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ENERGY SOURCES

L1 INTRODUCTION

One of the greatest achicvements of man since the beginning of civilization
has been the discovery and control of fire. Fire has also played an important
role in the birth of chemistry as a science. Peking man is credited with ths
discovery of fire seme 250,000 years ago. Empadocles (500-430 8.c.) pro-
posed that fire was one of the four elements, viz., air, earth, water, and fire,
that made up the universe. Man buried wood to heat his cave and cook
his food, and later Icarned to make bricks and smelt matals from their ores
by the use of fire. When coal, oil, and gas were disrovered, they wete used
by him to produce mechanical and electrical power, These provided man-
kind with transportation and added comforts, .

Wood remained the chief sourcs of encrgy till the beginning of the
ningteenth century. Even in the USA during thg early years of the nine-
tecnth century, more than 90% of the energy demand was met by wood,
Fossif fuels were in use for purposes other than Ieating and cooking as
far back as 5000 to 6000 p.c. During ths Babylonian empire (2500-538 B.c.)
crude oil and asphalt were used throughout the Miiddle East. The Chinese
were perhaps the first to use coal around 1100 B.c. The other sotirce of
energy, apart from fuel and animal power harnessed by man, were wind
power (A.D. 1300) and water mill (a.p. 1000). By aD. 1600, more than
10,000 flour mills were in use in Great Britain alone. The use of these energy
sources, viz., wood, wind power, water miils, and animal power prevailed
for many centuries till the invention of the steam engine and the beginning
of the industrial era of the eighteenth century. After this the use of coal
started increasing at a tapid rate. Around the beginning of the twentieth
century more than 837, of the energy demand was met by coal. In the first
half of the twentieth century, the use of fossil fuels increased at a steady
rate. The use of coal remained at an almost constant level while the usc -
of crude and natural gas filled the gap for the ever increasing energy demand,
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4 FueLs aNp Commustion

TABLE 1.1 Various Prirnary and Secondary Fuels

Primary fuels Secondary or derived fuels
Solid Liguid Gaseons

Wood Charcoat Methyl alcohoi Producer gas
Peat Peat-char Motor spirit, oils Producer gas
Lignite and Briquettes Semi-coke Motor spirit, oils Producer gas
Brown coal
Coal Briqueites pulveri ed

coal

Dil-coal  mix tures

Seini-coke Motor spirit, oils, Town-gas, Cohen
tars, pitches oven gas, producer-
zas, Waler-gus
Coke Blast furnace gas
Feirolemn Petroleunivoke Motor spirit, kero-
sene, diesel oil, fuei
Rl

HECoai mixture

Natural gas Gasoline, syothelic  Compressed butaiie,
iuels etc. “calor gas™

(il shaies, torbanites, Motor spirit, kerosene,

boghead coals diesel oil, fuel oils

Fruom G. W. Hinus, The Elemenss of Fuct Techriology, 1958,

total reserve and production of coal for various countries of the world are
given in Tables A.1 and A2

With the increase in the price of crude, the consumption of coal is ex-
pected to increase at a faster rate than it had been in the past. The demand of
coal during the first half of the twenticth century remained more or less
constant but is expected to increase in future. It is estimated that coal can
meet its demand for another 2300 years.® However, if coal is used for the
production of oil in (uture and nuclear energy and other energy sOoUrces are
not developed as expected, then the above estimate may prove to be entirely
wrong. The reserves of higher ranking coals, i.e., anthracite and coking
bituminous coals are less as compared to the low ranking bituminous coal
and lignite. On the other hand, the demand for high ranking coals is more
for metalturgical use and for use as fuel. By pulverising and briquetting,
low ranking coals can also be used efficiently as fuel, India has about 4000
million tonnes of coking coal and the present consumption of such coal
for metallurgical use is about 17-18 million tonnes per year. It is expected
that metallurgical coal will last for about 75 years while the other low ranking
coals are sufficient for about 1000 years.® Because of the cheap price of coal.
so far much attention was not paid io improve the efficiency of the coal
consuming equipraent. It is estimated that the overall efficiency of coal

INERGY Souwces
consuming plants on an average 1s only about 18%, There is therefore, much
scope to improve the efficiency of such equipment.

Crude Oil i

The reserves and the present consumption of crude oil presents a most
gloomy picture. The total reserves of crude petroleum for the whole world
estimated in the year 1972 were 76,800 million tonnes as against an annual
consumption of 2,527 million tonnes. With the steady increase in demand
it can be seen easily that the total crude reserves will not be even sufficient
for the next 30 years. Table A.3 gives the total reserves and production of
crude oil for various countries of the world.

The picture on the Indian front is zlso not rosy. The total reserves at
present stand at about 123 million tonnes including the offshore reserves.
The present consumption is about 2! million tonnes per annum. So our
total teserves of crude could be consumed in only about six years
time. But at present we are producing only one-third of our demand, and
the Test is met by the imports: though it is planned that by 1981 or so,
India will become self-sufficient. Apart from ihe proven sources, geologists
have expressed the view that India has 26 sedimentary basins of which only
nine have been explored. Soviet geologists  have even estimated that India
has 1,24,000 km? of prospective area in West Bengal, Tamil Nadu, Kerala,
Gujarat, and Maharashtra. According to them Calcutta is perched on vast
fields containing oil and gas. Oil and gas fields in the Kavery basin extend
to 15 km on land and 30 km inside the Bay of Bengal.!

For the whole world, the consumption of crude increased at an annual
rate of 7.5 from 1960 to 1973. In 1974 the total consamption went
down as compared to the figure of 1973, and it went down even further in
1975. It is expected that due to the increased price of crude, the consump-
tion of crude oil will increase at an average rate of 5% from 1975 to
1985,

Natural Gas

The use of nawural gas is increasing at a rapid rate. The USA has many
large gas ficlds and is consuming a large amount of natural gas. Its share
in total energy consumption is also increasing rapidly. Thetotal world
reserves of natural gas are estimated to be around 54,100 thousand million
cubic metres. The Indian reserves are estimated to be about 44,000 million
cubic metres against an annual production of 693 million cubic metres.
Natural gas resources of the world are expected to last for about 38 years
or so. Table A4 gives the reserves and production of natural gas for various
countries of the world. .
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Wind Power

Wind power was used for driving flour mills in many parts of the world, For
many years wind power was harnessed for driving the ships that were sailing
around the world. However, with the cheap availability of coal and electric
power, and with the increasing cost of wood and steel, i.e., higher.cost of the
wind mill, its use has now become restricted to isolated places where elect-
ricity or other fossil fuels are not available. Because of the increasing fuel
cost, interest has once again been generated for the improvement in the
design of wind mills, especially for the areas where higher wind velocity is
available for a considerable period of time. However, this is not expected to
make any significant contribution in the near future.

Energy from Oceans

The oceans are full of energy in the form of tides, currents, and thermal
gradients. Oceans energy is quite diffuse in nature and its tapping is at present
uneconomical, but as in the case of solar energy, it is free from pollution
and is available in abundance in coastal areas. It is estimated that the tides
and tidal currents have a power of about 3 10* kW. The best opportunity
for using encrgy from the oceans lies at present inutilizing the tidat energy
source,

Tidat Power

The water level at the sea coast changes twice on each lunar day because
of the changing pesition of the moon. This water can be trapped at a higher
level and then reguiated to convert this potential energy to some other
useful form. The difference in the lengths of the lunar and the solar days
gives rise to the spring (or maximum amplitude) tide and neap (or minimum
amplitude) tide. When the sust and moon are nearly in line with the earth,
a spring tide results, and when they are 90° out of phase with the earth,
a neap tide resulfs.

Normally, in an open sea, the difference of level of the high and low tide
is only about two-thirds of a metre, but at many selective sites, it is more
than two metres, e.g., at the Bay of Fundy on the east coast of Canada, the
tide move: as high as 15 metres due to its deep and resonating narrow basin
that resonates.

Tidal encrgy is only now attracting attention, although it was tapped
as early as the eleventh century in Europe for small mills. The Rance river
240 MW capacity plant in France was completed in 1966 using a tide range
of 11 metres. It utilizes both the upstream and downstream tide to drive
a reversible axial flow Kaplan turbine producing 160 MW of power, In
Kislaya Bay, Russia, a small 1,200 kW plant was installed in 1966. Russians
are now thinking of installing a 6,000 kW station at Mazen Bay on the Arctic
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coast while in the UK 2 4,000 kW project is proposed on Severn estuary,
Canada is also considering installing a plant in the Bay of Fundy.
Because of the large initial investment, the power generation cost from
the tidal sources is at present about 2.5 fimes as compared to other con-
ventional sources. Although tidal power utilization is not going to make
any significant contribution to the overall energy demand, it has potential
to narrow the gap between the demand and supply of energy in the futyre,

Ocean Thermal Energy Conversion

A thermal gradient always exists in the oceans at a depth of about 500 to
1000m. A temperature difference of about 15 to 20°C is available from a
warm surface to cold deep water. This natural temperature difference can
provide an inexhaustible source of energy especially in the tropical oc ans,
and can be utilized to operate a Rankine cycle working with fluids ke
ammonia, Freon-11, propane, etc. System studies have shown that the
Occan Thermal Energy Conversion (OTEC) power plant can operate giving
a cyele efficiency of about 2.5%. At present the major difficulty posed is the
very high cost of large heat exchangers which transfer heat at low tempera-
ture differences, and a suitable fivid to operate the cycle.

Geothermal Power

As we go deepor and deeper inside the earth, 1l temperature  corres-
pondingly becomes higher. At a depth of about five km from the surface
of the earth, the temperature is avound 120°C. At many places the geother-
mal energy manifests itself in the form of natural hot springs. Very hat
springs along with stcam also appear in many places, This Nergy can very
easily be utilized to generate power. The cost of power from geotherma]
sources is appreciably less compared to the power from thermal and nuelcar
sources. The total heat reserves of the earth are more than 100 miilion times
the total reserves of the fossi! fuels on the carth, However, at present, gedther-
mal energy can be tapped only at places where it is available at ground level,

In H_.E‘anﬂ.a:. Ttaly, a 400 MW geothermal power plant has been in opera-
tion for the past 60 years. A second commercial plant of 145 MW capacity
was installed in New Zealand in 1958, Other commercial planis operating
at present are the Geysers power plant of 500 MW capacity in California,
a 30 MW plant in Matsukawa, Japan, and a 75 MW plant in Cerro Prieto,
Mexico,

According to one geothermal study, 20,000 to 30,000 MW of power
can be produced in California’s imperial valley alone, In India also there
are many hot springs near Mimalayas and in certain parts of Gujarat,
Maharashtra, and Bihar, but it is not possible at present to use them for
large scale production of power,
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12 Fuets sno Compustiow

The first two alternatives pose no problem regarding their use. A synthe-
tic fuel blended with gasoline can be used directly in internal combustion
engines. However, the use of a pure synthetic fuel would require little modi-

fication of the engine. Hydrogen gas can aiso be used as engine fuel, but
further studies are needed for its handling,

ur

F

k1

Crude price $ per barrei——

o 1 L i i ] i
1968 19570 mr2z 87 1976 918 1380
Year—=

Fig. 1.1—Middle East crude oil prices;
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Ethenol

Ethanol (ethyl alcohol) is produced by the yeast fermentation of a varicty
of carbohydrates such as saccharin (sugarcanes, sugar beets, molasses, and
fruit juices), starch (cereals and potatoes), or cellulose (wood waste sulphite
liquor). Fermentation yields ethanol and carbon dioxide. This process is
completed in about three days. The raw material can be grown specially to
produce ethanol. The concentration of alcohol is of the order of 10 to 20
which is increased by distillation, Similarly, butanol can be produced from a
variety of raw materials.

Methano!

Methanol (methy! alcohol) can be produced {rom coal by its liquification,
by pyrolysis, or by its reaction with high pressure hydrogen. This will result
in liquid fuel in a similar way as described for the production of liquid
fuel from municipal waste. Methanol can also be produced by the gasifi-
cation of coal to give carbenmonoxide and hydrogen, which can later be
converted 1o a liquid hydrocarbon by the catalytic process.

In South Africa, synthetic crude (syncrude) is being manufactured since
1955. The present tate of its production is about 3,660 billion barrels of
gasoline and about 90 bilijon barrels of diesel fuel per day,

Hydrogen

Hydrogen gas is produced either by the electrolysis of water or by the
thermochemical splitting of water. Electrolysis of water needs electrical
energy. The common installations give about 1000 to 50,000 m® of gas per
day. They operate usuaily at 60 to 70% efficiency. Some high pressure elec-
trolyzers have achieved an efficiency up to 859

Hydrogen as an alternative to gasoline has the great advantage of almost
eliminating the undesirable pollutants. Liquid hydrogen is used with liquid
oxygen as a propellant for rockets and space vehicles. Combustion of hydro-
gen in internal combustion engines increases the efficiency by about 50%
as compared to gasoline. The carburetion of hydrogen is also very simple,
but a major drawback is in its storage and handling.

Hydrogen can be stored or transmitted in gaseous form, but being very
light, it occupies a large volume. In the liquid form, at temperatures below
—253°C, hydrogen would require super-insulated cryogenic containers. It
can also be stored and transferred in the form of metal hydrides. Metals
such as vanadium, niobium, and alloys such as the compound LaNi;, when
exposed to prossurized hydrogen can store more hydrogen gas than the
volume of its liquid. This gas is released on heating the metal, but these
metals are very expensive.



‘wontsodap ms wp g paymsal oz
OUIOS S[FA TP JO SINS3I 33 ale SP[AY |ROT 21} JO WEE AT ) YINgm Uy
SRR I3 -WOLL 213yp PIYMIP SWRIS (803 oy Fusodwod [BLIFEWL ‘{1091
«JHP,, 97} pUOdIS oy 01 FWIPIONY  pojE|nunoe  SUIBUIAL I3 2I5YM
pue mesd syueid [ewiduo oy yomgm wo 9IS A} $S9[ J0 aroul Adnodo swress
[rOD JBY) SAws Aoy} mps w10 sop[d-ui-yymosd oy ‘p80y SYL  csulmas
[FOD JO UITHO JO SepOW 9Yj 0y SE piemioj md UID( QABY SILIOSY) OM],
W 00f UsA2 JO IOPIO 3} JO 9q AR SOWNISWIOS
PUE WI (7 01 O] Wolyy A£rra KBl SISRUNDIY) AL *$SIUYOTY] 1ojeaId onur
Jo Ajensn jng ‘ed4) 1IY 3ty Ueyy aalsua)xa ss3f ‘sysodep poje[ost alow Jo
SISISUOY oy B0 Jo 5dA PuOdIS Y] SANAW IOy padoxs UIoOp[as 8assol
TIPIUY qIng  CSSIW[IN) S1RISPOW puk JUNXS JuF Jo UOES ‘SUIROS [rOD JO
audnbas ) s1 s oYy, syrsodap Jo s3dfy urete om ur anaoo sweas ro)
SRIMXIWPE SB PUNOY dfe s[elaew dfurdiour oq, ingdins
pue usjonuu jo suonrodoad sounu gy wsdixo pue ‘uadoipiy ‘uoqied jo
Ajteiu sysistoo 1f  csxeak o stoR[Iu AUBW o 951n02 Ay FurLinp safuryn
[ROSAUd P [EoIUsyd  jo sares xopdwod SUOTIAPUN SB[ YINM SLIGap
SqEIBaA WHOTf PIALIIP YIOL HQTISN(IUOD AIBIUIUNPOS MG ULy B ST [0}

TYOD Y NIDIHG Y

ad Ay Lewid sy jo e £op STFULIND0 At o sjong nrjos aig J0
WOW pisard e pilom ay jo Spaannbar A31005 jwjo) oy o % of A
Iordde Aiddny ppps sjang pijos ‘aqqupe e Arsea pun duayd arw L1y aspeadg
W spny snossed pue pinbip i aadwos ouums S[ony PIOS aloyar
SOJBLLING POzts [[RUIS )i S[AR] NI PUE Updpd 10) U 0F 07 1 PUIL) WIBPOLU
UL SNy prios ayy jo M3 B 3| M2 e fleonieyd oo “ead ‘poom

STANA dI'TOS

.

EL6T
N PONUM yeog a0ad ppansing SuoHbN Palnin

BL6] YA MON ‘UIsed
ADIIAN “HOISU24H00) AJIaUT Of uotemposuf WY PRSI IOYI0UR DUR IUIEPEY "A
QLG IOK

NIOX MON UCHTEINONG  SUC

CMON ARDANOQY WOuDUIIXD GF MDD AL 1jDALAHG JOf AR U5 NIV VOS[tAL

"8G61 TOPUOT ‘I PYREOIT *AFfouyda L N, [0 Suaulg AL ‘SNUIE "M "D
(06EE) ZET "9461 ST ‘KB “a2sa1i0)

1) 60 CLGT LT “100 Sishuonoag

(€D TIAX “SL&T ‘T 'QUNE “sawr [ porusnpuy

SHONAYIITA

NOILLSNEWNOD) ANV §T30

]

— el e



16 FyELs AND COMBUSTION

Genesis of Coal

Geological studies have proved that coal is of plant origin. 00.32&@
of wood to coal occurs because of the prolonged action of bacteria, m..im_.
temperature, and pressure. The degree of change of chemical composition
of coal, within the series of fossil fuels from peat to anthracite, is known
as its rank. Peat is of the lowest rank or belongs to the first stage of conver-
sion 'of wood to coal, while anthracile is the most mature form of coal.

Formation of Peat from Wood

The principal chemical components of wood are: cellulose ?B.v_:n.m_
formula n(C,H,,0.)] 45-65%; lignin 25-35%; water and proteins in
solution 10-15%; and waxes and resins 0.5-15%. Table 2.1 shows the
analysis of wood,

. TABLE 2.1 Analysis of Wood

Muarterial - FPer ceny o
Moisture (material as founa) 30-60
Moistute (air-dried material) 10-15 -
Dy, ash-free material;

Carbon 50

Hydrogen [

Oxygen 43

When wood is subjected to bacterial processes, under nearly stagnant or
slowly moving water, cellulose, lignin, and protein are partially a%w:%omoa,
and their residuals combine to form producis of varying composition that
resemble humus, called humic acid. Humic acid occasionally occurs as a
thick jelly, also called dopplerite, after its discoverer Doppler.

A typical analysis shows that peat.contains humic acid (dopplerile) 70-90 %7,
resins and waxes 5-30",. Table 2.2 shows ihe components of peat.

TABLE 2.2  Anuiysis of Peat

Muaterial Per cent
Moisture (material as found) . +90
Moisture (air-dried material) 20-25
Dr, ash-free material: .
Carbon 55-65
Hydrogen 5.5
Oxygen 32

SoLip FueLs 17

The amount of water present in peat varies greatly and may be ag high
as 907;. Near the surfuce, peat is light in colour, but at lower depths it be-
votnes darker and finally black.

Formation of Coal from Peat

The mujor ranks of coal in ascending order are:

Lignile, sub-bituminous, bituminous, somi-anthracite, and anthracite. The
burial of peat under a thick layer of sili stops plant growth and eventually
slops baclerial action. The gradually increasing weighl of the dccumulating
ayer of carth above the buried peat causes waler to be squeezed out with
the consequent consolidation of peat. The pressure increases because of the
1 tiiehness of deposits, and because of e movements of earth, a
bueral pressure 16 couvsed,  The temperature of peat alse increases
with Incrensing depth.  This high pressure of the order of o few kgiem? to
bardeeds of kgiem? ang temperature (not excecding 300°C), with changing
ve {from 10 108 vears (oe mosi brown coal to 300 108 years for most
mauture anthracites causes  varying degree of metamorphosis, increasing the
k Teom hignite (o

ithracite,

Creasigy ra cod doses moisture, hydrogen, nilrogen, sulphur,
tter, widle carhon content and calorific value of codl increases

Hig propertics of coal also increase over 4 gerlain

_r_xc:_::,_:mm.ricg_.c__._.:_.n:_c::_.n:m__ b.H.c:_,.,.:c;m:o_
According w0 Renauit (1900)

(Call O CHeO 1 7CH, - 8CO, 4 31,0

. ose - bituminous coal 1 methane -+ carbondioxide - water
According to Puyv (19103

Wl 000, CoHa Gy - 3CH, | SHLO -1 oCO, -1 CO

Cellwiose— >lignite

CaldOu)s -+ CaHlagOy 1 SCH, 1 10K - 500, + CO

Cellulose—-+bitwminows coal .

The changes occurring in he serics wood o anthracile, according to
Meott {1942), are shown in Table 2.3, .
From the reuctions given in Table 2.3 il can be obscrved that the rate of
methane evolved increases rapidly from biluminous coal Lo semi-anthraciie,
and from semi-anthracile to anthracile. This resuits in a [all of ihe hydrogen
conlent o coal.  These reactions aceount Tor large quantities of methane
(fir - damp) associaled with coal mings conlaining carbonaceous coals and

anthracites,

22 ANALYSIS OF COAT,

Coal iy composed of carbon, hydroger, nitregen, oxygen, sulphur, and inor
20 43-45/1979)
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20 FUELS AND COMBUSTION

Typical Composition of Solid Fuels

TABLE 2.4,

Hean'n;ralue,

Ultimate anatysis, %

Proximate analysis, %)

kecal/kg

As re-
ported  basis

é‘a:ban

Dry

S Ash

Ng

Q.

Ha,

st
carbon

Volatile Fixed

mialier

shire

Moi-

4620

0.4
0.3

0.1

43.3

6.0
7.0
9.6

50.2
52.6

¥

40.1

Pine, dry
Peat

4630
6110

1.3 04 6.0 20060
6.2 - 4000

0.7

59.6

11.2 6.0 23.1

30.8

26.0

Lignite

0.7

8.2

4R

Bituminous coa:

3225
8050

1.8 6.2 7950

1.1

24

4.9

20.5 70.0

3.3

Low volatile

779"

6755

7.2

1.0

vy

5.2
164

50

80.1

oy
i

67.9
48.7

21.8

Medium volatile 3.4
High volatile
Sub-bituminous

coal

7353

7.0

o

1.4

ey

08,4

2.0

8.2

7000

4.0 5625

0.0 296 0.3

38.&

4.0

© 459

0.5

7700
7700

6.9 7520
9.7 7470

0.5

0.8

2.9

.7

3

Anthracite

0.7

1.1

4.7

3.6
0.8

3.4 789

3.0
0.8

Semi-Authracite

7100
6440

7050

10.7

Lo
0.6

o

1-2
11.2

87.1 0 85.0

1.4
42

Coks, by-product

Coke, breeze
Charcoal

5665

18.0

0.9

G6.5

18.0

65.8

12.0

7150

6280

3.0

12.0

With- permission of Mc Graw-Hill, from M.L, Smith and K. W, Stinson; Fuels ard Combustion, 1952, P 13.

Sorm Fumis g4
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of coal. : .

Swelling or Caking Test

The caking or swelling property of coal is usuzlly measured by the crucible

72 mesh B.S. sieve, is rapidly heated in a.crucible, above -a: burner flame, to
820°C. Afler. the flame fram the burning volatile matter has died out ot
after 24 min, whichgver is the greater period * of time, the crucible is cooled.
The coke button is removed and compared with standard numbered profiles
from one to nine in half units. The result is recorded as “swelling number”
or “free swelling index™. k ,

In the Roga index method, the known weight of coal and standard anthra-
cite are mixed in a crucible and carbonized. The resulling coke is examined
in a Roga drum for ifs resistance to abrasion,

The Gray-King assay test is also carried out to observe the coking pro-
perty of coal. In this test, 20 g of the ceal sample is slowly heated in a
silica tube to 600°C. After cooling, the coke is compared with standard
profites numbered A to G. If the residue remained is a powder, it is classi-
fied as A. Stage B is classified as non-caking, C and D as weakly caking
while E, F. and G are classified as medium caking. Strongly caking coals
swell and are designated as G, G,, eic. to Gy, the suffix indicating the
number of grams of inert carbon which must he blended into a 20 g charge
to pive zero swelling.

