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Fuel and Combustion
Fuel........ syllabus

Introduction

- Chermeal composition and mobecular structure of petroleum fiel
Refining processes of petraleum.
Fuel for spark igmtion engines.

- Fuel for compression igmition engines
Liquefied Petroleum Gas (LPG) for Spark lgmition Engines.,
Alternative fuels . alcobol fuel,

Lid [k ==
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1. Introduction

Petrolean oil 15 penerally eongidered to be formed from amimal
and wvegetable debris accumulabing i sea basins or may have been
decomposed by anacrobic bactena under reducing condinons, so tha
mast of oxveen was removed, or il may have been distifled from e
pamally decaved debnis by heat generated by eanh movemen:

Petroleum has ¢stablished s staws as the pnimary ransporation
fuet through its use with automobiles. The foremost anribute of a fuel 1
the release of thermal energy through chenmucal reaction  called
combustion

* General Requirements of an Automaobile Fuel

| High power ouwrput. Higher power output 1s affecred by the fallowing
charactensnes of fel
a Calorifie value: heat of combustion
b Thermal etficiency
¢ Inlet temperature
1 Low eonsumplion
a Caolonific value
b Thermal Efficiency
¥ Low pollution
a. Inlet temperature
b Velatliny
¢. lgmihion temperature

Beside that, the reaction characteristics of the fuel should be such
thar the rate of pressure and temperature rise inside the cylinder due 10
combustion 15 moderare and reduce the possibility of large mechanical
and thermal stresses in the componenss of the engine. Other requirements
are
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» High thermal stability

s Low deposit forming tendencics

e (iood fire satety.

* Low woxicity

= Easy transfer, handle & stompge

» Easy starting under various working conditions

1. Chemical composition and molecular structure of fuels

All higuid fuels thm used for internal combustion engines have rwo
combustible elements carbon and hydrogen, with percentage of about
(26%c & 14% H:) by weight, present separately or i combination called
hvdrocarbons There are thres ponciple commercial ©vpes of liquid fuel.

1. Refined products of petroleum

The refined product of petroleum fuel, wiich mainly consists of
sasaline, karosane. gas ol and fuel il are the major source of iguid fuel
at the present time.  The speaific charactensnes of a pamzular fuel vary
widely with s compesition, They are amanged mio families bazed on
their chemical formula and thewr molecular structure

a. Puraiffins (C Hain+2):

In normal paraffins the valence of each carbon o fullv utilized in
combining by a single bond with other carbon atoms and with Avdrowen
moms . Paraifing are. therefore, saurated hvidroenrbons and very stable in
character Paralffing are [urther classified as stranght cham and branched
chain

L. Straight chain paraffing
Here the carbon are bonded moa  strageht chain. For example n-
Sutane (Lo Hlish 13 wenilten a8
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2. Branched chain paraffin

Another group of the paraffin family consists of carbon stoms
bencled in branched chain. For example lso- octane (CiHis) but its
molecular structure and physical and chemical characteristics are
different of normal octane (n-octane) Collyy

H
H-C=H
1L wi i
H-'l'._‘—L"—l.'I_‘ llf— C-H 150 octane
H l H H H
H-{l.'-I-I
H
H H IIt
P
150+ butane H-;_I*.q,;_-;i-_H
H ' H
H-C-H
H

b. Oleffins (CnH;n)
Ihese compounds are swmlar 1o paraffing with ane ar more double
carbon and, therefore. they are unsaturmted For example ¢thene © -Hu

H H
H-J'-IZ‘-H

athene

<. saphthencs (CaH ) Cyeloparaffins

The general formula of naphthenss is (C.H.y like that of the
oleffins but these hydrocarbons bave ring structure, so that they are
saturated compounds and they tend to be stable For example evelo
hexane (CH, ).
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2

H-C —H H- C H
H—C—H H= C' H
H
I
I
H

i, Aromatics (CgHaz) benzene derivative
These are mng structure compounds based on benzene ring. Fos
example benzene (CaHs ).

B p
|
C

H-gf by o=

H-C C-H
~c#
H

Other members of this famly are formed by replacing H molecules
by orgame radcal (CH:i b, For example toluene (C5Hy)

H
f
ﬁf - CH
=L -H
"-.Ef
a

These are unsaluraled hydrocarbons but the natre of ther strong
bonds makes their stable compared to other unsaturated families.
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2. Benzol

Benrol 13 obtmned as a by product of high temperature coal
carbonization and consists of benzene (CH.) and toluene (CHy)

3. Aleohols

Alechol’s are Formed by replaemy one or more H molecules of
paratfins group bv OH radical For example methvi-alcohal CHJOH
¢thyl- aleohol (C:H-OH)

|
H = [_ = {3k mztlin | = aleoiol
H

H H
H-C-C-0H el -alcshal
H H

Aleohals ¢on be manulastured from graims. wiolasses  snd vther
waste products Aleohols ore generoily used a3 blending awenti [0 w0
I 3%ap with ynsolme or petrcl. Also 1 can be blend with g3 ol

* General characreristics of Hydrocarbons

The heat of combustion af the fuel decrease a3 the carbon hvdrogsn
ratta. i the mebecule. merease Therefor. in the refired perraleum yroup,
Pamtfin have the highear bent orf combusnen and aromancs have the
lowvest et of combustion

Alcahiol have lower hear oF combugtion than refingd petrokeum
product Jue 1o the presencs of OF group in the mokecule.

o The sail- wynition remperaiure of the fuel decrease as the carkan
hedrogen  rand, in the moledule, dacreage, Therefor Parafting hatve the
bovest self= wgnition wemperaiwe and aromarics have e ghest seli-
pgien temperatund

v In veneral os the number of atoms. in the molecule incrense. the
hotling pomnr naes Thus fuels with fewer number of aroms in the
malecule are more volatile

o [yninen delay of fuel imcrease as the carbon hvdrogen ratio increass,
Therefor parstfin’s have low ignition delay and aromatics have
comparatively high iunition delav. In the same family the mare

}
.
=
-.—
—

Cee—


http://www.pdffactory.com
http://www.pdffactory.com

pld i e

complex structure  of the molecule the higher is the igmition delay. So
that branched chain paraffing have higher ignition delay than straight
chan paraftins.

o The anti- knock quality of fuel used in spark gninon engings
improves with increase in ignition delay of the fuel Therefor,
paraffin’s offer less resistance 1o detonanion while the aromatics offer
better resistance. Also branched cham paraffin’s are more resistant (o
detonation than straight chain paraffin’s. Alcohol due to thewr complex
structure have high ant-knnck quality

« The arn-knock quality of compression igninon engines fuel improve
with decresse in igminon delay. Therefore paraffins are better fuel and
aromaties are least desimble Within the paratfin group the strngh
chain paroffin’s wath larger number of atoms i the melecule are
cotsidiered to be best for compresion (gnition angines

3, Refining Processes of fuel

The Process of seperation 15 camed our in refineres by a process
known fractional dstiliation. Fractional disnllation process is based on
the fact that the constituents of crude petrolenm have different boiling
pomnts,

The products of refining processes are:

1. Matural gas (CHL) with races of other hight hydrocarbons (borfmg
pomi=T0)=> (=40}

2, Liquefied petroleum-gas (LPGyr  Manly C:He CiHyo with other Light
hydrocarbons (boiling  poont (<30)=+(-30)) [calonfic valve 10730-
11080 keal'kg)

3 Maphthn: A maxture of number of hydrocarbons (hoiling poimr (303
| 705 wuk specific gravity (0.673:0.7), (octane number 50-55) and
(H.e v 11000 Kcal'Kg), Used m internal combustion engines

4. Gasoline: A mxture of various hydrecarbons (boiling point 3U-200
C", (Specific gravity 0.7-0.78), (octane number 38-93) and (H .y
10200 Keal/Kg), Used in internal combustion engines

5. Kerosene: I$ heavier than gasoline (boiling point 230-300). (specific
graviry 0 780 85) and (Hev 10500 KealKg) Used in gas turbines
and jet engines.

b, Gas- ail: A fuel which it lie between kerosene and diesel fuel (boiling
pont 200-370¢" ), (specific gravity 0.84), (cetane number §3-38).
(diesel index 53-33) and (calonfic value 10300 Keal/keg) used i
internal combustion &ngines,

7. Diesel Fuel: (specific gravity 0.87), (Diesel index 50) and (Hew
10500 Keal'Kg) Used in tractor trains.

6
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4. Isomerisation
Isomerisation 8 process by wlach the atoms of carbon and
hydrocarbon in normal hy drocarbons are re- armanged o produce a mare

complex  structure (iso- structure) of higher antiknock value,
lsomerisation is used to:

| Convert n- butane into iso-butane for alkylation,
2Convert n=- pantane and n- hexane into igo- paraffing to improve knock
rating of highly volatile gasoline

3 Relorming.

Reforming 1s a process for convent low- octane gasoline or naphtha
by reaction with hyvdrogen so o can be called hvdro-forming

b Super-fractionation

Super-tractionation 15 a methed for scparation of branched chan
alkanes from their isomers the normal a [kanes. which are poor in ante-
knoch  properies, the sepamied brnched chain alkanes are used for
blending to produce high octane number gasoline’s

7. Blending
Blending 15 the process of obtmming a product of desired qualoy by
miXing certain products in some suitable Proporticmns

