg mtlEJ Ilagmut e improv

are dictating that

o onent{rjn'c used in diesel fuel
Is in the cetane

are invaluable,

e e provity s e S Sl apey o ot

operational fleXibility on a day-to-day basis.

Current experience would suggest that cetane number improvers are being

increasingly used to:

1. Upgrade diesel fuel quality to meet specification requirements in conversion

refineries where there is a requirement to use increasing quantities of cracked

components in diesel fuel production.
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2. Provide the flexibility required to process significant quantities of low cetane
naphthenic crude oils when geographic or economic conditions dictate this.
3. Upgrade diesel fuel quality to give the premium grade products now being

marketed by many oil companies in certain markets throughout the world [10].

3

2.3.4 Cetane Improver
Cetane improvers are compounds ily decompose to give free radicals
and thus enhance the rate of cha@n 1 mbustion. They promote fast

way ethanol and ETBE i [7]. At concentrations

oxidation of fuels and thu?ir i itifm‘aceristics. They are specialty
chemicals which, when ad i Aptove \au:e number similar to the
ove c 1' 1g of 5

less than 0.15%, cetane improve times of diesel fuel.

They are key additives foﬂm' g premi enﬁal compounds such as

alkyl nitrates, ether nitrates, dinitrates of polyethylene glycols and certain peroxides

o e EUBANINTNENT
The iw Wfa m gnﬂfvﬂfﬁ Wﬁ,.rﬁ&gmducﬁon

c
costs, is the most cost-effective additive and is now almost exclusively used in all
commercial applications with hydrocarbon-based fuels. The weak RO-NO, bond in
isooctyl nitrate provides the available source of the free radicals required to enhance

diesel combustion [10].
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2.4 Fuel Properties Affecting Ignition Delay
2.4.1 Fuel Rating

A discussion of the effect of fuel properties on ignition delay must be prefaced
by a discussion of methods for evaluating fuels to determine these effects. In the case
of diesel fuels, this is done in the familiar CFR engine by matching, under standard
test conditions, the ignition delay of the unknown fuel with the ignition delay of a

i \\\\l/

Since high cetane fuels the ‘F at lower temperatures and

pressures than low cetane fuels, it4 ] ane number permits us to put

interested. This point is 1ll—hltrated in Figure 2.8, wh1ch shg’s the relation between

cetane number mwdayﬂ Wﬁ%ﬂﬁﬁes and between

cetane number andq'lignition delay in_bomb tests.a. This figure eﬂphasizes the

importancqu &ﬂ ;}v@;ﬁeﬂ iﬁamaigg] gﬂnﬂa’t}&' o Qna tﬂhe cetane

number. This is indicated by the effect of speed on the ignition delay of a given cetane

number fuel in one engine, by the effect of compression ratio in another engine, and

by the comparison between bomb and engine experiments.
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Figure 2.9 Variation of rate of change of ignition delay with cetane number.

Closer study of Figure 2.8 shows that, in the low range of cetane numbers, a

given increase in cetane number corresponds to a greater decrease in ignition delay
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than in the high range. This may be seen more clearly in Figure 2.9, which shows the
relation between cetane number and decrease in ignition delay in microseconds per
unit increase in cetane number. From the standpoint of ignition delay, it is evident
that, in most instances, the cetane number is a larger unit at low cetane than at high
cetane numbers. However, this does not seem to be true in the case of one engine at
1800 r.p.m., and therefore, this further emphasizes the importance of environment in

attaching quantitative significance t W# ber. These results also emphasize

the limitations of cetane num s of quantitatively [11].

b4
2.4.2 Effect of CheM

The effect on ceta

to a normal paraffin
hydrocarbon is shown in. by Petrov in a bomb

which had been calibrated ‘ag ; gine,. .10 shows quantitatively

drawn. Data were obtajnecﬁm" Si tﬁcven carbon atoms; but

in Figure 2.10 it is very dlffl It to separate effect of length of side chain on

D12l e T S
g TR ff“i“fﬁsﬁjyﬁ"‘fﬁ ey
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mata of Petrov).
been plotted as shown in
r of the hydrocarbon with
affin hydrocarbon to which the

;-of carbon atoms in the
molecule, the indications a@thii W : inea relation in the case of
three and four carbon side cha!h:Even though we-have onl two experimental points,
it seems reasonable@ i] xl three carbon side
chain is ex Lﬁd‘T Qoﬂ\ﬁ aui qt? ﬂdﬂ]ﬂnﬂhm’e will
obviously bi side cEn and thercEE the jﬁ) shoulc?ﬁbre unity. The limited data

seem to support this reasoning. Even if this reasoning is not valid, we can still use

