s

- i the capaCity/abi“ty of a bod tod
ORMS OF ENERGY o dono

—
*forms of energy can be classified as -

forms of energy related to the system - _
energy, potential energy, flow/press ™ : These include energy possessed by material of the system =
. forms of energy matez wit:r:’:e’QYa internal energy, surface energy and magnetic energy.
sing = heat and work. Process : These include energy produced or transferred by the
setic energy : It is the energy which a substance/body possesses by virtue of its motion relative to some

nce piane‘
LIt
?undll energy : It is the energy that a substance possesses by virtue of its position in relation to some datum

v sum of the kinetic er\ergy and potential energy of a body is called the mechanical energy of the body.
ow/pressure energy : It is the energy which a substance possesses by virtue of the space it occupies. It is the
it of pressure and .VOIUme and is associated with flowing streams under pressure.

sternal energy : It is the energy which a substance possesses by virtue of the relative positions a

olecules.
jeat : It is the energy in transit between a hot source and a cold receiver. Heat is that form of energy which

; from one body to another as a result of a difference in temperature.

e driving force that produces a transfer of internal energy is termed as temperature and a form of energy
his transferred from a hot body to a cold body as a result of a difference in temperature is termed as heat.
WNork : In mechanics, work done by a force is defined as the product of the force and the distance moved in the
ction of the applied force. It is that form of energy which flows as a result of a driving force - a force, a torque
\voltage. For example, if steam in a cylinder expands and moves a piston against a restraining force, the steam

swork on the piston.
The exchange of energ
rgy are dependent on the process).
Heat is considered to be positive when it is transfe
tem Is taken as positive) and work done by the system is con
m poundal (Ibf.f). . AP
&deursgtr(li:;;e ;;r:r)r:;ifzfteic;trical énergy (indirectly) IS produced by thefcombustlorlit: i s?hd' l;::;d :: ?:dseucoe‘u?
M. One has to be very cautious during the production and u"l'“t'o‘:: 9 enagy;:ll cw: :::gethe e:ti
ofits. The energy requirement of a process can be calculated by ma :g energy balance re process
n energy balance of a system accounts for

, ances.
Process units) in much the same way a3 we write material bal

‘ i accumulated within the system.
*total amount of energy enteringd. leaving and e e 10 lower enperstore. The unis of i

Heat is a form of energy that flows from a hi S
LMKS, and CGS systems a?e joule (). kilocalorie (kcal) and calorie (cal)
Lcalorie (thermochemical) = 4184)
Lalorie (International steam ta‘bies) ; ~

s defined as the quantity of 1'®

ol » and
% this book, the terms ‘energy’ renthalpy’ 8"

nd motion of

y between a system and its surroundings occurs either as heat or work (these forms of

rred from the surroundings to the system (Heat added to the
sidered to be positive. Work has the units of joule

the temperature of one gram of water by 1°C in the

heat' are used for thermal energy.
(LAY
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6.2 LAW OF CONSERVATION OF ENERGY

i is the law of conservation of energy |
balances of a particular process is ‘ m
can T:Tt:::.g:: en:ergio: destroyed during a process although it can be converted from one form to anohat

Yt ] This law is also called as the first law of the'&.
energy of an iolated system remains constant. Thi: W
;oct:;rdinrgg{o tfhis law, the total amount of energy entering any system must be exactly equal to that Jea.:

any accumulation within the system or when a system gains or loses energy, it must be exactly equy) g u’Epﬁ.
from or gain of energy by the surroundings.

6.3 FLOW PROCESS

A process in which streams of materials continually enter and/or leave the system. \
6.4 NON-FLOW/BATCH PROCESS

A process which is intermittent in character and wherein no material streams enter or Ieavm
the course of operation. _ dan

While doing a general energy balance of a flow or continuous process, it is convenient to use 5

unit i
operation as a basis, e.g, one hour. In case of a non-flow or batch process, the convenient basis is gne ;nc::
operation.

6.5 GENERAL ENERGY BALANCE PROCEDURE
(1) Assume a suitable basis of calculations. .

(2) Draw a block diagram of the process and label the streams.

(3) Determine the quantity or flow rates of all stream components with the help of material balances,

(4) Determine the enthalpies of each stream component entering and leaving the process.

(5) If a chemical reaction is invoived
balance equation.

(6) If the heat capacity data are provided for the components involved, choose a reference temperature on
* which they are based for the convenience of calculations.

6.6 E‘NERGY BALANCES FOR CLOSED SYSTEMS

A system is said to be open when a mass crosses the system boundary and said to be closed when no mas
crosses the system boundary during the period of time-covered by energy balance. Thus, a batch process 53
closed system and a semibatch or continuous process is an open system,

Energy balance equation for the closed system is :

(Wherein heat is evolved or absorbed), it must be included in the enery

[Final system ] [Initial system ] _ I:Net energy transferred ] : _6
energy "~ Lenergy ~ Lto the system
where, Energy transferred = Q + W

Initial system energy

Ul + EKI + Ep1

Final system energy

Uz + EKZ + EPZ

e
& Where the subscripts 1 and 2 refer to the initial and final states of the system and U, Ey, Ep, Wand Q repres

= internal energy, kinetic energy, potential energy, work done on the system by its surroundings and heat !
to the system from its surroundings. Equation (6.1) becomes :

Uz=Up) + (B, =) + (Er,=Er) = Q+ W

AU + AE + AEp = Q+ W
The symbol A represents final condition minus initial condition,
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”‘go'( BALANCES FoOR __Energy Belences