The Audibert-Arnu test is only carried cul for coals cotresponding to
type G to G, of the Gray-King assay test. In this test, a peacil of com-
pressed powdered coal topped by a sicel piston is heated at a rate not ex-
ceeding 5°C/min. The percentage dilation is calculated from the observed
movement of the piston. The relation between the Gray-King assay. test
and the Audibert-Arnu test is:

G, to G, gives a maximum dilation from 0 o 609,

G, to G, gives a maximum dilation from 60 to 1309 |

Gsto Gy gives 3 maximum dilation from 130 to 4009,

The Roga index correlated with the Gray-King assay approximately 4
Index 0-5=A-B. 5-10=B-D, 20=G, 45=G,.

L

Ash Fusibility Test

In this test a moulded cone of ash is heated in a mildly reduging atmos-
phere. The deformation temperature is the temperature at which the tip
rounds, and the hemisphere temperature is the temperature at which the
specimen subsides to a hemispherical lump. )

L
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24  Fuers aNp COMBUSTION .

Lithotype or rocktype

A macroscopic component of coal equivalent to the banded component,
viz., vitrain, clarain, durain, or fusain.

Maceral

Elementary homogeneous chemical entity identified through a microscepe.
They include vitrinite, resinite, fusinile, efc., with their name terminating
with “~inite”,

Micro-lithotvpe

An association of macerals present in a coal band of maximum width of
50 microns. Then name termination is “-ite”, e.g., vitrite, clarite, durite,
fusite, etc.

2.5 CLASSIFECATION OF COAL

Coal is ordinarily classified according to rank. Most classifications are based
upon some property of coal which varies with increasing maturity or rank
of coal. The systems of classification fall into iwo categorics; scientific angl
conimercial. For scientific classification, the proporty used is iho ultimate
analysis which gives the elementary composiiion of coal in rerms of per-
centages by weight of the elements present, viz., carbon, hvdrogen, oxygen,
nifrogen, and sulphur.

For the classification to be used and developed for commercial piirposes,
the property used is the proximale analysis which gives percentages of
moisture content, volatile matter, ash, fixed carbon, and sulphur in coal
plus calorific value in cal/g. Classification by the National Coal Board (NCB),
and the Economic Commission of Europe (ECE) also includes the coking
properties of coal. .

Most scientific systems of classification are based on mineral matier free
or moisture and ash free basis. The simplest method for deterthining the
amount of mineral matter present is to determine the ash and sulphur con-
tents and to make corrections for the changes taking place in these during
combustion. The Parr formula for calculating mineral matter is:

Total inorganic matter— Moisture--1.08 ash 4 0.55 sulphur
where moisture, ash, and sulphur represent the percentages of these subs-
tances found by analysis of the coal.

Another formula for caleulating the mincral matter is:
Mineral matter=1,13 ash -+ 0.5 Spyr + 0.8CO; - SOz0al
— 1.1 803ash-+0.5 Cl.

Where
Spyr == %, pyritic sulphur in coal

A

_
|
|
i
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CO, = % carbon dioxide, as carbonate, in coal
SO ,ash == % sulphate in ash from coal

Cl : == % chiorine in coal.

80 3coa; =%, sulphate in coal.

Methods Based upon Ultimate Analysis

Regnault was the first to give a satisfactory classification based on ultimate
analysis in 1837. In 1874, Gruner modified Regnault’s classification, In
1911, Gruner’s son with Bousquet modified the earber classification, and
divided coals above the rank of lignite into six classes, based upon their
carbon contents. He drew up a table in which the principal features of the six
classes were defined in terms of hydrogen, fixed carbon, volatile malter,
calorific value, the nature of fhe residue obtained on carbonization, and the
behaviour of the coals during combustion. In 1907 Grout plotted the ulti-
mate analysis of a large number of coals, calculated according to the ash-
free-dry basis on a tri-axial diagram and found that the humic coals lie on
a narrow band, while cannel coals which are rich in hydrogen lie well above
the band. In 1915 Ralston confirmed the observations made by Grout. He
found that coals of equal volatile matter and equal calorific value fall on
approximately straight lines, inclined at an angle to the C, H, and O axes.

Seyler’s Classification
Y

In 1900, C. A, Seyler pave a classification of coal depending upon the ob-
servatien that if the elementary composition of coal, carbon, and hydrogen
on the basis of dry mineral free is plotted on a chart, then there is a close
relation between their composition and properties. On rectangular coordi-
nates, representing ) carbon and % hydrogen on “pure coa! basis™ (C+ H
~+QO==100), he found that all normal high rank coals are placed in a narrow
band between C—75 and 95° and hydrogen from 3 to 5.7 % within a maxi-
mum width equivalent to 0.7% hydrogen. He also found that except for
anthracile, volatile matter and calorific value will also serve approximately
as coordinates for the same points, provided that these alternative coordi-
nales are set at an angle to the C—H coordinates. Amny coal falling above
this band are called per-hydrous and those below the band are called sub-
hydrous. Seyler also devised mathematical equations to express the relation-
ship between carbon, hydrogen, volatile matter and calorific value. He
later added lines of equal caking characteristics 1o his chart. Seyler’s chart is
givenin Fig. 2.1, Table 2.6 gives the important features of Seyler’s classi-
fication.

Methods Based upon Proximate Analysis

The classifications based upon proximate analysis were developed for inter-
naiional trade. There are three major classifications, viz., the American
Standards for Testing and Materials (ASTM) classification developed
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28 FUeLs anp COMBUSTION

three groups which have a fixed carbon content greater than 86 are called
anthracites while the last two containing fixed carbon between 69 and 78 A
are called bituminous coals. The remaining bituminous coals, sub-bituminous
coals, and lignites are then classified according to their calorific value.
These are divided into eight groups: thres groups of bituminous coals, three
groups of sub-cituminous coals, and two groups of lignites. Table 2.7 gives
the details of classification according to rank.

The classification according to grade is shown in Table 2.8 giving the ash
softening temperature, sulphur contents, and size of the coal.

TABLE 2 8—Classifieation of Coals by Grade

All values reported on as sampled basis

I. Slze Rnﬁ.wmmrm: (¥ x xin): .
y=upper limit (large sizc): The smallest screen which retains less than 5% of
total gample

x=lower limit (smali size); The largest scteen which passes less than 159, of
total sample .

Large screens: Plates containing round holes of designated size, § in. max.,
3/8 in. mnin.

Small sieves . Woven-wire cloth square openings. Sivx of opeRing | (1/sieve NoJi—
wire dia,] in. No, 4 max., No. 200 min.

(Surface moisture dried off coal belore screen tests, il presents

2. Ash-content designalion (value to nearest 0490

% Ash* 0 405 605 8.05 10.05 12.05 1405 1605 1805  70.09

f !

A3 ~ A0 | AL2
i

Symbol- ... A4 A6

ﬁ k .
Al4| ate _>: _Ei A20 +
| 1

3. Softening Tenmperature of Ash {value to nearest Hoo.mu H
........................ v 20000 2195 2395 1395 2795
!
{
|
i

: 1
Symbol e R _ F20 - \ F0 | F22 % F24 F26 F28
— | S S N
T4 Sulphate content {value to nearest 0.19%,) : h
e s o 0T 105 135 165 205 305 5o

f

Symbol ‘ 50.7 ﬁ $1.0 “ S 13 \ S 1.6 _ $20

$3.0 ‘ S 5.0 _mm.m.

5. Calorific value® (nearest whole Btu per |b divided by 100).
=Samples having border line values are classed in a bigher bracket,

o With permission of American Society for Testing ani Malerials w...cE A.wwu.a,,.
D-389—37,

Size grade gives the upper and lower limiis of the screen size belween whicl:
more than 80797 of coal lies. The heating value symbol gives the heating
value of coal in hundreds of Btu to the nearest bundred, e.g., symbot
“132" represents heating value belween 13,150 to 13,249 Btu/lb. Classifi-
cation by grade may be expressed by a combination of five types of symbols,
viz,

432 in., 132-A 8-F 24-§ 1.6

Sovm Fukts 29

The above example indicates a coal size so that 807 coal will pass
between screens of 2 and 4 in. size, which have a calorific value of 13,150 to
13,249 Btu/lb., an ash content of 6.1 to 8 /o> an ash softening temperature of
2400 to 2590°F, and a sulphur content of 1.4 io 1.6%;, .

The symbols may include classification by rank, e.g., 62—146, 4X2 in.,
132—A8-—F24—81.6 will also indicate & high volatile bituminous coal
analyzing approximately 62% dry mineral matter free fixed carbon which
had a heating valuz of 14.600 Btu/ib.

NCB Classification
The NCB classitication is based upon volatile matier, expressed according
to the dry, mineral matler free basis and the coking power of clean coal

confaining not greater than 109, ash. The classification by volatile matter
yield is:

Anthracites Less than 9.1Y%,
Low Volatile Steam Coals 9.1-19.5Y%,
Medium Volatile Coals 19.6-32%,

High Volatile Coals . More than 329
Each of these four main classes is sub-divided according to the caking
properties of the coals dssessed by the Grav-King ceke tvpe assuv. Table
2.9 gives the defails of NCB classification.

ECE ot International (lassification

According to the ECE classitication, coals are first divided into nine classes.
These are further divided according to coking and caking properties. The
lirst five ¢lasses contain coals with volatile matier (dry ash free basis) upto
33%. The coals having volatile matter greater than 339 are divided into the
remaining four classes according to their gross calorific value o1 moist
ash-free basis. The classes of coals are sub-divided into groups according
to their caking properties. A broad correlation exists between the crucible
swelling number and the Roga index which represent the caking properties,
and either may be used to determine the group number of coal. These groups
are further divided into sub-groups upon their coking properties, determined
by the Gray-King coke type or Audibert-Arnu dilatometer number.

A system of three digit code number is used as shown in Table 2.10. The
first digit represents the class number, the second digit the group number
and the third digit gives the sub-group number or we can say the second digit
represents the caking index and the third digit gives the coking index. The
distinction betwecn caking and coking properties is in the rate of heating:
high rate of heating gives caking propertics, while slow heating gives coking
properties,

Brown coal and lignites sre classified as those having a calorific value on
moist, ash-free basis of less than 10,260 Btu/lb (5700 keal/kg). These are
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32 Fuers AND CoMBUSTION

classified by a code number which is a combination of the class number
and group number. The class number represents the total moisture of the
coal as mined and the group number represents the percentage tar yield from
the dry, ash free coal.

2.6 OTHER SOLID FUELS

Wood

Wood is still extensively used as a fuel for cooking and house heating in
tropical and developing countries, Wood is used in its natural state or as
waste in the form of wood shavings, saw dust, scraps, etc. Wood charcoa!l is
also used for heating. : .

Wood is classified as hard and soft wood. Hard wood refers to a bolanical
group of trees which have broad leaves. Soft wood or conifers refers to trees
which have needle or scale-like leaves and remain evergreen for most part
of the year. The presence of consiclerable quantities of resins and oils, ¢.g.,
in long leaf pine and cucalyptus tend to raisc the healing value of wood.
Generally, soft wood burns faster than hard wood.

Freshly cut wood contains approximately 25-30 moisture. In  air-dricd
fully seasoned wood it reduces to 15—20 %. The composition of wood gives
approximately 15—.20% moislure, 40 =303 cellulose, 0.4—2%7 resins and
waxes, 2—4% soluble waler, and approximately 30% lignin. A typical
Proxiraate unalysis of dry wood is as follows: Volatile matter, 81.5%, Fixed
carbon, 17.5, and Ash 1%. The ultimate analysis and calorific values of
typical wood are given in Table 2.4, The calorific value of pure cellulose is
4150 kealikg. The measurcment of molecylar weight of cellulose indicates
values of 16,000 to 2,000,000, the Jower values, suggesting some degrada-

tion in the process of preparation. The basic configuration of céllulose is
shown in Fig, 2.7,

H GH CH.OH

NN AT TN AT
:\ V:Mo: n.\ /rcl_ /M....: ou:\ /: :\ Wmo: c\ /o
Fig, 22, )

Within the cells of wood and at their surface are compounds like tannins,
starches, Bm_.:.m, oils, dyes, aikaloids , and sugars.
Weod Charcoal

When wood is burned in a closed retort with insufficient air, the volatjle
wmatter is driven off lcaving behind charcoal as residue. The charcoal intended

it
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for use as a fuel in the blast furnace is made from cardwood by low tempera-
ture distillation in by-product retorts, in brick kilns, and formerly in heaps
covered with carth called *“‘meilers”. The yield of charcoa! in meilers is less
than 209/ while in metal retorts is about 35 %. Typical proximate and ultimate
analysis of charcoal is given in Table 2.4. The charcoal has an average heating
value of about 6,000 kcal/kg. It ignites and burns easily without smoke.
Charcoal is also used for both absorption and adsorption. It is porous
in nature with a large surface area.

Coke

Coke is a fused cellular porous structure that remains after the free moisture
and the major portion of the volatile matter have been distilled from coal.
It is produced by heating coal in absence of air so that coal decomposes
thermally. The process is known as carbonization and is similar to pyrolysis.

Coal is carbonized in coke ovens in horizontal or inclined retorts and in
intermittent or continuous vertical retorts. The process of carbonization can
be observed in a laboratory by heating the coal in the absence of air and
raising the temperature at a slow controlled rate. Various characteristics,
decomposition temperature, and physical changes can be observed. The
decomposition temperature depends upen the rank and coking properties
of coal.

When raw coal known as “green” coal is heated, free moisture is driven
off first, followed by carbondioxide, carbonmonoxide, and combined mois-
ture around 300°C. At the critical softening or fusion temperature of around
350 to 406°C, the outer layer of coal melts and creafes a fuston zone. Simul-
taneously, saturated paraffin hydrocarbons (methane, etc.), some unsaturated
hydrocarbons, and hydrogen are also liberated. The plastic layer formed due
to fusion is impervious to gases. Thus a gas pressure is created inside the
lump of coal which makes it swell. This plastic layer moves fowards the
centre with continued heating. On further heating to about 500°C, the
plasti: layer begins to resolidify to form a soft, dull black char known as
semi-coke, At about 550°C, this semi-coke decomposes, shrinks, and be-
comes much harder, This residue is known as coke. The formation of coke
continues upto 1,000°C. During this heating, the coke is further devolati-
lized and its colour changes from black to silvery gray. Shrinking and harden-
ing continues, and the formation of graphite lattice commences. On the
basis of carbonization temperature, coke is divided into three broad classes.

Coke carbonized from 900°C to 1200°C is called high temperature coke,
The volatile product gets decomposed yielding a relatively large quantity
of pas having low heating value, a minimum of tar, and coke containing
graphite form of carbon. Coke carbonized at a temperature below 750°C,
generally between 500 fo 600°C is known as low temperature coke. Low tem-
perature carbonization yields a relatively small quantily of gas which has

3(43-45/1979)
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36 FUELS AND COMBUSTION

Normal Paraffins

Normal paraffins are given the suffix “‘ane”, e.g., methane, ethane, propane,
ctc. The first letter indicates the number of carbon atoms present in  a
molecule. Their general formula is CyHyutg. The term “norma " derives
from the pon-branched nature of the carbon chain of molecule. Figure 3.1
shows the structure of s-butane and n-octane.

paRRERRy
mnnlo_lnToIn_Inloln_lz

RN R

n-butane f-oclane
ig. 3.1

These compounds are usually quite stable and have a lower specific
gravity. The compounds which have a lower molecular weight (methane,
ethane, propane, and butane) are gases at room temperature and pressure.
The medium molecular weight species are liquids (five to sixteen carbon
atorns) while the heavier ones are solids. The properties of various hydro-
carbons are given in Appendix Table A.6. These hydrocarbons are clean in
burning, and are thus desirable in illuminating oils such as kerosene. The
spontaneous ignition point of paraffinic hydrocarbons is fairly low.

Iso-paraffins

Iso-paraffins are isomers of normal paraffins. Their chemical formula remains
the same as that of normal paraffins but the arrangement of atoms is modified.
The isomers can have various arrangements. To specify any particular isomer
a more precise nomenclature is required. The system of nomenclature can
be explained by means of specific examples: 2,2,4-trimethylpentane and
3-ethylhexane. Their structures are shown in Fig. 3.2. To understand the
nomenclature, we sfart from the end: pentane indicates five carbon atoms of
a paraffin molecule, trimethy! indicates that there are three methyl groups
attached - to the main carbon chain, 2,24 gives the number of carbon
atoms i the main chain to which the methyl group is attached. Similarly,
3-ethylhezanc will have a structure as shown in Fig. 3.2. The physical
properties of iso-paraffins resemble those of normal paraffins.

Olefins

Olefins are generally named with the suffix “ene”, e.g., penténe, octene,
etc. They have a straight carbon chain but with one or more carbon atoms
doubly bonded together. Olefins are thus unsatarated hydrocarbons.
The molecular structure of a monolefin and diolefin is shown in Fig. 3.3,
The chemical formula for monolefin is C,H,, while for diolefin is CoHjpu—s.
The monolefin has one double bond while diolefin has twe. The olefins are

(o
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| |
monolefin, 1-octene diolefin, 1,5-heptadiene
Fig. 3.3

usually distinguished by their characteristic odour. They are chemically active
as compared to other hydrocarbons and have good burning characteristics
because they get oxidized and polymerized easily. The thermodynamic
properties of olefins are similar to normal paraffins. Their vapour pressure
is slightly higher, while the specific heat and enthalpy are slightly lower.
But their burning characteristics are quite different. The olefins are present
in large quantities in cracked oils.

Naphtheries

Naphthenes are designated by the term ‘“‘cyclo” in their name because of
the carbon ring in the molecule. In the naphthene carbon ring, only a single
carbon-carbon bond appears. They have the same general formula, CyHs,
as for monolefins but they are saturated. The simplest naphthene is cyclo~
propane, C3H,. The molecular structure of cyclo-hexane. and n-propyl-
cyclo-hexane is shown in Fig. 3.4

=8
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TABLFE 3.1---Yield and Boiling Range of Petrolenm Fractions
P | .
m Distlllare . Boiling range, °C - Yied, 9%,

| Light Gasoline including gases — ' 8
L Heavy Gascline 30 -65 12

¥ Naphtha 65-250 5
Koroseneo 150-250 15
Gas oil (Diesel oil, Fuel oil, No. 2 Fuel oil) 150-400 5
- Resldue (Nos.5 and 6 Fuel oil) 320-540 . 55

DOMESTIC
HEATIRG OIL
DIESEL

ENGINE FUEL

JET ENGINE FUELS
HYDORGCARBON
GASES
INDUSTRIAL
FUEL OIL
LUBRICATING DIL
WAX ~PARAFFIN
ASPHALT

o
w
=
8
z
w

GAS OfL

FINISHED KERGSENE
COKE

king

w
z
<
—
]
)
T
=
I

NATURAL GAS
L.P.GAS
AVIATION GAS
AUTOMOTIVE
GASOLINE

r ma

ao- Cracking

Cracking means the breaking of heavy molecules into lighter hydrocarbons.

In this process, a straight run residue is heated to a temperature of about i

500°C. At this elevated temperature, heavy oils decompose to give lower |

hydrocarbons which have a low boiling range and a heavy residue of coke, |
[

Chermical
purltying
treatment
aviation gasoline
L blanding stogk

| Processas fo

B

Filter
Press

Condenser
nery (After American Petroleum lustitute).

Condenser

Oewaxed lube oil

Chiiler

The cracking process is of two types: thermal and catalytic. In therma!
cracking, the residue of straight run distillation is first heated and compres-
sed to a pressure of about 70 kg/cm? and is then sent to a reaction chamber w_}
where its temperature is increased to about 540°C. The-cracked products iy
are sent to a fractionating column similar to the primary column. The
catalytic cracking process can be carried out at a lower temperature and
pressure in the presence of a catalyst, thus giving an extra yield of gasoline.
' The catalysts used are aluminium silicate, sulphuric acid, hydrofiuoric acid,
anhydrous aluminium chloride, etc. Solid catalyst may be mixed with liquid
crude, or kept in 2 reaction chamber in the form of pellets or balls. Cataly- 1
tic cracking may be done in series of thermal cracking using the residue oil HE
of thermally cracked oil. The products obtained by thermal cracking are iy
gasoline, No. 2 oil, and Nos. 5 and 6 fuel oils, while catalytic cracking gives
gasoline, No. 2 oil, and slurry oil. This slurry oil is generally blended into . if.
No. 6 fuel oil. i
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The residue of straight run processes can be tefined to yield more gasoline
by vacunm distillation. The difference is that the reaction occurs in vacuum
3 instead of at high pressure. Due to the high temperature and low pressure,
heavy distillates are squeezed out of the residue. The remaining residue is |
1 called vacuum bottoms. The distillate is usually subjected to the catalytic
W cracking process. These vacuum bottoms can be used as charge for the
k) visbreaking process or to make asphalt or blended to make No. 6 oil,

/ Natural gas

Gas-Dil
B Separator

Vishreaking
This process is similar to thermal QmoE:.m except that the pressure and
temperature used are lower. The purpose of this process is to.obtain large
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44 FUELs AND COMBUSTION

are 110°C and 21 kg/cm® for butane isomerization. For isomerization

- of heavier parafiins, higher pressures and temperatures are required.

Ahsorption Process
*Gases leaving the oil well and fractionating columns invariably contain
heavier hydrocarbons in the vapour state, These can be recovered oEuB” by
chilling the gases, which is costly, or by absorption in either kerosene or light
oif. Rerosene and Hght oil absotb only the heavier vapours, while the lighter
hydrocarbon gases are not absorbed. These heavier vapours can be recovered
by heating the absorber in a steam stripper.

3.5 PROPERTIES AND TESTS FOR PETRCLEUM PRODUCTS

Various tests are carried out to determine the properties of any petroleum
fraction. This helps in choosing a particular fraction for specific use and w._mo
or blending the various fractions to obtain a mixiure of desired nﬂcvaﬂ:am.

Gravity . .
In general, the specific gravity of any substance is defined as the ratio of
density of that substance to that of water at the same temperature. The
temperature usuaily specified is 15°C. However, the term gravity, as used
in the oil industry, does not mean the specific gravity. The oil industry em-
ploys the API gravity scale, devised by the American Peirolenm FMEEm
and the National Bureau of Standards. It is expressed in degrees APL
. 141.5
Deg. APLgravity = gpocific gravity at 15.5°C (60°F) — 121

The gravity of an oil is found by using a standard hydrometer, taking care
that either the test is carried out at 15.5°C or the necessary correction is
made to convert the gravity to that at standard temperature. To determine
the specific gravity the most accurate method is to weigh a known volume
in a specific gravity botile at 15.5°C. The specific gravity or gravity of any
oil can give the indication of its viscosity, carbon residue, heat of combustion,
grade of oil, and the percentage of carbon and hydrogen present in the oil.

