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dards are different for various types of vehicles. Present-day stan-
dards in the Federal Government and California - State require that
there should be no emission from the crankcase of a light duty gasoline
vehicle, while the evaporative loss of. _Qnﬂoom:uoa should be less than
6 g/test. Table 18.4 shows the exhaust emission standards that were
required to be met in previous years. The requirements were conti-
nuously made more stringent as research indicated the technical feasi-
bility of such goals to be achicved. Table _m 4 indicates the emission by
an uncontrolled vehicle.

TABLE 18.4 Exhaust Emission Standards for Light Duty Vehicles (with permission

of John Wiley and Sons from James N.Pitts Jr. and K.L. Metcalf
(Ed.):Advances in Environmental Science and Technology, 1971, IL: T7)

Unconirolled Exhaust emission standards Remarks
emissions, Mudel Year  g/mile
g/mile
1970 HC 2.2 Federal and California
cO 23 Federal and California
1971 HC 2.2 Pederal and California
co 23 Federat and’ California
NO, 4.0 California;
HC* 11 L1972 HC 1.5 California
CO* 80 cO 23 Federal and California
wot, =57 NO, 3.0 California
1974 HC 1.5 California
Cco 23 Federal and: California
NO, 1.3 Catifornia
1975 HC 0.5 California
CO 12 California
NO, 1.0 California

*HC-—Hydrocarbons, as measured by nondispersive infrared analyzer (NDIR)
**CO—Carbon monoxide

._.ZOuthOuEnu of nitrogen, expressed as nitrogen dioxide

The requirements for a heavy duty diesel vehicle are not too difficult
to achieve, Federal government requirements limit the smoke from
1970 model diesel engines to an opacity that should not exceed 40%
during acceleration and 20% during the engine lagging mode. The
hydrocarbon and carbon menoxide concentrations emitted by a dicsel
vehicle are usually within the standards prescribed for heavy duty
vehicles. The 1972 standard requirements in California State for a
heavy duty vehicle, }imits the hydrocarbon emission to 180 ppm- while
the carbon monoxide limit is 1.0%. The concentration of carbon
monoxide in a diesel engine exhaust is usually 0.1 to 0.3%.
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TABLE A1 (Contd)

Counery Reserves Production
(Million tonnes) {Thousand tonnes)
Dare Measured Inferred Toral Average 1972
X 1964-63
Nigeria 1961 350 664 341
Norway 1967 16 150 166 415 455
Pakistan 1966 784 877 ° 1661 . 1235 1251
Peru 1966 21 2123 2334 151
Philippines -7 39
Poland - 1967 32425 13316 45741 122136 150697
Portugal 1960 15 t1 2 426 252
Romania 1966 590 4913 £ 6612
South Africa 195 36873 35592 72465 48455 58440
South Rho- 1960 1760 4853 6613 2881 22762
degia )
Spain 1960 2830 12540 11160
Swaziland 1961 2022 3000 5022 63 143
Sweden 1967 60 30 90 a3 :
Turkey 1957 205 1130 1335 4615 gy
USSR 1966 145123 1976480 4121603 403212 451119
Ukrainian .
SSR .
L SsR v 163508 171319
Kingdom 1967 12227 3273
Kingdom 15500 _.Ena_ 119509
Tanzania 1967 09 61 3170 2. -3
United ﬂ_
States 1960 72000 1028000 11 :
Venezuela 1561 40 13 Soww ._mahw i M&NHM.
Vietnam, bl i
ﬁwﬁaﬁu. 1952 200
Rep. of 1952 50 BS‘ NS,T
Yugosiavia 1967 9 310 319 1062 uww
Zaire 1956 5 68 73 106 123
Zambia 1967 85 30 115 218 959

Note: Measured reserves represent the total amounts occurring wit
(seams containing not less than 30 cm of coal and situated

1200 m below the surface) and with respect to which there exjst
of thickness and extent of scams.

Inferred and indicated reserves represent  reserves,
measured reserves and within the limits of thickness
specified for measured reserves,
incompleted investigations or fr

Total reserves represent the a
inferred reserves,

Production data relate to all grades of anth

certain limits
not more than
reliable data

in addition to the
and depth of seam
as may be reasonably essumed to exjst from
om relation to measured reserves exist.

geregate of the measured, indicated, and

racite and bituminous coal

Source:

::o_:a_.nwwmam._u_.EB_.:oc&.cﬁnun_can :w::
. on:ngoinoom_
where otherwise stated. : - Sxeept

Wu_._n_ Power Conference, Survey of Energy Resources, 1981, London. -
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TABLE A.2 Lignite and Brown, no.n_ Reserves and Production

Country Reserves Production
(Milllan tonnes) (Thousand tonnes).
Date  (Measured) Inferred  Total Average 1972
1964-68
World Total . 2041400 737200 BO6200
Albania 391
Australia 1966 47200 95600 21913 23630
Austria 1966 34 143 5055 3756
Bulgaria 1965 1117 25583 26894
Burma 1951 265
Canada 1960 11850 24100 1899 2978
Chile 1966 5010 5365 70
China 1956 700 (.} (...
Czechostovakia 1966 8234 1623 9857 73835 85566
Denmark 1667 50 50 1674
Francc 1967 30 27129 2962
German Dem. Rep. 1965 . 30000 249189 248451
Germany, Fed, Rep, of 1967 62000 . 101844 110415
Greece 1952-
61 908 667 1575 5017 11318
Hungary 1966 5679 25287 12171
India 1966 2063 2698 3067
Indonesia 1949-
62 2000
Ttaly 1967 169 355 524 1459 839
Japan 1955 238 1495 1733 483 102
Korea, Dem. - 3900
People’s Rep.
Korea, Rep, of 1962 2 k) 5
Madagascar 1963 18 14 32
Mongolia’ 1046 2147
New Zealand 1967 17 369 386 1949 1647
Nigeria 1962 73
Pakistan 1966 22 258 280 . -
Peru 1966 4630 4630
Philippines 1965 74 14 88
Poland 1967 6449 8413 14862 23643 38221
Portugal 1960 26 62
Romania 1966 1367 6869 16547
Spain - 1960 780 2706 3070
Thailand 1967 235 208 345
Turkey 1957 251 1630 1881 3442 5336
USSR 1966 104354 1302026 1406380 142379 152467
Ukrainian SSR . 11089 11664
United States 1960 9400 396600 406000 3450 6169
Yugoslavia 1966 11506 15094 26600 27130 30343

Note:

Mcasured reserves represent the total amounts. occurring within

certain

limits (seams containing not less than 30 cm of lignite or brown coal and
situated not more than 500 m below the surface) and with respect to which
there exist reliable data of thickness and extent of seams. - .

Inferred and indicated reserves represent reserves, in addifion to the
measured reserves and within the limits of thickness and depth of seam speci-
fied for measured reserves, those which may be reasonably assumed to exist.

Total reserves represent the aggregate of the measured, indicated, and
inferred reserves.

Source; World Power Conference, Survey of muo_.mw Sources, 1968 (London}.
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TABLE A.4 Natural Gas Reserves and Production
Gas from: (A) Gas and petroleum fields, (B) coal mines.