OPEN sysg
‘ e VEMS
W open system energy balance - ene

f9y balance equation for the -
tPut energy

R [ B

Input energy = gy

energy is the total rate of transport of the yires: _
w-‘rm at which energy is transferred as heatzkme“c' potential

and internal energies by all process streams
- e nd work and Output is the total rate of energy transport by all
oot Q+W+LE = L,
o ... (6.4)
.-t 1 refers to the initial conditi
M 1 nditions and 2 refers to the final conditions.
W = W+ W . (65)
Ws = shaft work and Ws = flow work
E1 = U1 + EK1+ EPI g (66)
B2 = Uy +Eq+E, ST

fuisthe volumetric flow rate per unit mass and P is the pressure of the system, then

Wi = ZPV,-E Py, =15%)
Wi P times V of all input streams minus P times V of all output streams.
Combining Equations (6.4) to (6.8), we get

2(U2 + B, + Epy) - z (Ur + B + Bp)) = Q+ Ws + Z(PVy - PoVy) .. (69)
E(Up+ PVs) =L (Ur + PiVy) + E (B, =Ex)) + Z (Ep, =) =Q+ Ws . (6.10)
Aproperty that occurs in an energy balance equation is the enthalpy (H) and is defined as:
H=U+PV .. (6.11)
Combining Equations (6.10) and (6.11), we get
LH,-ZH + X (EKZ'-EKI) + E(EPZ—EPI) = Q+Ws - (612)

Inindustrial chemical processes, the kinetic energy, potential energy and work terms are negligible or cancel
*tand thus, heat added is equal to the increase in the enthalpy. Equation (6.12) thus reduces to

.. (6.13)
E Hz - Z H1 = Q
For the mass m or mass flow rate m, Equation (6.13) becomes .
Q =X rh Hz -z mH1 - (6‘15)

Q - gmHz-ZmH1

Ymal processes
X CITIES
@lﬂlﬁ HEAT AND % se or lower the temperature of a substance or mixture of

Sensible heat is the heat that must be transfe

f the m.Itis
The heat od from a system to increase of decrease the temperature o syste! given by
added or removed 110

s a mass of substance then Q'

¢ = m'CAT « ic the heat transferred in ki/s.
Yo 1" — ratz of substance in kg/s and Qis
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Heat Capacity :

It is the amount of heat requ

ired to increase the temperature of a substance by 1Kor1 ec
it mole basis. When it is expressed on the unit mole basis,

Heat

i or un
ﬂ:mﬁmmﬂ: ::a::noted by the symt:ol 'C’. It has the units gf kJ/(kmol-K). For Pure w:n"l
capacity on a mass basis is 4.1855 kJ/(kgK) at 288K (15 0. o 'l

The specific heat of a substance is the amount of heat required to raise the temperature of o ""&"ma
the substance by 1 °Corlk "'|
The heat capacity of a unit mass of a substance is known as the specific heat of the substance,
The heat capacity of a substance is expressed mathematically as :
e _
C="ar ~{iy
Heat capacity is of two types :
() Heat capacity at constant volume:
Q-8
: dQ = Cy-dT -
Under constant volume, dQ = dU
: dU =dQ=C,-dT [y
where, C, - molal heat capacity at constant volume.
(i) -Heat capacity atconstant pressure :
- "
dQ = Cp-dT -2
& dQ = dU+P-dVv : - (62
where C,, represents the molal heat capacity at constant pressure.
6.9 RELATIONSHIP BETWEEN C, AND C, FOR AN IDEAL GAS 2
The ideal gas equation for n = 1 mole is
PV = RT (62
dQ = CpdT
dQ = dU +PdV -6
A

W) (v
G = (aT)P i (ar)p

du
G = a1 2t constant volume

au
o= (),
For an ideal gas, internal energy is independent of volume or pressure.
®,-6
4 P oT v
Equation (6.24) becomes  Cp = C, + P(%%)
4]

The ideal gas equation forn = 1is
PV = RT
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Caloulations (Stolohiome
‘b searentiation of th 85 |
w differe e above equatio Energy Balances

¥ [-a! = 0 Tt constant p yielgs
o), R

| | .. (6.28)
pining Equations (6.27) and (6.28), we get
Cp = CV +R
| C-C, =R :222
‘10 HEAT cA?ACITY OF GASES AT CONSTANT PRESSURE
Wty at constant pressure is given by the equation :
dQ = CP -dT .. (6.31)
grating the above equation between two temperatures T, and T,, we get
T2
Q- J‘ ot .. (6.32)
T1 ’

611 EHPIRIGAI. EQUATION FOR HEAT CAPACITIES

Heat capacities are function of temperature and are frequently expressed in a polynomial form over
gmperature range of 298 K to 1500 K. .

. L] ! . b :

for ideal gases, Cp at 101.325 kPa is denoted by the symbol (.:p and may be given by

.. (6.33)
C; S for the components under
| stants Tor
where T is in kelvin (K), and a, b, ¢ and d are constants. The values of these con
iderati iven i dix - IL
wnsideration are given in Appen
Equation (6.32) becomes : .
7 .. (6.34)
Q= f(a+bT¥cT2+dT3)dT
i 6.35)
- : ... (6.
| - ... (6.36)
< Ts) +E(T;—T:)]
b (-7 5B
=nj|a (Tz"‘ 2
EA LA EA s ith the help of
oo i twee temperatures Wi
cAPAc“. e i i ta. Assume
&13_! N MOLAL H T —_ heating OF cooling @ :: to use mean molal heat ca‘p:c;q;‘ ::t e
To calculate the heat change U8 |Gy s itis COMER L remperatres between whic
a I

. To
fuation (6.36) is a lengthy P" °‘$d;,rf,o and if Tand To
i pacity) is given 35

: ca
Yied,then oy (mean molal heat.