Viscosity

The viscosity of an oil is the measure of its resistance to flow. The standard
measuring instruments are: the Redwood viscometer, and the Saybolt viscosi-
metet, of both the universal and Furol types. The principle of all these insiru-
ments is the same. A certain quantity of oil is allowed to flow through a
standardized orifice tube placed at the bottom of a cup and the time required
is noted down in seconds. During the test the temperature is kept constant

Liquip Fueis 45

at 25°C, 38°C, or 99°C. The viscosity is expressed as viscosity in SSF,
S8U, or Redwood viscosity at, say, 38°C,

Nowadays, the kinematic viscosity of oil is specified. The U-tube kinematic
viscosimeter allows an accurately reproducible volume of liquid to pass
through a capillary at a constant temperature by the application of an accura-
tely reproducible force. The time taken for aliquid to flow is proportional
to the ratio of the dynamic viscosity to the density of thefiuid, i.e., to its
kinematic viscosity. It is expfessed in umits, centistokes. The kimematic
viscosity of a fluid of viscosity greater than 10 centistokes is given by the
expression: :

y==Ct

where v is the kinematic viscosity

C is the viscosimeter constant

t is the time of flow in seconds.
For fluids which have a viscosity less than 10 centistokes, the expression is:

v=Cf — hw

where B is the coefficient of kinetic energy, which may be determined experi-
mentally, or eliminated by choosing long fiow times. The viscosity of one scale
can be converted to another by using conversion tables.

Flash Point and Fire Point

As fuel oils are heated, vapours are produced which at a certain temperature
“flash” when ignited by an external flame, This temperature is called the flash
point of the oil. If heating is continued, sufficient vapours are finally driven
off to produce continuous burning and not just a single flash, This tempera-
ture is called the fire point.

Two different types of instruments are used to test flash and fire points:
the Pensky-Martens or closed cup flash tester and the Cleveland or open
cup tester. The Abel close cup test is also used. The flash points of kerosene
and fuel oils are determined by a closed cup type of apparatus containing
still air above the oil (a condition similar to the one, in the storage tank).

To determine the flash or fire point, the oil is placed in the cup. The
temperature of oil is raised at a standard slow rate of about § to. 6°Cfmin.
The Pilot fiame is dipped for two seconds at regular intervals of temperature.

Calorific Value

The homb calorimeter is used for determining the calorifie value of oil.
The apparatus and procedure is the same as the one used for the determina-
tion of the calorific value of coal.
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48 Furts aND CoMBUSTION .

gaseous products are passed through hydrochloric acid solution, where sul-
phurdioxide is absurbed. The solution is then titrated using potassium iodate
as the indicator.

The copper strip test, generally vsed for light distillates, detects the pre-
sence of corrosive chemical compounds, but does not indicate the amount.
In this method, a piece of mechanically cleaned pure standard size strip of
copper is completely immersed in 40 ml of the sample. The sample is then

“heated 16 & Bolling water bath for three Hourd, THe ¢opipsr Stiip 13 then -

compared visually with standard reference strips, rated from Nos. 1 to 4,
with their colours ranging from light orange to jet black.

Water and Sediments
Water and sediments are usually present in heavier oils and cam cause a

" number of difficulties. The water and sediments are referred as bottom sedi-

ment and water, and abbreviated as BSW. There are three different methods
for testing BSW. The first is the {est by centrifuge. This test is conducted
by mixing the oil with benzol in a glass tube which is then whirled in a centri-
fuge. The water and sediments settle at the bottom. The tube is usually
calibrated to give a direct reading.

The volume of water is best determined by the distillation test. 100 ml
of oil is placed in a flask with 25 ml of dry toluene. The flask is heated
gently until 25 ml of toluene has distilled into a graduated tube. The water
distifled with the toluene separaies io the botiom of the tube. Tts volume is
recorded in ml, or the weight in mg or percent. .

The sediments are measured by the solvent extraction. method. The test
is conducted by placing 10 g of oil sample into a porous fused alumina
crucible of known weight. The crucible is suspended inside a flask con-
taining 100 ml of benzene at the boitom. The top of theflaskis éovered by
asmall, coiled, water cooled condenser. The flask is heated until the condensed
benzene vapour, dripping from the condenser to the crucible, dissolves all
the oil. The crucible is then dried, reweighed, and the increase in weight
recorded in percent or in mg sediment/100 m! oil.

Carbon Residue

When a sample of oil is burned in the absence of air, the oil may leave some
carbonaceous residue. This is known as “‘carbon residue™ or carbon content
of an oil. It should not be confused with the fixed carbon of the chemical
compounds and the free carbon which may be present in oil, the carbon
formed on burner tips, walls of furnaces, or the combustion chamber due to
incorplete combustion. The carbon ‘residue is usually tested by either the
Conradson carbon test or the Ramsbottom carbon test.

In the Conradson test, a known weight of oil, say 10 g, is placed inside a
porcelain crucible which is again placed inside two iron crucibles, and heated

g s
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by the Maker gas burner. In the absence of air, the heating expels all the

“volatile material, leaving behind only the carbon residue. After cooling, the
porcelain crucible is reweighed and the result recorded as per cent weight
“Conradson carbon”,

In the Ramsbottom test, 2 known weight of oil is heated in 2 hemispherical
glass bulb of standard dimensions by a bath of molten solder at 550°C
for 20 minutes. The residue carbon is weighed and recorded as percent weight
““Ramsbottom coke™.

Ash Content

Ash is the percentage by weight of an inorganic residue obtained by com-
bustion of an oil in the presence of air. Mostly, it consists of inorganic
impurities and salts present in the oil.

To determine the ash content, 20 g of oil is placed in a clean, dry, weighed
silica dish. This is placed inside a cold electric muffle furnace. The temperature
is raised slowly until the oil burns. A flame is then applied to the surface.
When the combustion is complefe, the temperature is raised to 800°C and
kept for one hour. The crucible and ash are then cooled, reweighed, and the
weight of ash obtained by the difference.

Colour

Colour and colour changes of an oil are important for the control of quality
of refinery products. Colour itself is of noimportance buta change indicates
some deviation from the regular process. The Saybolt Chromometer or the
ASTM Union Colorimeter is used to determine the colour of petroleum
products. The procedure is to match the sample with standard colour discs.

Distillation :

The distillation of oil is carried out in a standard distillation flask of 250 m|
capacity attached to a water cooled condenser. A thermometer is fixep
at the top and 100 ml of oil is poured in the flask and heated by a small gas
flame. The initial boiling point (ibp), the end point (ep), and as many inter-
mediate femperatures as desired may be recorded. However, the 10, 50,
and 90 per cent point are of greatest significance. Ten per cent point means
the temperature at which 109 of the oil by volume will evaporate. A boiling
point curve can also be obtained indicating the percent of oil evaporated at
a particular temperature,

Knock Characteristics of Motor Fuels

In spark ignition engines, spontaneous ignition before the spark passes
generates ultra high velocity pressure waves giving rise to "knock”. The
phenomenon is apparent as a sharp metallic hammering from the engine

4(43-45/1979)
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52 FUELS ANP COMBUSTION

Kerosene

Kerosene oil is extensively used for lighting and :nmma._m. Its boiling range is
150 to 300°C. It mainly consists of paraffins. lts viscosity should be less than
2.5 centistokes for easy flow of fuel through capillaries or the wick. Another

- important desirable property is the smoke point. The smoke point is the

height to which the flame may be raised before the wE&,ﬁ. mnmam., .s.wg
kerosene is burned in a standard lamp under controlled conditions. mu,n:.g.?
N ST should be less than 30 mg per kg of kerosene. The char is the
upper edge of the wick. The flash point, sulphur content, ..mo.
other propertics to be controlled. Table A.11 gives the require-

jts char value

deposit on the
are a few of the
ments for kerosene.

Diesel Fuels . " -

i ; d in compression ignition engines. The normal botling
Uamm_m?mnﬁomhm&%o?i is uoov.ﬂo 370°C. High speed diesel may use oils with
_.‘m.p.mo_ .MHE: point as low as 140" C. The 509 distillation point should not
_Erma uwcaOm The chief requirements for diesel fuels are high cetarie number,
MWMMMoB m.on.w impurities, and a fairly high flash point, With good diesel fuel,

ime is short. ]

ﬁrM,MM_MWMMﬂMﬂMon ignition temperature of s-paruffing is much lower than
that of aromatics cr olefins. Therefore, siraight o:.m:: E&.oachonm.mﬁ pre-
ferred to branched chain hydrocarbons or m:oB.w:nm. All S:.u.nm of _._m:ﬁ .?m_
oils with low octane numbers can be mm:mmmm»on_w used as high speed a_.o.mo_
fuels whereas high octane fuel oilsare unsatisfactory. A woﬁ.i B&Oa mmmo_ﬂnn
will make a poor diesel engine fuel and ion, <nm.mw. w..wnEH,o_._..nﬁm for high
speed diesel oil are more exacting than .Em: for __m.E &o.m.m_ Sr. Table >.._m
gives the requirements for high speed diesel and light diesel oil fuels. Slow

speed diesel engines ¢an use a wide variety of oils while high speed engines
réquire limited variation in properties. _

Fuel Qils .
There are many types of oils produced by the refining .om petroleum. 40
can use a different oil for a different furnace. Normally, in any combustion
furnace or burner only one type of fuel can burn efficiently. If we change the
fuel, either the combustion will become difficult or it will produce Ham.m heat.
The ASTM has standardized five grades of fuel oil for easy selection of
fucl. These are designated as Nos. 1, 2, 4, 5 and 6 oils. .

Nos. T and 2 oils are distillate oils with a boiling range of 150 to wmonﬂ
at atmospheric pressure. No. 1 oil is slightly heavier than kerosene and is
used for domestic heating. But these days both No. 1 oil and kerosene E.o.n_:
in the same class. The No.2 oil distillaic follows No. I in straight un _.om:Epm..
This is usually called gas ¢il. There is no such thing asa No. 3 oil. Zo‘. 4 ol
s a variable and complex oil. Nos. 5 and 6 oils are heavy black residuals

Ligure Fuers 53

obtained from various refining processes. The requirements of various grades
of fuel oils are given in Table 3.2. The Indian Standards Institution has
classified the oils as low viscosity, inedium viscosity, and high viscosity wils.
Their specifications are given in Table A.13. An analysis of various fuel oils
of the same grade shows wide variation: This is due to the difference of source
and the type of oil. Nevertheless, their propertics lie within a certain range.
Soinetimes the properties of some samples do not meet all the requirements of
the given grade. ’

TABLE 3.2 Detailed Requirements for Fuel Oils

Grades of Fuel Oil
Properties No.I No 2 No, 4 Na. 5 Ne. 5 No.6
light heavy
Flash point, *C, min 38 or 38 or 55 or 55or 55 or 65
legal legal legal legal legal
Pour point, °C,max —17.8 —7° —7 —_ - -
Water and sediment,
9% by volume, Max map trace  0.10 0.50 1.00 1.00 2.00¢
Carbon residue on 10%,
Bottoms 9, max 0.5 0.35 — - - —
Ash 9% by weight, max — — 0.1 0.10 0.10 -
Distiliation temperature,
°C, 0%, max 215 d - - — -
90 % point, min —_ 282 - - — —
max 288 338 - - - -
Kinematic viscosity, C.S.
At 38° C, min 14 2.0t (5.8) (32) (75} —
max 22 2.6 (26.4) (65) (162) -
At 50°C, min - - - - @) )
max - - - . (81) (638)
Gravity, deg. API, min 35 30 -— - — —
Copper strip
corrosion, max No.3 —_ - - - — -
Sulphur, 9% max® 0.5 6.7 no no no no
limit limit “limit limit

With permission of Am:rican Sociely for Testing and Malerials, from 4STM D 396-57,

{(a) Recoknizing the necessity for low sulphur fus! oils used in connection with heat
treatment, non-ferrous metal, plass, ceramic fureace, and other special uses, a
sulphur frequirement may be specified as given, Other sulphur Himits may be
specified only by mufual agreement between the purchaser and the seller,

(b) Tt is the intent of these classifications that failure to meet any require ment of
a given grade does not automatically place an oil in the next lower grade unlgss
in fact it m:ets all requirem:nts of the lower grade, ..

(c} The lower or higher pour points may be specificd whenever required by the
condition of storage or use,

() The 103; distillation temperature point may be spacified at 226°C max for use
in other than atomizing burners ’ (Contd)

o T
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56 Fues aND COMBUSTION

vapours other than methane and ethane is named “wet .mmmz. The wet gas
is ‘unstable’. Therefore, it is “rectified” or “stabilized”, i.e., the wet compo-
nents of the gas are removed by fractional &mz:maoﬁ.

Nataral Gas from Coal Mines

Methane issassociated with many coal sears and is known as “fire damp”.
This gas is released slowly during oom_ mining. The quantity of gas may
be as high as 85 m?/tonne for some high ranking coals. dm:m:w this gas is
nuvo:n.a with the help of ventilators to avoid oxv_omﬁwn during ‘mining. w.ﬁ
if the gas yield is sufficient, it can be recovered by drainage through a mn_”uom
of bore holes sited some 45 metres behind the coal face. The gas nwbm.ﬁm
of mainly: 93 to 999 methane, upto 3%, ethane, up to 4% carbondioxide,
and nitrogen and inerts less than 69%.

42 MANUFACTURED GASES

The gases are mostly manufactured by the nmwvoimw.aou of solid fucls. Some-
times these gases are treated to increase :.6.: calorific value. gmﬂﬂ?ngn&
gases are usuzlly used near the place o.m their _dmnwmmo:ﬁm é_._:a..gn natural
gases n.pwu. be supplied through pipelines to varieus .no:EBEm og:.wm.
Gaseous fuels are usually produced either by carbonization or by the gasifi-
cation of coal.

Liquefied Petroleum Gas

During the refining of petroleum, large quantities of butane and propane are
liberated from the top of the fractionating column and from other. awmaum
processes. These gases can be compressed and :nﬁm@a at atmospheric tem-
perature. Butane and propane are also present in natural gas and can be
separated and removed. Butane liquefies at 21.1°C (70°F} E.aﬁ, a pressure of
2.1 kgfem? (30 psi) while propane liquefies at 8.8 kgjem® (125 psi). These
liquefied fractions can be stored under pressure in steel nﬁ_na.oam. Thus .meo
volumes of the gas can be stored in liquid form in small &;E%Hm., It is an
ideal fuel for domestic and mobile use. Propane is usually sold for industrial
use because of its high liquefacation pressure. Liquefisd petroleum gas or
L.P. gas contains some fractions of methane and unsaturated hydrocarbons.
The calorific value of LP gas is very high. It is 22,700 keal/m?® moH. propane
and 28,500 kcal/m” for butane. Commercial liguid butane contains about
8097 saturated and unsaturated C, hydrocarbons, less than 20%; om.. C, and less
than 2% of C, hydrocarbons. Commercial liquid propane nouﬁmim ._nmm than
3% of C, and less than 109 of Cq hydrocarbons, with the remaining satu-
rated and unsaturated C, hydrocarbons. The total sulphur should be less than
0.02% and the gas should be free from H,S and water vapour, Table A.14
gives the requirements for liquefied petroleum gas.

Gaseous Fuets gy

As the specific gravity of butane and propane are more than that of air,
ks in case of leakage they have a tendency to settle down and form an explosive
mixture with air. Therefore, these gases arc mixed with any odouring agent
so that the leakage may be immediately detected.

Refinery Qil Gas

During the refining of petroleum, various gases are evolved which cannot
5 be converted to liquid gasoline. Such gases contain many light hydrocarbons
- with small percentages of hydrogen and carbonmonoxide. These gases

; generally utilized in the refinery itself, as it is not econom
: them.

are
ical to transport

Wood Gas

This is a by-product obtained from the carbonization of wood te form
charcoal. It is vsuaily not collected and is of little commercial interest. The
typical yield composition and properties of w

ood gas are given in Table 4.1,
The wood is either carbonized at 2 low temperature around 350°C or at a
. high temperature in the range of 1000 to 1200°C,

TABLE 4.t

Typical Yield :.nd Composition of Wood Gas

Low temperatyre
carbenization

High temperature
carbenization

Yield (m3/1), dry wood

. 125 550
Calorific value of gas (kcal/m?), zross 325 3075
Composition, °}, by volume
CO, kil 20
CnH,, 4 2
Co 25 25
CH, 14 12
H, 20 35
N, 7 6
Peat Gas

Peat gas is similar in com
It is manufactured by th
heating ovens.

position to low temperature carbonized wood gas.
e carbonization of air dried peat, and used for

Coal Gas (Town Gas)

High temperature carbonization of coal s one of the oldest
for the manufacture of gas for town supply, For this reason coal gas is also
known as town gas. Carbonization of coal is uswally done at a temperature
. between 950 to 1,350°C. The main product of high temperature carboniza-
§ tion is gas -while coke is a secondary by-product. Coke broduced by high

methods used
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Producer
Gas
Coal

v i

Distillation Zone | CO+H,0=C0,+H,

800°C C+ ZHa0 =COp+ 2H
Rotating Reduction Zone CH+H0=L0+Hy
shell 1206° ¢ £ +€0,= 2C0
Oxidation Zone C+0,= CO
— 2 2

Ash removal
Water seol

,f.ll.n-ﬂi Wl].lrlbﬂw

Ew. 4.1. Gas producer.

Ash ’

removal 4/

/..

condition it can be used after cleaning. The yield of a typical producer gas
plant using bituminous coal is 3450 m%ionne of dry coal with gross calorific
value at S.T.P. 1600 kcal/m®. Because of the low cost, producer; gas is used
in large scale for industrial furnaces. A typical oc::ucm_:o: of producer is
shown in Table 4.2.

Blast Furnace Gas

Blast furnace gas is a low grade producer gas. [t is produced in the blast
furnace for the smelting of iron ore with coke as a by-product. In the blast
furnace, coke reacts with air and ore to give carbondioxide which rises up-
wards and reacts with coke to give carbonmonoxide. The blast furance gas
has a low calorific value in the range of 800 to 900 kcal/m3. It contains
large quantities of dust. This dust is removed by dust catchers or cyclones. It
can be further cleaned by water washing, bag filtering, or by electrical
precipitation. The blast furnace produces about 4000 m® of gas per tonne
of coke produced. Because of its low calorific value, it cannot produce high
ternperature. It is used for operating gas engines, to heat by-product coke
ovens, and in various other heating processes. Ninety per cent of its sensible
heat can be used in the regenerative heat exchanger. Sometimes, it is enriched
by coke oven gas or by creosote vapours to increase its calorific value to
about 2250 kcal/m?3.

Gaseous FueLs 61

Blue Water Gas (BWG) - AR

Blue water gas or water gas is produced by passing steam on red hot coke.
The resulting gas contains large quantities of carbonmonoxide and hydro-
gen. The reaction is highly endothermic. Therefore, to heat the coke, air is
blasted. The purpose of passing air and steam at different intervals is to
ensure that the large quantity of niirogen does nol reach the gas. The cycle
of operation consists of the blow, purge, and make periods. In the blow
period, air is blown for about one minute with the stack valve open. The
rate of air blown is approximately 60 m? per min per m? cross-section of the
gencrator. The temperature attained is about 1450°C. During the purge
period of approximately 10 to 20 s, stecam is passed with the stack valve open
which pushes the remaining niirogen from the generator. During the make
period of 2 to 3 min. steam is passed with the stack valve closed. During
the first minute, steam is blown upwards, and then the direction of steam is
reversed for the next minute fo equalize the temperature, The temperature
of coke during the endothermic reaction falls to about 1000°C, then for
10 to 20 s, the direction of stcam is changed to remove the combustible gases
in the ash pit. The gross calorific value of water gas produced is about 2250
to 2650 kcal/m®. The gas is called blue water gas because the combustion
of carbonmonoxide gives a blue flame. About 459 of carbon in the fuel is
used during the blow period.

This process gives an intermitient supply of gas. To produce water gas
continuously with fess wastage of heat, one method is to supply oxygen
and steam together. Four types of continutous processes have been developed,
viz., non-slagging penerators operaling at nearly atmospheric pressure,
slagging generators operating at nearly atmospheric pressure, pressure gasi-
fication (Lurgt process), and gasification of fluidized coal.

Carburetted Water Gas (CWG) .

Water gas has a low calorific value. In order to increase the calorific value,
it is enriched by hydrocarbon gases. The resultant gas is known as carburetted
water gas. Enrichment is usually done in a carburetior which is a heated fire
brick chequer-work sprayed with suitable fuel oil. Thefuel oil usedis gene-
rally of a boiling range of 200 to 300°C which cracks at a temperaturé between
730 and 760°C. About a litre of fuel oil is consumed for the enrichment of
3m?® of water gas for raising its calorific value from 2550 to 4450 keal/m®.
Heating of chequer-work is achieved by blowing stack gases of blow period
with some added air fo complete the combustion of carbonmonoxide. The
temperature of the carburettor is kept around 1000°C, Qil is sprayed during
the make period which vapourizes the oil and the cracking is completed
in the superheater maintained at a temperature between 650 to 750°C.
About 75% of the oil is cracked. The carbon deposited during cracking is
burned during the blow period. The gas is cleaned before use by passing
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64 [FUELS AND COMBUSTION

After its absorption, the volume of the remaining gas is measured. Next,
Oxygen is absorbed and the remaining volume of the sample is noted.
Lastly, CO is absorbed and the reduction in volume is noted. Care is taken to
read the volume of gas in the burette always at aimospheric pressure with the
help of a levelling bottle.

Spectrometry

The mass spectrometer is a very useful and accurate instrument. It operates
on the principle that ions of different masses, when accelerated through a
circular path, sgparate into individual ion beams of different radii depending
upon the mass and velocity of each ion. A spectrum of ion beam intensity
versus ion mass is obtained and compared with standards from pure
substances.

The infrared spectrometer is widely used for gas analysis. The principle
of operation is that each gas or vapour absorbs infrared radiation at a
particular wavelength. .

Gas Chromatography

Gas chromatography is also quite an accurate tool for pas analysis. Basically
the apparatus consists of a long column packed with either an adsorbent
or an inert sofid couted with a high boiling organic liquid. A small amount
of gas is injected at one end of the column and an inert carrier gas is passed
through the columm. Solid adsorbent materials are usually tchartoal, alumina,
silica gel, ete., while the carrier gas may be nitrogen, argon, ete, The solid

adsorbent provides varying affinities for each component, and therefore, they

flow through the column at different speeds. They come out at the other end
of the column at different intervals. A detector element is placed at the
outlet which gives different peaks on a chromatograph. Various detec-
tors can be used which compare some property of the carrier gas and
the individual components of the sample as they pass through. Differences
in density, surface potential, dicleciric constani, heat of adsorption, and
thermal conductivity are among the properties that may be used. Normally,
thermal conductivity is used for hydrocarbons. The relative area covered
under the peak gives the total amount of a particular component, and the
time interval at which the particular component comes out of the column
is an indication of the component.

5

INTRODUCTION TO
THE COMBUSTION
OF FUELS

5.1 GENERAL CONSIDERATION

All conventional fossil fuels, whether solid, liquid, or gaseous,contain basicaily
carbon and/or hydrogen which invariably react with the oxygen in the air,
forming carbon dioxide, carbon monexide or water vapour. The heat cnergy
released as a result of combustion can be utilized for heating purposes, or
for generation of high pressure steam in a boiler, or as power from an engine
or a gas turbine, ete.

The solid fuels are burned in beds in chunk or pellet form or in pulverized
form suspended in the air stream. The liquid fuels are burned either by
vapourizing and mixing with the air before ignition when they behave like
gaseous fuels, or in the form of fine droplets which get evaporated .while
mixing with the air stream and during burning. The gaseous fuels are either
burped in burners where the fuel and air are premixed, or the fuel and air
flow separately into a burner or a furnace and simultancously mix together
as comhustion proceeds. The first type of burning gives a premixed flame
whereas the second type is called burning with a diffusion flame.