Reserves

Kilocalories Production
Country ) Code per cubic (Thosand (Miltion cubic
: metre million metres)
cubic metresy  Average 1973
. ‘ T I977 1964-68
World Tetal 7 s4100 765700 1204000
Afghanistan A 387 2894
Algeria A 3964 1866
Angola A 40 e
Argentina A 8400-9300 206 4538 6183
Australia A 8900 1069 4 - 2628
Austria A 9600 16 1758 -1963
Bahrain A 24 70
Barbados A 8900-9040 3 2
Belgium B 8500 e 68 52
Bolivia A 139 85
Brazi! - A 8600-9600 26 773 1242
Brunel A 9920 708 203 453
Bulgaria A 8400 28 203 220
Burma A 3 § . 17
Capada A 9210 1499 38971 ¢ 82503
Chile A " 1745 4080
China . 99 A -
Colombia A 10680 .m 9931 -
Congo A 85 — 15
Czechoslovakia A 8000 1 806] 1167
B 3000 : - 230f !
Denmark 14
Ecuador A 122 :
Egypt A 108 54
France A 9000 187 5309 7517
ALiabon A 184 14 34
German Democratic
Republic B 3300 121 o
Germany, Federal A B450-10850 351 3629 16924
Republic of B 8000 574 - 528
Hungary A 7930 119 1635 4110
India A . 44 193 693
Iadonesia A 156 2885 4i26
Iran A 8000-3800 5656 1369 17185
Iraq A 566 514
Israel A 9250 1 89 124
Ttaly A 8650 - 170 8791 © 14142
Japan A 9500 8 1839 2428
B 2100 265 265
Kuwait A 1090 2239
Libyan Arab Republic A 794 7800
Mexico A 8700 305 15049 18694
Morocco A 0 12 52

(Contd)

—
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'

TABLE A4 (Contd)

Kilocalories'  Reserves Production
Country Code per cubic (Thousand  _ (Million cubic
’ melre million metres)
cubic metresy Average 1972
1972 1964-68
Netherlands A 8420 2209 5387 53885
) B 4160-4460 e 64 - ¥
Neutral Zone A 198 ) 230
New Zealand A 10145 142 - 222
Nigeria A 1161 131 159
Norway A 419
Oman A ) 54
Pakistan A 8675 547 2042 3795
Peru A 8900 74 449
Poland A 9000 8s . :QW 5823
B S000 93 .
Qatar A 229 199
Romania A 9500-10600 250 17872 Nmmﬁ
Rwanda A 1 1
Saudi Arabia A 1540 1300
Spain A 4 4
Trinidad and Tobago A §500 139 1352 1618
Tunisia A 11000 43 8 2
Turkey A 9 e
USSR A 10150-10970 18633 141148 221386
Ukrainian SSR A 9500 43402 67236
United Arab Emirates A 335 ses
United Kingdom A 10000 1303 503 26571
B 8898 177 127
Uaited States A 9211 7535 488214 ‘mumouo
Venezucia A 10265 1165 6966 9468
Yugoslavia A 7200-9700 44 410 E,au
Note: Reserves represent the aggregate amount of natural gas within the reporting

country that have been proved by surveyitg, drilling, or other recognized
methods of investigation, and would be in the form of gas if released from
the earth, but excludes liquids recoverable from gas. '

Production data relate, as far as possible, to natural gas (consisting
primarily of hydrocarbons) actually collected and utilized as a fuel or as raw
material and obtained from (i) gas fields apd petroleum fields, and (ii) coal
mines. Unless otherwise stated, the series exclude the gases used for re-~
stabilizing the pressure in the fields, as well as the gas as flared, vented or
wasted.

Source: Based on World Oil (Houston, Texas) data.




s

3 08z oL Lor ¥'9TT THY) - (s0810) stnisoprrsy
B giesT 9es— L T 52821 “H') SUBUON-¥
:. U - 8FL sIL (44 211 "HY sueYey [Agig-¢
S ' 87601 Tl oL L I THY summad
3 - JEUEELSER 5 3 s
hi 66 PO oL’ T SR sugusd -
. : [AMewu -2 Ty
§'$62 9¥T 9521 89— Lor oL el "HD S oumpQ-u
9997 oL ¥'s6 £06— 889" 989" 0Z°00T ""HY suvidoH-y >
- A 86— 143N 433 Ll'e8 D ameIng 5
' Kgpang-zz - 2
0°§€T 66T 189 r6-- 99’ -9y L1°98 "H'D duBYSH -4 ‘;’
Trer. 6T N -¥x4 6E5T— sy £79- ° ST THY) (umted os)) 5
: sueing E
: TAQIIg-7 2
L961 £'EE T'9g+ L'681— TEy 629" SI°EL YHD LR LY C
0'sEl 0'9g LI 8651 £95° 95 zrgs “H'D (sowing ost) - ;
suedord 5
. Kmaw-r
List $'L 0 — £'2ET— ¥g- 78¢° rss “HYD suwmng-w g
L'96 o'Ty vk — 9-L81— 205- Lo§' 60° vk H'D - suedorg “
£€E sk 9-88 — eI~ 9bs* Lo'0g *H*D saeny
£ 8'cr 9191~ $T8— PP 091 YHO SuBIay
ol 6 8 L 9 $ » £ A
: D e [ Da 20851 Du9'ST
{22) (ta1o) 10 titod nired 3D £14p40) o puls W ram
Wy ey - Bwtog Surzasag ayfiody d1suaq Wi LEE LT oo Swop  dno 1‘9
san1adord wonsnqwo) puv [E3siyg HwWenipomsan 9V F14dvYL
L
nlvn o, 0 02 o IugRE8T 2 ':1;,
E g LA B :_E. ‘e N‘ ~No 2 . ?": i %
w SR
. - = s
O o I P oo "
=378 3 53 TS iRy
- 8|8 = < | &
S o N
3] 2
88 g
o g - e (=] 2
Q = =R 4 b - . 00 HE-
S [RIER%E g R g 2
T ' k>
g g
2 ~ o w o e .e808 .0 o
g| |B|EREE g3 TRTT R g
B - o
& s
VW EBow = L 1NN 1. [
| B|ETRF GER TETE S g
- a (o]
; 2= waanthew ;X s '
g glgag 8- 135 mgn T = by
Z E g g 9 § =Y & o S
E S ' es53| s
)
Sl5.2. |822s8 gegggesg 8888 |5
? E|lsfo |BRERE BEEERRESEEE RgER|f
U 385~ (= & = ma & w
g Bl S |_ g 3
< ‘ % = 8 § o —g
< o e 0T = &% |=
5 < N -F | Iy 8 & E“: T g
L8| |5E3ziiiisv,of Fsc88Fg.(8
303 |PE3iaaeEEliiifsiaiiaiy|s
g,- = .0 < nq_;_'s LPOSAZ2Zinual { "



— e — - - -~ - e

TABLE A.6 (Contd)

Formula Enthalpy of combus- Enthalpy of formation Reid vapour Flammability Theo. A(F Theo. AIF

Wy

tion keallg mol keallg mol of pressure at - limit (with &ir) at {gairlg (g mol air]
Upper Lower fuel 371.8°C, kglem® latm (% by volume)  fuel & mol fueh
) Upper Lower )
. 13 12 13 14 15 16

CH, 212.8 192.0 —17.9 15.00 5.3 17.13 9.45
C,H, 3728 340.0 —120.5 12.50 " 3.00 15,99 16.55
C.H, 530.6 488.0 —24.8 9.35 2.12 15.58 23.65
C.Hys 638.0 635.5 —30.2 352 8.41 1.86 15.37 30.08
CH,, 6863 634.0 —31.4 5.27 8.44 1.80 15.37 30.08
C,Hy, §45.2 7822 —35.0 1.09 7.80 1.40 15.23 37.90
CH,, 844.0 781.0 —36.9 : 1.43 7.60 1.32 15.23 31.90
CH,, 10030 9265 —~39.9 0.344 7.40 1.18 15.15 45,00
C,.Hy 998.0 9.5 —44.3 0.523 15.15 45.00
CH, 1160.0 1076.0 —d44.9 0.112 6.70 1.10 15.08 S 5200
C,H,, 1317.5 12220 —49.8 6.00 0.95 15.03 59,30
C,His 1315.0 1221,0 : —53.5 0.119 15.03 59.30
C,Hy, 13151 12211 -52.5 S 15.03 59,30
CH, 13161 1222.1 —50.4 15.03 59.30
CH,, - 14734  1368.4 . \ 0-83 15.00 66.40
CuHy 25700 23915 1490 116.50
. (Contdy