4. Fundamentals of automotive fuels
1. Fuel for spark ignition engines (gasoline)

Gasoline 15 a nuxture of various hydrocarbons within a range of 4-10
carbon duniber and a boliag poial fange of 33200 < colorkess and
ransparént a5 manutactured. but b regulation. leaded gasoline 15 dyed
orange to mdicate toxiaity. Gas<oline s the firel for spark igenition engines
i which the three properties of particolar importance are

|. Sabihn
4. Volatilis
. 2 Ant=kncek qualin

I. Stahilirv
The stability of a fuel 15 s resistance to degradation and

decompasinon. Degradarion 18 essennally caused by oxidation of gasoling
with air (auto-oxidanon), and its octane number will decrease &'

The most troublesome among all products ansing from oxidation
of pmsoline 13 the high molecular-weight gum that forms as a result of

&
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oxidation polymerization and condensation of olefinic components. Gum
15 normally soluble in gasoline, but it tend 10 be left behind and deposit in
the carburetor and other fuel system components as the gasoline
evaporile. Antioxidants are added 1w improve oxidation stabality

2. Volatility

The volaulity of a hqwd m general is its tendency to evaporate
under a given set of conditions  Gasoline should remain in completely
liqued form in the fuel supply svstem from the fuel tank to the carburetoe
or njector  and immediately vaporize when sprayed toward the
combushion chamber

If the fuel supply system 15 exposed o heat from the enpines
gasohine may boil. evolving babliles of vizpor thar interrupe liqued gasoline
How and causing vapor lock. On the other hard of pasoline has low
volanny and does not evaporate reéadily, it stays partly in haqund form on
the walls of the mtake mamfold The fuel for internal combustion engInes
15 a blend of different hydrocarbons Valatility, therelore depends on the
fractionnl compesinon of the fuel

The usual method of mensunng fuel volatility is by distilling the

fuel in a disullation device at atmosphenc pressure and 10 the presence of
g own Vapor

* ¥ The 10 percent evaporation in the dustllation curve 13 very

impartant i all gasoline specification because it must be low enough for
¢asiness starting of the engine bu not too low o pravent vapor lock
fermaticon.

Wt From the temperature of different fuels it has been cbscrved that

the temperature of 20 percent evaporation wives an indication of its
Warning up time

<]
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®  The acceleration of the enpine improves with lower svaporation
remperature from 40 0 60 percent evaporation of fuel. Also it has been
observed that, for sahsfactory distribution, about 60 percent of fuel
should evaporate m the manifold. Therefore the temperature a1 which 60
percent fuel evaporator should be the manifold temperature,

The temperature at which 90 percent fuel evaporates gives an
indication of the tendency of the fuel for smoke combustion. A high 90
percent emperature will also produce crank-case il dilution with
unburned fuel

The fuels for diesel engines have very low volatility, The fuel i
mjected inside the combustion chamber near the end of compression
when e air tempertore 12 well above the maxinuom temperature of
evaporation of the fuel. therefore the valanhity charactensties of fuel have
very lintle effect on the performance of the engme

f
3. Anti-konock guahty ‘-'
The antiknock quality of a fucl 1s its resisiance m:l::uﬁ:u The )
factors that affect the tendency of the fuel o deronate in the engine .

cvlimder are: chemieal charmcienistics of hvdrocarbons, ar-fuel matio,

igmtion tming. dilution, effecnveness of jackel cooling. atmosphenc
conditions and Compreassion muo

* hnock measurement

Intensiy of knoek 15 usaally messured bv a bouncing pin tvpe
vibraliwon mater or knock meter

The pin 15 mounted on the engine so that a diaphrapem connected to
o end of the pir is direcrly @xposed 10 combustion pressure
When knock occurs the  pan will bounce and close the two open contact
points. The reading of the knock meter is depend on the time of contact,

* Octane number
Octane number of fuel 15 defined as e percentage by volume of
te0-actane m a mixture of wo-octane (CoH e with 100 octane number) sind
n=heptane (CTHI6 with zero octane number) which will match the
detwnation ntensity  of the fuel when the companson of detonation
miensity 15 made in a standardized test engine under special conditions. gl
S5k e b fmested SET
* Derermination of octane number T T S e M G 02 L
To determine the octane number of fuel 2 single cylindar standard
enging of the type CFE. (Cooperating Fuel Research) or Ricardo type

]
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with variable compression ratio 15 used The test engine run undes
standard conditions with standard (reference) fiel blended from ico-
ocmne and n-heptane.

If the running of the test engine with a sample gasoline makes the
engine knock ot a compression ratic that marches with a volume
percentage blend of stndard fuel the octane number of the sample
pasehine equals the percentage of iwo-octane.

The octane number measured in this case called research petane
number R.OMN. where the test is carried out under relatively mild
operating conditions (low engine speed and low mixture temperature),

Anather test camied owt under mare severs operating conditions
thigh engine speed and higher mixture remperature) 5 called motor
octane number (M O.N)

In general the research octane rating can be related 1o antiknoek
quabity of the fuel when used i engine which 15 highly loaded ar low
speeds. The motor ocrane rating o more mdicative of amiknock
performance al lugh speeds and pur throatle .

The ocrane number obtained by motoring method are lower than
that obrained research method. beciuss the end pas lemperatures are
appreciably higher in motor method due to sever test conditions

The higher the octane number of a wusoline the higher (he
compression rato can be of the emprng it fuels. thus improvinge thermal
efficiency and increaning power output

* Sensitiviny
Sensitvity of 3 fuel s the difference berwesn research octane
number and motor octane number, that s

SEnxtivily - BON-ANN

Lhie Righer the senswivny the povrer the yasoline performance
under sever condinons

* Performance number [PN)

The octane scale fails 1o serve with fuels tha resist knock more
than igo-octane. [n order to extend the octane seale the knock resistance
of a fuel is measured in terms of performance number (PN) which is the
ratie of the knock-limited indwated mean effective pressure (Klimep) of
test fuel to knock-limited indicated mean effective pressure of igo-octane

1.2
Kiimep of test fuel

Klimep of Lio-octane

=

I
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with  vanable compression talio is used The lest engine run under
standard conditions with standard (reference) fuel blended from ico-
octans and n-heptane.

If the running of the rest engine with a sample gasoline makes the
engine knock ot o compression  ratio that matches with a volume
percentage blend of stndard fuel the octane number of the sample
gasoline equals the percemage of so-octane.

The octane number measured in  this case called research octane
number K {)N, where the test 15 camed owr under relatively mild
operating conditions (low engine speed and low mixture temperature).

Another test camed out under more severe operating conditions
(high engine speed and higher mixture tempernture) 8 called motor
octane number IMLO.N))

In general the rezenrch octane rattng <an be related to antiknock
gquality of the fuel when used in engine which 15 highly londed @ low
speeds. The motor octane ranng 5 more  mdicative of antiknock
performance at high speeds and pant throttle .

The cctane number obtained by metoning method are lower than
that obtained research method. because the end gas temperatures are
appreciably higher in motor methed due 1o sever test conditions

The higher the octane number of a gazoline the higher the
compression ratio can be of the engine o foels. thus improving thermal
efficiency and increasing power ourput

* Sensitivity
Sensitiviaty of a fuel i3 the differsie between research octane
number and maotor octane number, that 13

Sensinviy - REN-ALI0IN

The higher the sensitvily the poorer the gnsoline performance
under sever conditions

* Performance number (PN)

The octane scale fails to serve with fuels that resist knock more
than igo-octane. In order to extend the oclane gcale the knock resistance
of a fuel 18 measured in terms of performance number (PN which s the
ratio of the knock-limiled indicated mean effective pressure ( Klimep) of
test Fuel to knock-hmited indicated mean effectuive pressure of so-octane

e
Klimep af et fuel
PN =

Kiltmep of so-octane
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Another arempt 1o extend the octane scale for motor gasoline s
Wiese methiod which s

O = 100 - '-'.:""'m

* knock Inhibitors

Chemical compound like tetraethyl lead (TEL), iron carbony| and
mickel carbonyl appreciably increase the knock resistance of gasoline
engpines fuel when a small quantity is added to the fuel (€21 Sml/Titer
of gasoline). This additive produce cylinder deposit and posonous

emission through exhavst. Therefore, the amount of compound added per
l1ter restricted

When TECL 15 added with iso-octane the knock rﬂi.',.l!ing property af
the mixiure 13 higher than thar of mo-octane. This fuel cannot be rated
according to the octane number scale. The resistance of fuel m this case
be expressed in terms of 150-0¢tane = TEL imidien

2. Fuel for compression ignition engines (2as muv""'f

as ol is a petrolemn distillare with a boiling poinr range bepween
200 and 370°¢c. The three critical propemies of gos odl are 1-stabilirs. 2-
flurdity, and 3-lgnition quahin

1. Srability

If gas oil undergoes degradation through auto-oxidation,
macromolacular gum 15 formed as in the case of gasoaline Gas oil soluble
pum. if present o muaon wmownt, and will not cause mouble but in large
amounts, it will ¢log fuel n section nozzles end interrupt el supply The
stabaliy 15 depend on the coment  of the compounds contamming sulfur
nitrogen and oxvyen as will as olefing

hydrogen remove the compounds responsible for depradation
resulting 10 @ stable gas oil

2, Fluidity -

Al low tempersures deposits of wax contamed in gas oil clog the
piping of fuel supply system. Also hvdrocarbon components of high
maolecular weight have peor flusdity and cause lock of fuel supply at low
lemperature. Generally speaking. Gas ofl tend 1o have poor Muidsty at low
lemperatures if they contain higher amounts of heavy fractions or they
contain  hugher amounts of normal paraffin’s for the same molecular
weight. Alsa the viscosity and  surface ension of the fuel influence the