e
(] TD
Com 'ﬁ
dr
0 T+CT2"'
L i a+b
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© to Process Ce c T’ d T4 Tl)
aﬂ'-TJ+%(T"‘T:)*'§(T’_" 2) * 4 0
om = T-T)
iy = T (g)cnm(rzwf,)
c;n=a+@)U+T°)+(§)(T2+TT°+ D)+ 4 l"{m
or
i ed as 298 K (25°C). |
In most cases, T is select . |
i help of Com data is calculated as follows -
temperatures, Ty and Tz with the ’
The heat change between two
LetT,<Ty
Let c;m and c?,.-n2 be the mean molal heat capacity of a gas between T; and T, and T; and T, Let Qb
heat :,-l-;angeI between T, and T, and Q2 be the heat change between T and To. then net heat change for 'n' ol
the gas is given as :
Q=QQ-Q
= [Cpmz (T2=To) = Com, (T - Toﬂ (640

i n in kmol, T in K, Cory in kJ/(kmokK), then Q will be in k.

6.13 HEAT CAPACITIES OF GASEOUS MIXTURES

In case of heating or cooling a gas mixture of known composition, the heat ch:=.mge calculations may be
simplified by calculating the heat capacity for the mixture by using in the following equation :
n

0 2] '
Comix = » X Cpi - (641
i=1
x; is the mass or mole fraction of ith component in the gas mixture.

: C;i and C:, mix are the heat capacities of ith component and the mixture, respectively.

If C;‘ and C; mix aTe expressed in the molar units then x; be the mole fraction of ith component.
The heat change for 'n' moles of the gas mixture is given by

Q=nJ CmxMmar | . (642

If mean molal heat capacity data of the components of a gas mixture are provided, then the mean molal he
capacity of the gas mixture is given by '

n
o 0
Com(mi) = 2 % Cpmi .69
i=1
where ¥; is the mole fraction of ith component in the gas mixture.
o o
Cpmi @nd Cpm (mix) De the mean molal heat capacity of jth component and the gas mixture respedi\’eh"
The heat change between T; and T, for 'n’ kmol of the gas mixture is calculated as follows :
o : o
= = i -Ta)— - (&w
R BE [Cpm (mix, (T2 T‘?;, Com (mix), (Ty - To)] y
[ ] &
where Cpm (mix), and Cpm (mix), are the mean molal heat capacities of the gas mixture between Tz and To
Ty and T, respectively. t j
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dQ = mCdT ""Ybegm.sm
‘“mtcnpaot)othuidinuﬂkgn ik _ (6.45)
change between temperatures T, and T ‘me.mmo“'q"ﬁhkgormassﬂow rate of liquid in kg/h-
% : 215 given by
Q= AH:mfc.dT
T2 ... (6.46)
sk

ﬂmﬁ@acizdmhfflquidsbgmh,p .
pe caioation of enthalpy changes for heating or cooli _ " s
calculating the heat i . ; ing of a mixture of known composition may
goibec Y Capacnyforﬂiemmiwemmewngmanmr:

o =Lty ... (647)

weee R = ﬁ“""“?ightfmctionof?i"coumpon‘entinquuidmi:«cture.
G - heat capacity of it component.

Cmix - heat capacity of the liquid mixture
T2
- Q=mennde ... (6.48)
E ,

-

L4 ENTHALPY CHANGES ACCOMPANYING CHEMICAL REACTIONS

Whenever 2 chemical reaction takes place, heat may either be evoived or absorbed and this evolved or
gsxbed hez: of reaction plays a major/vital role in the economics of a chemical process. When the enthalpy
- ated with a reaction is positive, then heat must be added to keep the reaction temperature from

ng and if the enthalpy change is negative, then heat must be removed from the reaction zone/system to
= the react»n temperature from shooting.
W of Reaction (AH,) :

X the enthalpy change resulting due to a ch

@ the reactants are fed in the stoichiometric

2 the reactants are fed at temperature T and pressure

Chemical : ied out at different conditions of temperature and pressure. They are associated
G reactfhns can bse Ca”:?s not ible to tabulate the enthalpy changes at all possible conditions of

enthalpy changes. Since tandardise the chemical reactions. For this purpose, the followi
eature ang pressure, it is necessary t0 > T idely accepted "
ard states (of chemical species) at 2 given temperature T are widely accepted.

““ Pure component gas in the ideal gas state at 0.1 MPa.

;:dfpufeliquid at 0.1 MPa. —

: L4s form at U. ’ .

e pure solid in the mos? smbi:im < iic reaction wherein all the reactants and products are in their

% _’“::llpy change assocl:'ﬂ?fthe standard enthalpy change or standard heat of reaction. It is denoted by the
ndard states is call i i
reactants and products are in thei

:;AH:. where the superscript zero denotes that all the r standard states

sub ich the reaction is carried out.

fipt T denotes the ion data, the following standard stat
For : ) stion ng es are commonly
h\m-ﬂnmg heats of formation and

Gy

emical reaction wherein
amounts and the reaction proceeds to completion.
P, and the products emerge at the same temperature

re at wh
heats of combu

imiid ¢ iqui 298 K and 0.1 MP . :
: MPa, Liquid : pure liquid at a and Solid : pure
’N"ecomponematmxa“do'l _

solid at 298 K and 0.1 MPa.
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> Caloulations 6.8
- s the enthalpy change associated with a chemical reaction when

reaction i .
c-::e;::;:d :;ta: in their standard states, ie, pure at a temperature of 298.15 K (25%C) and 4 preg. P
reacian