NOLLSNGNO;) ANY §13nJg

E——- —
) \ ! e
" TABLE A.6 (Contd)
Formuda (heg)25°C {hye) 1 atm Self-ignition Critical compre- Qctane Cetane
keallg mol keallg moi temp °C . ssion ratio number number
17 18 19 20 21 22

CH, 1.95 730.0 ! i2.6 110

C,H, 3.51 565.6 124 104

CH, 3.60 4.44 535.0 122 100

CHy, 5.03 5.35 516.2 5.5 92

C.H,, 4.54 ! 5.08 8.0 9

C,H,, 6.32 6.15 500.6 4.0 6l

cM,, © 588 5.83 ' 5.7 %0

CHy 7.55 '6.90 487.2 3.3 25

CH,, T 666 6.28

CH, 8.70 7.5 4784 3.0 : 0 ' 57
CHae 9.91 : 8,35 471.1 2.9 —-17

C.H,, 8.42 1.4 732,2 7.3 100
CHy, 8.84 7.68
CH,q - 9.48 8,18
C,H,, 11.10 ' 9.02 - 466.2 _ —45
CiHa, _ 100

(Contd)

SPr tO1aNBadY
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e

83
100
104
105 .
98

49

12.4
15
15
15.5

811.00

740.00

6.53
7.16
7.53
8.0
8.8

6.80
7.88
;8.08
9.08
10.40
8.92
1001

9.84

CiHu
C,.H;,
CH,
CH,
C.H,,
C,H,
CsH,
CH,O
C,H,0
C,H,0
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TABLE A.7 Reqnirements of Motor Gasolines
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Sr. No. Characteristics " Requirements .
83 Ocrane 93 Octane
(i) Colour, visual Orange Red

(ii) Copper-strip corrosion for 3 hours
at 50°C
(iily Density at 15°C
{iv) Distillation:
(a) Initial boiling point
{b) Recovery upto 70°C, 9 by
volume, min
(¢) Recovery wupto 125°C, 9 by
volume, min
(d) Recovery upto 100°C, 9, by
volume, min
(¢) Final boiling point, max
(f ) Residue, 9 by volume, max
(v) Octane gumber (research method),
min .
(vi)  Oxidation, stability, in minutes, min
(vii) Residue on evaporation, mgf100 ml,
max
(viii)  Sulphur, total % by weight, max
(ix) Lead content (as Pb), g/1, max
(x) Reid vapour pressure at 38°C, keff
cm?, max

Not worse than No, [
Not limited but to be reported

Not limited but to be reported

10 10
50 50
50 90

215°C 215°C

2 2
23 93
360 360
4.0 4.0

0.25 0,20

0.56 0.80

0.70 0.70

Source: IS 2716-1971.
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452 FueLs ANp CoMBUSTION

TABLE A.9 Requirements for Aviation Terbine Fuel, Kerosene Type .

Sr. No. Characteristics Reguirement for
Grade K-40  Grade K-350
(i)  Acidity, inorganic nil ni}
(iiy  Aromatic, % by volume, max 20 20
{iii) Bromine number, max 5
Alternatively
Olefin content, % by volume, 5 5
max
(iv) Colour Lovibond, max 4.0
(v}  Copper-strip corrosion for 2
hours at 100°C Not worse than No. 1
{vi} Distillation:
(a) Initial boiling point °C Not limited but to be
reporied
(b) Recovery temperature for
20% by volume,*C o~ —— =
{c) Recovery upto 200°C, % by
volume, min 20 20
(d) Recovery temperature for :
500, by volume, °C Not limited but (o' be repor-
ted
(e) Recovery temperature for
90%, by volume, *C ———e———do-——————
(f) Final boiling point, °C
max 300 300
12) Residue, percent by volume,
max 2.0 L5,
(h) Loss, percent by volume,
max i5 1.5
(vii)  Flash point (Abel) °C min 38 a8
(viii} Freezing point, °*C max —40 - 50
(ix) Residue on evaporation mg/100
ml, max 3 7
(x) Ocxidation  stability (16 hr
ageing):
(a) Gum content, mg/100 mi,
max 6 total 14 total
(b) Precipitate, mg/100 ml,
max To be reported separately.
(xi) Calorific value (net), cal/g,
min 10165 10225
Aliernatively,
Product of API gravity and
aniline peint °F, min 4500 5250
(xii)  Density at 15°C gfmi 0.775 to 0.775 to
0.825 0.825
(xiii)  Sulphur, mercaptane, 9 by
weight, max 0.005 0,001
Alternatively, Doctor test Negative Negative
(xiv) Sulphur totat, % by weight,
max 0.02 0.02

(Comd)

TABLE A.9 (Contd)

APPENDICES 453

Sr. No. Characteristics

Reguirement for

{xv)

(xvi)
(xvii)

(xviii)

(xix)

(xx)

Kinematic viscosity at—17.8°C

in CS, max

Smoke point mm, min.

Water reaction:

(a) change in volume of layer,
max

(b) separation

(c) Interface rating, max
Water separometer index modi-
fied, min
Thermal stability
(a) chapge in pressure drop in
5 hr mm Hg, max
(b) preheater deposit rating, max
Silver strip corrosion

Grade K-40 Grade K-50

6 6
— 20

1ml -

Sharp separation, no emul-
sion or precipitate within or
upoun either layer

1b 1b

— 85
— 75

—_ less than 3
Not exceeding 1

Source:

IS 1571-1967.
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TABLE A.13 Requizements for Fuel Oils . o ¥ TABLE A-15 Enthalpy of Formation, & Hsat 25°C and 1 ATM ,
Sr. Ne, Characteristics R x«ﬁ“ﬂaﬁ V\a..mwnmn - ; Substance Formula ghwmmﬁna ‘ . AHx 10~
! Eealkmol — KjTkmol
(i)  Acidity, inorganic Nil Nil Nil ! !
(ii)  Ash, percent by weight, max 0.1 0.1 0.1 Carbon Cls) 12,01 0.0 0.0 :
(iii) Flash point, pensky martens Hydrogen H,(g) 2.018 0.0 0.0
An~0unav min 66°C 66°C 66°C Oxygen ) 0,(2) 32.00 0.0 0.0
(iv} Kinematic viscosity in centi- Carbon moenoxide CO(g) 28.01 — 26.417 —10.578
stokea at 50°C, max 80 125 370 Carbor dioxide CO(g) 44,01 — 94.154 —393.769
(v)  Sediment, % by weight, max 0.25 0.25 0,25 Water H,0(g) 13.02 — 57.798 —241.997
(vi) Sulphur, total, % by weight, Water H,O0() 18.02 —~ 68317 —286.028
max 35 4.0 4.5 Hydrogen
(vii) Water content, % by volume, peroxide H,0,(g) 34.02 —- 31530 —136.187 ‘
max 1.0 1.0 1.0 Ammonia NH,'g) 17.04 — 11.040 - 46.218 !
(viii) . Gross calorific value in cal/g Not limited but to be reported Methane CH,{g) 16.04 — 17.895 ~ 74.920 i
Acetylenc C.H,(®) 26.04 + 54.190 +226.878 :
Source: IS 1593-1971. , ’ Ethylene CyH, (g} 23.05 + 12.496 + 52.312 )
Ethane C,H,(g) 30,07 — 20.7236 — 84,713
Propylene C,H,(g) 42.08 + 4.879 + 20.446
TABLE A.14 Requirements for Liquefied Petroleum Gasoline - ] ¥ M.NWHHW MHM”MWV Mhm:_uw _ wwmmm IHWMWWM .
Sr. No. Characteristics Requirements ”.mewmuﬂn M”M_.”vav Mmmn_.w - MMMM% I“MMWWM i
ratame ! Copumercial " Commereial n-Heptane CH4(g) 100.20 — 44890  —187.941
propane ; n-Octane CyH () 114,22 — 49.820 —208.596 i
mixture Benzene CyHy(g) 78.11 + 19.820 + 82.992
- Toluene C,Hy(g) 92.13 -+ 11.950 -+ 50.032
() Vapour pressure at 65°C kg/cm? _ Methyl alcohol  CH,OH(g) 32.05 — 48080 201292
. Eauge : 10 max 10t026 26 max Ethylalcohol  C,H,OH(g) 46.07 — 56240  —235.461
(it)  Yolatility evaporation tempera- . Oxygen O(g) 16.00 + 59.559 +249.370 .
ture in °C for 95% by volume . Hydrogen H(g) 1.009 + 52002 4218132 “,
3t 760 mm Hg pressure, max 2 2 -3 Nitrogen N(g) 14.004 +112.965  +472.969
Qi) .u.o._w_ volatile sulphur, 9% by Fluorine F(g) 19.00 - 13.860 + 78.968 !
_ Wweight, max . 0.02 0.02 0.02 Hydroxy! OH(g) 17.01 + 9330 4 39.054
(iv)  Copper strip corrosion Not worse than No. 1 Hydrogen N
(v}  Hydrogen sulphide Absent Absent Absent ; . _ _
(vi) Drypess No free No free Shall pass fuoride HF(g) 20.01 64.800 271.305
: entrain entrain the test
water water
(vii) Odour Level 2 Level2  Level 2