12
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degree of atomization of combusnble mixiure. which in turn influence the
physical part of the gnition delay period

4. lznition quality

The hydrocarbon components in gas ol have low jgnition podnis
ranging from {200 ro 300)¢ the abnermal combustion {knocking) also
oCcur 10 compression  gimition engines but in ways difTerent of knocking
it apark ignihon engings

* Abnormal combustion in compression ignition engines |knocking]

An excessive large fracton of fuel may accumulate in the
combustion space before actuml igminon if the ignirion lag is toa large or
if the rate of fuel m szchon is oo high. When this kirge fraction of fuel
take part in combustion it cause the pressure nse 10 be very high resulting
m a compression waves in the gases. The gas vibration due rapid rate of
préssute Hse causes the enyine to vibrate and result in very rourh runmmg
of the engine and preducing objectionable noise and excess stressive on
engine structure This phenomenal is called “dizsel knock”

* The tendency of diesel knock can be reduced by the fallowing

|- Increass the temperature of air of the end of compression. This can be
achieved by increasing the compression ratio or by inereasing the inlel
temperature of charge Starming of injection near the top dead cenler,

1- In¢reasing pressure of charge at the bemnning of combusnon by super
charging

3-Increasing the emperature of combustion chamber wall specially
where the fuel jet tends 10 impinge -

4- Decreasing the rpm or injection mte Decrense n rp.m or injection
rate reduce the amount of Tuel whing pan m the period of rapd
combustion

S« Lsing fuel of better igmition quality  Le ligher cemane number fuel

* Cetane number

The swraight chain hvdrocarbon cetane (Cy, Hyy) 12 congidered as
the best high-speed diesel fuel known, and s given a rating of {100},
While the aromatic hvdrocarbon methyl-naphthalene is given a rating of
0 The cetane number of a diese! oil i the percentage by volume of a
cetang in 2 cetans methvl-paphthalene mixture that has the same
performance 1 a standard compression ignition engines as that of the
fuel

13
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* Determination of cetane number
L. Igmition delay test

The test is camied out at constant speed and load. The delay time s
measured for the oif under test with an electronic delay meter and
compared with the standard reference fuels having delay periods shorter
and larger than that of the sample fuel. The cetane number is obtained by

mnterpolation

L. Throttling test

The engine is nun at the lowest load which gives steady conditions.
A surge chamber and throitle device is attached to the engine intake por
This device reduce the surge chamber pressure and inerease the delav
perrod until a musfire oceurs. which indicated by a paff of white smoke
The air pressure at this point s related 1o the delay period and isa
function of the cetane number, By bracketing the pressure for misfire of
the sample fuel with reference fuels of higher and lower quality, the
cotane value can be calculated

As the octane number gives o measure of resistively 1o 1ignition. the
celane number wives a measure of spontaneous ignition tendency, so thx
a reverse conrelation holds belween them '

The ignition quality of ail can be improved with a higher content of
normal paraffing, but in e feld performance. o may deerade due to the
loss of low-temperature Auidiny

= high speed diesels hot - 50
o medium speed diesels ot < #53
= slow speed diesels hot < §5\

» pentane (CoHix) 218°C

o cetane (O Hu) 235°C (hexadecane)
® toleene (C-Hy) 530°C

= benzene (CH.) $80°C

Diesel index

An alternative method of expressing the quality of diescl fucls s by
use of the “diesel index™, which does not neceszitate the uss of a test
enginge

Diesel index = aniline pomt in “F -.i'ﬂ*rl-—f-ﬁm’mﬂ

I4
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This can only be used as a rough guide to cerane numbers and is
not applicable 1o fuels conmining additions For ignition quality
improvement

* Aniline point

This 1 the lowest temperature at which the oil i compleiely
miscible with an equal volume of amline for a pood quality diesel vil the
amling poant 15 = 22°C

AP mravity —-ﬂ!f—.-ms

pprarlt &

This urves o lngher result for paraffin oils than for aromatics hence
its wse i the dizsel mdes formula

5. Liquefied petroleum gas {L,F.G]/

LFG 15 o general term for hydrocarbons that are gases ar cedinary
wrmasphenc temperature and pressure bar can be reachly [iquefied by
compressing or cooling. By houefaction, the volume of LPG reduce 1o
230 of the mzeous phase. making o convent 1o store and handle LPG
has o sumple composinion. as it consists essentially of propane and butane
which have carbon number of 34

LPG iz used i the spark imninen engines as a substtuie firr motor
gasolineg

The fuel system of LPG engine is panly different from that of
gasohne engne. It consists of a fuel cylinder, a solencid valve a regulator
ivaparizerl. and carburetor, The solenoid salve opens cnly when the
engime ignitton  switch is turned on 1o allow LPG 1o be aupphed from the
cylinder to the repulutor. wherein it is heated by nir or hot water and
vaporiee. Completely vaporized LPG is then mixed uniformiy with air in
the carburetor befara the mixture is mduced w the combustion chamber
Thues. LPG combustion implementanon ccewrs with a reardy uniform
fuel-air mixture that reduces deposit, such a5 sool on tha combuston
chamber walls. Furthr. LPG does not enuge fuel dilution of engine mil.

The fuel consumption of LPG 15 found o be 10% less than thar of
waschne. The reason for tns 15 that LPG generates the maxsmum engine
lorgue at a lgher air-fuel ratie, a leaner mixture condition which iz 2
result of LPG air-fuel mixire being more uniformiy distributed in the
combustion chamber.

The LPG fuel has a comparative disadvantage relative 1o gasoline.
the power output is less. In case of gasoling engine the evaporation of the
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fuel caused the fuel-air mixture to cool and increase its density, while in
LPG engines the fuel 8 prebeared and vaporized in a heat exchange-
pressure repgulator before it mived with mr in the carbusetor, resulting in a
relatively  hogh mixture temperature and 2 low mixture  density.
Consequently for LPG the weipht of fuel supplied 1o the engine iz less
thun gasoling. further, w3 calonlic valuz (8835 keal'm™ is less than
gasoline (928 keabim'), Lew power outpul 15 the result

The calonfic value by weight for LPG s 10 730-11080 kealkg.
while for gnsaline i 10500keal ke.

6. Alternative fuels

The impomance of reduce  polluton. scaraty of existence of
petroleum m_some COUNTeS, Tears of fusl shortage. enespy crises, and
cos! mergase of fhe petrolewm fueli Rave pencrated Milense interest in
alremanve fuels. especinlly non-petrobeum fuels. for engines

Alcohols are one of these aliernmive fuels. They have been used as
a fuels for mtemal combustion engmes smee their invention. Alcohaols do
seems 10 be among the mos: promising alternative fuels 1o reploce
conventional fuels for automobiles

* Alcohols structure

Alcohols are compound of the  pereml| formula ROH where R 15
any alkyl or substiuied alky| group. The froup may ¢ primary, secondary
or lertiary, it may be open chain or cvelic: it may comain a double bond

a3 show in the fellowmng examples:

CH.CH. OH H:C=CH-CH:OH CH - CH-CH:
.

ethxlaleahel allvi-aleohol OH OH QH
ulveerol

* Phasicul propertics of ethyl aleohol {ethanal)

Ethyl alcohol 15 the most common rvpe of alcohols, this compound
burns with non-luminows Name. withow soot, and forms CO. & H.O
pure ethanol 5 coledess hquud with an ethereal odor, Ethanol i3 not
labeled poisonous whereas methanel is peisenous due its toxic oxidation
products Ethanol 15 an exczllent solvent for many compounds like fates,
oils, and fatv acids.
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* Sources of alcohols

Alcohols were first obtained from natural products which will be
considered as orgamce cumpounds produced by hiving orpanisma, also
mleohols can be produced from agriculture products andlor wastes For
mdustrial sources of aleohols there are two principle ways to get the
simiple aleohols by hydration of alkenes obtned from the cracking of
petralewm and by fermentaticn of carbohydrates.

* Appreaches of the practical utihzation of alcobols s |.C £ several
factors must be raken into account before deciding the method by which
the engine fueled with alecho!l Two of these factors are, the quality of
alcohol. and the engine deign The following approaches can be used:

I Alecohel fumigation

2 [uial wjection

3. Spark wpmnon of alcobol

4 Alcahel contamming ignition impiroves
3. Alcohol petroleum fuel solution

b. Alcohel petroleum fuzl emulsion
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Combustion

Syllabus:-

e Mixture.

e Combustion .............. Introduction.

e Chemical equation of combustion.

e Stiochiometry.

e Combustion analysis.

e First low of thermodynamics applied to combustion processes.
¢ Internal energy and enthalpy of combustion.
e Enthalpy of formation.

e Calorific value of fuels.

e Efficiency of combustion systems.

e Dissociation.

e Equilibrium constant.

e Pollution.



Introduction: - Any homogeneous mixture of gases can be regarded as a single substance
if the constituents do not react chemically with one another and are in fixed proportion by
weight . the properties of such a mixture can be determined experimentally just or for a
single substance , and they can be tabulated or related algebraically in the some way .

Air is the common example of a mixture. It can be assumed invariable for most purposes
and air is usually treated as a single substance. As air is such a common fluid, its properties
have been determined by direct measurement.

