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Lecture No(1)

Thermodynamic of combustion

1. Class : third Year

2. Subject : Thermodynamic of combustion

3. Number of weeks: one week

4. Central idea : Study Thermodynamic of combustion

5. The Test:
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REVIEW OF PROPERTY RELATIONS

Equation of State

An equation of state provides the relationship among the pressure, P, tempera-
ture, T, and volume V (or specific volume v) of a substance. For ideal-gas
behavior, i.e., a gas that can be modeled by neglecting intermolecular forces
and the volume of the molecules, the following equivalent forms of the equa-
tion of state apply:
1a
PV = NR,T,
PV = mRT, 1b

1d
P = pRT,

where the specific gas constant R is related to the universal gas constant
R, (= 8315 J/kmol-K) and the gas molecular weight MW by

R=R,/MW. 2

The density p in Eqn. 2.2d is the reciprocal of the specific volume (o = 1/v =
m/ V). Throughout this book, we assume ideal-gas behavior for all gaseous
species and gas mixtures. This assumption is appropriate for nearly all of the
systems we wish to consider since the high temperatures associated with com-
bustion generally result in sufficiently low densities for ideal-gas behavior to be
a reasonable approximation.
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Specific Heat

Specific heat is defined as the amount of energy needed to increase
the temperature of a unit mass of a substance by one degree. In
thermodynamics, we are interested in two kinds of specific heats: specific
heat at constant volume cv and specific heat at constant pressure cp.

the specific heat at constant volume cv can be viewed as the energy
required to raise the temperature of the unit mass of a substance by one
degree as the volume is maintained constant. The energy required to do the
same as the pressure is maintained constant is the specific heat at constant
pressure cp. This is illustrated in Fig. below.

For a gas , specific heat depends on
whether the gas is at constant

pressure or at constant volume. V= constant P = constant
m=1kg
AT=1°C

¢y =5.19

J
kg-°C

L=

5.19kl

dQ=m c, dT

O=mc, (T,-T;) specific heat at constant pressure cp.
dQ=m c, dT
O=mc, (T,-T;) specific heat at constant volume cv.

For small q & AT the ratio q / AT tends to limit that indicates the specific
heat at a temperature T , thus :
q

— lim —= 2
T AT ST
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Where :
&h = change in the enthalpy
du = change in the internal energy

: - : . J
The unit of the specific heat in the Sl units is oy

Internal energy (U , u)

Internal energy is defined earlier as the sum of all the microscopic
forms of energy of a system. It is related to the molecular structure and the
degree of molecular activity and can be viewed as the sum of the kinetic and
potential energies of the molecules.

It can be concluded that the net energy transfer to the system in each
of these processes must be the same. It follows that heat interactions also
involve energy transfer. Denoting the amount of energy transferred to a
closed system in heat interactions by Q, these considerations can be
summarized by the closed system energy balance:

dE = dU + d(KE) + d(PE) = 8Q — 8W
(U, -U,)+(KE, - KE,)+(PE, - PE,) = Q—-W
Assume that there is no change in KE. (The system is steady) ,and

there is no change in potential energy (z = 0). Then the above equation
become :

(v,-U)=0-W
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For must substance , the internal energy, where is no phase change is
involved ,depends strongly on temperature and rather weakly on pressure or
volume ,and when no external work is done then :

AU = (U,-U;)=0Q=cvAT
O=mcv (1,-T})
AU=m cv (T,-T))
or Au=cv (T,-T;) per unit mass

The unit of internal energy is (J) ,and for specific internal energy is
expressed in (kJ /kg).

Enthalpy:

(U, -U,)+(KE, - KE,)+(PE, - PE, )= Q- W

Assume that there is no change in KE. (The system is steady) ,and
there is no change in potential energy (z = 0). Then the above equation
become :

(Uz_Ul):Q_W

and W:P(VZ'V])
then  Q-P(Vy- V)=(Us-Up) — Q=(U+PV) - (U+PV),
0= H,-H,
we frequently encounter the combination of properties (U +Pv). For the sake
of simplicity and convenience, this combination is defined as a new property

enthalpy, and given the symbol h for specific enthalpy:

h=u+Pv in(k/kg)
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V = mv (or Nv)
U = mu(or Nu)
H = mh(or Nﬁ), etc.

ql_g - h2'hl

for a constant pressure process the energy equation can be written as :
T,

qi-2 = ¢ dT — dh = ¢,dT = j cp AT = cp(T; — Ty)