Source: IS 4576-1958.

-
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458 Furrs AND COMBUSTION

TABLE A-16 Enthalpy of Combustion, AHg snd Enthalpy of Vaporization, hig at

25°C and t ATM

Water appears as liquid in the products of the combustion.
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Propylenc
Propape

15072
21074
26423
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36548
41484
33848

3599
5032
6310

C,H;(g)

n-Butane

CaH,y(2)

7537
8728

9906

— 1062570
- 1160810
—1317450
— 789080

—943580

CH, ()
CeH ()

n-Pemtane

n-Hexane

C:H, (g8}
€,H,(2)
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n-Heplane
n-Octane
Benzene

8083
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TABLE A.18 Molar Heat Capacities for a Selection of Gases* according to the
Equation Cp=a+5bT +cT?+d7?

Compound Formula a 104h 108 1084 Valid, X
Ammonia NH, 27.55 2.563 0.9900 — 6.686 273-1500
Benzene CH, —36.19 48.44 —31.55 71.57 273-1500
Carbon . :
monoxide CO 27.11 0.655 — 0.1000 273-3800
Carbon ,
dioxide cO, 12,24 5979 — 3.498 7.464 273-1800
Ethane C,H, 6.895 17.25 6.402 7.280 273-1500
Ethanol C,H,OH 19.9 20.95 —10.372 20.04 273-1500
Ethylenc C,H, 395 15.63 ~ B.339 17.66 273-1500
Hydrogen H, 29.09 —0.191% 0.4000 — 0.870 273-1800
Hydrogen .

fluoride HF 3013 —0.494 0.65%4  — 1.573 273-2000
Hydrogen .
chloride HC| 30.31 —0.761 1.326 — 4.335 273-1500
Methane CH, 19.87 5.021 1.268 —11.00 273-1500
Methyl

chloride CH,C] 12,76 10.86 —5.205 2,623 273-1500
Nitrogen N, 27.32 0.6226 —0.0950 — 273-3800
Oxygen 0, 25.46 1.519 —0.7150 1.311 273-1800
Water H,O 32.22 0.1920 1.054 —3.594 2731800

*Taken from Kobe, KA., Thermachemistry for the Petrochemical Industry, Petroleum
Refiner (November 1954}, Units are in J/mol K.
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TABLE A.19 Idesal Gas Enthalpy, Absolute Entropy, and Equilibrium Constaat of
Formation for Nitrogen, N,*

aH,=0kcal/kmol, 0 kJ/kmol

hy— Ry

Temperature K hy —h? s° logy,, Ky 5
kealikmol  kealfkmol X kJfkmol kJikmol X
0 —2072 0 0.00 — 8676 0
298 0 45.77 0 191.630
300 13 45.813 53 191.810
400 710 47.818 2973 200.204
500 1413 49,386 5915 206.770
600 2125 50.685 8897 212.208
700 2853 51.805 11944 216.901
800 3596 52.798 15056 221.055
900 4355 53,692 18234 224.798
1600 5129 54.507 21474 228.210
1100 5017 55,258 24774 231.354
1200 67i8 55.955 28126 234.272
1300 7529 56.604 35522 236.990
1400 8350 57.212 34960 239.535
1500 9179 57.784 38430 241.930
16C0 10015 58,324 42035 244,19}
170G 10858 58.835 45459 246,330
1800 11107 59.320 49016 248.361
1900 12560 55.782 52586 250.295
p 13418 60.222 56178 252137
2100 14280 60.645 59788 253.896
2200 15146 61.045 63414 255.583
2300 16015 61.431 67052 257.199
2400 16886 61.802 70699 258,753
2500 17761 62.159 74362 260.247
2600 18638 62.502 78033 261.688
2700 19517 62.835 81715 263.078
2800 20398 63.155 85401 264.417
2500 21280 63.465 89095 265.715
3000 22165 61.765 92800 266.971
3200 23999 64.337 100227 269.366
3400 25719 64.877 167680 271.627
3600 27505 65.387 115158 273.762
3800 o 29295 65.871 122652 275.789
4000 31089 66.331 130163 277.715
4300 32888 66.770 137695 279.553
4400 34690 67.189 145240 281.307
4600 36496 67.591 152802 282.990
4800 38306 67.976 160380 284.602
5000 40119 68.346 167970 286.151

* Tables A.19 through A.28 with permission of the DOW Chemical Company, from
JANAF Thermachemical Tables, Second Edition, 1971,
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TABLE A.22 Ideal Gas Enthalpy, Absolute Entropy, and Equilibrium Constant
of Formation for Carbon Monoxide, CO -

AH; = — 26417 keal/kmol=—110578 kJ/kmol

o
Temperature  hy —hy,, i log,y Ky he—hg,, 5
X keallkmol kcallkmol K kitkmof  kJtkmol X
— 0 —8678 0
uom NSW 47,214 24,029 0 157.676
200 13 47.257 23.910 53 197.856
400 M 49.265 19.109 2977 206.263
500 1417 50,841 16.235 5934 Em.mmw
600 2137 52.152 14.318 8948 218.3
700 2873 53.287 Hw..waw WWM WWWWW
54.293 11.91 .
W% wmww mw.nwo 11.108 18416 231.111
1000 5183 56.028 10.459 21699 Nr.ﬂm
1100 5983 56.790 9.926 25049 Nﬁ..__ma
1200 6794 57.496 9.479 28445 240,72
1306 7616 . 58.154 9.099 11887 243.479
1400 8446 58.769 8.771 35362 246.054
1500 9285 59.348 8.485 38874 | 248.478
1600 10130 59.893 8.234 42412 250,760
1700 10980 60.409 8.011 45971 252,920
1800 11836 60.598 7.811 49555 254.968
1900 12697 61.363 7.631 53161 256,916
13561 61.807 7.469 56778 258.774
wwmm 14430 62.230 7.321 60416 260,545
2200 15304 62,633 - 7.185 64063 NS.EW
16175 63.024 7.061 - 81T - 263.86
ol §7052 63.397 6.946 71394 265.431
w“% 17931 63.756 6.840 75074 n&.wmm
18312 64.102 6.74% 78765 268.
w.w% 19626 64.435 6.649 82464 269.776
20582 64.757 6.563 B6174 271.125
ww% 21459 65.069 6.483 89886 272.431
2357 65.370 6.407 93605 273.691
- w:% 65.945 6.269 101065 276.099
b w%ﬁ 66.487 5.145 108552 278.368
7600 27719 66.999 T 6.034 116053 280.511
wm% 29516 67.485 5,913 123578 M«N.uwm
31316 67.946 5.842 131144 284 .4
200 33121 68.387 5,756 138671 286,223
pird 930 68.807 5.679 146245 288.081
oo um.k_ 69.201 5.607 153828 289.768
Mm% wwa.__ 69.596 5.540 161431 uﬁ.www
5000 40376 69.965 5.417 169042 292,