The combustion of air which air tables are usually based is as follows:-

Component | Chem. symbol Molecula.weight | Vol.analysis% | Grovimetric.analysis%
OX;gen 02 31.999 20.95 23.14
Nitrogen N2 78.013 78.09 75.53
Argon Ar 39.984 0.93 1.28
Carbon CO2 44.01 0.03 0.05
dioxide

Neglecting all other gases but oxygen and nitrogen, the combustion af air on which air
tables are usually is:-

Nitrogen/oxyg
en

Mol. weight %

Vol. analysis %

Grov. analysis %

Oxygen o 32 21 73.3
Nitrogen N2 2 79 76.7
—_ 3.76/1 3.29/9

* Dalton's law and the Gibbs-Dalton law.

* Dalton's law:- "The pressure of a mixture of gases is equal to the sum of the partial
pressures of the constituents when each exists alone at the volume and temperature of the

mixture".

Where pi is the partial pressure of a constituents i .
2




*Gibbs-Dalton law:- "the internal energy, enthalpy, and entropy of gases mixture are
respectively equal to the sum of the internal energies, enthalpies, and entropies of the
constituents".

Mmu =Y Mui -----------=----------- (2)
mh= Y mhi --------------mmmmmm—- (3)
ms = Y MSi --------------------- 4)

* Amagat's law: - “The volume of a mixture is equal to the sum of the volume of the
individual constituents when each exist along at the pressure and temperature of the
mixture "

* Avogadro's law: - " The number of moles of any gas is proportional to the volume of the
gas at a given pressure and temperature ". Then

Where ni is the number of moles of a constituentsi .

* The gas constant ( R ) and specific heat (Cv,Cp ) of a gaseous mixture .

It can be assumed that a mixture of perfect gases obeys all the perfect gas laws . to find the
gas constant from the mixture in terms of the gas constant of the constituents we can use the
equation of state ( p v=mrt ) both for the mixture and the for the constituents .

Pv = mrt and Piv = MiRit -------------------- (7)

Ypiv="> miRit ----------m-mmmom oo (8)

VY pi=T3Y miRi-------m-mmm-- (9) butP=3 pi (eq.9) therefor
Pv=TY miRi ---------------- (10) but Pv = MRt (eq.7) then

TY miRi =mRt ---------------- (11) re-arrange eq.11 gives :-
R=> mi/m Ri ---------m-mmmmm- (12)

Where mi/m is the mass fraction of a constituents.

For a perfect gas U = Cvt ---------------- (13)

Combine eq.(13) will eq.(2) get Cv=> mi/m Cvi ---------------- (14)

3



Also for a perfect gas h = Cpt ----------------- (15)
Combine eq.(15) with eq.(3) get

Cp = Y mi/m Cpi -----=mmnmmmmmmmmmn (16)

From equ’s (14 &16) we can obtain that

*The specific heat (Cv & Cp) can be exported in terms of mole and the known as (molar
heats ) and denoted by :-

Cv & Cp where
Cv=MCv & Cp = MCp ------===---=--- (18)
Cp-Cv=Ro -------m-mmmmmmmm- (19)

Also it can be proved that

Cv=>ni/n Cvi & Cp=> ni/nCpi ----------m-mmmm-- (20)
* Molecular weight of a mixture:-

From equation (7) we can write that :-

M= Pv/Rt &  mi=Piv/Rit ---------mm-o- (21)

By conservation of mass

M= mi --------------- (22) and for a perfect gas we have

R=Ro/M ----mmmmmmmmmmmmee (23) where Ro is the universal gas constant and M is the
molecular weight.

Using equ's (21,22&23) it can be proved that for a mixture the molecular weight M is :-
M=> Pi/p Mi ------=-=-==mmeemo- (24)

* Eq (7) can be written in term of moles then

Pv=nRoT & PiV=niRoT -----------m-mmmmmoo- (25)
PiV/Pv = niRoT/nROT -------------------- (26)
Pi/P = ni/n -----------—----- (27). It can be easily be improved that

4



Pi/P =Vi/V , therefor eqg.(27) can be written as

Pi/P = ni/n= VilV =Yi

Example-1-
A vessel of volume 0.4ms contains 0.45 kg of CO and 1kg of air at 15C.

Calculate the partial pressure of each constituent, the total pressure in the vessel, the gas
constant of the mixture and the volumetric analysis of the mixture?
Solution:-
Mass of O2 = 23.3 /100 *1 = 0.233 kg , M of 02=32
Mass of N2 = 76.7 /100 *1 = 0.767 kg , M of N2 =28 , M of CO =28
*PiV=mRIiT ,  Ri=Ro/Mi 2 Pi=mRIT/NV

.2 PO2 = 43.59 kn/m:

PNz =164 kn/m:

PCO =96.2 kn/m:
*P=> pi = 303.8 kn/mz
*R=Ymi/mRi -2 mOz/m , mNz/m

., mCO/m m=mO:2 + mN2 + mCO

*ni=mi/Mi |, n=>ni ---=2 Volumetric analysis --= ni/n* 100 = result



Example-2-
A mixture of 1 mole Co2 and 3.5 mole of air are contained in a vessel at 1 bar
and 15c. Calculate:

a) The mass of Coz, Oz2 and Nz and the total mass.

b) The percentage carbon content by mass .

c¢) The apparent molecular weight and the gas constant for the mixture .
d)The specific volume of the mixture .

Solution:-
a- Volumetric analysis of air is 21% O2 & 79%N:

nO2=0.21 * 3.5 =0.735 mol O:
NN2 = 0.79 * 3.5 = 2.765 mol N2
mi=niMi ---2>

MCO: = 1*44 = 44 kg

MmOz =0.735 * 32 = 23.55 kg

MmNz = 2.765 * 28 = 77.5 kg
m=Y mi = 145.05 kg

b)

% C = 12/145.05* 100 = 8.27 %
c)

n=>ni=45

M =3 ni/n Mi = 32.2
R = Ro/M = 0.2581 ks/kg k

d)
Pv=RT ---=>V=RT/P =0.7435 m3/kg

Example -3-

The gas in an engine cylinder has a volumetric analysis of 12% COz, 11.5 % O:
& 76.2% N2 , the temperature at the beginning of expansion is 1000C and the gas mixture
expands reversibly through a volume ratio of 7/1 according to allow PV1.25 =c ..
Calculate the work done, the heat flow per kg of gas and the gage of entropy per kg of
mixture

Note: - Cp from table are constituent Cp (ks /kg k)
CO2 1.235
02 1.088
N2 1.172



Solution:-
For poly tropic process the work done (w) is

W=R (T1-T2)/n-1
For 100 mde of the mixture
mCO2 = 12 * 44 = 528 kg mCO2/m = 0.174
mO. = 11.5 * 32 = 368 kg mO2 /m =0.121
mNz2=76.5 * 28 = 2140 kg mNz/ m = 0.705
m=> mi = 3036 kg

R =3 mi/m Ri = 0.2739 kj/kg k
To/T1 = (Vi/V2) n1
- T2/1000 +273 = (1/7) 1.2511
--->T.=783.2k
.- W =536.3 kj/ kg
Q=Du+W where Du=Cv (T2 T
Cv=Cp-R  where Cp =) mi/m Cpi = 1.173 kj/kg k
.1 Cv=1.173-0.2739 = 0.899 kj/kg k
.2 Q=-440.3 +536.3 =96 kj/kg heat supplied .

The change in entropy can be establish referring to the figure the change in entropy
between 1 & A

( Iso thermal process) is

SA - S1 = RIn V2/V1 =0 .533 ks/kg k

The change in entropy between A & 2 is
SA -S2 Cv In T2/T1 = 0.436 ks/kg k

.2 S2 =81 = 0.097 ks/kg k

Cvin T2/T1

»
»




Example-4-
A procedure gas has the following volumetric analysis 29% CO , 12% H:, 3%
CHs , 4% CO:z2and 52% N calculate the values of Cp, Cv, cp and cv for the mixture .

Note Cp : For the constituents are Constituent Cp (Ks/ kmol k)
CO 29.27
H: 28.89
Cha 35.8
CO: 37.22
N2 29.14

Cp = > ni/n Cpi =29.676 kj/k mol k
Cp-Cv=R0O--—---- - Cv =Cp - Ro = 21.362 ks/kmol k
M =Y ni/n Mi = 25.2

The cp =Cp/M = 1.178 Ks/ kg k

cv=CvIM =0.847 Ks/kgk

Introduction: - The term combustion refers to the fairly rapid reaction, usually
accompanied by a flame, which accurse between a fuel and an oxygen carrier such as air.
The molecules of fuel and air have a carbon amount of energy stored in the bonds between
their constituent atoms. In the new molecules formed by a reaction , this (chemical) energy
as at a lower level and the energy release can be transferred to the surrounding , in the
form of heat . Combustion is there for said to be an (exothermic) reaction.

* Fuels: - Most common fuels consist mainly of hydrogen and carbon whether the fuel is
solid (e.g. coal), liquid (e.g. petroleum) or gaseous (e.g. natural gas). For solid and liquid
fuels the analysis is usually quoted as a percentage by mass of each chemical element in the
fuel. The analysis of a gaseous fuel is usually given in terms of the percentage by volume of

each gas.



3- Chemical Equations of Combustion

In any purely chemical reaction the pressure is simply based on the arrangement of atoms
to form a new molecule, and the total number of atoms of each element is unchanged. A
chemical equation expresses the principle of the conservation of mass in terms of the
conservation of atoms.