Sure
g i J/mol. If the heat of reaction, ;
: bol AHg and expressed in ki/mol or ' ion is
0.1 MPa. It is der::f;)d t:"z :::c:g: is said to be endothermic at temperature T and if heat of reaction i .
(f.e., . '[s abs&d) tl:ne reaction is said to be exothermic at temperatt_ire T. . - neg%
(ie. Tt::at :;:evzf he;t of reaction depends on the state of aggregation (gas, liquid or solid) of the re, ta
Vi

: i : is indicated by a letter in the parenthes; > ang
f ation of a reaction component is in d by . is fol ]
pmdn:ccﬁ.fl':; u’st:t:_h ‘Ls agr:,%icates the gaseous state, ({) indicates the liquid state and (s) the solid. For exam s
d'em "

0 P
CO(g) + 2H; (@) — CH3O0H () - AHg

Heat of Formation (AHy) : |
It is the enthalpy change accompanying the formation of one mole of a compound from its element
temperature and pressure. For example, '

1
2C{s) + 3H,(g) + 502 (@)= CHsOH () -~ AH = AH¢

Otagn,m

Standard Heat of Formation (AH; ):

It is the heat of reaction when one mole of a compound is formed from its elements in a reaction beginning gy
ending at 298.15 K (25°C) and at pressure of 0.1 MPa (ie, when all species of the chemical reaction are in thei

standard states). It is denoted by the symbol z:t.H;l . The superscript ‘o' indicates the standard state - T = 2985,

(25°C) and P = 0.1 MPa. The heat of formation of every element in its standard state is arbitrarity taken to be zerg,
A compound is said to be exothermic when its heat of formation is negative and a compound is said to be
endothermic when its heat of formation is positive.
Data of standard heat of formation for various components are given in Appendix - V.
Heat of Combustion (AH) :

It is the heat of reaction of one mole substance with molecular oxygen. The combustion reaction proceeds with
reduction in enthalpy of a system, hence heats of combustion are assigned negative signs. For example,
CH,(g) +20,(g) — CO;(g) + HO () -~ AH = AH(

The standard heat of combustion of a substance (AHZ) is the heat of reaction of the substance with moleculor
oxygen to yield specified products with both reactants and reactants are in their standard states, ie., pure at 29815F
(259C) and 0.1 MPa. ,

Data of standard heats of combustion are listed in Appendix - VI.

The values of standard heats of combustion given in Appendix - VI are based on the assumptions that:

(1) AW carbon (of the substance under consideration) is converted to CO; (g).

(2) All hydrogen to liquid water, H,O ().

(3) Al Sto SO, (g) and
(4) Al nitrogen to N, (g).

6.15 HESS'S LAW OF CONSTANT HEAT SUMMATION

It states that the enthalpy change (ie, heat evolved or absorbed) in a particular reaction is the same "
reaction takes place in one or in several steps (i.e., in a series of steps). The total change in enthalpy de ,
pressure, temperature and state of aggregation and is independent of the number of intermediate reaction 3

According to this law, the heats of reactions can be added or subtracted algebraically (i.e., this law PSS
treat all stoichiometric equations as algebraic equations). While applying this law, stoichiometric €8
treated as algebraic equations and the stoichiometric equation of a desired reaction can be obtained
operations (multiplication by constants, addition and subtraction) on the stoichiometric equations ; 3
other reactions. To obtain the heat of desired reaction, the same algebraic operations are perfo '
of reactions.
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" process Calculations (Stolchi
this law, we can calculate the = __!."!.'ﬂ——-""""""
M . hea
5 direct formation of the compound f::'; fi:s"“ition of a compound
elern from a series of reactions that do 00t

e
A AH
— B
AH.l Path-1:A—B
AH‘ Path-1:A—C
C ek
—_+13H v p— D—E
. 2 AH, E—B
m,ding to Hess's law,
AH = AH,; + AH, + AH; + AH,
o FOr example, carbon can be converted into CO, in two ... (6.49)
2 ways .
Sald C(s) +0,(@) — CO,(g) s -
N C 1
Path - 2 (') (s) + 2 02 (g) - CO (g) i AH1
s 1
[)H2€O(Q) +30:2(9 - €CO:(9) - AH,
0+ ) = C(s) + O;(@) — CO:(9)
Thus, AH = AH;+AH;
on of hydrocarbons as it is

with the help of this principle, it is possible to calculate the heats of formati

practically impossible to measure the same.
5.16 STANDARD HEAT OF REACTION FROM HEATS OF FORMATION

The standard heat of reaction may be f all components involved

calculated if the standard heats of formation ©

nthe reaction are known.
The standard heat of reaction is the difference between the algebraic sum of the standard heats of formation of
te products and that of the reactants.

¢ sum of the standard heats of formation of the products

to the algebrai

The standard heat of reaction is equal
ard heats of formation of the reactants.

minus the algebraic sum of the stan
0
. AHS = I AH (products) ™ T AHg (reactants) ...(650)
e " ... (6.51)
aA+bB+ _cC+dD . . AHo dmobehe
vhere 2 b, ¢ and d are the stoichiometric coefficien of A B, C and D. Let AH, , AHfy, AP and AHf, be t
' candD respectively
%andard heats of formation Of components A BC3
The standard heat of reaction is given by ,
e _ ¥, AHg (reactants)
AHS = ZaHf ( .
0 ¥ ( pHA, * MH*.) .. (652)
o (dAHf-rcAHf,)"a A - .
i i heat of formation is Z&r0 i its state of aggregation is the one which
compounds.