All solid fuels contain basic elements such as carbon, bydrogen, and
sulphur or its compounds. The combustion reactions can, therefore, be dealt
with the help of a few simple reaction equations which will cover the combus-
tion of other types of fuels as well. The proportions of various clements or
compounds obey the Jaw of comb.ting weighis: “Different elements combine
in fixed and definite properfions by weight.”

As the weights of reactants involved are nof simple infegers, the numerical

5(45-43/1979)
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68 Fuits anp- COMBUSTION

Similarly, ‘
1kgC +4kgO; > § kg CO
1kgC + ¢ kg Oy » 4 kg CO;
1kgH, +8kg O » 9 kg HO
lkgS +1kgQ, > 2kgs0,

44m 9

(m + nj4)32 . : .
vw_w Op > r k& €Oy ke HiO

12m -+ n

and 1 kg Osm..._.A

On Molal Basis
1 kmol C -+ 1 kmol O3 — 1 kmol CO.
1 kmol C + % kmol O — 1 kmol CO
1 kmol CO + % kmol O; — 1 kmol CO,
1 kmel H, + % kmol O; -+ 1 kmol H,0O
i kmol 8 -+ 1 kmol Qs - 1 kmol S0,

1 kmol CnHj +As + mu kmol O, - i kmol CO; + - kmol H;0.

Conversion of Gravimetric Analysis to Volumetric Basis and Vice Versa

If the composition of a fuel is given on gravimetric {or weight) basis, it can
be converted to volumetric (or mole) basis as follows: Divide the weight of
cach consiituent of the fuel by its molecular weight. This will give the relative
volume (or moles) of each constituent. Add all the relative volumes of the

conslituents, Then

Individual {relative) volume of the constituent 100
Total (relative) volume of all the constituents
will give the percentage by volume of each constituent in the Ffuel.

Similarly, if the volumetric composition of a fuel is given, it can be con-
verted to gravimetric (or weight) basis as follows: Multiply the individual
volime of each constituent by its molecular weight. This will give the relative
weight of each constituent. Add all the relative weights of the constituents.

Then

Individual (relative) weight of the constituent

total (relative) weights of all the constituents %100

will give the percentge by weight of each constituent in the fuel.

Calculation of the gmnm,E_E_ Amount of Air for a Fuel of Known Composifiont

Calculate the minimum yolume of air requiréd to burn 1 kg of coal having
the following composition by weight:

INTRODUCTION TO THE COMBUSTION oF FUELs 69

C 724%, Hy5.3%, o o o 5 .
wh w.wﬁv. 2337, Ny 1.8%, 028.57, moisture 7.2%, S 0.9%, and

On Weight Basis

Taking 1 kg coal as the basis, the weight of oxgyen required to burn
carbon in 1 kg coal is ,

32
0.7 22
24 x 15 =192kg

Similarly, for combustion of hydrogen in fuel, the oxygen required is

0.053 x - = 0.42¢ ke

and for the combustion of sulphur in fuel, the oxygen required is

2

0.009
X 33

= 0,009 kg

ie., ;._m total oxygen required is 2.363 kg por kg coal. But 0.085 kg oxygen
is available in the coal. Therefore, the oxygen needed is (2.363 — 0.085)
=2 mqm. kg per kg coal. Air contains 23% of oxygen by weight. Therefore
.:..a welght o air to be supplied is 2.278 x 182 — 9.90 kg per kg coal. Tak.
ing the mean molecular weight of air as 29, the density of air at NTP

. 29
is 534 = 1.29 kg/m® (22.4 m3 is the gas molecular volume).

Therefore, the volume of air required for combustion

9.90 _
139 = 7.67 ms per kg coal,

On. Mole Basis
Consider 100 kg coal which has

724 8.5
C = T 6.03 kmol 0, = v 0.265 kmol
5.3 72
H,— —5= = 2.65 kmol . H,0 ”lﬂm = 0.4 WﬂmOH
Ny 18 0.9
2 =~ = 0,064 kmol 8 = -33 = 0.028 kmol
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72 FUELS AND COMBUSTION

of dry flue gases. Therefore, the composition of fuel (by weight) is 1284
kg C and 26.32 kg Hy and on percentage basis

14 o _ .
C=pmag 1 oem < 0% = 8299%
26.32 o )
He g iy X 100% = 17017
Excess Air M:Euwmm .

Let us first calculate the minimum weight of air _.BERQ In 100 kmol
flue gases, CO, present is 10.7 kmol, i.e., carbon is 10.7 kmol, and hydrogen
is 13,16 kmol. The amount of O, required to burn 10.7 kmol C and 13.16
kmol H, is

ch + m—lo vl 17.28 kmol/100 kmol dry flue gases

Actual oxygen supplied is 22.38 kmol/100 kmol dry flue gases.

22.38 —17.28 . 1009 = 29.5%

. [+ 3 J—
Therefore, %, excess air = TR

5.3 DEWPOINT OF PRODUCTS

The products of combustion containing water vapour are termefi- as “wet”
products, although the water vapour present is in the form of superheated
steam. According to Dalton’s law of partial pressures, the Umﬂﬁ& pressures
of the individual gases present in the mixture are E.ovo_.:on& to their
molal percentages. If the water vapour present in the wet products of com-
bustion is cooled down to the point of condensation, the vapour would
turn into a liquid and its volume would be reduced. Now all the space of
the products would be occupied by carbon dioxide, carbon monoxide,
oxygen, and nitrogen, called the “dry” products of combustion Gf all the
water vapour is condensed). Knowing the partial pressure exerted by the water
vapour before condensing, it is possible to determine the dewpoirit of the
products, i.e., the saturation temperature corresponding to the partial
pressure by means of the steam tables. This temperature is useful in avoiding
the corrosion of metals, Water in the liquid form not only rusis metals, but
also reacts with SO; (from sulphur in fuels) forming H, SO; and attacks
the metals violently.

5.4 FLUE GAS ANALYSIS

A flue gas usually contains carbon dioxide, carbon monoxide, nitrogen,
water vapour, and often oxygen. The presence of sulphur dioxide is
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normally ignored. It is possible to judge the completeness of combustion
from the presence ot absence of carbonmeonoxidein the products, orin the
case of coal, it serves to give an estimate of the carbon and hydrogen content
of the fuel. Tt is, therefore, desirable to know the flue gas analysis.

The analysis of a flue gas is determined by using an Orsat apparatus.
1i consists of three absorption pipettes and a measuring burette, all housed
in a wooden frame. The flue gas sample is forced from the measuring
buretie in to the absorption pipettes containing chemical reagents by means of
a letelling bottle by creating a hydrostatic head. Carbon monoxide,
oxygen, and carbon dioxide are absorbed in the absorption pipettes contain-
ing acid solution of cuprous chloride for absorbing carbon monoxide, pyro-
gallic acid for oxygen, and potassium hydroxide for carbon dioxide. The
decrease in volume of carbon monoxide, oxygen, and carbon dioxide after
each absorption gives the measure of the different gases. Nitrogen is deter-
mined by the difference in the tota! volume of the gases taken initially and the
total volume of the gases absorbed in the pipeties. The Orsat apparatus
gives the flue gas analysis on a dry basis,

Example 5.1

A fuel gas has the following percentage volumetric analysis:
H, 48, CH, : 26, CO, : 11, CO : 5, N, : 1

The percentage volumetric analysis of the dry exhaust gases is
CO, : 8.8, O; : 55, N, : 85.7 ‘

Determine the air/fuel ratio by volume if air contains 217 O; by volume.

Solution
The chemical equation for the reaction of 100 mols of fuel gas with air
may be writien as
48H; +26 CH; 4+ 11COy + 5 co 4+ 10 Ng + x [0, + 3.76 Ng]
.IVQOO& -+ &mmo —+ h.Om -+ %m

A _uw_ubwo of each element enables us to oa.&:ﬁn each of the unknown
cocfficients

C balance: 26 + 11 + 5=a
= 42 (n
H, balance: 48 4 52 =b - s
b = 100 2
Qg balance: 11 + 25 4+ x = |w-+|. +¢c 3

¥
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76 FueLs aNp Co MBUSTION

s . . 100 1
Stojchiomet . 0 = o m
oichiometric fuel-air ratio 1300 K
. . 1
Actual fuel-a tio = —
al fuel-air ratio P |
Therefore equivalence ratioc ¢ = (F/AJactoar (F/A)seoic == m- = 1.803
i.e. the mixture is 8.3 per cent rich.
Thus deficiency of air =13--12 -1 kg per kg of fuel
The weight of air saved by buraing t kg € to CO instead of
16 1
CO: = 75 Xgzzke _
Therefore 1 kg of air will be saved when _lxlpm_wkw = 0.1725 kg
C burns to CO h
CO formed = 0.1725' 1“W = 0.403 kg per kg of fuel

€O, formed — (0.82 — 0.1725) x_lﬁ‘ - 238 kg per kg of fuel

N, supplied = 12 x 0,77 = 9.25kg per kg of fuel
SO, formed — 0.06 kg per kg of fuel
Dry analysis in tabular form

B:ﬁ.

Product M m y = e
C n M % vol M\.S__ﬂh,x_oo
co 0.304 28 00144 3.6
CO; 2.38 44 0.0541 13.5
N, 925 28 0.3310 82.67
80, 0.06 64 0.00094 0.23
0.40044 160.00

FUNDAMENTALS OF
CHEMICAL KINETICS

A majority of propulsive devices, e.g., steam engines and steam turbines,
gasoline and diesel engines, electricity-driven and jet-propelled vehicies,
ramjet and rocket engines, are dependent on the occurrence of chemical
reactions involving one or more substances. The Teactions involved are
usually the combustion or oxidation processes. The combustible subs-
tance is called the “fuel”, and the air or oxygen is the “oxidizer”. The
process can be divided into two parts: how fast does the reaction occur,
and what are the chemical changes that take place during the reaction.
Theé former question is concerned with the subject of chemical kinetics
which is the most important chemical aspect of flames. The latter ques-
tion is complex and difficult to answer, and is concerned with the mecha-
nism of ‘the reaction. However, the determination of the final changes
on the completion of the reaction is generally much easier and involveés the
application of chemical thermodynamics. .

This chapter deals with chemical kinetics, defined as that branch of
physica] chemistry concernied with the speed or velocity of a reaction in
chemical processes. It sceks to define the rate of chemical reactions in
terms of several variables such as pressure, temperature, composition,
presence or absence of catalysts and external energy sources, etc. The
speed or velocity of a chemical reaction determines its usefulness as 2
source of propulsion energy. For example, the slow burning of gasoline
in a spirit lamp can be contrasted with the same chemical reactions occurring
in a gasoline engine or jet engine. '

Further, the subject of chemical kinetics seeks a more precise definition
of the mechanism or path of a chemical reaction about which much cannot
be said in a definite way at present.
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concentrations of the reactants and the reaction goes on at a steady rate as
the surface remains saturated most of ihe time.

First Order Reactions

For a first order reaction, the tate of reaction is proportional to the
concentration of only one of the reacting species. Consider a general
reaction

aA + BB - IL + mM (6.9)
to be of firstorder. Let the reaction rate be independent of the concent-
ration of B and is dependent on the concentration of species A only, If
the concentration of A is represented by [A}

Then — ﬁwu. ke Al (6.10)
The integration of Eq. (6.10) gives
In [A]l = — kaf -~ const (6.11)
If the initial concentration of A is [Ag] at time ¢t = 0
- [A) (6.12)
Then 1 Ry ).
n [A,l __P\ﬁ
or 2,303 Jog,, —\/L AL .
- holsi
or AT = (A ok At p. .“
For o first order reuction. it haitlife will be given by Eq. {615
when 7 ipgand [Af = ﬁWL
Therefore,
In2 (.693 )
(i1 o e (6.1d)
bz _P,b / A

From Ee. (6.13), it is cleur that a graph between _oma JA] againsl tine f
will be a straight line and minus the slope of this lirc is equal to the specific

~ — Loge [Ad]

i
|
|
i
I
1
\ -tanel =y
I

|

N 1
0 1 Ye

t ———

Fig. 6.1 Representation of first order reactions.
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rate constant. Figure 6.1 shows such a graphical representation for a
first order reaction.

There are many first order reactions. The dissociation of the oxygen mole-
cule

0, - 20
representing the decay of the unstable element or decomposition of N,O; as
ZNOU — NZOw lw‘ .NH Ow

are examples of first order reactions..

Unimolecular Reactions

Before considering a second order reaction, it would be better to understand
the mechanism of unimolecular teactions, For a unimolecular reaction,
concept that collision of two molecules is necessary for any reaction to take
place, fails because by definition, a unimolecular reaction will become
bimolecular if collision is responsible for the reaction. The unimolecular
reaction is the disintegration of a stable molecule. Some examples have been
given in the preceding section. But normally a stable molecule should
not decompose. Lindemann® proposed the following mechanism to ex-
plain a unimolecular reaction

A — products (6,15)

ky

A B= A*|B (6.16)

k

i.e, when a molectle of A collides wilth one of B the resull may be an activat-
ed molecule of A represented by A*. Molecule B may either be a mole-
cule of A or any other molecule which remains unaffected by the collision.
This means, by collision molecule A acquires some energy and this aclivated

molecule is capable of disintegrating according to the equation
P

A* — P (products) (6.17)
During the course of collision, an activated molecule may loose its cnergy
to return to its original condition by the reverse teaction (6.16) or may
follow the paih of reaction (6.17).
Assuming &, as the rate constant for the forward reaction, k&, the rate
constant for the reversc reaction and &, for the reaction (6.17), the rate
equation for conceniralion of A* may be writlen as

d[A* .
, ..WK == ky [A] [B] ~— ky [A*] [B] — ky [A*] (6.18)
und for the formation of the product
dP] -
T kg [A*] (6.19)

In the sleady state condition, the concentration of the activaied molecule of
A will not change much with time. Therefore, we may wrile

dia*]
dt =0

6(45-43/1979)
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&n ”
or Am?ula x . WH v k, dt (6.35)

The integration of Eq. (6.35) gives

Ta:?ui?
In—— xla B, Alm,.m?_lﬁw& v»t (6.36)

From Eqgs. (6.32) and (6.33)
[Al{AG} _ BlAJ—a[B)], |
= A

0 - TB1B,] 2
(Al | B[AG]—a[B,l {A,)
or In BT !|J||e_f o Gw“H (6.37)

Equations (6.29) and (6.37) can be plotted to give concentration time
relationships as shown in Fig. 6.2.

a[Bo)
Lo% 2 TBe] ~blAd)

Loge %_w

Loge .m_ww

t e V2

(b}
Fig. 6.2 Representation of secoud order reactions.

The slope of the line in Fig. 6.2(a) gives the value of the specific rate
constant for the second order teaction of Typel. For the second otder
reaction of Type II, the specific rate constant can be calcutated if the initial
concentrations and slope of the line in Fig. 6.2(b) is given by the

relations

o

.
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tan « =

Aw m>o”_ — hmmo”c \«b
a

are known.
From Eq. (6.37), the half-life of species A can be obtained.

a[B,]
In 5 BT FAL] (6.38)

I, = “
Ve ™ T b[Asl—a [By)

Such type of second order reactions are quite common, e.g., gas-phase
formation of hydrogen iodide

H, 4+ I, » 2HI
and reactions of free radicals with molecules such as

H-4-Br, = HBr+ Br

If species A and B are present in stoichiometric or nearly stoichiometric
concentrations, i.e., (a[A,] = b[B,;]) then Ea, (6.37) becomes less useful

as In % will change little with time. Under these conditions a modi-
Q

fied solution can be obtained as follows.
The rate equation is

—z— = ka [A][B]

where the instantaneous conceniration of B can be written as
(B] = [Bj}——(1A,] — TA))
b
= -, (A] +5- [Bs] — [Ad))
or 1= 2. a1 + ) (639

where A= % [B,] — [A]

The rate equation canbe written as
diAl b ka [A) ([A] + 8) (6.40)
If [A'] = ([A'] -+ A/2), the rate equation becomes

~dAT Lo (a0 + ¢ Juad - s
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o (amr S Nom = i) * e = (k)

=k !t (6.55)

and the half-life may be written as

N a _ @b In (2—b [Ag)ja [By]) (6.56)
fus = [A,] ka (a[Bo] —5[AL)) ka (a[B,1—5 [A,D) .

It (a/b) [By] — [A] </ 0.3 [A), Egs. (6.55) and (6.56) fail to give
satisfactory vatues. Therefore, Eq. (6.51) may be written as

diay b oams 1 AHAR — 2 A/9)
& = Tk AP A_ B 7 ©657)

where, [A'] = ([A] + A/3)
We can assume an average value for [A’] between [Ap] and the final

value of fA], and assume the terms in the bracket to be constant, Equation
(6.57) can be integrated directly to give

8 (1A + (a1 =)

1 I 2h S
Tﬂu_iw - [ATE = "4 kyt — T 7% (TA%] [A7, )37 {6.58)
Type 1T
mw“ﬁﬂ — ka [A} [B] [C] - : (6.47)

Assuming the initial concentrations to be [A,], [B,] and [C,],

B = (B] —2 (A-1AD = 2 a1+ )  (659)

and  (CT=[Cl~ = (A]— [AD = < (Al +4)  (660)

where, Ay = -5~ [B)] — [A,]

)
and A, = uMl

ﬁOQ"_ - H-?u”—

are the differences in the initial stoichiometric concentrations. ©On subs-
tituting values of [A], {B] and {C] in Eq. (6.47), we get

oA L AT+ A AT + A (6.61)

On rearranging the terms and integrating, we get

EEISE I T X T
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8.~ 1n el p tn { Lol 2) i am (L2, )

Al AT A, AT T &,
— D kit 8, 4, — A (6.62)

There are very few examples of third order reactions. Equation (6.62) is
quite complex and is only of academic interest,

Fractional-Order and Higher-Order Reactions

'In general, for a fractional or higher order reaction, we may write the rate
equation as

Ilﬁ&:ﬁ Ky [A" _ (6.63)

where 7 represents the order of the reaction.
The integration of this equation between the limits gives

1
TAF= ﬁ>~._.TH = (n—1) ky ¢t (6.64)
0
and the half life is given by
i R— |
H:m_ - Mﬁ»& _”?H_...IH inmv AQGMV

The solution is valid for 2l values of » except for the case when n is
unity. In practice, it is difficult to have a reaction order higher than

three, but reaction orders up to five have been reported in literatnre, °

A summary of the important equations for different order Teactions is
given in Table 6.1

To determine the order of a reaction, the concentration of reactants
at various time intervals is measured and a graph is plotted between time
¢ and functions such as log C, 1/C, 1/C2, ..., 1/Cn, etc. A function giving
a straight line will" give the order of the reaction. The reaction order
can also be calculated by half-life values at different concentrations.
If the half'life is calculated with different equations, an equation which
gives a constant value of half life will indicate the correct reaction order,

6.3 COMPLEX REACTIONS

Occasionally, the order of a reaction calculated indicates whether its
value is fractional, or of an order higher than three. Reactions of fifth
and higher orders are also reported in literature, but on molecular consi-
derations alone, it-is obvious that a reaction with a molecularity higher than
three is quite difficult because the chances of a simultaneous collision of four

[
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TABLE 61 Summary of Important Equations for Differe ‘
(With permission of McGraw-Hill from $.W. Benson: Foundations of Chemical Kinetics, 1960, p. 24)

922

nt Order Reactions

FUeLs AND COMBUSTION
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Similarly, the reaction: 2NO -- 2H, - N; + 2H,0 is kinetically of
third order. which it can well be, because the reaction takes place in the foi-
lowing two sieps:

ﬁmw 2NO + mn i d ZN+mMOu
(i) N;0, + H, —+ 2H,0.

The first reaction is trimolecular and is a slow teaction. The chances of the
simultaneous collision of twe NO molecules with one hydrogen moiecule
are less, Once HyO, is formed, it reacts rapidly with hydrogen to give H,0.
The second step takes place rapidly. Therefore, the net rate of the reaction
is governed by the first step only. The complex reaction can be categorized
as: (i) oppos ng or reversible reactions, (if) concurrent or parallel reactions,
and (jii} consecutive reactions.

Reversible Reactions

Reversible reactions are those reactions im which the products may react
themselves to form the original reactants with measurable rates. The mixture
initially consists of only the reactants, but as the reaction proceeds in the
forward direction, the products appear which start reacting to give the reac-
tants. As the rate of reaction is proportional to the concentration of reactants,
the rate of the forward reaction goes on reducing with the consumption of
reactants while the rate of the reverse teaction increases. Ultimately, an
equilibrium state is reached when the rates of the forward and reverse reac-
tions are the same. This final equilibrium state can also be computed with
thermodynamic considerations. Reversible reactions
form of simultaneous reactions.
A first order reversible reaction can be written as

o

A %, L G.@E

We can write the rate expression as
d[Al
dt

= —ky [A) + &, [L] (6.67)

If the initial concentrations are [A,] and [L,] at ¢+ = 0,then at any instant-

(Al + [L] = [Agl 4+ [Lod

or (L] = [A)] + [Eo] — [A] (6.68)
On substituting the values in Eq. (6.67)

AL k1A ke (AG] + (Ll — TAD
or AAT k(A0 gl ) = Gk + k) TA] (6.69)

Eor-

are the simplest .
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Fig. 6.3 Formation and dissociation on. rm&..omouwmoaw.mw
{from L.N. Khitrin, The Physics of Combus h_.w
and Explosion, Israel Program for Scientil _m._
Translations, 1962). . _

Parallel Reactions

Parallel reactions ar : .
of several simultanecusly proceeding nnmonoum. ) ,
Thus the reactants can react in more than one independen .éww _ﬁ_v..
the same or different products. The reactants A and B can react as

e called concurrent or collateral reactions. They consist
ipvolving a given substance.
give either

A4+B—=C+D
M
A B->Lo (6.34)

or A+B->P+Q . . >
A parallel reaction is called a conjugate reaction if the second reacty

takes ‘place only in conjunction with the first.
The simplest first order parallel reaction can be represented as

&H
A—-L

k

K1
A-M

*
A = N, elc.

-

i,

FURDAMENTALS OF CHEMICAL KINETICs $7

The rate equation for the consumption of A will be

— AL — ki [A] + ke [A) + Ky [A]
o — A ki) A
d[A -
oo —AL _ (6.85)

where kb = ky + ko + ks

:.Eomn:mw_oouon:s.mmonom>mmﬁ>c”_“ﬁ_ou50Eﬁnm_.mmon ..ommn_.a.m&
will give :

[A] = [Ag]e™ (6.86)
If the initial concentrations of L, M, and N are [L,], [M,], and [Ny] respec-
tively, then the concentrations of the products will be given by

L) = Mol + L) (o (6.87)
[M] = [M] + -3 [ \wﬁ (1—e7) (6.88)
and IN] = [No] 4 B ey (6.89)

L) — [M] == [Ny] — O,

The above equations simplify to
[LT:[MT: [N} = ky1ky i kg

In such a case, the ratio of the concentrations of products is independent of
time, but is only depeadent on the ratio of the corresponding specific rate
constants. The overall rate coefficient & can be determined by Eq. (6.86).
Then the two known individual rate constants can give the value of the third
by using the expression: k=k,+k,+k,.