Ty

Note : enthalpy and internal energy can be found in the steam table.
Perfect gas low

PV = mRT

Gas
PV =nR,T mixture
: A+B
Where V. T
P, + Py

m:mass (kg)

n:number of moles Molecular weight
Gases 1)
R:specific gas constant (kj/kg.k) O 32

) ) N 28
R,:universal gas constant =8.314 kj/mole .k CZO 28
R _ R_O _ mass E C 12
YA MM CO: 44
H-0 18
H: 2

M : Molecular weight
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OTE: 1 mole of air =(0.21 mole of O2+0.79 mole of N2)
1 kg of air =(0.233 kg of Oz + 0.767 kg of N2)

Ideal-Gas Mixtures

Two important and useful concepts used to characterize the composition of a
mixture are the constituent mole fractions and mass fractions. Consider a
multicomponent mixture of gases composed of N, moles of species 1, N,
moles of species 2, etc. The mole fraction of species i, x;, is defined as the
fraction of the total number of moles in the system that are species 7 i.e.,

— Ni - Ni
TN +N+. N+ Ny

Xi

Similarly, the mass fraction of species 7, Y}, is the amount of mass of species i
compared with the total mixture mass:
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L

m; m;

T s m .. Mg, 4

i

Note that, by definition, the sum of all the constitutent mole (or mass) fractions
must be unity, i.e.,

ZX:‘II
Y vi=1

Mole fractions and mass fractions are readily converted from one to
another using the molecular weights of the species of interest and of the
mixture:

Y = xiMW,/ MW 7
Xi = YiMW, /MW, 8

The mixture molecular weight, MW ., is easily calculated from a knowledge of
either the species mole or mass fractions:

MW =Y xiMW,
i

1

MWy = ———.
Z(Y;/MW,-)

Species mole fractions are also used to determine corresponding species
partial pressures. The partial pressure of the ith species, P;, is the pressure of the
ith species if it were isolated from the mixture at the same temperature and
volume as the mixture. For ideal gases, the mixture pressure is the sum of the
constituent partial pressures:

P=) P 11
1

The partial pressure can be related to the mixture composition and total
pressure as

12

Pi = X!P

For ideal-gas mixtures, many mass- (or molar-) specific mixture properties

are calculated simply as mass (or mole) fraction weighted sums of the individ-

ual species-specific properties. For example, mixture enthalpies are calculated
as
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L

hmix = Z Yl'h,' 13a

hois = > Xilr. 13b

Other frequently used properties that can be treated in this same manner are
internal energies, u and i. Note that, with our ideal-gas assumption, neither the
pure-species properties (i, iZ;, i;. i;) nor the mixture properties depend on pres-
sure.

The mixture entropy also is calculated as a weighted sum of the constitu-
ents:

Smind . P) =Y Yis (T, P,) 14a

_ _ 14b
Smin T2 Py =" yi5(T. P)).

In this case, however, the pure-species entropies (s; and 5;) depend on the
species partial pressures as indicated in Eqn. 2.16. The constituent entropies in
Eqn. 2.16 can be evaluated from standard-state (P, = P° = 1 atm) values as

P

s{(T, P}y = s{T, Prg) — Rln 15a

ref

15b

P
SAT. P) = 5(T. Pry) = Ry In .

ref

Standard-state molar specific entropies are tabulated in Appendix A for many
species of interest to combustion.
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Ry
%

Latent Heat of Vaporization

In many combustion processes, a liquid—vapor phase change is important. For
example, a liquid fuel droplet must first vaporize before it can burn: and, if
cooled sufficiently, water vapor can condense from combustion products.
Formally, we define the latent heat vaporization, hg,. as the heat required in a
constant-pressure process to completely vaporize a unit mass of liquid at a
given temperature, i.e.,

hfg(T’ P) = hvapor(Ts P) - hliquid(T’ P), 16

where 7" and P are the corresponding saturation temperature and pressure,
respectively. The latent heat of vaporization is also known as the enthalpy of
vaporization. Latent heats of vaporization for various fuels at their normal
(1 atm) boiling points are tabulated in Table B.1 (Appendix B).

The latent heat of vaporization at a given saturation temperature and
pressure is frequently used with the Clausius—Clapeyron equation to estimate
saturation pressure variation with temperature:
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Ex1: arigid tank contains 4 kg of O2 and 3 kg of N2 and 5 kg of CO2 . at
press of 2 bar and temperature of 25 °C . find gravimetric and volumetric
analysis .