. nf
3 When an element enters into 2 rea:\g:ion of its
Wected as the basis for heats of for ‘ . i e, heat will be evolved during the course of
is said *° e ie. it absorbs heat during the course of

: . ction .
e s o 2 o 247
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i The Steady-State Flow Precess -

The application of Egs. (2-4) and (2-3) is restrict d_to nonflow (cong.an:'mass)
processes in which only irternal-energy changes occ ar. Far more important indus.
trially are processes which involve ihe steadv-staic Row of a fluid through cquibmcm.
For such processes ths mnore general firsi-law expressicn [Eq. (2-3)] must be used.
However, it may be put in more convenient form. The term steady state implies that
conditions at all points in the apparatus arc constant with time. For this to be the
case, all rates must be constant, and there must be no accumulation of material or
cnergy within the apparatus over the period cf time considered. Moreover, the total
mass flow rate must be the same at all points along the path of flow of the fluia.

. Consider the general case of a stzady-state flow process as represented in
Fig. 2-2. A fiuid; either liquid or gas, flows through the apparatus from sectior 1 to
section 2. ‘At section 1, the ertrance to the apparatus, conditions in the flu.d are

designated by the I. At this point thefluid has an elevation above an
arbitrary datum Jevel ofz,_a). average veloci(i uy, 8 speific volume P:: 3 pressure
P,, an internal energ ‘.,m c. Similarly the conditions in the fluid at section 2, the
exit of the apparatus;-are-desiwnated by th¢ subscript 2. -
The syStem will be taken as a uuit mass of the fluid flowing, and we will

consider the 6veral changes which occur in this unil mass of fluid as it Hoxs through
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Fig. 2-2 Steady-state flow process.

the apparatus from section t to section 2. The energy of the uni: mass ma

& ¢

ychangein
all three of the forms tai account by Eq. (2-3%th_at_§_‘_mmm1,.kmﬂm
int

y the definition of kmcuc energy [Eq. (1-7)], its change between sections |
“and 2577

. i 29,.. 2. 2qr | -

A
In this emon'rrt,l@_gr_csmuihc average velocity of the flowing Quid, defined as the

velumefric low rate divided by cioss-sectional arca. The develcprent of the expres-
sion u?/2g, for kinetic en- *Tgy in terms of the average velocity is considered in detail ir
Chap. 10. Potential enes v is defined by Eq. (1-9), and thereforadts changc IS

AE:-=A——9=-Q :=—q(zz—zt) = Qg

taken as unity. With these

PR

Note that m is the mass >f the system and that it has b
substitutio

Lo—w\ | (2:9)

- €prese 1 all the heat adced and work extracted per unit mass of flud
- Rowing through the ap ->ratus.
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COMBUSTION

—
FUEL AND TYPES 0o
4 FUEL 2 s
. Fuel : A material such as coal, LPg, CNG, gasaline etc. is burn

the process industry, i
. lnwmc% < prodl?cetgz fui: burnt in furnaces may be a solid, liquid or gas. The furnace is an enclosed space
in y the chemical oxidation of a fuel. Fuels are of three main types. They are::

1. Solid fuels : Principally coal which is a mi .
am nd
sulphur, coke, wood, bagasse, charcoal, etc. PR of Garbon, Hiydogen: nanscombiistble:ael, Water &

ed to praduce heat or power.

2. Liquid fuels : Principally hydrocarbons obtain istillati i
y ed by distill troleum), such as kerosene,
petrol, diesel, methanol, biodiesel, etc y distillation of a crude oil (petroleum)

3. Gaseous fuels : Principally natural gas which usually contains 80 to 95% methane, the balance being

ethane, propane and small quantities of other gases, light hydrocarbons, acetylene, LPG, biogas, hydrogen
etc.

8.2 CALORIFIC VALUES OF FUELS (NCV AND GCV)

« The calorific value of a fuel also known as the heating value of the fuel is the negative of the standard heat of
combustion, usually expressed per unit mass of the fuel. Since the standard heat of combustion is always
negative, the calorific value (heating value) is positive. The calorific value of a fuel is defined as the total heat
produced when a unit mass of fuel is completely burnt with pure oxygen.

When a fuel is burnt, the hydrogen in the fuel reacts with oxygen to produce water. When water is present in
the flue gases as vapour, the latent heat of vaporisation is lost (heat associated with water vapour) and hence
this quantity of heat is not available for any useful purpose.

The net calorific value (het heating value or low heating value) of a fuel is the calorific value of the fuel when the

the vapour form i.e, it is - AHg with H,O (g or v) as one of the

water in the combustion products is present in
combustion products.

- de available for useful purpose if water vapours are
The lat f vaporisation of water can be ma : : :
conden:; r-:;aet ?oss-cpa lorific value (higher heating value or gross heatmg_value) of a fuel is the calorific value
o ’. ; che water in the combustion products is present in the liquid form i.e. it is equal to the net
i e Iw enf he fuel to which the latent heat of water vapours (latent heat of condensation of water
Vapoul; i:aaL;Z:d 1:'I'hee gross calorific value is abbreviated as GCV, higher heating value as HHV, lower heating

kl/mol of fuel or kJ/m? of gaseous fuel.

i |
o alorific value of a fue
e e i duced whena

Calculate the moles of water pro
hen,

Let roduced. T
n be the mol of water P > « (25°0)] kJymol of fuel - (81)
GCV = NCV + n AHy [H:0. 298 K

from the gross calorific value of the fuel or vice-versa, we must
unit mass of the fuel is burned.