Normally, any reaction scheme consists of the first, second, and mixed
order reactions. For such cases, each individual reaction can be treated in-
dependently if we consider the scheme '

wu
A->L
nn
A4+B->M+N
®

A+C =P

The three parallel reactions are consuming species A to give different pro-
ducts. Therefore, the first reaction appears to be of the first order, the second
of the second order, and the third of the second order mixed. We can write

1he rate equation for the consumption of A as

7(45-43/1979)
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ec chlorine and hydrogen atoms are formed .F the
course of the reaction, Later, Bodenstein studied in detail the nnmncoﬁ wm
hydrogen with chlorine and bromine. A further ﬁ«.o-QﬁBoE of the chain
zwno& was the discovery of branched chain reactions by womﬁnbhmgm%h
Hinshelwood?. The theory implies that, on an average, one step of a br o
ed chain reaction involves the formation of more than one nos.nwn e
cenire per every disappearing centre. chw the rate ob., the genera cum !
active centres will exceed the rate of their nowmc.n%sg in the course o
dnﬂﬁ#ohoﬂaﬂw_m“ of a chain reaction can be znaon.mﬁcog by the moroan
given in Fig. 6.4. According to this scheme an active centre (A) is m_.mm
formed by the reaction path (0) which Rmﬂmmnwﬂw. the thermal or externa
generation of chain carriers. These chain carriers may be free atoms,
radicals, or molecules. The active centres so wwHEua o.mm take one of the two
paths: by path (2) by which the active centre 1s ammoﬂ_wmﬁna. and by vmm_.b .Gv
by which it yields a reaction product C and a certain number ¢ o mﬁ:\a
centres A. These active centres will again follow one of the two routes, r.a..
path (2) for deactivation and path (1) to give products and A.:Pv active

of valence unsaturated fr

centres.

0
i
A e mim— e — - 1
1
t
2 1 ]
1
1
|
|
C+EA
Fig. 6.4 Schematic representation of a
chain reaction.

~

Let us assume ¥, as the frequency or specific rate of nowomo.u.ﬁv and v,
that of reaction (2). Then the ratio of the regeneration of the active centres
to that of their consumption may be written a&

€ ¥

—n (6.101)
¥y -+ Ve

= €Wl

YL s called the probability for reaction (). The

where, w; —
s W1 .

AT P T

FuNDAMENTALS OF CHEMICAL KINETICS 10]

probability of reaction (2) will be
we= ¥gf(v; +v3), and wy +w, = 1.
For an unbranched chain reaction,

en (v +v) le., ew, & 1 )
and for a branched chain reaction e, > (n + v, ), ie., ew, >1.

An unbranched chain reaction may be represented by a zig-vag line as
shown in Fig. 6.5(a), each straight horizontal line representing one chain
cycle and a number of such cycles representing a chain length. Figures 6.5(b)
and 6.5(c) represent branched chain reactions. Figure 6.5(c) represents
branching -in each step while Fig. 6.5(b) shows where the chances of branch-
ing in each step is less than one. For Fig. 6.5(b), 2>e> 1 or 1>§>0,
and for Fig. 6.5(c),e > 2 or83 1, where § is defined as the probability of
branching per chain step, § = ¢—1. The reaction of hydrogen with halogens
13 a typical unbranched chain reaction, while the reaction of hydrogen and
oxygen Is an example of a branched chain reaction.

o} ) fc)

Fig. 6.5 Schematic representation of (a) an unbranched, (b) a branched, and
‘() & continuously branched chafn reaction. -

Kinetics of Chein Reactions
The mechanism of a chain reaction may be divided into three steps.

1. Initigtion. Formation of active centre or chain carrier by
path {0)
2. Propagation. Formation of products and more chain cairiers by
. path (1)
3. Termination. Deactivation of chain carriers by path (2),
If (A) is the concentration of active centres and [C] that of the reaction
products: wg the rate of primary generation of active centres by path (0)
and W the rate of the reaction, we may write the following equations:

-.mww_l = wo + e [Al—y, [Al—y, [A]
o AL A1 =9 43 (6.102)
and W= m_“&mu = ¥ [A) (6.103)
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Branched Chain Reactious m Therefore,. we may write

For branched chain reaction ew, > 1. Therefore, Eq. (6.102) can be : : ¢ = (v, +w)NG -+ D@, (v, + v )—1}
anii.snp in the form

| R PLETELELS
_ Nw%.u. = Wot(ew, —1)(n +v;, ) [A] - ) ‘ . vt n)
v, | e : . or = v §— 1 (6.120)
or A2 = Wo+ #1A] (6.114) : . _
. T o+ ¢ . H_Mm Eammbw that EM J.E_co of M nMn.ouﬁ_m upon the relative ma gnitudes of §v,
] , g and vs. Y1 > ¥y, ¢ 15 -ve which results in an explosion with accumula-
_ { . . . . mula
| where, 6= (e Wy—1)(n +) 8.:& _ tion of some chain carriers in the course of the reaction. When 8y, < v,
i . . - ?
| Assuming hat 8t 1=0; [Aq] =0, 1d that the roaction proceeds un der m ¢ is —ve mua.mn. 3‘:.3 cmoo_.mnm the same .mm that for a linear chain reaction.
_ isothermal conditions so that v,, v, and W are constants, We may integrate _ Muuo awﬂm of finear chain reaction assumes its steady state maximum value
and write Eq. (6.114) as , _.m.ﬁ\ N s C !
ometimes, it is found that the value of ¢ is initially positive but decreases W
Al = _H: (et —11 (6.116) : to N@HM. and finally assumes an increasingly negative value as the reaction :
. . proceeds. :

ﬁ:.ﬁ: Em.ud is an accumulation of reaction products, they enter into side,
reactions with the chain carriers in the system. The systern initially appears

Therefore, from Eq. (6.103) ‘

W — E\M ¥, e ¢i—17 6.117) to exhibit an Enqommm in the reaction rate, then it becomes almost constani
. for a short mm.ﬁoﬁ_ and finally decreases. An explosion does not occur under
. From Eq. (6.117), it follows that the rate of a branched chain near =0 such m.oomes.ou and this phenomenon is penerally referred to as “degenerate
‘ is given by . - ; n_wwﬂwmnow .am_mﬁo 6.7 shows a rate curve which is exhibited in reactions V
! o eading to degenerate explosion.
W= Wywnl : ﬁm..:mw s P on
and When ¢ assumes a high value, Eq. (6.117) can be wrilten as E .
w o= oL (6.119)
]

L i.e., the teaction will obey the exponential law, theoretically derived by s
Semenov. The exponential auto-catalytic acceleration of the reaction is a o i
characteristic feature of branched chain reactions. Figure 6.6(c) shows the :

reaction rate with increasing time. It is scen that for a branched chain reac- s I,

' tion, the reaction rate increases so rapidly that after some time an explosion ) m ¢

; takes place. This explosion is not a thermal explosiyn-because it has been 2 . ;

i assumed that the reaction takes place isothermally. W”

. Time
Fig. 6.7 Reaction rate for a degenerate branching ﬁ

i Degenerate Branching yeaction

The change of sign in the value of 4 can be accounted for by a change
;n the ratio of branching to termination rates. The value of ¢ is given by
the expression:

This phenomenon of degenerate branching can be explained for a case
where the reactants form an unstable jntermediate compound with a fairly o
long half life. This intermediate compound then can decompose to either ,
give unreactive stable molecules or produce a carrier. Initially when the
"concentration of the intermediate compound increases, there appears to be

$ = (n+v)(eWi—D
£

where, — 5 41 and Wi = v/ {(n +¥2)
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108 FurLs aND COMBUSTION

i applicable, not only to homogeneous gas reactions, but also to reactions
" in solution and to heterogeneous processes. It, however, frequently fails for

_“ chain reactions, The energy E, called the “encrgy of activation™, is of great

_ theoretical importance. It is determined from the measurements of specific
rates at two or more temperatures.

o

Loge b

o

S/

Fig. 6.8 Effect of temperature on reaction
rate constant.

On an experimental basis, it has been found that both X and A are not
totally independent of temperature. For a wide range of tempdratures, it is
i found that the plot of log, & vs 1T, instead of being a straight lihe, assumes
a shape such that we can divide the plot in more than one segment of straight
lines with different slopes. At high temperatures, the slope increases, indicat-
ing that the value of E changes with temperatare. The value of A is given by
the intercept of the straight line on the y-axis. _

Activation Energy

To explain Eq. (6.121), Arrhenius postulated that in every system an equili-
brium exists between the normal and “active” species, and that only the
: latter could take part in a chemical reaction. According to him, the heat of
formation of such active molecules is equal to or greater than E of
Eq. (6.121). This minimum enecrgy which a molecule must possess to be active
is called the activation energy.

The marked influence of temperature on the reaction rate is thus explained,
because a rise of temperature will favour the formation of active molecules.
Though the number of collisions between molecules is only skightly affected,
o the concentration of active molecules can be doubled by a 10°C rise of tem-
| ' perature so that the rate ‘of reaction is greatly increased. .
1t follows that the overall reaction can be looked upon as taking place
¢ . . by the following two step Process:

e e il 0 g

"

LT SRR R

i ke
™,
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Reactants —» Activated Reactants = Products

The energy change for the formation of activated reactants is .wv and for

the second part of the process E. These energy changes are illustrated for
both exothermic and endothermic reactions in Fig. (6.9). It may be noted
that the Arrhepius theory gives no information regarding the numerical

values of activation energies, although it is clear from Fig. (63) that E

must be greater than AH for an endothermic reaction and E greater than
the absolute value of AH for an exothermic reaction, where AH is the

Produsts

Eneryy of
reaction absorbed

Energy

Reactants’

gndothermic

Regetion cocrdinote

4

T

Reactonts

Ennigy

Energy of
, reqction avolved

Products

Erothermic

Reactlon coordingtc

Pig. 6.9 Reaction paths exothermic and
endothermic reaction sheowiag
activatioa energy.
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112 Fuics Anp COMBUSTION

4, op are the molecular diameters of A and B.

—. . 1ta MB

== is the “reduced mass” of 4 and B.
ms + MB

k == Boltzmann constant.

According to this expression, the telation between the reaction rate and
the concentration of reactants is the same as that given by the law of mass

_ action. But the rate of reaction given by this expression is much higher than

observed practically for many reactions. The effect of temperature on the
reaction rate by this expression turns out to be proportional to /T~ which
is not the observed effect for any reaction as given by the Arrhenius, equa-
tion. The expression can be modified by assuming that only those collisions
are effective which possess a kinetic energy greater than a critical value.

Now, according to the Maxwell-Boltzmann theory, in any system which
has a large number of molecules Ny, the number of molecules N -which has
a kinetic energy greater than E (E=} mF?, where m is the molectilar weight
and ¥ the moleucular velocity) is given by

N

A ~E(RT {6.130)
No De~E| ) ‘

where D} is a constant.
Now if we make the assumption that only those molecules take part 1 a

reaction which have a kinetic energy greater than E, we can write the reaction
rate for the reaction between muolecules A and B as

dAl
——g = k[Al[B]
o _d Mﬂ - ﬁq» w 5B g ma:ww % e E|RT ahc

or we may write the rate constant k as .
k = Z e E[RT (6.132)

where, Z= A %A :_N.qw VNA matw.ﬂ vw is called the collision number.

Equation (6.132) can be written as
k= 2' Tz mlh\mﬁ Am.rm_mv

where Z is a temperature independent term. Now Eq. (6.132) correctly
predicts the effsct of temperature on the reaction rate.

It is found that the reaction rate calculated from Eg. (6.132} turns out to
be generally quite high, Therefore, the expression is modified to:

kcailtgm

e Joid p ol

o ST
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k= PZ e EjRT : (6.134)
where P is calied the “steric factor” or probability factor, which has a value
less than unity.

The explanation for multiplying with such a factor is that all collisions with
sufficient energy are not capable of reaction, unless the collisions between
the molecules takes place along a particular axis. Thus this factor takes into
account the orientation of a molecule before collision. The factor P may
have a value as low as 102 for a complex molecule while for a simple mole-
cule it may have a value of about 0.1

Before proceeding further it is well to mention that the fraction of
collisions having an energy greater than E given by the eXpression eE/RT,
is true for collisions involving only two degrees of freedom. For complex
molecules having n degrees of freedom for the activation energy E, the frac-
tion is given as:

e ~EIRT (EIRTy21
n
(z-1)
Potential Energy Surface

Arrhenius pointed out that for any reaction to occur, a potential barrier
has to be overcome. Unless some critical amount of energy is available
a reaction will not take place, even if the collision of two molecules occurs
with proper orientation.

Marcelin® suggested that the activation energy can be treated con-
veniently in terms of the concept of potential energy surface, which results
when the potential energy is plotted against suitable bond distances and
angles. For a reaction between two atoms, their nuclii distances versus
potential energy will give a curve on the x-y plot. But if three atoms are
in¥olved, say in a reaction of the type

A+B—C->A—B4C (6.136)

The system will require three distances A-B, B-C, and A-Cto be
represented with the potential energy co-ordinate, and will need a four
dimensional co-ordinate system. If we fix a suitable angle, say A-B-C=130°
and tepresent distances A-B and {B-C in a three dimensional co-ordinate
system, a suitable model as given in Fig. 6.10 can be constructed. On face .
1276, the curve shows the potential energy curve for molecule A-B. Point
R corfesponds to the dissociation of molecule and point Q to the classical
ground state. It is assumed that the distance B-C is large enough not to
disturb A-B potential curve. Similarly, on face 2347, the potential
energy curve for B-C is shown. A section through the minimum path is
shown in Fig. 6.11.  This section is known as the potential energy profile,

The reaction path is represented on the potential energy surface from
P to Q. The system will travel along a path where theenergy is not too
high. Calculations show that on this surface there are two valleys which

{6.135)

8¢43-45/1979)
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Activoted complex

energy

Patentiol

A-B+C

Reaction coardingte

Fig. 6.12 Potential energy profile for areactionA + B—C—+ A—B 4+ C
(from K.J. Laidler, Theories of Chemical Reaction Rales, McGraw-
Hill, 1969).

complex is in equilibrium with the reactants. However, for simplicity we
consider a reaction -

After it has attained equilibrium with the activated noEEoN N : is in
equilibrium with the concentrations of A and B.

The Rate Equation
The rate equation can be derived by different considerations cﬁ the

results obtained are the same. We take the derivation with the assumption
that the motion of the activated complex over the saddle point is a very loose
vibration. For equilibrium between the reactants and activated complexes,

we may write

H_--BE
K = 7AT18] | (6.138)

where K¥ is ‘the equilibrium constant which we may write in terms of the
appropriate partition functions

: X+ Q .
ATIB] - = Or Oa e”EglRT (6.139)

The partition function must be evaluated with respect to the zero point

levels of the respective molecules. Ep the difference between the zero

point energy per mole of the activated complexes and that of the reactants.

drer.
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Partition ‘functions can be factorized into its components of translational,
rotational, vibrational, and electronic energy as shown in Table 6.2 with
their values. For a molecule of A atoms, there will be 3NV, partition func-
tions, of which three are for translational motion, three for rotational motion
(or two for a linear molecule) and therefore, 3 Ny—6 for S_unwnouw_ motion
(3N, —S5 for a linear molecule).

, TABLE 6.2 Partition Functions
(from K.J. Laidler, Chemical Kinetics, McGraw-Hill, 1965)

Motion Degrees Partition function Order of
of freedom magnitude
Tragpsiatiopal 3 Apﬁa____ww.ue. 103e-128
(per unit volume}
Rotational 2 8wk T 2
(linear molecule) I 10-10
Rotational (non- 3 8x% (813 ABCY® (kT8 14 102-108
linear molecule) b3
Yibrational (per I 1
normal mode) L—e Mo lRT " i-10
Restricted 1 (878 [ KT)"
. e 1-10
rotation h

where 3 = Mass of the molecule
= Moment of inertia of a linear molecule
A, B, h. = Moment of inertia of ponlinear molecules about the three axes 2 right
angle to one another

I' = Moment of inertia for restricted rotation

v = Normal mode vibrational energy

k = Boltzmaon coastant

T = Temperature, K
" b = Planck’s constant

The same is true for the activated complex which consists of Na+ N
atoms. ‘This gives 3(Ns~+ Ng) —b6 vibrational terms if the molecule is non-
linear. One of these vibrational factors is of a different character from the
rest, since it corresponds to a very loose vibration and thus allows the com-
plex to dissociate into products C and D. for this one degree of freedom,
one may, therefore, employ, in place of the ordinary factor {1—g-Mu/®T)1
the value of this function calculated in the limit at which v tends to zero. This
is evaluated by expanding the exponential and taking only the first term.

s
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120 F.gets AND COMBUSTION

Now as
AE* 4 PAVH
Therefore, Eyp = AHT — P AVF + RT
For a unimolecular reaction and the reactions in solution A¥¥ = 0,
Therefore, Eerp = A¥ + RT

g = KT OS5 —p  _grigr
or ~h

or k == N.WM-M.... Pm#__hmlmoau;u. . (6.152)

For other gas reactions -
PAVE = AntRT
where An¥ isthe increase in the number of molecules when activated
complex is formed from the reactants. For a bimolecular reaction

An* = — 1 as two reactant molecules from one activated complex mole-
cule, we have
Eap = AHT 4+ 2RT
or for a bimolecular reaction
k=eakle By g o Eeno'®T (6.153)
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7

KINETICS OF CHEMICAL
CHAIN REACTIONS

Of the hundreds of chemical reactions observed experimentally only a few
reactions, if any, can be described in terms of a single chemical change. A
majority of the reactions follow a more;or less complex mechanism or path
of reaction involving the formation and %mﬁgron of chain carriers (atoms
and radicals). Usually, the concentration of these chain carriersin a reac-
tionis extremely low. Asa result of this, it is difficult to establish the mecha-
nism of a reaction from the measurements of the reaction rate constant,
activation energy, and the order of a chemical reaction.

Combustion leads to high temperatures and reaction rates of chemicatl
reactions. But the studies of physico-chemical parameters are carried out
at relatively low temperatures where the reaction rates are observed to be
low. The advantage of this is that the reaction is spread over a period of
time while the disadvantage is that the elementary reactions may differ in
importance from those governing high temperature processes. However,
it is a fact that the mechanism of even the simplest reactions is not fully
understood as yet.

In this chapter we shall consider the details of some of En better under-
stood chemical reactions, including some of the methods used for the study
of their mechanisms.

7.1 REACTION OF BROMINE WITH HYDROGEN

The reaction of bromine with hydrogen is one of the simple and well under-
stood umbranched chain reactions. The mechanism of reaction for other
halogens, e.g. chlorine, iodine, and fluorine is essentially similar but the
reaction rate for different reactions varies to a large extent because of the
different values of activation energy and heat of reaction, etc. Let us consi-
‘der the reaction.
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124 FUELS AND COMBUSTION

Substituting the value of [H] from Eq. (7.10) in the above cquation
172
d(HBr] 2k, ky(ky/ks) [(H] [BLI
- .&umwﬂu.._..f_‘mbmw&
2yl ko) P[HLe) [BrI°P @12
T+ K {[HBr)/ks ([Brs))} .

If we compare the experimental Eq. (7.2) and the anno:nﬁ result derived
in Bq. (7.12), we find that the equations are simlar and give

e 2y (Rl (7.13)

wun
Mﬁ_qlh#t.wnw AQ.HL.V

i¢ i i ible reactions.
f consider Eq. (7.13), reactions (i} and (v) are reverst

M._HMM*.QS ky k=K for reaction (i). Thus the equilibrivm constant can be
determined. Itis found to be e—45,200/RT

#HN#W . £~45 200 [RT 112 (7.15)

Therefore _
where B is a proportionality constant. The value of k can E measured
n%maaonnm:%. The value of k, ¢can thus be calculated. Jost® gave the value

of k, as .
n Joy— 10128112 g-1T000[RT litres mole~? s (1.16)

This can be compared with the collision theory which gives

wunNu.:u e-E|RT S {1.47)

_ 1, 1y _
where Z=(/1000) o1z .M 87R AN n @wzv

By comparing Eqs. (7.16) and G_..:a. |
PZ=1013 m

The activation energy is thus 1.6 keal and since the reaction is endothermic
to the extent of 16.4 kcal, therefore the activation emergy for the reverse
reaction (iv) is 1.2 keal. |

The value of k', i.e., kyfks is found to be independent of temperature in-
dicating that the activation energy of reaction 95.5 _.._pm. same as that o.m
reaction (iv). Therefore, the activation energy of reaction c:.v. is also approxXi-
mately 1.2 keal. As the value of k' is about 1{10, the reaction rate for (iii}
is ten times that for {iv). This difference should be monﬁw_..ﬁﬁm for in terms of
the frequency factor, that for (iv) being one-tenth of (iid).

7.2 REACTION OF HYDROGEN WITH OXYGEN

Explosion Limits

The hydrogen-oxygen reaction is a Jﬂmnm._ example of a camwnrma chain
reaction. Because of its simplicity, this reaction has been studied by many
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workets and its mechanism is well undrstood, The reaction rate of the
reaction of hydrogen with oxygen is dependent to a large extent on the
pressure and temperature. To understand the mechanism fully, we shall
first discuss the effeci of pressure on the reaction rate. Normally, becanse of

the measurable rates, this reaction has been studied between 450° and 600°C.

Figure 7.1 illustrates the effect of total pressure on the reaction rate at a
constant temperature, say 550°C. At very low pressures, the rate of the
reaction increases as -expected in a normal unbranched chain reaction but as
the pressure is increased by a few mm of Hg, the mixture suddenly explodes.
This pressure is known as the first explosion limit, and is indicated by point
B in Fig. 7.1. Between pressures B and D, the reaction is explosive but
at E it again becomes slow and increases in the normal way up to pressure F.
Pressure E js known as the second explosion limit and pressure F, the third
explosion limit. It is difficuit to reproduce the first explosion limit because
it varies according to the experimental conditions and size of the vessel

< D &

.
Explosion

steady reaction

reacticn

Rate
Steady
Explosion

E

I

i
|
® “
1
i 1

A Total pressure :

Fig, 7.1 Variation in the rate of Hy/O; reaction with total E.mmmi.m.

etc. but the second and third explosion limits are welt defined at 550°C.
The second explosion limit is around 100 mm of Hg. The position of the
explosion limits changes if the temperature is changed. The first and second
explosion limits are not a thermal explosion but because of the branched
m_ﬁu reactions the rate of reaction becomes very high. Between the limits,
i.e., in the range of AB and EF, the chain terminating reactions are as fast
as the chain initiation and propagation reactions, Therefore, the rate of the
reaction is reduced.

If we observe the effect of temperature on the explosion limits, we get
a reaction peninsula. Figure 7.2 gives the plot between temperature and
pressure for hydrogen-oxygen reaction. Points B, BE and F of Fig 7.1
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128 FUBLs AND CoOMBUSTION

dOH] . y{II4IV—IX | a.21)
P _

.M.wmui = I-IH4+IV—V (1.22)

401 v (7.23)
de

dH,0] _ 1 . (124)
dt

where | indicates the rate of initiation of chain carriers OH.

=k, {OH] {H,],

Eﬁmﬂm ﬂmﬂ_ [O4], etc. ‘
Equation (7. 24) gives the rate of modu.waon of water or itmay be referred to
as the overall rate of the reaction. .