* Consider the reaction

C + Oz --------- -2 CO:

12kg C + 12 KgO2 --------- -2 44 kg CO:
1kmol C + 1 kmol Oz ------- - 1 kmol CO:2
1 Vol C + 1 Vol Oz-------- - 1vol CO:

2H2 + Oz ------ -2 2h20

4kg H2 + 32Kg Oz ------- - 36 Kg H20

2 kmol Hz + 1 kmol Oz ------- - 2 Kmol H20
2 Vol H2 + 1Vol Oz --------- -2 Vol H20

If the gases are considered ideal, then according to Avogadro's hypothesis:"All gases
contain the same number of molecules per unit volume at the same pressure and
temperature”. This implies that:

1 kmol of any gaseous sub stance occupies the same volume.

For example 44 kg of CO2, 32 Kg of Oz, and 16kg of CHs will occupy a volume of 22.4 ms at
NTP.

It should be clearly understood that in any reaction the mass is conserved but the number of
moles or volume may or may not be conserved, for example

2CO + Oz --------- > 2CO02
2Vol .+2Vol. ----------- ->2Vol..
56kg + 32kg -------- - 88 kg
@Stion Stoichiom@
Stoichiometry means complete
combustion

Of chemically correct mixture. The principle reaction of combustion for any fuel is

C+02--22CO02 Called Stoichiometric equation of combustion
C+0.502 ------ ->CO



CHs4 + 202 ------ - CO2 + 2H20

Since the most common oxidize is air which is a mixture of 21% O2 & 79% N2 (on volume
or mole bases) i.e. 1 kmol of Ozis accompanied by 79/21 = 3.76 kmol of N2

.. the above equation become :-

C+02 + 3.76 N2 -------- 2C02+3.76 N2 ........... And so other equation

The minimum amount of air required for complete combustion of a fuel is known as
(theoretical air).

The fuel rich mixture, or mixture with less than Stoichiometry air give in complete
combustion , that result m some quantity of undesirable carbon monoxide (CO) in the
exhaust gases and also some loss of heat energy .

* Theoretical air required for complete combustion.

If the fuel composition is known the requirement of Oz or air can be calculated as follows:-

1- On mass bases.

12 kg of C require 32 kg of Oz to form 44 kg of CO2 or:

1kg C + 32/12 kg O2 -------- - 44/12 kgCO20r

1kg C + 8/3 kg O2 --------- - 11/3 kg CO2

4kg 2 Hz2 + 32 KgO2 --------- - 36kg H20 or

1kg H2 + 8 Kg O2 -------- - 9kg H20

In general

&ka%mm + [ (m+n/u)22/12m+n] kgO2 ----------- 2 44m/12m+n kg COz2 + 9n /12m+n
gH:2

2- On mole bases:-
1kmol C+1kmol O2 ------- - 1lkmol CO2
1Kmol H2 + 0.5 Kmol Oz -------- - 1kmol H20

In general

1 kmol CmHn + (m+n/4) kmol Oz + 3.26 (m+n/4) kmol Nz ------ - m kmol CO2 + n/2 Kmol
H20 + 3.76 ( m+n/4) kmol Nz
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Note: - The theoretical amount of air required for complete combustion can be calculated
using the following formula.

(M thea. )Air = 4.31 *32/ Mf (m+n/4) kg/kg of fuel

Where mf is the molecular weight of fuel, m is the number of moles of carbon, and n is the
number of mole of hydrogen.

Notes: - To find the Stoichiometric amount of air for complete combustion of a fuel:-
1- If the analysis of a fuel is given by mass, then

a- Determine the mass of oxygen required for each constituent, from this; find the total
mass of oxygen by adding all the separate masses required.

b- Subtract any oxygen which may be (m) the fuel since their does not have to be supplied.
c- Stoichiometric mass of air = O2 required / 0.233 kg
2- If the analysis of a fuel is given by volume or mole, then

a- Determine the volume of oxygen required for each constituent, from this; find the total
volume of oxygen by adding all the separate volumes required.

b- Subtract any oxygen which may be( m) the fuel since their does not have to be supplied.

c- Stoichiometric volume of air = Oz required / 0.21 mole or vol.

11



Non — Stoichiometric Mixture:-

The term weak and rich are used where, respectively, O2 & fuel are available in excess of
these Stoichiometric proportions. It is possible to have complete combustion to CO2 & H20
with a weak mixture the excess Oz appearing in the products side of chemical equation , it
is however , impossible to have complete combustion of a rich mixture .

An example of incomplete combustion is:
CsHis + a O2+ 3.76 a N2 -------- 2 bCO2+dCO+eH20 +fH2+3.76 a N2

a) The percentage of excess air:

Px = actual A/F — Stoichiometric A/F / Stoichiometric A/F

b) Mixture strength (MS):

MS = A/F (Stoichiometric) /A/F (actual)

c) Equivalence ratio (@) : is the ratio of the theoretical air —fuel ratio (A/F) teo to the
actual air-fuel ratio (A/F) act

@ = (AIF) Theo | (AIF) act
d) Relative air/fuel ratio (1): Opposite of equivalence ratio

J= actual A/F / Stoichiometric A/F =10

A correlation between the equivalence ratio, relative air-fuel ratio, and mixture strength
and percentage excess air can be expressed in the form.

Px = (2-1) * 100% = 1-@/ @ * 100%  or

Px = 1-Ms/Ms *100%

12



5- Combustion Analysis:-

One of the primary objects in combustion analysis is the determination of the amount of air
required to burn a fuel and to determine the amount of the products of combustion which
will have been formed. Some analysis made by mass, some made by volume, which others

of analysis both by mass and by volume. An analysis which includes the steam in the
exhaust is called a wet analysis and that without steam is called dry analysis. The following
examples will give an indication of the above cases.

Example(1) :- A fuel consists of 72% carbon , 20% hydrogen and 8% oxygen by mass ,
determine the stoichiometric mass of air required to completely burn 1kg of the fuel

Solution:-

12Kg + 32Kg ---------- - 44Kg

1Kg + 32/12 K ====--- > 44/12 Kg

1kg C required 8/3 Oz ---------- - .. 0.72 Kgc required

0.72 *8/3 =1.92 kg

H2 + 0.5 02 --------- - H20 or 2H2 +02 ----------- -2 2H20

2Kg + 16Kg ------- - 18kg

9kg + 8kg --------- - 9kg -------- - .. 0.2kg H2 need

0.2 *8 =106 kg

The total amount of Oz required to complete combustion of C & H is then 1.92 * 1.6 = 3.52
lé)% O2 but there is 0.08 kg of O2 available in the fuel so that this amount of O2 must subtract

from the total amount of air required. The amount of Oz required becomes 3.52 — 0.08 =
3.44 kg Oz2.

The amount of air by mass associated with this amount of oxygen is =148
kg/kg of fuel

* For the same example calculate A/F if the fuel contain only 0.80 carbon & 0.20 hydrogen

13



Example (2):- Determine the stoichiometric mass of air required to completely burn 1kg of
heptane (C7Hae)

Solution:-

The chemical equation is

C7His + 1102 --------- - 7CO2 + 8H20

12*7+1*16 + 11*32 ---------- 2> 7[12 + 16*2] + 8[2+16]
[100+352 ----------- - 308 + 144] /100

1+ 3.52 ----mmmmee- —>3.08 +1.44

.- 1 kg of C7Has requires 3.52 kg of O2 which is associated with the amount of air equal to
7.52/0.232 = 15.17 kg/kg fuel .

Example(3) :- The analysis of a supply of coal gar is H2 49.4% , CO 18% , CH4 20% ,
C4H8 2%, 02 0.4 % ,N2 6.2% and CO2 4% , calculate the stoichiometric A/F ratio . Find
also the wet and dry analysis of the products of combustion if the actual mixture is 20%

weak .
A o anndS anadl) 33 5713 ¢ pid SEy Al 4 Las *

Solution: - The example can be solved by a tabular method, for CH4
CHa + 202 ---------- - CO2 +2H:20
1mole CH4 + 2mole Oz -------- - 1mole CO2 + 2mole H20

1mole of CHa require 2mole of O2 for complete combustion
.2 0.2 mole of CHa require

0.2 * 2 = 0.4 mole of oxygen. The equation become >

0.2 CHas + (0.2*2)02 ---------- -0.2 CO2 + (0.2*%2) H20

14



.. The amount of air required is 0.853/0.21 = 4.06 moles / mole of fuel

Combustion | Percentage Equation 02 CO2| H20
moles/mole
of fuel
Ho 0.494 2H2+02-- 2 2H20 0247 --- | 0.494
CcO 0.18 2CO +02 ---=222C0O2 0.09 018
CHa 0.2 CHs4 + 202 -2 CO2 + 2H20 0.4 0.2 04
CsHs 0.02 CsHs + 602-- 2 4C0O2 + 4H20 0.12 0.08 | 0.08
02 0.004 -0.004
N2 0062 |  —e--
CO2 004 | e 0.04
Total 0.853 0.5 0.974

For a mixture which is 20% weak the A/F is Actual A/F ratio = 4.06 + 20/100 * 4.06 =

4.872/1

The amount of nitrogen associated with a mount of air is

4.872 * 0.79 = 3.85 moles/ mole fuel

Excess oxygen = 4.872 * 0.21 — 0.853 = 0.171 moles / mole fuel

The total N2in products is 3.85 + 0.062 = 3.912 moles / mole of fuel

.2 The analysis by volume of the wet and dry products is

Products Moles/mole of fuel | % by vol . (dry) % by vol.(wet)
CO2 05 10.9 9.0
H20 0974 -=-- 17.5
02 0171 3.72 3.08
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N2 3912 85.4 704

Total wet 5.557 100 100
- H20 0.974
Total dry 4.583

* The Orsat apparatus:-

The orsat apparatus is a device commonly used in the laboratory to determine the
volumetric composition of products of combustion. It consists essentially of three
absorption vessels filled with different reagents. These are:-

a- Potassium hydroxide (KOH) for the absorption of carbon dioxide (CO2).

b- Pyrogallic acid in potassium hydroxide (or caustic so do) for the absorption of oxygen
(O2).

c- Cuprous chloride solution for the absorption of carbon monoxide (CO).