(8.1)
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(SOLVED EXAMPLES)|
Example 8.1 : Cryde oil is analysed to _ contain 87% carbon, 12.5% hydrogen and 0.5% sulphur (by weighy)
Calculate the net calorific value of the crude oil at 298 K (25 <C).
Data : Gross calorific value of crude oil at 298 K (25°C) is 45071 kJ/kg oil.
Latent heat of water vapour at 298 K (25°C) = 2442.5 kJ/kg. '
Solution : Basis : 1 kg of crude oil.
It contains 0.87 kg carbon and 0.125 kg hydrogen.
Hydrogen burnt = !-lydrogen in crude oil = 0.125 kg

)3
H2+502 —)H;.O

1 kmol H, = 1 kmol H,0
2kg of H, = 18 kg of H,0
18 '
Water produced = 5 %0125 =1125kg

2442,
Latent heat of water vapour at 298 K (25°C) = 1.125 x 1 2 = 27478 kJ

Net calorific value = Gross calorific value — Latent heat of water vapours
45071 - 2747.8 = 42323.2 kJ/kg oil .. Ans,
NCV of the crude oil is given by

n

% hydrogen by wt x 9 x A 12.5 x 9 x 2442.5
= 42323.2 kJ/ka of oil ... Ans.
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Example 8.4 : The GHV (gross heating value) of gaseous n-butane is 2877.40 ki/mol at 298 K (25 <C). Calculate its
NHV (net heating value) in ki/mol and kJ/kg. Latent heat of water vapour at 298 K (25 °C) = 2442.5 ki/kg.
Solution : Basis : 1 mol of gaseous n-butane (C4Hy).

The combustion reaction is C4Hyo+ 13.50; - 4 CO, + 5H,0
Thus, when 1 mol of n-butane is burnt, 5 mol of water are produced.

5
Weight of water produced = 7x1 = S5mol=5x18=90g =90 x 103 kg

Latent heat of water vapour at 298 K (25°C)
90 x 10-3x 2442.5 = 219.825 k)

NHV = GHV - Latent heat of water vapours
= 2877.40 - 219.825 = 2657.575 ki/mol CHy, e
Moles of CsHyo = 1 mol
Molecular weight of C;Hyo = 58 kg/kmol
Amount of CeHyo = 1% 107 kmol x 58 kg/kmol = 0.058 kg
2877.40
GHV Of C‘Hio = 0.058 = 49610.3 k.l/kg
From the reaction, 1 kmol CiHio = 5 kmol H;0,
58 kg CeHyo = 90 kg HO ... {on weight basis)

90
Water produced = ggX 0.058 = 0.09 kg

mass of water produced = 0.09 kg
GHV - mA = 496103 - 0.09 x 24425
= 49390.475 W/kg CH,,

m
We have : NHV
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m-oducuon to Process cuwum. .
W s (Stoichiometry) G Combustion
composition of Flue Gases :
-______-_:—__-_-___-__
Com
\g Quantity, kmol Mole %
2 12243 77.88
Co, 32.46 20.65
co 0.54 0.343
L O 177 1126
Jotl 157.2 ~100.00

Whenever O, is present in the input stream
the percent excess air given, '

we have to find the net O, demand and then find O; entering using

le 8.10 : ini
Examp Gas containing 25% CO, 5% CO, 2% O, and rest N; by volume s burnt with 25% excess olr.

If the combustion is 90% complete, calculate the composi

Solution : Basis : 100 mol gas burnt.

It contains 25 mol CO, § mol CO,,

2 mol O, and 68 mol N,.

1
CO +302 _)co2

1mol CO
Theoretical O, requirement

Net demand of '02
25% excess air is used.
O, in the air supplied

N, in the air supplied

0.5 mol O,

0.5
T X 25 = 12.5 mol

125-2 = 10.5 mol

1.25x 10.5 = 13.125 mol

21

79
57 % 13.125 = 49.375 mol

tion by volume of flue gases.

CO reacted = 0.9 x 25 = 17.5 mol
CO unreacted = 25-17.5 = 7.5 mol
CO, produced = 17.5 mol
Total CO, in the gas leaving = 17.5 + 5 = 22.5 mol
1
O, reacted = 5X 17.5 = 8.75 mol
0, unreacted = 13.125- 8.75 = 4.375 mol
N, in the gas leaving = 49.375 + 68 = 117.375 mol
" Ana of Flue Gases :
o Component Quantity, mol | Mole % (Volume %) |
CO, 225 14,83
0, 4,375 2.88
N, 117.375 77.35
co 7.5 494
Total 151.75 100.00 |

... Ans.

combustion is 80% comp'lete, calcu
of gas to be on mole basis.

Example 8.11 : A gas conta

Solution : Basis : 100 mol gas.

It contains 25 mol CO, 5mo

[ CO,, 2 mol O, and 68 mol N,.

ining 25% CO, 5% CO3 2% O and the rest N, is burnt with 20% excess air. If the
{ate the composition by volume of the flue gases considering the given compositions
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_COMBUSTION

In process industr ; ;
Yy the fuel ‘ B
| enclosed space in whi el burnt in furnaces may be solid, liquid or gas. The furnace is a

.Ch I]Pa -“ 13 [ 8-
, &Hon fusls arg-s t is produced by chemical oxidation of fuel. Soma of the more

1. Solid fuels : Princi : X
combustible ash, wafex:an:{l:li;pgnj;’ coal which is a mixture of earbon, hydrogen,: non-
2. Liquid fuels Sulphur, coke and to some extent wood, bagasse,

(petroleum). .  Principaily hydrocarbons obt_ainet’. by distillation of crude oil

ba!zlar;ce gﬁ:ﬁ:“_sliuels : Pr‘“flpﬂ“)' natural gas which usually contains 80 to 95 methane, the
g P .p:_me and small quantities of other gases, light hydrocarbons, acelylenn ete,

. T_h_?_r_:lp_;_{:l reaction of a fuel with oxvgen.is known as combustion. In combustion speration,
the union of carbon, hydrogen and sulphur of fuel takes place with oxygen. When a fupel is
burned, the carbon in the fuel reacts to form either CO; or CO, hydrogen reacts to [crm 11,0 and
sulphur reacts to form SO,. The combustion is termed as complete combustion if the products of-

- combustion ar¢ CO,, H,0 nd SO,. A combustion reaction in which CQ is foi med from a fuel {s.

referred to as'partial or in :omplete combustion of the hydrocarbon. Examples :
C+0; —» CO; compl.:te combustion of carbon, " '+
C3Hg + 505 -3 3CQy + 4H,O complete combustion of propane.
C;Hg + .22 O, -» 3CO- + 4H,O partial combustion:of propane.