Sol:

Gases Mi (kg/kmole) ni=mi/Mi | Xi=ni/>ni | Yi=mi/Y mi
02 32 0.125 0.362 0.333

N2 28 0.107 0.310 0.25

44 0.1136 0.327 0.4166
Yni=0.345 | Y Xi=1 YYi=1
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Lecture No(2)
FUEL AND COMBUSTION

1. Class: third Year

2. Subject: FUEL AND COMBUSTION

3. Number of weeks: Two week

4. Central idea: Study FUEL AND COMBUSTION

5. The Test:
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FUEL AND COMBUSTION

Any material that can be burned to release thermal energy called a fuel most
familiar fuels consist primarily of hydrogen and carbon. They called
hydrocarbon fuel and denoted by general formula C, H,,, .hydrocarbon fuels
exist in all phases, some examples

. Solid (coal)

Hydrocarbon fuel ——— Liquid (petrol )

— Gas (methane )
Combustion

Combustion may by defined as a rapid chemical reaction between fuel and
air (oxygen) it’s usually accompanied by aflame and heat is released during
this reaction.

Combustion may by classified as follows :
1-stoichiometric combustion

2-incomplete combustion

3-complete combustion

1-stoichiometric combustion :this type of combustion occurs when the
amount of oxygen (air) available is just enough to convert all carbon to
carbon dioxide CO: and all hydrogen to water H.O with no oxygen left over
(CO2, H20, N2)

CnH,, + A(0.210, + 0.79N,) — CO, + H,0 + N,

fuel Air

L]

Reactance products
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79 79
02 +ﬁN2) — COZ + 2H20 + 2 *ﬁNZ

79 79

2-incomplete combustion : this type of combustion occurs when the amount
of oxygen (Air) is not enough to convert all carbon to CO2, hence a carbon
monoxide CO will be present in the products (CO2z,CO, Hz0, N2)

79 79

3-complete combustion : this type of combustion occurs when the amount of
O: (air) is more than enough to convert all carbon and hydrogen to COzand
H20O .hence a certain amount of Oz will be in the products (COz,02, H20, N2)

79 79
CH4_ + 25 (02 + ﬁNz) — C02 + a02 + 2H20 + 25 *HNZ

Definition
Air fuel ratio (A/F) :itis the ratio between mass of air to mass of fuel

A mass of air
4 _ massof alr, m=nM
F mass of fuel

ExL: CH, + 2 (02 +£N2) — €0, + 2H,0 + 2« 2 N,

__ massof air _ 2x32+2+3.76%28

" massof fuel  [(1*12)+(4%1)] =17.16

A
F
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(A/F)actual_(A/F)stoich % 100
(A/F)stoich
(A/F)actual
(A/F)stoich * 100
Equivalence ratio (mixture strength ) (M.S) :it is the ratio between
stoichiometric (A/F) to actual (A/F)
_ _ (A/F)stoich
d) n MS B (A/F)actual
If  >1 = Incomplete combustion(rich fuel mixtures) (CO,

+CO + H,0 +N,)
Ifp<1
= complete combustion(lean or poor or weak fuel mixtures)
(CO; + 0, + H,0 + N,)
If ¢ =1 = stoichiometric combustion (CO, + H,0 + N,)

%excess of air =

% theoretical of air =

Ex2: A hydrocarbon fuel CsHao is burned with the following cases :
1- 125% theoretical of air.

2- 80% theoretical of air.

3- With ¢ =0.85.

Write the equation of combustion and Find the (A/F) for each case

Sol: A (31 yia ) Aolee LS 2 5 ghad

1- C,Hyo + 6.5 (02 + %NZ) — 4C0, + 5H,0 + 6.5 x N,

A=n+ % =4+10/4=6.5
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Zagall 3 inY) Alobes LU L
79
C4_H10 + 125 * 65 (02 + ﬁNz)

79

Oxygen balance
1.25*6.5*2=4*2+5+2a
a=1.625

9

mass of air 1.25%x6.5% 32 + 1'25*6-5*ﬁ*28

mass of fuel - [(412) + (10 * 1)] = 19.23

A—
==

2- CyHyp + 0.8 % 6.5 (02 + %NZ) — aC0, + bCO + dH,0 + 0.8 x 6.5 *

Carbon balance

4=a+b a=4-b....(1)

Hydrogen balance 10=2d  d=5
Oxygen balance 0.8*6.5*2=2a+b+d
10.4=2(4-b)+b+5 b=2.6 a=1.4

9

mass of air 0.8 6.5 %32 +0'8*6'5*ﬁ*28

mass of fuel [(4+12) + (10 * 1] =12.12

A_
==

6.5 79 6.5 79
3-Catlyo + o (0 + 2N, ) — 4C0, + a0, + 5H,0 + o+ 2N,

Oxygen balance

(6.5/0.85)* 2 =4*2+2a+5 a=1.147
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6.5 6.5, 79
A_ massof air _(gs) *32+ (ogg) * 71 % 28 _ 18.10
F  mass of fuel [(4%12)+ (10 % 1)] oo

Ex3: A hydrocarbon fuel CsHs is burned with the following cases:
1-10% less of air.