The gases must be absorbed in the above order, since the pyrogallic acid solution will
absorb
COz as well as O2. Also cuprous chloride will absorb CO2. O2 and CO.

The sample of exhaust gas is drawn into measuring burette by lowering the leveling bottle
containing water. This known volume of sample at atmospheric temperature and pressure is
forced in succession into of the reagent bottles which contain the absorbents.

The volume is measured after each absorption process by returning the sample to the
burette and bringing it to atmospheric pressure with the aid of the leveling bottle.

The change in volume after a particular constituents has been absorbed is then the partial
volume of that constituents in the original sample. The gas which remains is assumed to be
nitrogen.

The apparatus gives an analysis of the dry products of combustion in order to ensure this, a

V-tube containing calcium chloride or some other drying agent is sometimes fitted in the
beginning of the sample intake tube.

16



Example (4):-

An orsat analysis of the dry exhaust from an internal combustion engine gane 12% COz,
2% CO, 4% CHa4, 1% H2, 4.5 % O2 and 76.5% N2. Calculate the proportions by mass of
carbon to hydrogen in the fuel.

Solution:-

N2z in dry exhaust gas = 0.765 * 28 = 21.42 kg/mole

O2 associated with this amount of nitrogen is 0.233*21.42 / 0.767 = 6.5 kg/mole

O2 accounted for in the dry exhaust gas = 32 [0.32 + (0.02/2) + 0.045] = 5.6 kg / mole

.2 O2 burned to H20 = 6.5 - 5.6 = 0.9 kg/mole

H2 + 0.502 ------ - H20

[2Kg + 16K --------- > 18Kg H20] / 2

1Kg + 8 ------ - 9Kg H20

.- Hz2 burned to H20 = 0.9/8 = 0.1125 Kg / mole

H2 accounted for in the dry exhaust gas = 1 [0.04*4 ) + (0.01 *2) ] = 0.18 kg / mole

.- Hz2in the fuel 0.18 + 0.1125 = 0.2925 kg / mole

Mass of carbon in the fuel = 12[0.12+0.02+0.04] = 2.16 kg / mole
.. Ratio of C to H2 in the final =2.16 /0.292 = 7.38 /

17



Consider the reaction

CO+1/2 O2 --------- -2 CO2

When these reactions proceed in the direction indicated by the arrow it is accompanied by a
release of energy and know as an exothermic reaction. The reaction can be preceding in the
reverse direction it sufficient energy is supplied to molecules of CO2. Actually in
combustion products some CO2 molecules to receive sufficient energy in collision for this to
occur.

CO2---22CO +1/2 02

There fore the reaction equation can be written or

CO+1/202 €--22CO02

The reversed reaction is accompanied by absorption of energy and it is termed as an
endothermic reaction. it is found that at any particular temperature and pressure the
proportions of CO2 , CO & O2 adjust themselves until the two reaction proceed at the same
rate , i.e number of CO2 molecules being formed is equal to the number of CO2 molecules

dissociating . Therefore a state of stable chemical equilibrium is existing.

It is only at high temperatures, above 1500 k, that a conceivable proportion of the COz
molecules must dissociate to provide an equilibrium mixture.

Similar case apply equally to H20 molecules in combustion products
H2+1/1 O2 €------- - H20

For any hydrocarbon fuel burning in air, the products contain an equilibrium mixture of
CO2, CO & Ozand equilibrium mixture of H20, H2 & Oo.

The pressure of CO & H2 indicates that not all the chemical energy in the fuel is released.
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7- Equilibrium Constant

(Dissociation constant) K:-

The stoichiometric reaction of hydrocarbon fuel with air is given by:

CmHn + A (O2 + 3.76 N2) -------- -2 mCO2 + n/2 H20 + A*3.76N2

When a dissociation of CO2and H20 is occur then the above equation becomes:-
CmHn + A(O2 + 3.76 N2 ) ------ -2aC02+b CO +dH20 +eHz2+f0O2+ A*3.76N2

In Chemical reaction the chemical equilibrium is reached when the rate of brake up of
product molecules is equal to that of formation.

The determination of the proportions of the various substances at chemical equilibrium is
based open a relationship of the partial pressures. In general, for the reaction:

aA +bB €-2>aC+dD

Pc Py

There exists the relationship =K
Pa Ps

Where a.b.c & d are the respective of moles of the relationship a,b,c & d

Pi is the partial pressure of the substances A, B, C and D (in atmosphere unit).

And K: is the equilibrium constant which is a function of the temperature

Example (5):-
_ _ Pco2 1/2
1- CO + 1/202 -2 CO2 K= Pco PO, atm-
Pco2
2-2CO + 02 €----=22C02 K=| PcoPOz | atm-1
PO2 Pco
3- CO2 €--=2CO + 1/202 K= PCo> atm-1/2
_ PHZO 1/2
4-H2 + 1/2 02 €------ - H20 K= —PHz PO, atm-
5- 2H2 + Q2 €---=2 2H20 K=| __PHO | atm-1
PH2 PO:2
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H:0 &----- 3 1/2H2 + OH K=| PH2POH | gtm-12
PH:20

In the combustion of hydrocarbon fuels both of the above reactions may occur
simultaneously and another equilibrium constant can be define

PCO PH20
CO2+ H2 ¢ CO + H20 K= | —————
*Equilibrium Constant (Dissociation constant) K: PCO2 PH2

The stoichiometric reaction of hydrocarbon fuel with air is given by:

CmHn + A (O2 + 3.76 N2) -------- - mCO2 + n/2 H20 + A*3.76N2

When a dissociation of CO2and H20 is occur then the above equation becomes:-
CmHn + A(O2 + 3.76 N2 ) ------ -2aC02+bCO+dH20 +eH2+f0O2+ A*3.76N2
In Chemical reaction the chemical equilibrium is reached when the rate of brake up of
product molecules is equal to that of formation. The condition of equilibrium during a

reversible combustion process can be studied by mean of a device known as the *’vant hoff
equilibrium box’” as shown in the fig below:

Consider the general reversible combustion process
a. moles A + b moles B €-----2 c¢moles C + d moles D

The work done during an isothermal expansion by a perfect gas between state 1 & 2 is
given by:

W = mRT In P1/P2= nRot In P1/P2 -------------- (1)
Where n= the number of moles Ro = universal gas constant

For the system of “Vant hoff “the work input on A is
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WA = a ROT In P1/PA =-----=--- )

And the net work output of the systems is:

W= WA +WB+WC +WD ------------=--- 3)
= Rot [ aln( P1/PA) + bin (P1/PB) + cIn(PC/P1) + dIn(PD/P1) ] ------------- (4)
= Rot [ In + In P1 a+b+c+d] ----------------- (5)

Suppose that in a second similar system in the same surroundings the pressure in the
equilibrium box is P’ then it will have a net work out put W’ given by:

W’ =RoT [In +InP” a+b+c+d ] ------mmmmmeee- (6)

Where P’ = P’A+P’B+P’C+P’D ---------------- (7)

Either W=W’ or WAW". if W£W’ the system producing the lesser work can be reversed and
the two systems can be coupled together . The combined system will then operate in a cycle
and produce a net a mount of work while exchanging heat with a single reservoir of
uniform temperature T. this contradicts the second law of *“thermodynamics ““ and so
W=W" and follow that

PCPD =PCPD =K —-oemmmmmmmmmmee (8)
PA PB  PAPB

Example 1:-

The products from the combustion of stoichiometric mixture of CO and Oz are at pressure
of 1 atm and certain temperature. The products analysis shows that 35 percent of each
Kmol of COzis dissociated. Determine the equilibrium constant for this temperature, and
hence find the percentage dissociated when the products are the same temperature but
compressed to atmosphere.