Figure 2.10 for interpolation and slight extrapolation.
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Figure 2.11 Effect of addi
hydrocarbons

By interpolation, usin
adding different length side

example, decane. Thus it e number of methyldecane,

ethyldecane, propyldecané;;butyldecane, etc. Suchan -}IE hown graphically in

Figure 2.12 for n-alkyldecanes and n-alkyl - m be observed that, in
| — |

both instances, a progresswe and s1gmﬁcant reductlon in cetane number is indicated,

as one, two, and ﬂe%a&]; ’}t&ﬂs&}e‘ﬂd@dw {hé ‘sid¢ pfain. However, the

addition of a side chaln containing four<or more carben atoms givessashydrocarbon
having a cet%eﬁn,llla'nﬁ s@hﬁ; mﬂu mx’o] Q Mga@l Ethich the

side chain has been added. These results strongly indicate that an unbranched side

chain containing three carbon atoms or, in other words, a propyl side chain, results in
a chemical structure that is more resistant to oxidation than any other structure in the
homologous series of n-paraffins having one n-alkyl side chain (mono n-alkyl n-

paraffins). Admittedly, this statement is based on very meager evidence, if there are
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other instances where a three-carbon side chain results in maximum stability toward

oxidation [11].
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2.4.3 Effect of Therma
||
The effect of the thermal stabxllty of a fuel on its ignitability was studied by

o i 5 4 4 R e o s

by the rate at whlch the fuel cracked of decomposed,into lower melecular weight
hydrocarbo:% m :lsa\&ms‘j lm jbl Mwn QFM:]!,@&L indicates
good correlation between rate of cracking and cetane number in eight out of ten fuels.
These results clearly show that low thermal stability of a fuel is associated with high
oxidation rate. The reason for this association probably is related to the high reactivity

of hydrocarbon free radicals produced in the thermal decomposition process.
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increased by the addlthrgjyf ignition acceleﬁtm&_s

proposed as ignition acc

mpounds have been

ve, reasonably stable
accelerator is acetone perox1de and the most effcctlve semi-commercially available

sceleraoris amy %@q YA IR 4 s i s o

nine different fuels in shown in Figure 2.14, in relation:to the concentration of ignition
accelerator.’i Wlm&ﬂdimlyrl&ﬂl%nﬂﬂ ia)mned with

comparatively small additions of accelerator.
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Let us now see what is DAt anism of ignition acceleration and

why comparatively small additionséf'@'c' ‘ duced such a marked effect. This

Zthat their results on the

reduction in ignition delay y-acce era - plajn@ on the basis of chain-

reaction theory. It.i ﬂo j %\ﬁ’w ;ﬁeﬁ %or their thermal
decomposition proﬁts cnl er into chai n-

ranching reac ons. connectxon with the

effect of arql w\ﬂfﬂt\t} Wm tiﬁﬂ tﬁ}rgr@niﬁ@ﬂcﬁenuaﬁons

accelerates th% reaction between hydrogen and oxygen and between carbon monoxide

and oxygen.

2.4.5 Effect of Physical Properties of Fuel

The interrelation between the physical properties of a fuel and cetane number is

shown in Figure 2.15, which was developed by Blackwood and Cloud. It is evident
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from this chart that boiling point, viscosity, and gravity are so interrelated with cetane
number that in correlating data on combustion performance with cetane number,
considerable care must be exercised to make sure that the effects observed are not due
to changes in one of the physical properties of the fuel. This is particularly true of
volatility which, as we have already seen, is related to the air required for combustion

and therefore affects mixture distribution.
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Figure 2.15 Interrelated propertics of: ﬁegﬂWAccordmg to Blackwood and
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2.5 Diesel Fuel Additives

IANgy

Apart from a@ tlons treatment ‘ojdles Ie'Juel with addmves has only

ety AR oD R4 3 IGHHEAG e

compared Wlﬂl gasoline, two main reasons exist; First a significant progress occurred

in diesel engine technology from about the mid-1970s, which made improved diesel
fuel quality seem desirable, especially with respect to lower exhaust emissions.
Secound an aticipated change in the middle distillate quality became apparent at the

same time and made the use of additive very attractive [24].
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Commercial diesel fuel may contain a variety of additives to enhance or impart
certain desirable properties. Among those which may be found in current fuels are
ignition quality improvers, oxidation inhibitors, biocides, rust preventives, metal
deactivators, pour point depressants, demulsifiers, smoke suppressants, detergent-
dispersants, conductivity improvers, dyes and de-icers.