To solve these equations without the knowledge of the reaction rate
constants is quite difficult. Blackmore” used the catculated'and known values
of the rate constants and solved these equations on an analog computer. He
found that the concentrations of the chain carriers, H, OH, and O assume
steady state values in a very short time, i.e., E.mcoﬁ 4% 10-% s, .Hrﬁomoﬁn.
we may safely assume that the left hand sides o.m Egs. (7.21) E.a (7.23)
become zero instantaneously. Therefore, these equations may be written as

I+ IV—TE=0 _. (7.213)
N—II4IV—V=0 (7.22a)
IN—IV=0 (7.23a)
Adding Egs. (7.21a) and (7.22a) we get ,"_
1+2 Iv—V=0 : (7.25)
From Egs. (7.23a) and (7.25) we may write
142 I—V==0 . (7:26)
or I+ 2kc,[H] [Og]—k; (M} {01 [M1=0
H]= ! 7.27)
oo = o1 M2k (
Adding Egs. (7.22a) and {7.23a) we get
=V
Le., k, [OH] [H:l=F; {H] [0,1{M] - (7.28)
Substituting the value of (H) from Eq. (7.27) )
_ ks 1 £0:1 [M]
K [OH] fHi1= —16E TMI—2Fo
EIM
or whn HOH.HH _“H.mm”_“ Awnm WMINWNV A.N.NOV

The Jeft hand side of this equation gives the overall rate of the reaction.
From Eq. (7.25,) therefore, we may write

d[H,0] _ ks 1{M] (7.30)
dt ky {M]—2ks
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w.mmozon .@ is a chain termination reaction. The higher the Pressure thg
higher s;_._ be value of [M] which controls the reaction rate, If ky [M)=2k
the %noBE.ﬁo_, of mﬁ. (7.30) becomes zero indicating an infinite rate nm
reaction which explains the pressure of second explosion limits.
If ks [M]> 2k, then Eq. (7.30) can be written as
d[H,0] _ &y 7{M]

B v = g7 4

dt ky [M] (7.3

Hra value of I equals 2 £, [0,] [H] which indicates that the rate of reaction
Increases with increasing pressure. This is because at higher pressures the
concentration of oxygen and hydrogen increases. The pressure of the second
explosion limit can be calculated from the condition ks [M]=2k,.

2k,

.ﬂm; (1.32)
where [M] can be regarded as the total pressure. According to the above
mechanism, the rate of reaction and the value of the second explosion limit
mm%mm_w to be independent of the nature and shape of the reaction vessel

wmm_as:u aud co-workers® have proved experimentally that the reaction E.
E._m range is independent of the size of the vesscl. But if the vessel is coated
f& .co:.c acid, boric oxide (B,0,) or is made of pyrex, the rate of the Teac-
tion 1s quite slow and it increases as the vessel surface ages. Similarly, if the
<nm,ma_ wall is coated with potassium chloride (KC) or calcium chloride (CacCl)
or is made of porcelain, then the rate reaches its mdximum value imme-
diately. This dependence of the reaction ratc on the wature of the surface
1s explained by the following mechanism.

. k
Ahv mm |_\ON|I~|VN Om
.. k.
(i) OH+H,—+H,0+H

or M]=

(i) H+0, OH 10

(iv) o+m7».¢om+m

) 0,1 HA M 10, 1M

() HO,+HO,— > H,0,--0, .33

(vii) H+HO,—-2 OH

() HO,+H, »H,0,H

® H,0,+M—%20H1M

(xi) m.+muommwmno+om

() OH-+H,0,— H,0-+Ho,

According to this mechanism, the HO, radical is pot destroyed on the

wall but will react homeogeneously with another HO, radical, or with the
9(43-45/1979)
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or 2k, [HI[0,] 1~ W*NH% )=kg [H] + k; [OH]
kMl _  k[H] Kk [OH] _
or U =9 1 [0, T 3, [A] (0] 17.43)

Substitating the value of 2k, [H] [0.] in the second term on the right hand
side of Eq. (7.43) we get
ﬁ L @m-vi ke 4 kr 17.46)

2%, ) ke (OF K H.tE
From the reaction between the second and third limits, the condition for
the second l[imit can be written as
2k,

qu_ = Nw
Comparing the mechanism of Hinshelwood for the H.awomon between .nra
second and third limits with the mechanism of Baldwin for the reaction
below the first limit, we find that the reactions (iii) and {+) of Hinshelwood
ace the same as reactions {ii) and (i) of Baldwin. Therefore, the second limit
pressure Pp is given by the expression

2k,
Py== L% Q.A.U

Near the first limit [M] for Eq. (7.46) wil! represent the first iimit pressure P,.
Thercfore, we may write Eg. (7.46) at the firet limit as
GO U (7.48)
U= %)™ 2,107 ' ATHIFE
The numerator of the terms on the right band side of the above equation is the
rate constant for the wall desiruction of carriers H and OH. 1t is obvious
that below the first limit these carriers will easily diffuse to the wall of the
vessel and the hetrogenous chain termination will become predaminant.
The values of kg and k; are refated to the diffusion coefficient D, thermal
velocity v, and chain breaking efficiency ¢ for H and Om If oy is smaller

than 10-%--10-% then k=@ 92 F -1 where # iz a numerical factor

0

dependent on the geometry of the reaction vessel and d is the diameter of
the vessel. I og is relatively large (5 X 103 <ag<1), thea

kemb s (7.49)
whare b is also a coeflicient dependent on the geometry of the reaction
vessel. The vaiue of ey is governed by the wmature of the surface of the

Teaction vessel.

THE CARBON MONOXIDE-OXYGEN REACTIONS

The study of the oxidation of carbon monoxide is quite important for
combustion processes because carbon monoxide generally constitutes a part

Kmerics oF CosMicar Caarn ReacTions 133

of the fuel or appears as an intermediate product during the combustion of
inorganic or organic fuels. The mechanism of this reaction is not so weli
understood. Though the reaction is sirailar to the hydrogen-oxygen reaction
in many respects, 2 peneralizaton of the two processes cannot be made,
The combustion of carbon monoxide has been studied by many workers and
many experimental results bave been well ostablished, but quite a few questions
still remain to be answered.

The carbon monoxide oxidation exhibits a reaction peninsula similar
in shape to the hydrogen-oxygen peninsula. The explosion region is confined
between the two limits. The first limit was observed by Sagulinl! and the
second by Koop, Kowalsly, Sagulin, and Semenov'?, Figure 7.3 shows the
variation of the explosion limit with temperaturs, The effect was first studied
by Semenov et al. Though the shape of the peninsula’ is the same as that
of the hydrogen-oxygen explosion limit, it lies in the region of higher tem-
perature and pressure. The shaded portion of the diagram indicates the
explosion zone. The slow reaction zone can be divided into different paris.

e . M_L,
& Q0w E - o
= g Penien of zlow ,.A///ﬁ,.c o
Yopppl £8 L Brieee AN ¢
W -0 veaction 7 » - - - SN
= 5 o \w Explusran region
. ez /o
100b 8 2 £
28 i l‘r
g ~
> et — 4 —
4] = _ :
560 600 640 680 720 760

Temperature  °r

Fig. 7.3 Explosion Hmits of carbon monoxide and oxygen reaction
[from G. Hadman, H.W. Thompson, and C.N. Hinshelwood, Proc. Roy.
Soc. (London), A 138, 297, 1932], ,

At low temperatures and high pressures the reaction is observed to be
quite slow but the addition of a little amount of water vapour speeds up the
reaction. Figure 7.3 also shows the zone of slow surface reaction, and zone
of gas phase homogencous reaction at higher temperatures and pressures.
Few other experimental observations reported by Lewis, Von Elbe, and
Roth!® are the cffects of vessel size, CO-0, ralio and the effect of nitrogen
on the second explosion Jimit. It has been reported that a decrease in the
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136 FueLs aND CoMBUSTION

expcrimental observations, Lewis and Von Elbe*® proposed the following

mechanism:
(i) H,0+CO——CO,+H, (Surface)
Gy H;+0,—-H:0, {Surface)

(i) Hy0,--M——2 OH+M
(iv) H,0,4+C0—-»C0,+H,0

(v) OH-+CO—-CO+H (1.51)
{(viy H+O;——>OH+0

(vii) H4+0,+M— »HO,+M

(viiiy O+H,——OH+H

(x) 0+0;+M——>0+M

(x) HO,+CO—~C0O,+0H
. Surface
(xi) HO,———-» Destruction

According to this scheme, the inotiation reaction is a surface reaction. First,
a hydrogen molecule is produced at the surface of the reaction vessel which
reacts with a oxygen meolecule to produce H,O, which can disintegrate to
produce two chain carriers or can react with CO molecule to give H,O
and CO,. Reactions {iif), {vi} and {viii) are branching reactions. In the above
scheme, reactions {vi}, (vii}, {viii) and (x) are the same as proposed in the
H,-O; reaction mechanism. Reactions (i) and (i) correspond to the initia-
tion reaction in Hy O, reaction. Thus almost all the reactions of the H,—O,
reaction scheme are incorporated except the reaction H,4-OH <« H,0-+H.
This reaction is omitted because the concentration of hydrogen molecule
is very low in wet CO-+ O, mixture. Therefore, the chances of a chain carricr
colliding with hydrogen molecule are quite low. The probability of the
occurrence of reaction {ix) is also quite low. However, the O, produced is
consumed by the following mechanism.

0,+CO+M —»CO,+0;+M

wall .
Qy——Destruction

or it can react with a CO molecule to give two carriers as
0,4+C0—-+C0,;+-20

Near the explosion peninsula, this branching reaction becomes important
with the increased concentration of O atoms. The Oy concentration also
increases and this branching reaction leads to explosion. This also explains
why the presence of H, or H;O does not affect the second limit pressure.
Although the initiation is by hydrogen molecule for explosion, the branching
reaction with O, molecule is responsible for the higher reaction rate.

o
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7.5 HYDROCARBON OXIDATION |

Most liquid and many gaseous fuels consist of a mixture of various hydro-
carbons. The physical and chemical nature of the various constituents in a
fuel vary widely. As such the study of the kinetics of a fuel is quite difficult.
Normally, for kinetic considerations a single constituent of fuel, ie., a pure
hydrocarbon is studied separately. These studies reveal that though the
physical and chemical properties vary with the structure of a hydrocarbon,
the oxidation process of hydrocarbon fuels has many common features,
Therefore, the result obtained by studying the behaviour of one hydrocarbon,
can predict the behaviour of a set of hydrocarbons. For example, the pheno-
menon of cool flames is observed in parafins above ethane and is coramon with
various olefins, naphthenes, alcohols, aldehydes, and ethers. It isalso
observed that a few intermediate compounds are always found during the
oxidation of hydrocarbons.

The mechanism of degenerate branch explosion is common to many
hydrocarbons. The reaction mechanism for such explosions was explained
by Semenov?l. During a reaction, an intermediate unstable compound
with appreciable half life is produced which disintegrates to give products.
It is observed that in the oxidation process of many hydrocarbons, a hydro-
peroxide is formed which disintegrates either to give a ketone molecule and
Wwaler or an oxygen heterocyclin compound and a chain carrier. Before
taking up the chemical steps which are involved in the oxidation of a hydro-
carbon, we shall discuss a few well established physical observations and
laboratory results.

Prettre* first studied the oxidation of many hydrocarbons systematically,
He passed the mixture of various hydrocarbon vapours and air through a
pyrex glass or quartz teaction vessel. The reaction vessel was of 10 cm in
length and 5.4 cm in diameter and kept in an electric furnace whose tempera-
ture was raised slowly. The mixture flow was slow with a known rate of 0.3
to 6 litres/hr.

The physical observations for the rich pentane—air mixture with ; ncreas-
ing temperature were as given in Table 7.1.

It was found that the effect of fuel/air ratio on these temperatures was
not much for the rich mixtures. The luminous wave observed at 260 C is
called the cool flame. The term cool flame is used because the flame which is
visible is unable to ‘char an ordinary paper because of its low temperature,
Normally, in a cool flame light is emitted by electronically excited formal-
dehyde.

The phenomenon observed for a lean mixture of pentane with air is
given in Table 7.2,

It was also found that for higher hydrocarbons, the phenomenen observed
was similar, but occurred at slightly low temperatures. Tt was also observed
that the temperature at which luminescence appears increases from paraffin
to the corresponding olefin or naphthene and from unsaturated cyclic com-
pound to the corresponding saturated cyclic compound. It was observed that
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fiame zone normally between 250 and 350°C and (jii) hot flames, i.e., éom-
bustion at high temperatures. The pressure-temperature diagram of the

oxidation of propane with oxygen given by Newitt and Thornes™ is shown
in Fig. 7.6, The diagram indicates the zone of slow oxidation to the left of
curve ABC and the right hand side of curve JAL indicates the explosion
zone. The pressure-temperature diagram for the other hydrocarbons gives &
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Fig. 7.6 Cocl flame and second-stage ignition of ﬂumx.T.Ou mixture
(With permission of the Chemical Society, from the Journal of
. Society, p. 1656, 1937).

similar shape but the values of temperature and pressure may differ. The
well defined explosion peninsula which points towards the low pressure side
is bounded by a cool flame zone. The vertical line at a particular pressure
indicates the explosion limit where it cuts the curve. In the diagram at 450
mm of Hg, we can get three explosion limits. However, it may be noted that
these three limits correspond to three different temperatures at a given
pressure while the explosion limits of hydrogen-oxygen or carbon mono-
xide-oxygen mixture correspond to different pressures at a particular
temperature. Curve ABC gives the zone of cool fames.

As we move in the positive x-axis direction along the line K-L, we pass
from 2 zone of slow reaction to one cool flame zone, then to the two cool-
flame zone, 4-5 cool fiame zone and utlimately the explosion zone. If a cool
flame is followed by the hot one, the ignition is called a two-stage ignition
process. Figure 7.7 shows the reaction rate in terrms of pressure rise for 339
C.H,,+-65% O, mixture at 260°C and various initial pressures. Curve (1)is {or
the slow reaction zone, curve {2) for the cool flame zone and curves {3) and (4)
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Fig. 7.7 Pressure vise versus time for 359 CgHy, +65% 0O, at 260°C and
various initial pressures [With permission of the Combustion Institute,
from Third Symposium (International) on Combustion, p. 398, 1949].

for pressures in the two-stage ignition zone. In this zone a cool flame appears,
after. the delay period =;. The ordinary bhot flame appears after the lapse
of another delay period v,. For a mixture of C; Hy; and 40, at 340 mm Hg
and 318°C, ~, was found to be about 8.2 s, while the explosion took place
after 9.1 sec indicating 5 as 1.01 s, The delay period =, for the cool flames
decreases with increasing temperature. The relationship between =,
temperature and pressure was given by Neiman®® and others as:

v, ==Ap™ exp(B/T) (7.52)
where A, B, and n are constant. The above expression is similar to the
eXpression ol the reaction rate for the branched chain reaction. The constant
B can be treated as E/R.

However, the dependence of 7, on temperature and pressure is of a
complicated nature. According to Aivazov et al.2é, the value of 7y for the
mixture of C, Hy, and O, increases with temp:rature, reaches 2 maximum
value of 320°C, and starts decreasing. However, at a higher temperature, we
may get an equation for tg similar to the Eq. (7.52) for v;. The first stage
ignition is because of the chain branching, However, before the reaction rate
assumes an infinite value, the reaction rate js arrested because of the con-
sumption of intermediate compounds. The second stage ignition is because
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Fig. 7.10 Products from the reaction of a CgHy-| Oy mixture at 400 mm Hg and
294°C (in the cool flame zone) [With um_.Emm.-mE. of the Chemnical Society,
from the Journal of Chemical Society, p. 1660, 1937,

and above the cool flame zone are the same but their Eovoqmon_m vary in
the end state. The major products are olefins, peroxides, aldehydes, ketones
and alcohols. Based on the various sxperimental facts, the mechanism of
slow oxidation proposed recently by Knox .and Kinnear??, and for the
oxidation of pentane in particular, can be taken as a general case which
explains in a simple manner the various possible reactions.

As the oxidation of a hydrocarbon involves many intermediate products
and various cracked products of & heavier molecule at high temperatures,
it is quite difficult io give the reaction mechanism of various hydro-
carbons. We shall first take a general hydrocarbon (say, a paraffin)
represented by RH, where Re=>C,H, 41, and then explain the various
important reactions of one of the simplest paraffin molecules, C,H;
which exhibits the cool flames and other phenomena common to the
heavier hydrocarbon molecules. Due to complexity, the mechanism of
hydrocarbon oxidation cannot be completely described by a single set of
reactions. After the production of radical'R which may be the result of
any one of the following reactions,

RH+0,—-»R-+HO,
RH-+OH—-»R-+H;0 -
RH+0—-+R-4+0H

Knox and Kinnear?? proposed the following sets of reactions (Fig. 7.1D: -
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A + HO,
or
A'+R’ Lol +oH
(1), Pyrolysis (4) .
+O, RH Surface
R — RO » ROOH —— A+ Hu|nT_ others
) ) o + other
(INF O, AZS,EE: to surface -~

A+HO, Acetone + others
where RH is any n-paraffin, R is the alkane radical, A is the olefin of the
hydrocarbon, A’ is a lower olefin, R is a lower alkane radical and

I=0 ! is the oxygen hetrocyclic compound.

Fig. 7.11 Mechanism of oxidation pentane (With permission of the Combustion Iustitute
from Thirteenth Symposium (International) on Combustion, p. 222, 1971}

In the above mechanism at low temperatures, i.c., below the cool flame
zone, reactions 2, 5, and 7 appear to dominate reactions 1, 3, 4, and 6. In
the cool flame region, reactions {4), (5), and (6) proceed with equal
importance, As the teimperature is increased, the pyrolysis “reaction )]
dominates reactions (5) and (6). At still higher temperatures, i.e., above
the cool flames, the pyrolysis of the alkane radical R increases, i.e., reac-
tion (1} proceeds at a rapid rate. Although at various temperatures all
the reactions given above and many other reactions will be occuring
simultzneously, this simple scheme covers all the major products at various
temperature ranges of the slow oxidation process. How important one
reaction is as compared to another can be known once we know the
various rate constants and concentrations of the reactants at different
times. Plenty of work is still going on in this field and a large amount of
literature is available.

If we consider the oxidation of propane based on the above mechanism
and a few other possible reactions, the following reactions will occur.

C;H;+0, - C;H;+HO,

(1) +CaHy
. CH, -» CyH,+CH,———CH,+C;H,
(3}
CH,+0, .ﬁlvV C;H+HO,
b
Oumn_ON -r Oum_qo“
~ @
C,H,+0, P C;H,+HO,
C,;H,0, - OH+C,H;CHO
O3]
CyH,0,+RH |.w. Oumqomm+onmq
Q)
C,H,0,H -» C,H,0+0H
C,H,0 ~ CH,;CHO-+CH,
CH,Q — C;H;+HCHOQ

10(45-43/1979).
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8
THERMODYNAMICS OF
COMBUSTION

Thermodynamics generally considers the inter-relationships between the
properties of a system and the effect of energy transfers onthem as the
system undergoes & process involving a state change. For many purposes,
it is sufficient to consider only processes during which the system experi-
ences no chemical reaction. However, when we are analysing a combustion
process, we are dealing with a system which is experiencing a state change
involving a chemical reaction, and therefore, we must include the effects
of this reaction in our analysis. When we do this; we are dealing with the
thermodynamics of chemically reactive systems. .

The object of this chapter is to develop the means of determining; (i} the
amount of energy released in a combustion process, and (if) the state of
the projects of combustion (flame temperature, equilibrium composition,
and other properties). )

Both these objectives involve the application of the principle of conser-
vation of chemical elements and the laws of thermodynamics (conservation
of energy and maximization of entropy).

A combustion process usually means an exothermic oxidation process.
The oxygen -in the air reacts with the carbon and hydrogen of a fuel to
form carbon monoxide, carbon dioxide, and water vapour. Thus the
combustion of methane with stoichiometric aijr may be written as

CH+20,+2(3.76) N;~CO,+2H,0+7.52 N, (8.1)

For stoichiometric combustion of pure hydrocarbon CnHp, the equation
may be written as:

o..,m,+?+m.vo~+u.qm (m+ m.u Ny

sooi ml muo._.m.a A3+4H1vza (8.2)

e i
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The relationship between fuel and air is usually m?nn.mn terms of the air-
fuel ratio (AF) or the fuel-air (FA). The air-fuel ratio refers to the mass
of air supplied per unit mass of fuel, while the fuel-air ratio refers to the
mass of fuel supplied per unit mass of air. -

mass of air

AF= mass of fuel

’ mass of fuel

and Fa= mass of air

In actual combustion processes, we may have ¢ moles excess oxygen or
~e moles deficiency per mole of C,H,. In this case, using. Bq. (8.2)
we have

nam.,+?+m‘ te Vaoni..a Ny)~>mx CO+m (1—x) CO,

T+ Foi%i vol&.a ?+$+m vzn (8.3)
Equation (8.") may be written in the general from as:
w .w:ﬁ._—.lv.w k.u.ﬁ.u Am.hv

where #; and »; are the number of moles of the reactant (R) and product
() of the chemical species €; and C; respectively (per mole of fuel),

8.1 COMBUSTION PROCESS AND THE FIRST LAW

In a combustion process, we are interested in the conversion of chemical
energy into thermal energy. The conversion of one form of energy to an-
other is governed by the first law of thermodynamics. All matters contain
energy in the form of molecnlar motion. The amount of energy varies
upon the structure, nature, and state of matter. Recalling the first law of
thermodynamics for a process in a closed system, the general mathematical
expression is : -

AU=Q—W (8.5)
where AU represents the change of internal energy of the system, ( is the
thermal energy or heat transfer to or from the system and W is the work
done on or by the system. We will adopt the standard sign convention,
i.e., the heat flowing into the system from the surroundings is taken as
positive and the heat going out is taken as negative. Similarly, the work
done by the system is considersd positive and the work done on the
system negative.

The internal encrgy U is a function of state and is independent of path.
In combustion calculations, the change in enthalpy is more usefu] than the
change in internal energy. Enthalpy is defined mathematically as

H=U+pV (8.6)
where  H=total enthalpy of the system
U=total internal energy of the system
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tp=25C Q=-8Hr L0 1, =25%€

Fig. 8.1 Diagrammatic representation of the process used to
determine the enthalpy of combustion,

For the constant pressire process under consideration, the steady flow
energy equation becomes:
b L \ﬁqt—lpmhumzm _‘&lTw:mno }Hﬂ- HpO ﬂm.wmu
R

where  n; and m;=as previously defined
;i and hy=molal enthalpies of reactants and products
hy,, mgo=heat of vaporization of H,0 ‘
nuso=number of g moles of H,O per mole fuel. ]
The heat of reaction at constant volume {AUx) and the heat of reaction
at constant pressure {AHpg) are related as follows:

AHr—=(Hp— HR)P : (5.19)
For a constant volume process “.,

AUgr={Ur—Unr)yv B L (8.20)
Now subtracting Eq. (8.20) from Eq. (8.19}, we have
AH—AUg=(Hr—Hz)-{Ur—Us) - (s.21)

From the definition of the enthalpy of a perfect gas
. =U+PV=U4+nRT
Therefore, Fq. (8.21) can be written as
AHr—AUr=(Hp—Hp)—(Hp ~np Ry, T— Hr+nr R,T)
={np—nr) R,T

or AHr— AUgp=An W T {8.22)
where An represents the difference in the HEEGS. of moles of gases of the
products and reactants.

The enthalpy of a reaction also varies if the reaction occurs at different
pressure or temperature. Therefore, to compare the values of the enthalpy
of reaction for different reactions, it becomes essential to specify the state
at which the reaction takes place.

Since most pases behave as an ideal gas at | atm and usually the re-
action takes place at atmospheric temperature, the values of AUgr or
AHg, usually tabulated at 1 atm and 25°C, are called the standard inter-
nal energy of reaction and the standard enthalpy of reaction respectively,

-
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This state of 1 atm and 25°C is called the standard condition. The stan-
dard values are generally represented by the superscript®, ie. by AUz
and H3 or sometimes as AUR, 595 and AHR , 5, on molal basis. AHgr
indicates the heat of reaction at temperature 7.