Solution: - The combustion equation for this reaction is:

CO + 1/2 O2 ---------- -2aC02+bCO+dO02
C balance 1=a+b---------- Q)
O2 balance 1 +1/2 *2 = 2a +b + 2d ------------- 2

It was given that 0.35 of each Kmol of CO:z is dissociated Pi i.e. CO in products is 0.35 =b
Kmol , substitute ineqg.1 becomes :
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1=a+0.35 ------ - a=1-0.35=0.65 Kmol
Eq.2 becomes
2=2*0.65+0.35+ 2d
. d=0.35/2=0.175 Kmol
.. The combustion equation for this reaction becomes :
CO + 1/202 -------- - 0.65CO2+ 0.35CO +0.175 O2
The stoichiometric equation or equilibrium equation is
CO + 1/202 €-----2CO2
K = Pcoz2/ Pco + Po2 , Pi=ni/n*P, n=0,65+0,35+0.175=
1.175
.2 Pco2=10.65/1.175*1 = 0.552 atm
.2Pco=0.35/1.175*1 = 0.298 atm
.- P0o2=0.175/1.175 *1 = 0.149 atm
K=0.553/0.298 *(0.149) 1/2 =481 atm-1
At any pressure P the partial of any constituents Pi will be Pi = (ni/n)P where n = total
mole of products n = a+b+c+d fromequ.l a=1-b

Fromequ.l &2 d=b/2 substitute these for n

Ln=1+Db/2
.. Pcoz =1-b *p / 1+b/2 Pco=b/1+b/2 *P Po2 = b/2 *p/1 +b/2
(1-b)
(1+b/2) p
.- K = *
(b/1+b/2) + (b/2 /1+b/2)1/2 px pli2

Since the temperature is unchanged, K will still equal 4.81 atm-1 substitute this in the above
equation at P= 10 atm and solve it to get b = 0.185 Kmol CO

: a =1-0.185=0.815 & d=0.185/2 =
22



Example (2):- A combustible mixture of CO and Air which is 10% rich is compressed to
pressure of 8.82 bar and a temp of 282 ¢ . The mixture is ignited and combustion occurs
adiabatically at constant volume. When the maximum temp is attained analysis shows 0.228
moles of CO present for each moles of CO supplied. Show that the maximum temp reached
Is 2677 C. if the pressure at this temperature is now doubled calculate the amount of CO
percent .
Solution: - Actual A/F = stoichiometric A/F —10/100 stoi A/f

=100/100 - 10 /100 = 0.9
The stoi equ. Is CO + 0.502 ------ - CO2

The combustion equation for the reaction is

CO+09*05(02+3.76 N2 ) ------ 2aC02+bCO +d0O2+1.71 N2
C balance 1=a+b--------- Q)

Oz balance 1+091*05*2=2a+b+2d----------—-- (2)

b =0.228, fromequl a=0.772

Fromequ2 C=0.069

.. The combustion equation become

CO +0.455 02+ 1.71 N2 -------- 20.772 CO2 + 0.228 CO + 0.06 O2 + 1.71 N2
The stoichiometric equation is

CO+0.502 €--=22C02  and K= Pco2/ Pco * Po2

Pi=ni*P/nt

ni =a+b+d =0.772 + 0.228 + 0.069 + 1.71 = 2.779 moles

Atignition pi=8.28/1.013 = 8.175 atm

T1=282+ 273 =555 K

P1V = nlRoT1, P2V = n2RoT2

ni=1+0.455+ 1.71 = 3.165 moles

V= constant SP2=Pin2ni* T2/ T1 => P2=238.1atm
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Assuming that T2= 2677+ 273 = 2950 K

2 Pco2=0.772*38.1/2.779 = 10.584
Pco=0.228 *38.1/2.779 = 3.125
, Po2=0.069 * 38.1/2.779 = 0.946
Substitute these in K equ get K= 3.48 from tables it was found that for the reaction of
CO+0502 ¢ CO2K isequal to 3.5 at 2950 K so that the assumption of T2 2950 is
true.
If the pressure is now doubled it because 76.2 atm
Pi=ni*P/n fromequl b=1-a
Fromequ 1&2 C=0455-05a
2n=n2=3165-05a
.- Pco2= a/ 3.165- 0.5a
Pco=1-a/3.165-0.5a *76.2
Po2 =0.455-0.5a/3.165 - 0.5a
a/3.165-0.5A
K= Pcoz/Pco *Poz = *Pp/ p*pt
(1-a/3.165-0.5a) (0.415 -0.5a/3.165-0.5a)

K=3.48,P=76.2 solve for this values get a>0.99 which indicate that the amount of
CO at this condition is negligible .

First law of thermodynamic applied to combustion processes.

The first law of thermodynamic applies to any system , and the non-flow and steady flow
energy equations deduced from this law must be applicable to system undergoing
combustion processes consider a non-flow combustion process , starting with a mixture of
fuel and air at state ( V1, T1) and ending with products and state (V2, Tz2) . it consist of
three process shown in fig .

Reactant Reactant products products
ViT Vo To Vo To V2T2
1t 1t
TT 77
(8) —--omemeee > (b) e (€)-mmrmrmmmmreeeee- ()
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ZR np (UT/298) = (UT - U298) I =]
2p NP
(U/298) =
AUO :AU298 (Ur -U298)
298 T T

For this process and from the fig. we can write:-
(Up2—Urt ) = (Up2-Upo) + ( Upo-Uro) + (Uro-Urt ) ---------------- 1)
Where the suffixes (P&R) refers to reactant & products

Suffixes (1, 2) refer to initial and final states. Because the process (bc) occurs at constant
volume, no works is done and the non-flow energy equation can be written as below:-

Qro,po = (Upo-Uro) = AUo ---------------- (2)

The term (Up0-Uro) is called internal of combustion at (To) and it is symbolized by (AUo).
Or it is called constant volume heat of combustion at (To) and it can be obtained measuring
the heat transferred in a constant volume calorimetric process.

Equation (1) now can be written in the form:

(Up2-Ur1) = (Up2-Upo) +AUo + (Uro —URr1) --------------- (3)
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Assuming no change of phase occurs during the process (db) (cd) , then the first term and
third term of equation (3) can be calculated .
(Up2-Upo) =>p micvi (T2-T1) Yp micvi ------------m-m-- 4)

(Uro-Ur1) = Yr mi cvi (To-T1) = ( To-T1) YRMIi CVi  --------=nmmmmmmmmmm (5)

Where mi is the mass of constitutes (i).
Cvi is the mean specific heat at constant volume of constitutes (i).

i ToDT2 S/ T1DTo st s s die yshll 3 it ClisSall an) g po dlls 6 4L Dlo *
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Similar consideration lead to the establishment of an equivalent equations for the change of
enthalpy between reactant : at (T1) and products at (T2), then :-

( Hp2-Hr1 ) = (Hp2-Hpo) + ( Hpo-Hro ) +(Hro- Hr1) -------------- (6)

( Hp2-Hr1) = ( Hp2-Hpo) +AUo+ (Hro- HR1) --------=-------- (7)

In the same way of determination of the first and third terms of equation (3) , the first and
third terms of equation (7) can be calculated :-

( Hp2-Hpo) = Y» mi cpi( T2-To) = ( T2-To) 3p mi cpi -------------- (8)

(Uro-Urt) = >r mi cpi (To-T1) = ( To-Tz) DrMiCpi -------m-mmmmmmmmmmmm 9)

Where mi is the mass of constitutes (i).

Cpi is the mean specific heat at constant pressure of a constitutes (i).
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The term AUo is called the enthalpy of combustion at ( To) or the constant pressure heat of
combustion at (To) , and it can be obtained by measuring the heat rejected during a steady
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flow combustion process carried out at temperature (To) for both reactants & products then

Qr1,r0 = (Hpo-Hro) = AHO e (10)

AHo=AUo+ ( PVpo — PVRo ) --------=--=------- (12)

Bat for gaseous reactants products we can write

PV =nROT --------------- (13) then

AHo= AUo + RoTo (NP — NR) =====-======-==----- (14)

Where (np&nr) are the number of moles of reactants & products gaseous respectively.

For Solid and liquid constituents the N terms are negligible compared with the internal
energy term. Then

olnp=nR s/ b sluiae gl 4ill § < le ldial) Y g0 220 CiilS 3] 4l (14) Aoleal] o Lad0 4O @
. (AHO=AUo)
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ieall U Ly glisn 50 i Y 6 i) ) LSl ZELLL i) Y S 5 nllil) S 5 Y o i i
" ) DY g s daa ) il sill sale Y ki

S Jal) s Ao 45Y g2l pill 5l < le ldtal) CilipSa o (Y phal) 0T ciny (AU0)(AHo ) S 24505 e
5 ) Ay e il L1l ALYyl 4 Ul 6 4 i ) AL ) 5 s 5005 5 6] (AH0)

. (To)

Enthalpy of formation (AHrw):- The enthalpy of formation is the increase in enthalpy
when a compound is formed from its constituent’s elements in their natural from and at
standard conditions. For calculation purpose:-

AHo = Yp ni Ahfi - Yr ni Ahfoi

Lonpbal) lgills 8 4 sSall o pualic o oS pall 5580 Lotie Y] 6 500 3l o8 7 G oSill ol -2 dis M
S IIC LS5 N2 Ces o sl 502 Lenpeall dillas (pasS 5 Y) (55 Miad Lasldl] i g Ll 5 () 555 Ladic
(ALY L i (558 5 el sal] () 5 S S35 15 ST e ] (g oS5 L] (9 55 ] S 5 g
- oS
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Example (2) :-

Calculate the enthalpy of condition at STD of enthalpy alcohol (C2HsOH ) using the
following data :-

C2Hs0OH + 302 ----- -2 2CO02 + 3H20

AHo = Yp ni Ahfi - >'r Ni Ahfoi

S ni Ahfoi = 2(- 393.443) + 3(-241.783)
=-1512235 KJ
SR ni Ahtoi = 1(-281,102)+3*0
= -281.102 KJ
© AHo=-1512235 - (-281102) = -1231133 KJ/Kmol
Example: - The enthalpy of combustion of ethane (C2Hs) at 25c¢ is -47590 KJ/Kg when all
the products is gaseous phase find

a) The corresponding internal energy of combustion.
b) The enthalpy of combustion at 540c.

Also calculate the heat transferred when 0.2 kg of ethane is burn at constant pressure in a
cylinder containing 0.4Kg of dry air. The temperature of the reactants and products being
40c and 440c respectively.