TABLE A.23 1deal Gas Enthalpy, Absolute Enivopy,
of Foermation for Water, H,0

APFENDICES 465

and Equilibrinm Constant

AHy = — 57798 kcal/kmol = — 241997 kJ/kmol
Temperature awlbn.w 5 log,\ K, bw}.,.".. s
K kealfkmal keallkmol X kJtkmol kJikmol K
4] —2367 0 —9911 Q
208 0 45.106 40.048. 0 188.850
300 15 45.155 39.786 63 185.055
400 825 47.486 29.240 M54 198.806
500 1654 49.334 22.886 6925 206.551
600 2509 50.891 18.633 10504 213.070
700 3390 52.249 15.583 14193 218.756
800 4300 53.464 13.289 18003 224 843
900 5240 54.570 11.498 21939 228.474
1000 . 6209 55.592 10.062 25995 232,753
1100 7210 56.545 8.883 30187 236.743
1260 8240 57.448 7.899 34499 240.494
1300 9298 58.288 7.064 38928 244.040
1400 10384 59.092 6347 43475 247-406
15060 11493 59.859 5.725 48127 250618
1600 12630 60.59] 5.180 52879 253.682
1700 13787 61.293 4.599 57724 256-622
1800 14964 61.965 4.270 62651 259.435
1900 16160 62.612 3.886 67659 262.144
2000 17373 63.234 3.540 72736 264.748
2100 18602 63.834 3.277 77884 267.260
2200 19846 64.412 2.942 83092 269.680
2300 21103 64971 2.682 88353 272.02])
2400 22372 65.511 2.443 93350 274,281
2500 23653 66.034 2.224 99029 276.471
2600 24945 66.541 2.021 104440 278.5%4
2700 26246 67.032 1.833 109887 280.650
2800 27556 67.508 1.658 115372 282.642
2900 28875 67.971 1.49% 120894 284.581
3000 30201 68.421 1.343 126446 286.465
3200 32876 60.248 1.067 137646
3400 35577 70.102 0.824 148955 293.503
3600 38300 70.881 0.607 160354 296.765
3800 41043 71.622 0.413 171838 299.867
4000 43805 72.331 0.238 183403 302.835
4200 46583 73.008 0.079 195033 305.676
4400 49375 73.658 0.865 206723 308.391
4600 52181 74.281 0.197 218472 311.000
AB00 55000 74.881 0.391 230274 313.302
5000 57829 75.459 - 0430 242118 -315.932

30(45-43/1979)
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TABLE A.26 ldeal Gas Enthalpy, Absolate Entropy, and Egquilibrium Constant of
’ Formaiion for Monoatomic Nitrogen, N

AH, = 112965 keal/kmol = 472969 kJfkmol

Temperature rw.l._._u 5° loge Ky }.”.I_._.na 8°
K kealfkmel kealikmol K kJtkmol krtkmol K
—1401 0 - — 5866 0
N@W ! 0 36.614 ~—79.800 0 153.295
300 9 36.645 —79.289 37 153.425
400 506 38.074 —58.704 2119 159.408
500 1003 39.183 —46.336 4198 164.051
600 1500 40.089 —38.081 6280 167.845
700 1996 40.855 ~32.177 8357 171.052
800 2493 41.518 —27.744 10437 173.828
900 2990 42.103 —24.292 12519 176.277
1000 3487 42.627 —21.528 14600 178.471
1100 3984 43.100 —19.265 16680 180.451
1200 4481 43.532 —17.377 18762 ..EN.Nmo
1300 4977 43.930 —15.778 20839 183.926
1400 5474 44.298 —14.406 22918 185.467
1500 5971 44,641 —13.217 25000 186.903
1600 6458 44.962 —12.175 27079 188.247
1700 6905 45,263 —11.258 29161 189.507
E300 7461 45.547 —10.437 31238 190.696
1900 7958 45.815 — 9.705 33318 191.818
2000 8455 46.070 — 9.046 35399 _ 192.886
2100 8952 45.313 —~ B.449 37481 193.903
2200 9449 46.544 — 7.905 39561 154.870
2300 9946 46.765 — 7.409 41642 195.796
2400 10444 46.977 — 6954 43726 196.683
2500 10941 47.180 — 6.535 45808 197:533
2600 11439 471.375 — 6.149 47892 198.350
2700 11938 47,563 — 5,790 49981 199.137
2800 12437 47.745 -~ 5,457 52072 199.898
2900 12536 47.920 — 5.147 54161 200 631
3000 13437 48,090 — 4.858 56259 201.343
3200 14441 43.414 — 4332 60464 202,700
3400 15451 48.720 — 3.868 64691 203.981
3600 16469 49.011 — 3.455 68952 205.199
3800 17495 49,288 — 3.085 73248 206.359
4000 18531 49,554 - 2,752 77586 207.473
4200 19580 49 810 — 2.450 81978 208.545
4400 20643 50.057 - 2.1%6 86427 209,579
4600 21721 50.297 — 1.924 90942 210.583
4800 22816 50.530 — 1.694 95526 211.559
5000 23928 50.757 — 1,481 100181 212,509

e -

TABLE A. 27 Ideal Gas Eathalpy, Absclute Entropy,
Formation for Monoatomic Oxygen, O
AH, = 59559 kcalf kmol= 249370 kJ/kmol

APPENDICES 469

and Equilibrivm Constant of

Temperature  he—hi, s° logio Ky b7~ hgen 5
K keallkmol  kealfkmol K kJikmol kijkmol X
0 — 1608 0 - —6731 1]
298 0 38.468 —40.604 0 161.058
300 10 38.501 —40,334 42 161.196
400 528 39.991 —29.473 2210 167.434
500 1038 41.131 —22.940 4345 172.207
600 1544 42.054 —13.574 6464 176.072
700 2048 42.831 —15.449 8574 179.325
800 2550 43.501 -13.101 10676 182.130
900 3052 44.092 -11.272 12779 184.604
1000 3552 44.619 — 9.507 14872 186.810
1100 4051 45,095 — 8.606 16961 188.804
1200 4551 .45.529 - — 7.604 19055 190.621
1300 5049 45.928 — 6.755 21139 192.29
1400 5548 446.298 - 6.027 23227 193.840 -
1500 6046 46.642 — 5.395 25314 195,28}
1600 6544 46.963 — 4.842 27398 196.625
1700 7042 47.265 — 4.333 29484 197.889
1800 7540 47.550 — 3.918 31568 199.082
1900 8038 47.819 —~ 3.529 33653 200.209
2000 8536 48.074 — 3.178 35739 201.276
2100 9034 48.317 — 2.860 37823 202.294
2200 9532 48.549 — 2571 39509 203.265
2300 10029 48.770 — 2.307 41989 204.190
2400 10527 48.982 — 2.065 44075 205.078
2500 11026 49.185 — 1.842 46164 205.928
2600 11524 49.381 — 1636 48248 206.748
2700 12023 49.569 — Ld446 50337 207.335
2800 12522 49.751 — 1.268 52428 208.297
2900 13022 49.926 — 1.103 54521 209.030
3000 13522 50.096 — 0.949 56515 209.742
3200 14524 50.419 — 0.670 60809 211.094
3400 15529 50.724 — 0.423 65016 212371
3600 16537 51012 — 0.204 692318 213.577
3800 17549 51.285 — 0.007 73474 214.720
4000° 18565 51.546 — 0170 77728 215.791
4200 19586 51.795 0.330 82003 216.855
4400 20611 52.033 0.475 86295 217.852
4600 21641 52.262 (.608 30607 218.8H
4800 22676 52.482 0.730 94940 219.732
5000 23715 52.695 0.843 99290 220.623
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"APPENDIX C

| Computer Flow Chart

Read Wk, 2, AHT, CF, CF,  CF,.