Diesel fuel additives are shown by class and function in Table 2.4. As with any

system in which a variety of addqugN% are should be taken to avoid

imcompatibilities among addmv&man 1pa@lﬁctions which may produce

i'JH

2. Oxidation Inhibitors :&ﬁmmlié" dhloﬁ

storage life.

3. Biocides: Inhiﬂ ﬁ éﬁ Wfﬁ&] %’ wﬂ\ﬁrﬂpﬁmd& ethers of

fungi which feed on hydrocarbons, help etgzlene glycolv quaternary
provent| il-cloghing [ chused [y tnet | hmindompouhés|
organismqs.
4. Rust Preventives: Minimize rust formation in | Organic acids and amine salts
fuels systems and storage facilities.
5. Metal Deactivator: Deacfivates copper ions | N,N-disalicylidene-1,2-propane

which are powerful oxidation catalysis. diamine
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Table 2.4(continued) Commercial diesel fuel additives-function and type.

Class or Function Common Additive Type

6. Pour Point Depressants: Reduce the | Generally consist of polymeric materials
pour point and improve low- |such as polyolefins, polyacrylates and

temperture fluidity properties by | ethylene-vinyl chloride copolymers

W
erfa‘& materials which increase
\W

modifying the wax crystal growth,

structure, and/or agglomeration.
\\\\\
7. Demulsifiers and Dehaze@e
the separation of water t?g_” ‘
fuels and prevent haze.

8. Smoke Supprcssants;

q'.ﬂ'd'nl' o

carbonaceous materials or b hﬂ@‘g_ =

gady |-_A'
.u*_'_,.-r"ﬂf:}“ o

to maintain fuel spra}:-gatterns

This researchﬂsuﬁ
n diese

most important propeties i

B BN T UM ING A

Vi)l %’W’ﬁ”f e

uels

Purcell, R.F. et al. [6], examined the addition of nitrate ester cetane improvers in
base diesel fuel. The nitrate esters were 3-methyl-3-nitro-2-butyl nitrate, 2-metyl-2-
nitro-3-pentyl nitrate, and S5-methyl-5-nitro-3-oxo-1-hexanol, The diesel oils

containing nitroalkyl nitrate, nitroalkoxy nitrate or octyl nitrate was tested for cetane
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number under standard test procedure ASTM D613. They had found that 3-methyl-3-
nitro-2-butyl nitrate and 2-metyl-2-nitro-3-pentyl nitrate increased higher cetane
number than octyl nitrate. The many studies supporting are followed.

Liotta, F.T. Jr. [19], had reported that improved cetane rating were achieved
with a base diesel fuel having a cetane number of 43 by addition of a small amount of

methyl benzyl alcohol nitrate (MBAN). In addition to the blends containing MBAN,

blends were prepared using the samego\(\ u//

improver, 2-ethylhexyl nitrate. ‘ﬂ‘::mults Jvcr&d that MBAN was slightly

,bﬁ't\lr‘%ost advantage over the

\\
' CM ring benzene tend to

aié;groups which induce the

the commercial cetane number

less effective than the co

commercial material. In fa

higher cetane number. It co ict t improvement additive in the

presence of nitrogen and oxygen' in the. ‘: re was used to increase

disclosed method of

Von Schickh, O. j], in US ”’P’aten"t; 91;«

producing cycloaliphatic._sitrates from cyclo 0ls. The cycloaliphatic
nitrate obtained were valulle fuel additives espemally by%ason of improving the

ignition quality of ﬁﬂﬁ ’g N&Y ‘j NEIN?

Filbey, A.H. [5* in U.S. Patent Ne. 4,406,665, reported that cetane number of
s s, ARG ol 41492 Yhbdd Gl
a tetrahydrofuranol nitrate. The results of cetane increment which caused by the
present additives was measured in comparison with that caused by a commercial
cetane improver, 2-ethylhexyl nitrate, indicated that tetrahydrofuranol nitrate was
more effective at very low concentration and it gave a cetane number increase that

was almost linear with concentrations.
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Moreover, several studies by Siraprapakit, S. [20], Suttipitakwong, C. [21] and
Vasaruchtragul, J. [22] had revealed that a diesel fuel containing dinitrate compounds
such as triethylene glycol nitrate, 1,10-decane dinitrate and tripropylene glycol
dinitrate increased cetane number. The results were directly compared to the response
obtained with a commercial cetane improver, 2-ethylhexyl nitrate. It was found these

dinitrate compounds gave higher increased cetane number than commercial cetane

ane i@ontaining nitro, nitrate and

G \ sially at very low concentrations

improver.

As the above reports sho
0Xy- group was an outstandi
and had many times as effe additive. Hence, the available
cetane number. From what er research of these

compounds is urgent.
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