*  The combustions products of fuel (COg, 4,0 and frequently CO and SO,) are relatively
'worthless as compared to fuels burned to obtained them. 1

e The significarcc of combustion reactions lies in ihe tremendous quantities of hea} -
' released during course of combustion process. The hzat released is used to producs steam,
" which is then used to drive the turbines to produce electricity. In process industry, the heal

" relcased by hurning fuel is used to supply thermal energy. |

For economic reasons, air is the source of oxygen in most combustion operations. The
product gas that leaves a combustion chamber [containing CO,, CQ, 50, Oy, 50; (S50y) and Nyl
is referred to as the stack gas or flue gas. In analysis of flue gas, the term cuimposition on wet
basis is used to denote the component mole fractions of a.gas that :ontains water and
composition on a dry basis is used to denote the component mole fractions of a gas without
water, . | _
Calorific Values of Fuels : _

.The calorific value of a fuel also known as the heating value of a fuel is the negative of the
standard heat of combustion, usually ~xpressed per unit mass of a fuel. Since the standard hfml _
of combustion is always negative, th calorific value (heating value) is positive. The ealorific
value of a fuel is defincd as the fotal heat produced when-a-unit-mass of fuel is completely burit
with pure oxygen .

L il

. ‘ .
a L ¢ 320
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LI . y . I‘.el'.
: When a fuel is burnt, the hydrogen in a fuel reacts with oxygen to P r;:dstucen‘;'hen wv:hlh»

\h\ter:is present in flue gas as vapour, the lulent heat of vaporisation 1S ost a ’

quantity of heat is not available for any uselu! purpuse. '

The net calorific value (net heating value or low heating value of a fu the vapour

“a.ue-of a fuel which is determined by considering that the water is present in £n¢

Le itis - ﬁHg with H,O (g‘o; v) as a combusiion product.

The latent heat of vaporisation of water can be made available ing 1
! z _ 2 ng :-
vapours are condensed. The gross-calorific value (higher heating value or gross l;zztliog'.

value) of a fuel is the negative of standr.rd heat of combustion with H,O() as a cc:rm ursis .

product. i.e. it is equal to the net calorific value of a fuel to which latenj; heat of w?te;]}[%palowcr :

added. The gross calorific value is abbreviated as GCV, higher heating value as : \
heating value as LHV, net calorific value as NCV and net heating value as N ki iRy
These aybe 7).
|
i

2: 3 torific X
Iy is the calorilic} .
fuet) form . *

for useful purpose if ~vater ,

The NCV and GCV of the fuels arc usually reported at 298 K (25 °C).
expressed in kJ/kg of fuel, kd/mol of fucl or kJ/m? of fuel. ' - R
To caleulate net calarific value of a fuel from a gross calorific value of o fucl or vice-verss, 1y
we must calculate the moles of water produced when a unit mass of the fuel is burned.’ = !
If n is the mol of water produced, then ‘ ' _ L .
: GCV = NCV +n aH, [H,0, 298 K (25 °C)] kd/mol of fuel e (814
where AHy [H,0, 295 K (25 ©C)] is the heat of vaporisation »f water at 98 K (25 °C) in kJImo.l. B
The GCV calculated will be kd/mol. [f'm' is the quantity of water produced in kg when a unit - )
]

-
s

mass of a fuel is burned and "' is the latent heat of water vapours at 298 K (25 °C) in kd/kg, -'
then GCV and NCYV of a fuel in kJ/kg of a fuel are related by equation : S - T
: GCV = NCV+mA ’ %, ..(82)
Latent heat of water vapeurs, &, at 298 K (25 °C) is 2442.5 kJ/kg. i
t % 1 - .
Gov = Nev 4 QAN OV ygp, @) ‘|
If a fuel contains a mixture of combustible substances, its heating value (HV) is *; ;.'
' . - . (84) |

. HV = Xx(RV); : _
wnere tHV}; i5 the heating value of the (. combustible substance. When the healing valuer ars
expressed in units of energy per unit mass, then the xi's are the weight fractions of the fuel '}

components, and when they are expressed in units of energy per mola ﬁgn t)eﬂi 'ﬁ E;;e &8 Pm N
_ fractions of the fuel components. o ¥ 'Z 5 g 7 ‘] E._ ‘J% '
*  Proximate analvsis of coal ,involveyémmn of mofat\ar'g:’yagﬁﬂ! isi’%ftef,’aah and ;

. fixed carbon (obtained by deducting. % moisture, % VM and % ash from 100. Ultimate 'analysis H &
of coal involves determination of cardbon, hydrogen, nitrogen, sulphur, and oxygen of coal.
The oxygen content of ceal is obtained by deducting suni.of % of €lements other than axygen)

-4

_ from 100.
‘Air Requirement : _ ) _
For any cembustion pracess i.e. for.chemical oxidation. of a.fuel,.oxygen is must which wili
combine with carbon, Magd_sulph}l& In normal practice, air is used for burning the
35 TEBeTg,the expensive_souECE al axygen. Air coftains sbout 21% oxygen and s |
ij‘l‘-!— volume. It is normal practice to feed less__gxp_eﬁﬁmegctant I exm;m B )
“<Sne to increase the converstorrof a valuable rea .5[—5—_3__;“3“' Hence, combustion reactjons
fore air than needed to supply oxygen in sto:chiomemw :}:
. ¥ | :

invariably 98 =2 " 04 . @2 ~— pordwnd
ke 9_@)9',5\1‘?_ %\ﬂ.ﬁl o .

fuel’-
—.