Any exothermic reaction indicates the heat released from the system to
the surroundings. By our sign convention, - the heat flowing out of the
system will be negative. For example, in the case of the reaction of pro-
pane with oxygen:

 CsHa(2)+5 Oy(8)—>3CO4(g)+4H,0 (1) (8.23)
AHg=--2221493 kJ/kg-mol (—530600 keal/kg-mol)

This reaction indicates that the reaction is exothermic. To understand
the significance of the negative sign it is easier to reason that the total
internal energy or enthalpy of the products after combustion will be less
than that of the reactants, i.e., because of the exothermic reaction, reac-

“tants have lost the energy. Hence a negative sign indicates that the reac-

tion bas released energy. While writing the equations, the terms (g} and (1)
indicate the phase of the reactants or the products, because the change of
enthalpy or internal energy of any reaction will depend upon the phase of
the reactants and products. The term {g) indicates the gaseous state, (1)
the liquid state, (s) the solid state {(sometimes (¢) is also used to indicate
the solid state, i.e., crystals), and {(ag) the hypothetical ideal solution.

The enthalpy of reaction is dependent upon the temperature at which
the reaction takes place as is the enthalpy of different constituents. See
Fig. 8.2 in which point ‘a’ repre-
seuts the enthalpy of the reactants. o
Therefore, ‘ab’ will represent stan-

Regctants

dard eothalpy of reaction AHE 258

If we consider the reaction at any

other temperature, say 7, then

Dmhuﬂ.. is not ﬂnm_.um_ to Dmmuuam

Usually for an exothermic reaction,

AHR_ increases with increase in

temperature. The problem of heat of I
. ]

reaction at temperatures other than ]

at 298 K becomes more important if T

the reaction occurs only at a higher Fig. 8.2 Enthalpy of & reaction as
temperature. To establish a relation a function of temperatare,
between the change in the heat of reaction and the temperature, the
following analysis gives useful results.

Change of reaction enthalpy AHg with temperature

_uin.._ﬁm

d _ d(Hp—Hr)
a7 (BHR) = =70




B¥od « @0+
SUONIPUCS pIepEels 1B IPINOIP UGQIRD
snossed o4l 0y wodixo snovsed Qum uoqIvd pros Jo uwopsnquos oy Aq
PISEI 1BIY Jo JUNOWIE 34} Aq [[I4 20O Jo uonewmrof jo Adpeyyua syt ‘apd
-mexs Iog Cpunodmod ) Jo s[ow Fuls v FUIWNIO] U PIAJOAU IUBISNS
[E1USWae 137 3} JO SI[OW JO ISQUINT 9T} ST ' PUR UOIORIT UOIEIIO] 37}
Ol D3AJOAUT 2DUBISQUS [BIUAWR[D {7 Y3 Jo Ad[ey3ua [e[otd 31} 81 'Y 219H

(1€°8) W ug—Tue y—Lfry

'SISEq [B[OW UO SHY Jo UOHUGIp A7) Wolg
‘spunod
-woo  snoliea 10§ ¥ pry jo sonjea p2)as[es A SMoYs [V 9[qRL

0=""%Hv :(8)*H 303
_ SNy 7 09z 3q 0) UaYe) St 57 pUL Wik |
Jo uonipuod pIEpOe)s Je pue 3)eis pIepues ey ur sjuamsfe jo Adeqiua
3yl jeq) wonewio] Jo  Ad[eyiud 3q3 Jo UOMITYSP 541 WOIJ SNOIAGO I 1T
08 IV joquuds 21y Aq pajussardaI si uon
-euIog Jo Adpeqius piepues ayy ‘uonvziiodea jo 1edy jusje| Sy JUTNOIOE
oym Suley D¢z pue umw [ Ie paem2[es aq ues modea ()FL JO IS
Plepuels aqt “8'0 3)uis prepuels 313 W sq puoys spupoxd sy ‘Apre|
-lwis oy Sul[[eIsA1o oiquoys agy ul s)sixe anydins pue ‘O wole woqIed
PI[OS S UOQIRD JO 3Jels pIEpUE)S ‘Opdajow snoased PR st uafolpAy JO mIoj
slqeIs a3 ‘ydwexe log -aimjelodwel puw sInssaid fenrur waalg je ajels
PIEPUELS 300} Ul SIUSMIA[S 3{QEIS S paumap Ie sjudwaje Supoesl AL
‘arnjeradmay
0,57 pue aInssaxd wie [ Je om0 Sy ST O} PALIA JeIS plepUEls YL
BIS prepuElS a1 e JuUraq siuawala ay; pue sponpoid oy ‘SluaIAfe )
WOI PAUIOS s1 punodod [eIIIAYs € UagM PIqIosqe 1o paseasl ATIsud
341 Se pauyap 51 SIYT "UOIRULIOJ JO 1udY PIEPUER)S 10 ‘moripuiso] Jo ofuryd
‘Adreqius prepuess o) pajjeo samnAWoS ‘uonyemrio) Jo Adispus Jo ydeo
-103 o Funponur £q payidwrs 3q ues wejqoxd SIYY, ‘WA JO U0 YOED
10y wonoeai jo Adjeyzs 2y3 puy o) 3noyyIp UKo sI J] SABM JO ISQUINE
E Ul R UEd UIIYM S[Enj 1agjo pUB SHCQIed0IpAY SNOISWAU I8 YL

goyemlng jo Adieqiuy

*(0£°8) "D u sppny Jog i sjenjeas ow posn 21e gV 2AqEL
Woly ppue 2°q ‘v Jo san[ep ‘o fp+.Io+Ig¢+0=dD 0£'3) bA Ul
. 588
(0£8) Ir G_ + "y=y
I

§§T  NOILSNAWO]) 40 SOINYNAJOWHHH]

Kq
poureqo =2q ARm ‘y ‘serminiaduwia) 120 1V ‘(67°8) "ba £q pemurasp aq
os|e GEd N 867 1B /y ‘umouy dxe (D,$7) M 6T 1° SAN[RA ¥y JI snyT,
(62°8)

862 T .2 Ll ¢ + T %02
oamcﬂiToc«.E + oy ,=|+E (EHT—)=" %y

') 867 3¢ (L7'8) "bA Aq punoy s1 ¥ jo anfea 343 (919 "HO
: ‘3 ‘ON ‘0D ‘HO *H) ¥HV jJo sanjea oIdz-uou Juravy spunodmod 104
b 0
] (8T°8) . £ P+ £ 24 L q+.Lo=1p mb,_. =¥
wnl el anl 1

ey} 9jopN “suonenba 4o m p pue 3 ‘g ‘v Jo saneA
Suisn pajenores asoy) st swes o) APjemrxordde s1e y Jo senfeA oY) ‘592
-uelsqns 2531 Ioq Y 0 1€ Ad[eqius Jo saf[eA OI9Z 2AEY 0] U39S IB Y Y
Jo san[eA 019z 3arq Uafgm spunodwoed asoqy Joj ssnjea Ad[EIUd Syl

e Néﬁw+&v+it_” oty Loy w |agry
st Py
Jo Adeyiua (ejow) ‘y pue (I3mILIofed 21nssald jUeIsUOs B Ul POGIWIAND
Aewpmradxs) 7y weamisq dpysoone[al oy) Jeyl IPNpPuUod M (11°8)
by woiy {g7'g) ‘bg Fuidoraaap ur pasn Jey) o3 snoojeue siskjeue ue Lg
CT4) (L—%L) OV M Tgy="2"9hy
‘108 am ‘o8uer amjerodwa) [[PWS B 10] 4 JO oNfeA uesw ) Suryel

‘r
Ip L»Ud%"ﬂu .Mmd,lu.n .w.hd 10
Bt ) Tz
. n.h n.h
AP 9DV _.ﬂcis r a
L+ L
128 am ($7°g) 'bg Funeadsyuj
*poBIFSI UL
3q UEd UMNYM ‘suonenbs s Joquolry se umouy ujo e suonjenba asayl,
Jp
(Envipr
MIM WED IM *AHE{IWHIG
L AP
EHv) P
§8 UINLIM 2q UEBD SIY

{sz'8) Ay =
(r¢'g) IV =

*(LD)—4(4D) =

Ahﬁ. I...A Wm.v H
HP HP

NOLLSOEWOy ANV STHAL  #51]




156 FueLs AND CoMBUSTION
AH3, cop ==hooy—( B2 + Ky,) (8.32)

- heos = AH3, go,= —393.769 kJ}mole

If we know the enthalpies of formation for different elements and com-
pounds, it is quite easy to calculate the enthalpy of reaction for any
particular reaction either with the help of a single reaction equation or
with the help of a set of selected chemical equations.

AHr=Hr—Hr=E(n; h)p—Z(ni )R
=Xn; AH} — Zm; AH} (8.33)
b2 - R
The principle of constant heat summation, ie., Hess's law is quite

useful for using a set of chemical reactions because enthalpy is a function
of state only, Hess’s law says that if the simple reaction equations are
added or subtracted to give an overall reaction scheme, then the corres-
ponding AH g values can also be added or subtracted to give an overall
value-of enthalpy change. :
Example 8.1 .
Determine the enthalpy of formation (AH}) of propane using the table of

values of enthalpy of combustion (AHZ) of C3H, (g), enthalpy of for-
mation (AH}) of CO, (g) and enthalpy of formation (AH§) of H,O .Cv..
Solution .

The relevant chemical equation is
C:H; (g}+5 O, (g)—3 CO; (g)+4 H,O (1)

The enthalpy of combustion for any reaction is related to thé enthalpy

of formation data for the reactants and products. For the above reaction
we write:

AHg = WAHS%)coy + H{AH%n30 — 1 (AHS)osmg — uﬁbmauc.
The enthalpy of formation data for CO, (g} and H;O (}) and the

enthalpy of combustion for C,H, (g} are found in Tables A.15 and A.16
respectively.

Therefore, (AHS)oguz=3 (—393769)+4 (—286028)
—5(0.0)—1 (—2221493)=~103926 kJ/kmol
Compare this answer with the value of AHj for CH, (g} in Table A.15.

Example 8.2 .
Determine the internal energy of reaction, AUz for methane at 300°C.

THERMODYNAMICS OF COoMBUSTION 157
Solution

The combustion of methane with stoichiometric EHSE: of oxygen is
given by the chemical equation

CH, (g)+2 0, (2)->CO; (g)+2 H,0 (g)

The symbol (g) in the above equation indicates the gas phase.
The enthalpy of combustion fer the reaction is written as

AHp=2X Hy .«_uiM n; Mu—.
P R
We know DEH.IDQ:HAM n—Z n)R, T
R
.Hrnnom.ou.n. ADQxVS_wN”_W Q:|-=dl.M Q_...Imaulvuﬂuﬁ B
R
The absolute enthalpy of & substance at any temperature T is given by
the equation

hr=AH+(hr— haes)
Applying this equation to the problem we have

Abqumnm = mﬁbmﬁ HOOulTAbmqull_\_wwwvoOuJH.@ w.w x qu +thm.&mm0

F 2 gy —Pragg)mr0 —2 X 1987 % 573 — 1 AHD)eny
—1 .—m (Cplems dT — 1x 1.987 X STI—2(AHS)o,

298

2 (hyza- hesos—2 X 1.987 X 573 keal/kmol CH,
573

where ‘_. . (Cplony dT=(h575-~hyys)cmy
2958

578
ﬂ.— (@+bT4cT?+dT¥on, dT
Substituting the data for Gu of methane from Table A.18 and integrating
578
(A Scm.ﬂ.’: Co.mfrm.cwm X1072T41.268x 102 T2 —11x10? T%).4T
8
=11883.55 kJ/kmol CH,=2838 kcal/kmol CH,

Hence substituting the  values of AH7 from Table A.15 and (A, ~Fyes}
from Tables A.20, A2]1 and A.23 after interpolation for the specific
compgnents we get:

(AUR,er,)573==[(—94154) 42790 —1138,55] 4 2{(— 57798) +2278.15

—1138.55]—[(—17825)+ 2838 —1138,55]— 2{{0.0)+2006.2— 1 138.55]

=(--92502.55)4(—113316.8)— (— 7150} —(1735.3)
==—191359 kJ/kmol

Example 8.3

Methane gas at 400 K is supplied along with 120 per cent stoichiometrie
air {preheated to 500 K) to a furnace. Combustion which occurs at 1 atm
pressure, goes to completion and the temperature of the products of com-
bustion is 2000 K. Determine the heat transfer to or from the furnace in
kJ/kmol of fuel.
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TABLE 8.1 Average Bond Dissociation Energies for a Selection of Single and

Moultiple Bonds {kJ/mole)

I Br Cl F 8] C H
H 297 368 431 569 460 414 435
C 226 289 343 444 339 343 —_
(o] — - 205 184 146 — —
F 243 251 255 159 — —_ —
Cl 209 218 243 — k¥/mole — —
Br 180 192 —_ — — _— _
I 151 — - — — — -

C==C : 611 kJ/mole
C=C : 833 kl/mole
C=C : 741 k}/mole
C=N : 879 kJ/male

8.3 ADIABATIC FLAME TEMPERATURE

The adiabatic flame terr perature, adiabatic combustion temperature, or
the theoretical reaction temperature is the maximum possible temperature
attained by the products of reaction when the reaction goes to completion
and all the heat released is used to heat up the products. To attain maxi-
mum temperature, the fue! must be mixed with a stoichiometric amount
of oxygen und the reaction should be complete. If the combustion of fuel
takes place with air instead of oxygen, the temperature attained will be
lower because some of the heat will be used to raise the temperature of
the nitrogen in the air. . -

The caiculation of the adiabatic flame temperature is useful for the
consideration of metallurgical limitations of the materials used in combus-
tion chambers and gives an idea of the possible maximum temperature
that can be attained for any fuel. In practice, it is difficult to obtain
theoretical temperatures because of incomplete combustion, excess air
usually supplied, heat losses due to radiation, conduction and convection,
dissociation of products, etc. -

In any reacting mixture, the sum of the enthalpies of the reactants
equals the standard enthalpy of the reaction and the total enthalpy of the
products.-The temperature of the products which will correspond to this
total enthalpy can be calculated. For such caleulations, one should know
the heat capacities and latent heat for each of the products of the reaction.
The heat capacity usually vaties with temperature, especially if the tem-
perature range is large. It cannot Ye taken as a constant. The variation
of C, with temperature is usually given in a tabular form or as a chart.
The value of C, is usually known as a power series. The number of terms
commonly used to describe C, varies from two to four, The general
expression is:

Co=a+bT+cT*+dT? : (8.36)
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the values of g, b, ¢, and d are given for various reactants and products,
fThus C, can be calculafed for any particular fempérature or the heat
required to heat up the products can be calculated 4s:

FE
nﬂu.—. Cy dT
T, -
. Ty

- % (a+bT+ T 4-d1*) dT

Ty

f ki
lﬁ ar4s Dge Lya Ll “_M (8.37)
3 3 7 I,

But usually, the value of T is unknown.

The enthalpy of each of the products of reaction can be expressed by an
equation similar to Eq. (8.28) and all these can be added together to
represent H, for the products. The equation can be solved by the trial and
error or the graphical method. If some of the products change their phase
duting heating, the equation may be written as:

T:Tiw BT*+14 cT3+4 dT* w+§ (8.38)
1

where % is the latent enthaipy change for the product,
The procedure of calculation can be simplified if we know h—hgys and

AH$ for all the reactants and the products. Joiiit Ariny Navy Air Force

(JANAF) tables® give comprehensive values of 7—Ages up to a temperature
5000 K. The procedure can be better understood with the help of Fig. 8.3.
Let us assume that the initial re-
actant temperature is T; (and not
298 K), and the products wil! be
at some final temperature T
where the sam of the enthalpies e
of the products of combustion
oquals that of the reactants. To
calcnfate this temperature, we pro-
ceed by the indirect path 1-2-3-4.
The energy available by cooling
the reactants from state (1) to !
state (2) plus the additional !
energy released by combustion at > w =
298 K from state (2) to state (3)

must equal the change in enthalpy
of the products of combustion
froin state {3) to state (4)-

Reactonts

“Products

R e e

Flg. 8,3 Process diagram for calculation of
the adiabatic frame temperature,

11(45-43/1979)
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164 FyupLs AND COMBUSTION
8.4 HOSH.BEGZ COMPOSITION OF GASEOUS MIXTURES

Definition

A system is said to be in equilibrium when there is no tendency for

spontaneous change in its state with respect to time. Further, the equili-

stable if a small disturbance brings about not more than a

_brium._ is_stabl

correspondingly small chavge in §taté. For éxantple, a “system comprising
a mixture of equal volumes of hydrogen and oxygen at room temperature
and pressure is not in a state of stable equilibrium, since a very smail
spark could bring about a great change of state (through combustion).
In this chapter when the term equilibrium is used, it is understood to
mean stable equilibrium.

By -equilibrium composition we mean that chemical composition {pro-
portions of each chemical compound) in which the system is in a stable
equilibrium state. In any molecular collision, there is a possibility of a
chemical reaction, i.e., at least one of the molecules involved may lose its
chemical identity. Whether or not such a reaction will occur id a given
collision depends on the species of molecules involved, their relative velo-
city of appreach at a given distance apart, their spins and vibrational
modes, their respective orientations, and various other factors.

A system comprising many thonsands of molecules andfor atoms is in
a state of chemical equilibrium when there is no tendency for the concen-
tration of any chemical species to change with time. This doesinot mean
that new species are not being created and old ones nounmuzoam_%ﬂ, destroy-
ed (from the molecular viewpoint). ‘A system is in chemical equilibrium

»if the rate of formation and the rate of destruction of each species present

are equal.

The Equilibrinm Composition of a Single Chemical Species

With the possible exception of monoatomic gases (argon, krypton, xenon,

etc,) it is theoretically ifipossible to have a single species gaseous system.

To clarify this staternent, let us take oxygen gas as an exambple. Consider
a system comprising nothing but oxygen, i.c. no atoms otber than those
of oxygen are present within the system. At room temperature and pres-
sure (in the absence of strong electrical or magnetic fields) nearly all of
the oxygen at a given instant exists in the molecular form with two atoms
whose nuclei are held close together by a chemical bond. These nuclei
rotate around a central axis and vibrate very rapidly. All ‘the while,
each such molecule is experiencing millions of collisions per second with
the neighbouring molecules. Occasionally one or more of these colli-
sions will impart so much energy (in the form of rotation and vibration)
to the diatomic molecule that the two atoms will separate completely.
Fach one then may wander about until it happens to be ““‘captured” by
another free oxygen atoms to form a new O, molecule, or perhaps by an
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oxygen molecule to form an O, molecule. Therefore, it can be seen why
at any instant in & system comprising millions of umohooﬁnm. thete are also
present oxygen atoms (called dissociation products from ‘the, process:
0,20} as well as O; molecules. The same applies to any other mmm such
as hydrogen, carbon monoxide, carbon dioxide, etc.

Further, since the mean trapslational kinetic energy, as wel as the
H..amaonm_ and vibrational energy (according to the principles of o.acmvmmm-
tion of energy) vary directly with the temperature, it ¢an be seen that the
Um.vﬁ_m:o: of dissociated species increases with temperature. But how does
this precisely happen? To answer this question, we must start w_.mi.‘?um.m.
mental thermodynamic considerations. We skall see thiat the equilibrium
.noﬂwnw:mou at a given lemperature can be best specified by the use of the
“equilibrium constant”.

The Equilibrium Composition of a Mixture of Reacting Specics

Consider the case of a system comprising a mixture of reacting species
such as hydrogen and oxygen. Here we shall see that we have not on_w.
molecular hydrogen, oxygen, and water present, but also such species as
OH, 0, H, HO,, H3, ., and others. Due to either the relative weakness
of the chemica! bonds joining the atoms or the great affinity between the
two atoms which frequently meet, many of the species are very unstable
{(short lived). The exact equilibrium composition (% of each component)
depends o.n@ on the temperature, pressure, and on the relative numbers
of different types of atoms present. For the case cited above noBu:.mEm
only hydrogen and oxygen

' Composition=f (T, p, [0], [H])

where [O] and [H] represent the concentration of oxygen and hydrogen
atoms present in the mixture. .

The Law of Mass Action

The law .ou. mass action states that “‘the rate at which a chemical reaction
proceeds is proportional to the concentrations of the active species pre--
sent™. , . . . )

Consider a general reaction
A+B->C - {8.45)

The rate at which this occurs (the time rate of formation of C from A
and B) at a given temperature may be assumed to be proportional to the
_EE_US. of A-B collisions per unit time. This collision \:ﬁm is, in turn, pro-
portional to the mole fractions of both A and B. Thus T P

—_—— > ’

rate = k (xa) {xz) {(8.46)
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noo 0.4
where koolﬂmm = _.qﬂo.mum

faoo_ !oba.l
X007 T, I._.ql.o.wmw

_Joa 07
.HO:lIM n; l—.ﬂlioob.mw

Substituting these values into the equation for K, we have

(0.236) (0.412)'7

0357 (1)}2=0.429

K,—

Equilibrium Criteria

Firstly, we shall’ assume that at the equilibrium state, the reaction is
stopped, and all the gases in the mixture are ideal gases. For any system
at pressure, P and temperature 7, we have from the First Law of Thermo-

dynamics: )

dQ=dUu+dw (8.58)
and from the Second Law, .

., 42 !

s> T
or as— 42 >0 _. (8.59)
we know at constant pressure

dW=P dVv m (8.60)
From Egs. (8.58), (8.59), and (8.60) :

TdS—dU—PdV 20 (8.61}

This is the general equation for any reacting mixture at temperature T+
and pressure P. It shows that any reaction that takes place will increase

the entropy. )
For a particular case, i.c., when the reaction is taking place in an

isolated closed chamber where dU=0, d¥'=0, Eq. (8.61) will yield:
. ds»0 (8.62)
This equation can be expressed as:
(dS) v, ¥, #>-0, spontaneous process
(dS)u, v, ~=0, reversible process

{dS)u, ¥, #<<0, Unnatural process
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where subscripts I, ¥, N indicate constant enmergy, volume apn mass.
Figure 8.4 shows the change in composi- X
tion of the mixture with entropy. It is
obvious that the redction cannot proceed
from B to C because it will mean a de-
crease in entropy. Therefore for the s
equilibrium at constant volume and
energy, the composition will correspond
to point B, i, where the entropy is
maximum.