Pead §,7,DELT

Read concentration A,B,C, 0
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1

Pe

Compute M|_._..x: Kay --

uXm

and K,,

J
¥
Compute i.m.?m :.n_ma >.ﬂ B8.C.D m
2 - -6 elg.

Compute Enjs;

derivatives Fa FB.. .....Jo

Compute aux:liary quantities A& 2-B,
Cornpute functions F,G,H, Jand partial

i

[Compute §4,68,5¢,50]

1/2 6A—~8A
17} 6B+5B

B+§B—~B
Cté6C —C
D+6D D

12 U+ EC
1726D +6D

Are A+640,B+8BC-6C,0+50> T

YES

TeDELT~T
or
T-DELY =T

[Cormputa Fe,male tractions, etc ete |

¥

Tu|c:n: 1. Pe,Eis m.-no.d_uomx 100 4 n.r..._ .

Vary fuel and/or ¢

SRS 2

APPENDIX D

Some Questions and Problems

1 Energy Resources

—

Why is it important to study the energy resources?

What are the various types of energy resources? Classify them into
exhaustible and inexhaustible resources. Briefly discuss one
resource under each category.

Write a short réport on the available coal, oil and natural gas
reserves of India and the world.

Discuss the future possibilities for the development of hydraulic
and nuclear power.

Discuss the various alternative cnergy resources which are likely
to make a significant contribution towards the energy demand in
future.

2 Solid Fuels

6.

7.

8.

10.

What do you know about the origin of coal? What changes occur
in the series from woed to anthracite.
What are the different classifications of coal? Briefly describe the
basis of each classification.
Discuss the following with respect to coals
(1) Proximate and ultimate analysis
(ii) Higher and lower calorific value
(iii} Coking and non-coking properties
(iv) Agglutinating and grindability index.
Discuss the differences in the properties of the various types of
coal. Why are bituminous and anthracite coals preferred?
Write short notes on the following:
{i} Coke
(ii) Wood charcoal
(iii) Fuel briquettes.

7
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476 FueLs anp CoMBUSTION

32.

A fuel oil has the following gravimetric analysis:
ﬂ.\.n W&O\.‘v» muu M&Q\Du o-” —.x- S: HQ\W
It is burned with 50% excess air. Determine:

{2) The weight of air supplied per kg of fuel, and
(b) the volumetric analysis of the wet products of combustion.

33. The volumetric analysis of a natural gas is 16% C,H, and 849

CH,. Determine:
(a) The stoichjometric air/fuel ratio,

(b) the percentage by weight of the carbon and bydrogen in the
fuel, and

(c) the weight of CO, and H,0 formed per kg of fuel.

6 m.__:aaaam.ﬁ_m of Chemical Kinetics

34,
35.

36.

37.

38

39,

Why is the study of chemical kinetics important ?
Explain, giving examples where necessary, the following:
(i) Reaction rate
(i1} Reaction order
(iii) Half life of a reaction
(iv}) Complex reactions.
Derive expressions for the half life of the following reactions:
(i) Zero order reaction
(ii} First order reaction
(ili) Bimolecular reaction for the case of equimolecular initial
concentrations. ,
For the process A= M .
let @, and m, represent the initial concentrations of the two
chemical species involved. Show that when x molecules of
products have been formed (and correspondingly x molecules of
reactants have disappeared)
e | x'
k4 k= s _Omn X ==
—> -
, kay—km,

where x' = >

T
k+ k
Consider that for some chemical reactions, the initial concentration
of all reactants is equal to @;. Let x represent the change of g, in
time . Derive expressions for the reaction rate constant X in
terms of a,, x, and ¢ for first, second and third order reactions.
What do you understand by the following:

() Reversible reactions of the first and second order

(ii} Parallel reactions of the first, second and mixed order

(iii} Consecutive reactions of the first order,

a—t

40

4].

42.

43.

44,

45,

46.

47

48.

APPENDICES 477

Calculate the percentage decomposition of butane during 6 s at
650°C (k =0.06 s7) in a thermal cracking unit. Derive any
formula used.
What do you understand by the terms ‘unbranching chain’ and
‘chain branching’ reactions. Give the schematic representations
for the above reactions.
What are the steps involved in the mechanism of a chain reac-
tion. Briefly discuss the kinetics of chain reactions.
Discuss the law of Arrhenius for the effect of temperature on the
reaction rate constant. Show how the value of E can be determined
experimentally.
In a decomposition reaction:

A->P+Q+R

the partial pressure of the reactant A(p) is used as the measure of
its concentration as given in the following table:

¢ (min) 0 7 11 16 20 23 27
p{mm) 230 184 164 140 124 112 99

Determine the order of the reaction and the reaction rate constant,
For a decomposition reaction:

A—-L+M

the time required for 25% decomposition of the reactant A is 130 s
at 530°C and 80 s at 540°C. Calculate:

(i) ka0 and ko for the reaction, and

(ii) activation energy E for (he reaction. .
Explain what do you understand by the ‘activation energy’ of a
reaction.
In a2 decomposition reaction represented as

A—=P+Q
the reaction rate constant & is found to have the following values:
. Temperature °C k x 10

540 1.6

550 2.8

560 4.5

580 12.1

Determine: ,

(i) The activation energy of reaction & and noi.vm:n the result
with the value determined graphically.-

(i) The time for 25% of the reactant to be decomposed at 580°C.

Distinguish between the ‘collision theory’ and the ‘activated
complex theory’ of the reaction rates.
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480 FueLs anp CoMBUSTION

72.

73.

74.
75.

AHr was found to be —82.30 kl/mole at 225°C. Determine the
value of the standard enthalpy of reaction .‘.bmmx;: values of
C»p at 400 K are given as:

Cy: CH,(g) = 41.28 J/mole K
HCl(g) = 29.11 J/mole K
CH,Cl(g) = 48.46 J/mole K

Hx{g) = 28.56 J/mole K
Calculate the enthalpy of reaction for the reaction:

C) + 5 Os(e) > CO(e)

Calculate the enthalpy of reaction for the reaction:
CO(g) + H,0(g) ~ COy(g) + Hifg)
Calculate the enthalpy of formation of propane C3H,.

Deatermine the enthalpy of combustion and internal energy of
reaction for C,H,.

76. Determine the enthalpy of combustion AHr and internal energy

77.

78.

79.

20.

81.

82,

of reaction AUr for propanc gas burning with 80% -theoretical
air,
Determine AH®, for the reaction

C(s) + 4 Oug)>CO(g) '

Given that AH°r for the reaction CO + } O, - COy is —-67.637
keal/gmol and AH’/,ye4 for CO, is —94.054 kcal/gmol.

Determine the internal energy of reaction, AU for propane at
600 K.

Determine the equilibrium composition of a system where:

C H N

o= 0.333; o= 0.0; 0= 0.0

at 3000K. and 10 atm pressure.