The relevant mean specific heats at constant pressure for the range 25c¢ to 540 ¢ in KJ/Kg
are C2He 2.8 ; 020.989 ; CO2 1.049 ; H20 (vor) 1.987 ; N21.066 and for the range 25c to
40c in KJ/Kg K are C2Hs 1.788 ; O20.919 ; N2 1.04

Solution:-

a- The Stiochiometric equation is

C2He +3.502+ 3.5*3.76 N2 ------ - 2C02 + 3H20 + 13.16N2

AHo = AUo + RoTo (np-nRr)

: AUo = AHo — RoTo (np-nr)
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np = 2+3+13.16 = 18.16 Kmol

nrR = 1+3.5+13.16 =17.66 Kmol

np-nr = 0.5 Kmol

Ro*To *(np-nr) = 8.314 * 298 * 0.5 = 1238.786 KJ

Since AHo is given in KJ/Kg in the value 1238.786 KJ must be divided by the molecular
weight of ethane which is equal to 12*2+6 = 30 then

1238.786/30 = 41.292KJ/Kg

. AUo = - 47590 — 41.292 = - 47631.292 KJ/Kg

b) AHs40 = Hpsa0 — Hres = (Hpsa0-Hp2s) + (AHz2s)+(HRr25-Hrs40)
The combustion equation in terms of mass is:-

30Kg C2He + 112Kg O2 + 368.48N2 ------ - 88Kg CO2+ 54Kg H20 + 368.48 Kg N2

On the basis of 1kg of C2Hs the combustion equation become:-
1kg C2Hs + 3.733kg O2 + 12.282kg N2 = 2.933kgCO2 + 1.8kg H20 + 12.282Kg N2
(Hps20— Hp2s) = >’p mi cpi (540 — 25)
=[(2.933 * 1.049) + (1.8*1.987) + (12.282*1.066)] * 515
= 10169.153 KJ/Kg
(Hr2s — Hrsa0 ) =Y 'r mi cpi (25- 540)
= [(1*2.8) + (3.733 * 0.989) + (12.282*1.066)] * -515
= -10086.042 KJ/Kg
AHo = - 47590
.- AH 520 = 10169.153 +(- 47590) + (-10086.042)

= -47506 KJ/Kg
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Another method to compute AHs40; from tables

AHsa0 = (Hps40 — Hp2s) + AH25 + (Hr25 — Hrs40)

For products and from tables

H in KJ/Kg at 298 K are CO2 913.8, H20 (vop) 840.5; N2 728.4

Hin KJ/Kg at 813 k are CO2 23750 ; H20 18830 ; N2 15790

For reactants from tables h in KJ/Kg at 25 C

C2Hes1281; 02 731.5

& at 540 Care C2He 42710; 0216600

Hps40— Hp2s = 2(23750 — 913.8) + 3(18830 — 840.5) + 13.16 (15790 — 728.4)

= 297841.55 KJ / 30 = 9928.05 KJ/Kg of fuel

Hras-Hrsso = 1(1281 — 42710) + 3.5(731.5 — 16600) + 13.16 (15790 — 728.4)
=-294521.4 KJ/ 30 =-9817.38 KJ / Kg of fuel

.- AHs40 = 9928.05 — 47590 — 9817.38

=-47479.33 KJ/Kg

Q = (Hps40 — Hrao) = (Hps4o- Hp2s) + AH25 + (Hr 25 — Hrao)

The Stiochiometric equation for 0.2 kg of C2Hs is

0.2kg C2Hs + 0.747kg Oz + 2.456 kg N2 ----- = 0.587kg COz + 0.36 kg H20 + 2.456 kg N2
But 4 kg of air is consist of

4*0.233 kg O2 = 0.932kg O2 &

4*0.767 = 3.068 kg N2

.. the actual equation of combustion of 0.2 kg of C2Hs with 4kg of air is

0.2kg C2Hs + 0.932kg O2 + 3.068kg N2 -------- - 0.587 kg CO2 + 0.36 kg H20 + 0.185 kg
02 + 3.068 kg N2

.2 Hpsa0 — Hp2s = Y’p mi cpi (540-25)
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= [(0.587 * 1.049) + (0.36 * 1.987) + (0.185*0.989) + (3.068 * 1.066)] * 515 = 2464 KJ
Hras- Hrao = >'r mi cpi (25-40)

=[(0.2 * 1.788) + (0.932 * 0.919) + (3.068 * 1.04)] * -15 = -66 KJ

2 Q=2464 + (0.2*-47590) + (-66) = -7120 KJ

ol o H af 331 Gy s e s Y1 ¢ jadl sole] i slhS o

8- Calorific value of fuels:-

Calorific values are defined in term of the number of heat units liberated when unit mass of
fuel is burnt completely in a calorimeter under specified conditions. The calorific values
and their relation to AUo are given below:-

1- Gross (higher) calorific value at constant value.
Qorv (= - AU2s with H20 in liquid phase) H.C.V.

2- Net (lower) calorific value at constant volume.
Qretv (= - AU2s with H20 in vapor phase ) L.C.V.

3- Gross (higher) calorific value at constant pressure.
Qurp (= - AH2s with H20 in liquid phase )

4- Net (lower) calorific value at constant pressure.
Qretp (= - AH2s with H20 in vapour phase )

ALY Cus 5 gdda § ) jal) cuilS b pin dun ga duaSS 4y ) ad) el IS5 ) Sirall 3o -7 Linda

*The difference between the higher & lower calorific values can be calculated as
follows:-

1- At constant volume ( Qgrv — Q netv) = mw Utg ------------- (1)
2- At constant pressure ( Qgrp — Qnetp) = Mw hfg =-=------=------ (2)

Where mw= mass of water produced /kg of fuel burnt Uty & hrg is the internal energy &
enthalpy of evaporation and it should be taken from tables at 25C.
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Example-1-:- The ultimate analysis of a fuel is 86% C & 14% H2 and its calorific value
(Qgrv) was found to be 46890 KJ/Kg . Calculate other three calorific values.

Solution:-
1kg of fuel produce 0.86*44/12 = 3.15 kg CO2 & 0.14* 18/2 = 1.26 kg H20

At 25C Utg of water = 2304 KJ/Kg and
Hig = 2442 KJ/Kg (from table)
Qnetv = Qgrv - Mw Utg
= 46890 — 1.26 * 2304 = 43987 KJ/Kg .

AHo = AUo +pv = AUo + nRoTo = (np — nNr ) (RoTo) == Qgrp = Qgrv — RoTo (Np-nr)
Np = nCO2 = mCO2/MCO2 = 3.25/44 , nr = nO2 = mO2/MO2
mO2=0.86 *8/3 + 0.14 * 8 = 3.41 =>n02 = 3.41/32
Qurp = 46890 — 8.314 * 298 ( 3.15/44 — 3.41/32) = 46977 KJ/Kg
Qretp = Qgr.p — Mw hig

= 46977 — 1.26 * 2442

= 43900 KJ/Kg
Example-2-:- Determine the L.C.V of liquid Octane CsH1s
Solution:-
L.C.V=-AHo
CsHas + 12.5 Oz -- 2 8 CO2 + 9H20 (vop)
AH298 = mAh298 = >p m hig - >r m hrg

= [8(-393522 + 9(-241827)] - [1(-249952)+12.5(0)]

=-5074667 KJ/Kmol

Hence L.C.V. =5074667/114 = 44514.6 KJ/Kg
Where 114 is the molecular weight of octane (12*8+1*18=114)
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*Combustion Efficiency: - The combustion efficiency is defined as the ratio between the
heat transfer and work out put & the energy of the fuel supplied which is equal to its
lower calorific value .i.e.

nco = heat transfer / fuel energy supplied = g/L.C.V

neco = work output / fuel energy supplied = W/L.C.V

Example-1-:- Liquid octane fuel and air are supplied to an industrial heater at a
temperature of 300K. The burner operates at atmosphere pressure and excess air of 25% is
used in order to ensure complete combustion. If the flue gas leave the heater at a
temperature of 400K, estimate the heat transfer occurring in the heater (per unit mass of
fuel) and hence determine the efficiency of combustion.
Solution:-
The actual chemical equation is:-
CsHis +[12.5+(12.5*0.25)][O2+3.76N2] ----- - 8CO2 + 9H20 +3.12502 +58.75N2
Q;W = AH

0
Q=AH
AH = (Hp4oo — Hpzs) + AHo + (Hp2s— Hpaoo)
AH = >p mi h 400208 + AHo + >r mi h 298300
Yo mi haoorzes = 8(4008) +9(3452) + 3.125(3092) + 58.75 (2971)

=535141.87 KJ

AHo =>p mi hro- >r mi ho
= [8(-393522) + 9(-241827)] — [1(-249952) — 12.5(0)]
= - 5074667 KJ

YR mi h29s300

1- For CsH1s 298300 = nCP (298-300) = 1*195.1*2 = -390.2 KJ
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2- For O2 h2ggizo0 = [12.5+(12.5*0.25) ] (-54) = -843.75 KJ
3- For N2 haegroo = [12.5+{12.5*0.25)] * 3.76 * (-54) = - 3172.5 KJ
.2 YR Mi h2gsrzo0 = -390.2 — 843.75 - 3172.5
=-4406.45 KJ
.2 AH =535143.87 — 5074667 — 4406.45 = - 454392.5 KJ
q=Q/m =4543929.5/ 1* 114 = 39859.03 KJ/Kg of fuel
L.C.V=AHo/ m =-5074667 / 1*114 = 44514.622 KJ/Kg

.2 eo = 39859.03 / 44514.622 = 89.5%
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