If the reaction takes place at constant  Fig 8.4 Equilibriom at constant
volume and temperature, we will observe volume and energy.
its effect on the Helmholtz function. The Helmholtz function is given by

Co mpositon

| A=U-TS (8.63)
Differentiating,
dA=dU—TdS—S dT (8.64) °
At constant temperature,
dA=dU—TdS 3.65)

From Eqs. (8.60), (8.61) and (8.65)

—dA+p dV=TdS —dU+ndv 20 .
or —dA—dW=Tds—dQ >0 . (8.66)
Equation {8.66} states that for a closed reacting system at constant tem-
perature and volume,

dA<—dW , (8.67)
But at constant volume, d#'=0. Therefore :
’ dA<h
or (d4) 7, v, #<<0, spontaneous process

(dA4) 1, v, ¥—=0, reversible process
(d4) 7, v, #>>0, unnatural process _
i.e., for any process at constant temperature and volume, the Helmholtz
fupction must decrease. If itis zero, it J
means an equilibrium is reached. Figure
8.5 m.u&oﬁnm point B, which gives a mini-
mum value of the Helmholtz function.
This point will correspond to the equili-
brium composition.
Now if we consider that the reaction is
taking place at constant temperature and
pressure, we can study the effect of Gibbs

function. The Gibbs function is defined Fig. 8.5 m.u..:“_.azﬁ.. at constant

Composition

as yolume and temperature.
G=U+pV—Ts (8.68)

Differentiating, . )
dG=dU+pdV+Vdp—Tds—S dT (8.69)

e e e
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172 FUELS AND COMBUSTION

AG®=—RT log——— (8.80)
o

The equilibrium constant is defined as

P Pu
Kp= —
i P
AG°*=—RTlog K,
or Ne”mIDQaEH (8.81)

For equilibrium constant the following points should be noted:
1. During the actual reaction, X, is independent of pressure because
AG” is defined at a standard pressure of 1 atm,
2. For the given reaction, K, is defined with the products in the
numerator and the reactants in the denominator. Some authors give
a reverse definition. Therefore, before using any tabulated value, the
definition given for K, should be observed.
3. If the reaction is written in the reverse direction, the value of K,
will change, e.g.,
If we write
H,+1 O; - H,0 .82)
ot H,0->H;+$ 0, . (8.83)
The value of K, for Eq. (8.83) will be the reciprocal of the value of
K, for Eq. (8.82).
4, The stoichiometric equation must also be well defined for a given
value of K. If we consider the following two reaction equations
H,+% 0, - H,O {8.82)
2 H;+0, - 2 H;,0 (8.84)
Although the equations are the same, the K, value of Eq. (8.84) will
be square of the K, value of Eq. (8.82). :
5. It should be noted that AG® is not equal to zerg for a reaction

except at a particular temperature, while AG g:: always be zero for
a reaction at equilibrium.

8.5 CALCULATION OF EQUILIBRIUM COMPOSITION AND TEMPERATURE
The object is to outline a procedure which may be used for computing

the equilibrium composition and final state of the products after constant
pressure or constant volume combustion at prescribed initial conditions.

THERMODYNAMICS OF COMBUSTION 173
Oaumqszmm..dmms_.o Combustion

The equilibrium composition and 85@2.\2:3 of the products resulting
from a combustion process at constant pressure can be determined by
applying the laws of conservation of mass and energy, laws of chemical
equitibrium and the concentration condition (combination of Avogadro’s
and Dalton’s laws and the equation of state for the pas phase). Suppose
one has a carbon-hydrogen-oxygen-nitrogen reaction system and the
initial state of the reactants is specified by temperature T;, pressure F;,
and the number of moles #; of each component. Assume that the equili-
brium products of combustion consist of the following ten chemical
species:

CO0,, CO, 0,, H,0, H,, OH, H, O, N, NO
In order to fix the state of the equilibrium products, one must know the
final equilibrium temperature T, pressure p, and the number of moles #,
of each of ten chemical species above. Thus, there are 12 unknown guanti-
ties and, therefore, 12 equations are required to solve for the un-
knowns. These equations are obtained as given belaw.

Mass Conservation (Four Equations)

The conservation of the total number of atoms from reactants to products
may be expressed by
T nCi=% n;C;
or wtx+y+z=[Zn] [3Xco,-} 2Xco+3 Xmpo+ 2 X e+ Xn
+M.Non+ko+w\ﬂ\oh+ww-zu+m.%z& (8.85)
where W, x, ¥, z=number of atoms of carbon, hydrogen, oxygen, and
nitrogen respectively

C=:c¢ollective number of atoms

n;=number of moles of /*" reactant

n;= number of moles of ftB combustion product

- X=mole fraction

The conservation of the number of atoms of each element from reactants
to products may be expressed by the conservation of the atomic ratios

a, pand ¥.
9ﬁw.w\aou+.y\oo+.wxm-c+mkou+M\o+\w\om+xﬂz&|.¥.00u+koc {8.86}

) ~M¥MHN0+MNMN+N‘M|TNQN._ = Xcoy+ Xco - (8.87)
¢ [2Xcop+ Yoo+ Xm0+ 2Xop+ Xo+ Xom+ Xwo] =2 X, + Xvo  (8.88)
where z=atomic ratio of carben to oxygen
-=atomic ratio of carbon to hydrogen
v=atomic ratio of nitrogen to oxygen
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176 FUELS AND COMBUSTION

(=B}, Xoo, (=C), and Xx}'? (=D} by using Egs. (8.89) to (8.94) and the

known values of K; to Ky and P,=P,.
Step 3. Equations (8.86) to (8.88) and (8.95) are rewritten in the form:
F (A, B, C, D)=0
G{A,B, C, D)=0
H{A, B,C, D)==0
J{A, B, C,D)=0
Step 4. The four equations in step 3 above with four unknowns are
linearized by using the Taylor series expansion and neglecting the higher
powers of small terms.
Fe=Fy+Fx A+ Fp 8B+ Fe 8C+Fp 3D
G=G,+Ga 3A+Gs 8B+ Go 3C+Go 8D
He=f,+ Ha 3A+ Hn SB+ Ho 3C+Hp 3D
Je=Jy4-Ja 3A+Js 8B4-Jc 3C-}-Jp 8D

where Fa—= WW. etc., and F,=F (A,, Bg, Co, D) ete.

Stzep 5. Slarting from assumed initial values Ag, By, Co, and D, of A,
B, C, and D, the sct of equations obtained in Step 4 is solved (by the
Gauss-Jordan elimination method) for A, 8B, 3C, and 8D, which are
then applied as corrections to A, By, G, and D, to vield new. values of
A, B, etc. This process is repeated until the absolute values of the ratios
SA/A, 3B/B, 3C/C apd 3D/D are each below an assigned minimum {of
the order of 10-7). Once A, B, C, and I» are computed, the composition of
the equilibrium products is readily obtained, _

Step 6. Once the equilibrium composition of the products is known, the
total number of moles of the products, E ny, is calculated from Eq. (8.85)
and the enthalpy of the products calculated and compared with' that of
the reactants. If the two corresponding energies do not tally, the assumed
value of T, is either increased (if H;> H;) or decreased (if Hi< Hy) and
the steps outlined are repeated until two successive test temperatures
bracket the desired value. Further adjustments are then made by interpo-
Jation. As the temperature and the energy have no linear relation, exact
equivalence H,—Hj; is difficult to achieve. In order to save time say, while
using a computer for solving such problems, a maximum difference of the
order of 100 kcal between H; and H, (per kmol fuel) is considered accep-
table. This difference has negligible effect on T,.

The method of solution for the constant volume case is entirely analo-
gous to the above. N

As an illustration of the above procedure, a computer flow chart® is
given in Appendix B. This can be used for computing the equilibrium com-
position and final state of the products after constant volume combustion
in any C—H~O—N system, provided that the products of combustion
are assumed to consist of the ten chemical species viz. CO,, CO, HyO, H,
OH, H, 0,, 0, N; and NO.
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Example 8.6

Determine the equilibrium ooEvoano.n for the constant pressure combus-
tion of CO+3% O, at 3000 K and 10 atm pressure,

Solution
We consider the following dissociation reaction
CO,=CO+(})0,

Dissociation of O, around 300 K is not considered appreciable. We
shall, therefore, assume that the equilibrium mixture contains only CO,
CO, and O,. The value of equilibrium constant K, at 3000 K for disso-
ciation of CO, is 0.327 from Table A.17.

I?SZ?&E?:N
Therefore, K, Toog) T v

(1}
The overall reaction may be written as

CO+(1/2)0,—+aCO 4 5CO; -} dO, E.
where g, b and 4 represent the number of moies of CQ, CO, and 0,

present in the equilibrium mixture. Here X ny=a-+b14d. Substitution of
the values in Eq. (1) yields

_ a ADCH 2 i0 12

» 5 \atb+d v (3)

Equation (3) has three unknowns, Two mass balance equations may be
written as

C balance: 1=a+b {4)
a
O, balance: 1 = M+w+a_ ~(5)
From Eq. (4) b=1—a
From Eq. (5) d=1— w ~1+a= lm.l

Also  Enj=a+tbt+d=at+(l—a)+ mﬁ?%

Substituting the values in Eq, (3) we have

. 4 AWV:» 10 113
Ky= —2 2~ a
T = \T7
or ﬁw"a.lm.mf. o 1
2 a 1—a?
e

munlu. 10 . 1
(0.327) 2 ay (I+a*—2a)
TTM.V

12(45-43/1979)
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LAMINAR FLAME
__ - PROPAGATION

Laminar flame propagation is one of the most interesting and important
problems in combustion research. The study of a laminar flame is an
ancient combustion problem and requires the simultancous ' consideration
of transport phenomena and chemical kinetics for its solution. The ulti-
mate objective of combustion research is the acquisition of a complete
understanding of the mechanism of ignition, structure, and Boao of pro-
pagation of flames.

Although a lot of work has been done in the past several decades, the

science of combustion is not yet fully developed. For any combustible
mixture the thermodynamic properties, both of the unburned gas and of
the equilibriumn products, are generally known to an adequate degree of
: precision. What is lacking is a detailed knowledge of the kinetics of com-
“ bustion reactions and the actual mechanism of flame propagation.
An attempt has been made to summarize the available information on
l jaminar flame propagation. The structure of laminar flames and a brief
survey of the theories of flame propagation are presented in this chapter.
The methods of measuring burning velocity along with the effects of
| physical and chemical variables are discussed in the next chapter.

9.1 PREMIXED FLAMES

Before proceeding further, let us comsider the definitions of a few terms

capable of propagating a flame indefinitely away from the ignition source.
In a premixed flame the gaseous mixture is prepared prior to combustion
within certain limits of the fuel/air ratio known as the lean and rich limits

pertaining to premixed flames. A combustible mixture is one which is
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of inflammability. A flame is a thermal wave ifi which rapid exothermic
chemical reactions occur and which travel with subsonic velocities. Sub-
sonic flame propagation is also termed as a deflagration wave, ﬁ:BEoEQ
in a flame is not essential but is almost always present. In a premijxed
flame, the reactapts may be introduced into the reaction zone or the
reaction zone may move into the reactants. The flame velocity or burning
velocity, Sy, of a combustible mixture is the velocity at which the unburned
gas moves through the combustion wave in a direction normal to the wave
surface.

Burning velocity is considered a fundamental constant and is a useful
combustion parameter characterizing the overall reaction rate in a pre-
mixed flame. It depends on the initial temperature, pressure, and com-
position of the gaseous combustible mixture. As the kinetics of the
combustion reactions for hydrocarbon mixtures are not yet known in
great detail for determining Su from first principles, the experimental
techniques are commonly employed.

9.2 THE STRUCTURE OF A LAMINAR FLAME

The combustion process in a flame is a combination of chemical reaction,

heat transfer by conduction, convection and radiation, mass transfer by
diffusion, and the fiow pattern. The shape and size of a flame is governed
by all these factors. A mathematical equation can be written separately for
cach variable. But because of many simultaneously occurring phenomena,
a mathematical model even for a simplest flame will be quite complicated.
Therefere, to determine the temperature and concentration gradients
across a flame front and to study the factors governing the shape and size
of a flame, axﬁo:EmEm_ approach is preferred by most of the workers.
Such studies give an insight into the structure of a flame and help in
understanding the important properties of a combustion wave, e. g

burning velocity, quenching distance, flame stability, ete.

The study of the temperature and concentration gradients across the
combustion wave is often referred to as the structure of the reaction zone
or the microscopic structure of a flame. The study of the shape of a flame
is referred to as its macroscopic structure. We shall first consider the
microscopic structure of an assumed simple one dimensional flame front
which gives the variation of temperature and concentration in and near
the flame front. This discussion will be applicable to all shapes and sizes
of flames. The microscopic structure of a burner flame which is widely
used in practice and the combustion wave in tubes will also be considered.

The flame front geometry in a flat flame burner and a spherical combus-
tion bomb is quite simple and as such needs no explanation,
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zone and the rest of the heat is released in the after burning region where
CO is converted to CO,. .
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" Fig. 9.2 Temperature profile In a fiat flame for a propane-air raixturte
(From R, Friedman and E. Borke, J. Chem. Phys., 22: 824, 1954).°
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Fig. 9.3 Hest release rate In x low pressurs flat flams
From R. Frisdman and B, Burke, J. Chem. Phys., 22: 824, 1954),
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Concentration Profile

Analogous considerations apply for the variation in molecular concentra-
tions. As a result of the chemical reaction, concentration gradients are
produced which give rise to the diffusion of the reactants diffusing from
the boundary u to b and the products diffusing from the boundary b to u,
The intermediate products which originate in the reaction . zone diffuse
il both the directions. The concentration profile is syrametrically .gpposite
to the temperature profile showing that the loss of reactants from a mass
element results in the gain of temperature by the element.

The concentration profile of various components for the methane-oxygen
flame is shown in Fig. 9.4. The data were obtained by Fristrom, Grun-
felder, and Favin® on a flat flame burner at low pressures. Figure 9.5 gives
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Fig. 9.4 Concentration profilé in 8.1 atm CH,-O, flat flame (With
permission of the American Chemical Society, from the
Journal of Physical Chemistry, 1960, LXIV: 1391).

the concentration of unstable intermediate species. These data were obtain »
ed by Westenberg and Fristrom* using Electron Spin Resonance (ESR)
spectrometry. Most of the studies were carried out at low pressure because
at lower pressures the reaction zone thickness is increased and the measure-
ment of the various variables becomes comparatively casy. These figures
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Fig. 9.6 Bumning veloc“ity and flow pattu'n_n'cross"a. burner tube: (a) calcaiated and (b) and (¢) experimental

Combustion, Hames and Explosians.oquges, 1951, p. 269).

LAMINAR FLAME PROPAGATION 189
Flames in Tubes

The flame propagation rate was first measured by the time taken bya
flame propagating between two fixed points in a tube. Gouy’s® definition
of burning velocity brought the concept of flame-shape and size, Coward
and Hartwell” studied the shape of a flame in a tube and suggested that if
cach element of a flame consumes some amount of the combustible
mixture, an initial curve shaped flame will ultimately assume a flat shape.
So they suggested that the convection currents cause a small movement of
gases ahead of the flame which resists the tendeney of the flame to assume
a flat shape. .

If, in a tube with éne end closed and filled with a combustible mixture,
the mixture is ignited at the open end, a flame will travel towards the clos-
ed end. As a result of combustion, the burned gases cxpand and move to-
wards the open end as there is no other opening. The burned gases flowing
in a tube have a Poiseuille-type flow with maximum velocity at the centre
and low velocity near the walls on accsunt of frictional drag. The accele-
rated flow near the axis of tube results in a central thrust towards the
closed end. This pushes the unburned gases from the central portion
tewards the walls. This results in the flow pattern shown in Fig. 9.7.

—_——— i — »

T . —T . bBurned

Unburned

Closed end Open end

[T

Fig. 9.7 Flow pattern and particle velocity for a laminar combustion waye moving
from open to closed end, Observer is stationary with respect to tube
(With permission of Academic Press, from B. Lewis and G. Von Elbe:
Combustion, Flames and Explosions of Gases, 1951, p. 292).

This Bives the direction of the gas flow of the combustion wave and the
magnitude and direction of the burned gases flowing towards the open
end.
- If a stationary flame is maintained in a tube by flowing a mixture
with constant velocity, the flow pattern as shown in Fig. 9.8 will be
obtained. Similar results of the gas flow pattern in a tube are obtained by
the use of the particle track method. However, the flame shape is slightly
different because the wall quenching effect reduces the burning velocity
near the walls of the tube,

Frank Kamenetsky® discussed the flame shape in a tube and suggested
that if the walls of the tube are hot and the heat is flowing from outside
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192 FuUEsLS AND COMBUSTION

elongated - shape which does not touch the bottom of the tube. Several
other flame shapes are also obtained, the explanation of which is difficult.

It is further observed that the oscillation of the gas column as a whole can
produce oscillation in the flame travel which do not change the shape of

the flame.

9.3 THEORIES OF LAMINAR FLAME PROPAGATION -~

The methanism of flame propagation in combustible mixtures bas received
a great deal of theoretical consideration and cousiderable research work
is in progress to establish specifically the factors which control the rate of
flame propagation. The various factors which have been thought of as
being the most important in controlling the rate of flame propagation are:

1. Rate of heat transfer from the reaction zone to the adjacent heating

zone

2. Diffusion of active radicals or chain carriers from the reaction zone
into the unburned gas

3, Mechanism of the reaction .

4. Chemical kinetics of individual reactions in the mechanism.

Some attempts have also been made at forming general theories which
would inciude all possible factors, but due to mathematical diffculties and
insufficiency of data, it is extremely difficult to get complete solutions with-
out making drastic approximations. The problem is exceedingly . complex
because, not only the rate of the combustion process but also many physi-
cal variables such as temperature, pressure, air/fuel ratio, vessel size, and
humidity affect the mechanism markedly. T -

As stated earlier, a flame (or a deflagration wave) travels with subsonic
velocities. A detonation, as distinguaished from a flame, travels with super-
sonic velocities, The velocity of a detonation wave is determined by the
equations of comservation of mass, momentum and energy, whereas the
velocity of flame propagation depends upon the detailed chemical kinetics
and the coefficients of diffusion and thermal conductivity. :

An incomplete knowledge of chemical kinetics, precise values of the
various parameters at high temperature and complicated mathematical
equations are the major hurdles in the determination of an accurate theo-
retical value of velocity of flame propagation.

The current theories of laminar flame propagation may be broadly
divided into: ‘ -

1. Thermal theories

2. Diffusion theories

3. Comprehensive theories

These theories are briefly discussed here.
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Thermal Theories

The first attempt to determine the velocity of laminar flame propagation
was made by Mallard and Le Chatelier’®. They equated the sensible heat
gain in the preheat Zone to the heat conducted from the reaction zone at
the Tr boundary (Fig. 9.1). Assuming that there is no reaction before T,
the temperature gradient is expressed as: :
AP |
de J1 T xe—xi @1
The quantity of heat necessary to heat Su cm?® of fresh gas (that passes
mwnocmr the burning surface per cm? per sec) to the ignition temperature
ist )

hdu (pu Su) (Tr-- Te)
The heat transfer by conduction from the reaction zone is

(%)

hence C, (o Su)(T1—Tu)=k L=Ti (9.2)
Xp—XI
or Su k T—Ti ©.3)

= me Pu mk.vlunwv ' N..al.ﬂ.:

where €, is the mean specific heat from T to 77

According to Fig. 9.1, the T-x curve is linear in the reaction zone and
the slope is equal to that at x; as determined by approaching Xr through
the preneat zone. The chemical reaction rate is involved indirectly through
the ‘_.nmomcu zone thickness (xs—x1). All authors since Mallard and Le
Chatelier have given some consideration to include the reaction rate in
their equation for the velocity of laminar flame propagation. It may be
noted that it is not easy to determine the ignition temperature for use in
such equations. .

After a considerable period, Jouguet and Nusselt*! independently com-
puted the velocity of laminar flame propagation considering the reaction
rate and thermal conduction. Jouguet assumed the relation between
temperature and reaction rate to be linear, viz. k=k,T where k is the
reaction rate constant which differs greatly from the law of Arrhenius.
This simplified the mathematics but the result could not give the correct
relation between the temperature and reaction rate.

Assuming a steady state, one dimensional, adiabatic flow with a flat
stationary flame conducting beat in the x direction only and having a
fixed ignition point, Jouguet wrote the continuity, momentum and energy
equations for the two zones, namely the preheat zone before: temperature
7: and the reaction zone from 77 and Tp. The boundary conditions are:

dar
At x=—00, T=T, —==0 and chemical varigble =0

13(45-43/1979) ‘ .
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196 FuseLs AND COMBUSTION

where (G==mass flow rate
w-—=reaction rate
x=distance
U=velocity, cmfs
Ore=heat of reaction cal/molecule of reactant. N
It is assumed that there is no chemical reaction in the preheat zone Xu
to H_._ and in the reaction zone the energy loss due to mass transfer may
be neglected in comparison with the chemical reaction and heat ..oonmuo-
tion terms. The energy equation is solved for Se by integrating over
the preheat zone (xu to x:) and the reaction zone (x: to xy) separately and
establishing the condition of continuity by equating d7, fdx at x=2x; for
the two zones, The resulting equation is:
Ty

' 2K .a
= — e dar 9.9)
Su < Cri, 0 Pu Cp (T3 —T) ® (

It is assumed that the overall reaction is second-order ({bimolecular)
with respect to fuel and oxygen, and the reaction rate follows an Arrhenius
type temperature relation. The reaction rate integral .is evaluated as

follows:

u

T T

» » :
m wdT= .ﬂ C; Coy PZ exp AI xpumnv o 9.10a)
o [ :

" RT Eu
22 Crerr Cogyett £Z T P AI %umw v (9.10b)

where, Cy, ort and Cog,err are the effective mean concentrations of fuel and
oxygen in the reaction zone {moleculesjcm®); P is the steric factor; Fag is
the activation energy (cal/mole); Z is the collision number.

Semenov states that the approximation for the exponential term obtained
from Eqs. (9.10a} and ($.10b) is satisfactory for

.MNN..@
Nwaw

Approximate solutions must be obtained for the effective concentration
terms. The relation between concentration and temperature is first
established for a zero-order reaction as follows: A new variable =
Co(T—Tu) Ore is introduced into the energy equation to give :

k40
C, dx?
which is formally identical with thé continuity Eq, (9.6) because by
assumption (10), &/C,=Dp. It ¢can be shown that the boundary conditions

’

=01

do
~G— =0 (9.11)

il
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of these equations coincide at Xu and xy. If '=8 for the entire interval,
a relation between concentration and temperature is obtained

Cy THChy Ore=Co TutCryy g Cre=C, Ty (9.12)
Equation (9.12) implies that the sum of ¢hemical and thermal energies is
constant throughout the flame (a condition that holds only where assump-
tion (I10) is valid). Following the approximation technique used by
Semenov this relation is modified for Cyerr and Coy, err for bimolecular
reaction as follows:

Ty 1B v
C, ett= ~
7r eft Q&v 0 N.v A 1 )

T (9.13}
Cog, ott=Cos, o u.n B
For lean mixtures ¢ <1
Tu
Q&‘ on»”q‘? 0 N..w ﬁ
T (9.14)
" Cog, ett1=Cos, ¢ H.c El% 3.!@3
B
where
RT?
P Fra (i T ©.15)
. AH‘.‘- Q h ﬁ.&. 0 v
and . Ocuu oih.lllﬁ llﬁ.Om- o Jut A@ .—mw
" where Anﬁ‘w. o v is the stoichiometric fuel oxygen ratio. Correction
Oz, o /8t

may now be applied to some of the assumptions as follows: Assumption
(9) is corrected by the use of a mean value of k/C, for the preheat zone,
and it is assumed that the physical properties in the reaction zone may be
represented by their values at T,. For the bimolecular reaction, assump-

tions (10) and (11) are corrected by inscrting the factors (k/CppD)? and

m® respectively under the square root sign in Eq. (9.9) (m is the ratio of
moles of reactants to moles of products in the stoichiometric reaction).
These correction factors and Egs. (9.8), (9.10b), (9.13), (9.14), and (9.15)
are substituted into the flame velocity Eq. (9.9). After collecting the terms,
the resulting equation for the rich mixture can be written as

\EE@;A _1=f

¢ voxv AI.WLHSHIV (5.17)

Sym—2B

=
Cov Dy < 3 ﬁﬁ.bov
bu ﬁ.u ﬁ ﬁ.ou.e at

For lean mixtures, the term [1(1—@/#)] is replaced by [1—¢ (1—f)] and
for stoichiometric mixtures it becomes simply B.
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