) ‘
.

v F
i
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ichiometry 331 Combus

Theore:;ical 031:)’3‘(311 : It is the amount of ox mplete combustion of all the
¢l fed to the combustion chamber, assuminig that all carbon in the fuel reacts with °"1§°; tf_) Crp

m COy, all hydrogen reacts to form-H,0-and all sulphur reacts to form SO;. s g
Theore.tlcal aiv : It is the quantiy of air that contains the theoretical oxygen i.e. it’hﬂﬁh‘ )
inimum air required to burn the fuel completely sa that, all carbon gets cpnv CO3,
| hydrogen into H,0 and all sulphur into §0,. v - o hun weple
Thegretical air demand of a fuel is calculated as | '
Theoretical oxygen demand in mo}_l 2 ... (8.5)

Theoretical air demand in moles = ;
10les T 021

.-.[ . b, —= e " / )
I) In actual combustion practice, air is umrof-ﬂﬂrﬁioreﬂca]ly required to assure

mp'ete combustion.

Excess air : It is the amount by. which the air fed,f.o combuwﬁdﬂ the

Blerosit EEAEE BT Moles air suppl):_—_Mgl_(_!-s“?l_gr theoreticaly _ ., ..(8.6) ._._(
. Moles air theoretical - -

-

The quantity of actual air supply and theoretical air can be used either in weight units or in

Molar units in the formula cited above.
The actual air supply. is obtained knowing %

Eelntion ) _ -
L Actual air supply = Theoretical air’ [1 + ﬁ’_ﬁ@i} ' ' . ... (8.7)

ex.ces's‘-and theoretical demand by the

100

_ If you know the fced rate of the fuel and the stoichiometric equation for complete combustion
" the fuel, you can calenlate th s theoretical oxygyy demand and air feed rate. The equation for
caleulation of % excess air citcd above is applicable for calculation of % excess oxygen. ‘The

; excess oxy| :n are ore and the same terms. The theoretical air required to

* excess air and % ‘ ;
r burn a given quantity of fucl Gues not depend on how much is actually burned and the valve of

“he percent air depenis.only on a theoretical air and the air supply rate and not cn the quantity
{of O, actually consumed or whether :he combustion is complete or partial. The thecoretical as
“Sell as actual air requirements are expressed in different units for the sake of convenience
re.g. kg per kz fuel or m? per kg fuel.“For converting amount of air expressed in kmol into
‘ilmount of air in kg, the average molecular weisht of air can be taken es 29. Fcr converting i
amount of air fioi kmol/mol into I/m? (volume units), we have to use the ideal gas law.
The excess air requiorerpe'nt depends upou the type of fuel burnt. The gaseous fuel required /
very less excess air. The liquid fuelc require more excess air than for gaseous fuel and solid
'.uels require higher amowits of excess air than that required for liquid fuels. Gaseous fuels
re burnt with 5 to 15% excess air while liquid and solid fuels are burnt with 10 to 50% excess
Ialr. E '. . : ' , )
Ex. 8.1 : Crude on} is found to contain 87% carbon, 12.5% hydrogen and 0.5% sulphur.
| Calcula&g_tl_lg_ge,t_ calorific v: lue of crude oil at 298 K (2% 2C).
Data : Gross cq!oriﬁc va. e of c;g_c_!gpﬁi_l at 298 K (26 °C) i3 45071 kJ/kg oil.
Latent heat of water vapour at 298 K (25 °C) = 2442.5 kJ/kg. '
Sol. : Basis : 1 kg of cruar oil.. '
Hydrogen bu... = Hydrogen in crude oil m—8-426-kg
'H, +%'o, - H,0 |

R

4

TRy
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: Calculations, Simple combustion calculations can be studied
- in three categories :—
(a) Burning of solids or liquids.
(5) Burning of gases. |
(¢) Calculation of air supplied. _
When the composition of the ‘uel is known, the theoretical
amount of air needed for its combustion and the products of com-
bustion can be easily calculated with the help of a simple chemical

equation. For this purpose the composition of air is taken to be:.

_ ’ By weight By volume
Oxygen 23% 21%
Nitrogen 77% ’ 79%

This means that when 1 kg of O,'is needed for a reaction

' %@9;4;35 kg of airis tq be supplied, In the same ms@u for

1 rf_l’.'of O, 1*2100 4,76 m® of alr is to be supplied.. This gives the
. amount of N, that will go along with the products of combustion.

Hydrogen burns to give water which is supposed to beina . -
liquid state and the volume, being comparatively very small, is
neglected. The volumes of solids are also neglected. ' '
. If the analysis of fuel shows Oy, it is supposed to be in chemi-

 cal combination; therefore, its amount is to be subtracted from the
calculated total requirement. - |

Some useful conversions are :—

- () Gram molecule of gases occupy 22.4 litres at N. T. P..
(if) Pound molecule of gases occupy 359 cu. ft. at N. T. P.

- (ii7) "1 b, of air occupies 12.39 cu. ft. at N, T. P.

. Since air contains 239, by weight of oxygen, the weight ofair
needed is the weight of oxygen divided by 0.23. Let G, H, O and §
represent the weights of the elements in kg per kg of fuel, the weight

~ of air theoretically necded is : ' L -

W=11.6 C+34.8 (H—0/8)+4.35 S

fFAw w 9 -+, M~ _aty L -2 _13 WS __Va Y R, [ s ]

[«
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