Calculate the enthalpy of combustion of hydrogen gas at 2600 K
for the gas phase reaction, . _ “
Determine the enthalpy of formalion (A Hs°) of propane CyHy(g),
given the following data:

Enthalpy of combustion (A H) of CyH(g) = — 2221493 k3/kmol
Enthalpy of formation (AH?) of CO4(g) = — 393769 kJ/kmol
“Enthalpy of formation (A+H°) of Hy,O(1) = — 286028 k)/kmol

Compute the enthalpy of reaction at 25°C for the foliowing
reaction:

CO(g) + H;0 (1) = COx(g) + Hy(g)
Given that at 25°C the cnthalpy of formation are:
W cougy = 93.990 keal/kgmol

83,

34,

85.

86.

87.

88.

89,

90.

91.

92.

APPENDICES 481
booonnu = — 26,399 kcal/kg mol
&omno:u = — 68.273 kcal/kg mol

The Jower heating value (LHV) at constant pressure for methane
at 25°C is 191,759 kcal/kmol. Calculate
(i) Higher heating value (HHV) at constant pressure,
(i) HHV at constant volume,
(iii) LHV at constant volume, and
(iv) HHV at constant pressure at 600K.
Calculate the C-€ bond energy for ethane if its heat of formation
is —20.5 kcal/mol and the heat required for the dissociation of
carbon and hydrogen are +173 and +105 keal/mol respectively.
The bond energy of C-H bond is 98 kcal per mol.
One mole of CO, is mixed with one mole of H,. Determine the
equilibrium composition for the reaction CO; 4 H, = CO + H,0,
if the temperature is (i) 1000K, and (ii) 2000K.
Determine the equilibrium composition for a system where C/O
={0.25, H/O = 1.00, NJO = 0.00 ai 2600K and 1 atm pressure.
Consider the dissociation of CO,, H,0, and O,,
Determine the equilibrium composition for the constant pressure
combustion of CO + (1/2) O, at 3000K and 10 atmn pressure.
Carbon monoxide {(CO) and oxygen (0.) in equimolar proportions
are allowed to attain equilibrium at [ atm. pressure. Determine the
equilibrium constant (X,) for the reaction if the relative concentra-
tions of CO and CO, are 2:3 in the high temperature products.
2 m¥s of C,Hg at 1.5 atm pressure and 300K are supplied along
with 120% stoichiometric air (preheated to 400K) to a furnace,
Heat is transferred from the products of combustion to generate
steam. The products leave the boiler at S00K. Determine the rate
of heat transfer to the steam. Assume that combustion is complete
and there is no dissociation of the products. :
Liquid octane (n-CyH,,) and air in 50% excess, enters a combustion
chamber in steady flow at | atm and 25°C. Determine the amount
of heat which must be removed per mole in order to cool the
combustion products to 800K. The enthalpy of vaporization of
fuel may be taken as 9910 kcal/kmol.
The equilibrium constant for the reaction of hydrogen and oxygen
to steam is 3 at about 4000K. When steam is heated to this
temperature, what fraction is dissociated into H; and ©, at | atm
total pressure? Assume that no other type of dissociation occurs.
(a) Determine the flame temperature at the end of constant
pressure adiabatic combustion of CO with stoichiometric air
(i) with, and (it} without dissociation of CO,. The initial pressure
and temperature may be taken as ! atm and 27°C respectively.
(b) Same as (a) except that combustion takes place at constant
volume under adiabatic conditjons,

31(45-43/1979)
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Semenov equation for the determination of burning velocity of a
combustible mixture,

10 Determination of Burning Velocities

112, Whatis the importance of Iaminar burning velocity in flame
research? How is it defined?

[13. What are the different metheds of observing a flame front?
Hlustrate the relative positions of the reaction zones of a conical
flame as observed by the direct, Schlieren and shadow photo-
graphic techniques.

114. What are the various metods of measuring burning velocity? Briefly
discuss their relative merits and demerits,

115. Briefly describe any one experimental technique of measuring
laminar burning velocity of a premixed gaseous combustible
mixture.

116. How can the burning velocity be determined at any instant during
the process from a pressure-time record in the case of a spherical
rigid vessel with central ignition and isotropic propagation.

117. Describe the soap-bubble technique of measuring the laminar
burning velocity of a combustible mixture, :

118. Show with the help of suitabie diagrams how the flame front
surface area and the burning velocity can be determined by the
use of the cylindrical burner method.

119, Discuss the influence of the following factors on the laminar
burning velocity of a gaseous combustible mixture: - )

(i) Mixture composition
(ii) initial pressure,
(iii) initial temperature, and
{iv) additives.

120. How is it possible to compare the values of burping velocity
obtained by different methods? Refer Table 10.1, for obtaining
the agreeable vajues of burnirg velocity by applying the correction
factors.

_.ﬁ.mNEmEEwmawo::nmonﬂmna SE&RnEEE.Em:N& burning
velocity’, ‘ :

11 Turbulent En:—m m_..c_uamnzou.

122. Distinguish between Jaminar and turbulent flames. Draw neat
sketches to illustrate them,
What are the different fields of application of the turbulent
flames? .
123, Describe with the help of a suitable sketch a turbulent flame
-model showing the boundaries of flame brush and the mean
surfage.

APPENDICES 485

124. Define the term ‘turbulent burning velocity’. How can the turbu-
lent burnping velocity be measured experimentally?

125. What are the reasons for the increased rate of burning of a fuel-air
mixture in a turbulent fame as compared with a Jaminar flame?

126. Discuss the effect of turbulence on combustion wave propagation.

127. Briefly discuss the concept of turbulent flow.

128. Discuss the influence of the following factors onthe turbulent
burning velocity:
(a} Fuel type,
(b) initial temperature,
(c) pressure, and
(d) air/fuel ratio.

129. What do you understand by the structure of a turbulent flame ?
Tlustrate your answer with a neat sketch.

130. Deduce the expression for turbulent burning velocity in case of
(i) small scale turbulence and (ii) large scale turbulence.

131. Whai are the different theories explaining the phenomenon of
turbulent flame propagation 7

12 Flame Stabilization

132. Why is the study of flame stabilization important?

133. Draw the characteristic stability diagram for the open burner
flames and discuss the iimits of -flashback, biow-off or blow-out.

134. Describe the principles of stabilization of combustion waves in
gas streams. Illustrate your answer with neat diagrams of the
burning velocity and the critical boundary velocity gradient near
the burner wall.

135. Describe the different methods of flame stabilization in gas.streams.

136. What do you understand by the flame stretch 7 Discuss the effect
of flame stretch on the burning velocity. Derive an expression
for the ‘flame stretch factor’ (or Karlovitz numbef, K) in case
of flame propagation in a velocity gradient.

137. Define the terms: quenching distance, penetration distance and
dead spuace. Illustrate the difference between the penetration
distance and the dead space near a vertical wall and above the
burner rim,

13 Difusion Flames

138, Distinguish between the premixed and diffusion flames.

139. What do you understand by the ‘over-ventilated’ and ‘under.
ventilated’ diffusion lames? Discuss the various flame shapes and
zones that can be obtained on a burner. Illustrate your answer
with neat sketches,

140, With the help of a suitable diagram discuss the progressive change
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438 Furrs AND COMBUSTION

172.

173,

174,

time of liquid fuel droplet burning in an atmosphere of air. State
clearly any assumptions made.
Estimate the transfer number and the life time of a liquid hydro-
carbon (CnHjn) fuel droplet burning in still air from the following
data:

Initial droplet diameter (do} = 0.005 cm

Heat of combustion of fuel (H) = 10.500 cal/g

Density of droplet (p;) = 0.8 g/cm?®

Latent heat of vaporization of fuel (L} = 83 cal/g

. . _ _ _1 t...lm

Exchange coefficient = y = Dp; = 0.5 x 10 e

Specific heat of gases at constant pressure (Cy) = 0.3 calfg, °C

Boiling point of fuel (Ts) = 90°C

Temperature of surrounding air (Tg) = 20°C,
Assume that the heat that must leave the gas to vaporize a unit
mass of fuel is @ == L + 0,479 Ty calfg.
Pure ethyl alecohol C,H,OH burns from a wick dipping. into a
reservoir of liquid at 20°C. The surrounding air is also at 20°C.
Assuming that the temperature taken up by the surface of the wick
equals the boiling point of the liquid, determine the transfer
pumber of fuel, given the following data:
For CyH,OH, stoichiometric ratio r == 2.09 g O,/g fuel

heat of combustion of fuel H = 6710 calfg =~
latent heat of vaporization L = 204 cal/g

Show that it is possible to form a link between liquid and solid
fuels on the basis of transfer numbers and that the solid fuels form
the extreme member of the liquid fuel family. .

17 Combustion >,Eu=8:a=m

175.

176.

177.

178.

179.

180.

List some of the areas which are finding successful application of
the scientific principles of combustion.

Discuss the over feed principle of firing coal with the help of a
diagrammatic sketch.

Describe the different methods of firing coal. Briefly discuss the
working and construction of the over feed and under feed stokers.
Discuss the -fields of application of the pulverized fuel firing.
Describe the working of the pulverized coal burners and the
cyclone furnace, Indicate the future trends.

‘List some of the ¢il burners in use for domestic and industrial
heating.

Discuss the fields of application of oil burners. How are they classi-
fied? Briefly describe their working principles.

[t
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181. What are the different types of gas burners? Where are they used?

1182,
183.

184,

185,

Briefly describe their working principles.

Briefly discuss the combustion process in spark ignition engines.
Briefly discuss the combustion process in compression ignition
engines.

What are the different types of combustors used in gas turbines
and jet engines? Discuss some of the problems relating to the
operation of the combustors. .
Enumerate some of the desirable characteristics of propeliants
for rocket engines. Briefly discuss the types of liquid and solid
propellants.

18 Air Pollation

186.
187,

188.

189.

190,

191.

192.

193.

194,

Why is the study of air pollution important?
What are the types of air pollution? Briefly discuss the harmful
effects of air pollution on human health. With the help of
Table 18.1 compare the threshold limit values of various
pollutants,
What do you understand by air pollution from the combustion of
fossil fuels?
What are the major sources for the formation of the following
pellutants:

Grit and dust, smoke, sulphur dioxide, carbon monoxide?

Briefly discuss some of the control measures.
What do you understand by air pollution from avtomobiles? Briefly
discuss the major sources for automobile emissions and their means
of control,
List the various means to control the hydrocarbon, carbon
monoxide and nitric oxide concentration in the exhaust from an
automobile. What are the effects of control means on the exhaust
pollutants?
Briefly describe some of the advanced control systems which are
agdopted or are under investigation for reduction in the pollutant
concentrations.
Compare the emission by diesel engines and the emission by gaso-
line engines.
What do youn understand by exhaust emission standards?
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of coal 380--381 ’
constant

pressure 171

volume 174-179
droplet 368
diffusion flames in spray 378-380
enthalpy of 150-155, 458
of fuels 474476

droplet 368-376

integration of differential equation

373

thermodynamics relationship 373
in gas turbines and jet engines 413414
hetrogeneous 366
in IC engines 410
internal energy of 150
of liquid fuels 367
of lignid and solid.fuéls 36G6-325
mechanism of hydrocarbons 143-147
of metals 390
process and the first law 149150
in SI engines 410-412
stoichiometry 66-67
of solid fuels 380
theoretical air 67-68
thermodynamics 148-179, 478-483
transfer number in hetragen¢ous

386-387
waves 182 .

Combustors, design of 367
Concentration profife 185-186

Detonability, limits of 334
Detonation, initiation of 334-336
Digsel fuels 52

requirements for 455
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average bond dissociation 159-160
bond 158-159

Energy

demand 1-2

electrical 13

nuclear 6
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per capita consumption 2

potential 116

resources 473

solar .7 _

sources 1-14
exhaustible 2-6
future 2
inexhaustible 2, 6-9

thermal, ocean 9 )

tida] 8

total internal 471
from wastes 10-11
Engines
internal combustion 12
rocket 415-416
Enthalpy
ideal gas 461-470
formation 155-158, 457
reaction 153
Equilibrium
chemical 174
composition of a gaseous mixture 164
composition of a mixture of reacting
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composition of a single chemical
species 164-165
composition and temperature 172
constants 453471
pressure and temperature 170
criteria 168-170

Ethanol 11,13

Fire

contro! of 1
discovery of 1
Flame ;
adiabatic temperature '160-163
boundary 301, 309, 377
Bunsen 186-192
burner 181
confined diffusion jet 314-318
cool and second stage of ignition 140
diffusion 300-319, 465-466
gaseous 300-303
height 307
laminar 301
theory of 305-312 .
dimensional front 131
flat burner 209
front 206-208, 2i6.
direct photography 206
in double kerne] method 229
geometry 181
heat release rate in a low pressure 184
hydrogen diffusion 304
incipient lifting and lifted 304
lambent 301
laminar propagation .180-205, 483484
theories 192
thermal 193-194
Semenov equation  194-198
macroscopic structure 181
mechanism of 192, 295

meniscus 301
stabilization on open burners 284-285
methane—oxygen 186
-microscopic structure 181
one-dimensional adiabatic 195
over-ventiliated 301, 309, 311
premixed 180-181
propagation 320, 347
turbulence 484-485
rich tilted 301
shape of 181, 186, 309
stable stationary 284
stability 282-299
characteristic diagram 285-286
stabilization 396, 485
dead space, penetration distance 298
by eddies 297-298 -
mechanism  286-291
quenching 299
stretch factor 292
stretch theory 291-235
structure 369
of a laminar 181
supported by inserting a solid
object In a gas stream 295297
surface during burning with
natural convection 377-378
temperature profile in flat 184
theory of turbulent 396
thermal theories of 194
tip 312
turbulent
propagation 252-283
structure of 264-265
theories 265-280
turbulent diffusion 312-314
turbulent models
combination of wrinkled and distri-
buted reaction zone mode 279
large scale turbulence 277
small eddies 279
small scale 277
surface split 278
thermal theories 279
turbulent flow composed
of eddies 278
wrinkled laminar 277-278
wrinkled conical laminar 277
variation of pressure 139
variation of reaction rate 139
velocity laminar 193
vortex 301
weak tilted 301
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Fuels
fossils 1, 6-7, 65
injection 415 .
introduction to combustion 65-76
primary 4
requirements of aviation 432-454
secondary 4
synthetic 11
Furnace, cyclone 401-402
Fusion reaction, controlled 6

Gas

bio 11, 62

blast furnace 60

blue water 61

carburetted water 61

coal 57-58

coke oven 58

detonation of 320-337
detonation waves 486

flue analysis 72-76

Yiquefied petroleum 56-57
manufactured 56

natyral 3, 5,7

reserves 5

world reserves 5

from coal mines 56

from petroleum products 55-56

reserves and production  440-441
peat 57-38

producer 58,60

properties and testing 62
refinery oil 57

wood 57-58
Gaseous fuels 55-64,474
Gasoline

aviation 51,450-451

motor 50,449
Gibbs function relationship between
equilibrium constant 170-172
Gray-King assay test 21
Grindability index 22

Half-life 79
Hydrocarbons 35
oxidation 137-143
Hydrogen

jodide formation 96
production 13
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