2-20% excess of air.

Write the equation of combustion and Find

a-the (A/F) for each case.

b-the equivalence ratio.

Sol: stoich equation
79 79
1- C3Hg +5 (02 +ZNZ) — 30, +4H,0 + 5+ 2N,

79
(_) _ massof air  5*32+5x57x28
stoic

"~ mass of fuel  [(3*12)+ (8*1)] =156

Actual combustion equation

C3Hg +0.9 %5 (0, + =N, ) — aC0, +bCO + dH,0 + 0.9+ 5+ =N,

Carbon balance

3=atb a=3-b....(1)

Hydrogen balance 8=2d d=4
Oxygen balance 0.9*5*2=2a+b+d
9=2(3-b)+b+4  b=1 a=2
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79
) mass of air _0-9*5*32+O.9*5*ﬁ*28
actual

~ mass of fuel [(3%12) + (8x%1)]

= 14.045

_ (A/F)stoich _ 15.6

=M.S = =
(A/F)actual 14.045

= 1.11 > 1 incomplete combustion

2- 20% excess of air.
Actual combustion equation
CsHg +1.2%5(0; + 2 N;) — 3C0, + a0, + 4Hy0 + 1.2 %5 x = N,
Oxygen balance 1.2*5*2=3*2+2a+4

a=1

mass of air 1.2*5*32+1_2*5*Z—2*28
= 18.727

)actual ~ mass of fuel - [(3%12) + (8%1)]

— (A/F)stoich — 15.6
(A/F)actual 18.727

d=M.S = 0.833 < 1 complete combustion

Ex4:Ethanol CH;CH,OH or C,Hs;OH C,H,0,H
Stoichiometric equation

CHyCH,0H + A(O, + 3.76N,) — aCO, + bH,0 + £3.76N,

A=nt D Yooy 1oy
ATy T T ATy T2 T

CH,CH,0H + 3(0, + 3.76N,) — 2C0, + 3H,0 + 3 = 3.76N,
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mass of air 3% (32+3.76 * 28)
mass of fuel ~ [(2*12)+ (6% 1) + (16 * 1)]
— (A/F)stoich

(A/F)actual

(A/F)stoich _ 8.953
(A/F)actual (A/F)actual

(A/F)actuar = 14.921

= 8.953

A
F

¢

for¢p =0.6 =

(A/F)stoich _ 8.953
(A/F)actual (A/F)actual

(A/F) getyar = 11.19125

for¢p =08 =

(A/F)stoich _ 8.953
(A/F)actual (A/F)actual

(A/F)actuar = 8.953

(A/F)stoich _ 8.953
(A/F)actual (A/F)actual

(A/F)actuar = 7-4608

forp =1=

forgp =12=

_ (A/F)stoich _ 8.953
(A/F)actual (A/F)actual

(A/F)actual =6.395

for¢p =14
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Effect of Equivalence ratio on Air fuel ratio (A/F)
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Ex5:A spark ignition engine uses a hydrocarbon fuel gasoline CsH s .
engine running of mixture strength of 1.2 . determine

1) The air -fuel ratio
2) The wet and dry volumetric exhaust analysis .
3) The wet and dry gravimetric exhaust analysis .

Sol: A (8 i) Alalee US4 5 shad

1- CgHys + A(0 + 3.76N,) — 8CO, + 7.5H,0 + A x N,

A=n+7=8+15/4=

79
CgHys + 11.75(0, + 3.76N,) — 8C0, + 7.5H,0 + 11.75 * o1 V2

mass of air  11.75% 32+ 11.75 % 3.76 * 28
mass of fuel [(8%12) + (15 * 1)]

4_ = 14.53
F_ — .

(A/F)stoich — — 14.53
(A/F)actual . (A/F)actual

Aagall ) iaY) dales S Ll

M.S=¢= - (A/F)qctuar = 12.109

11.75( 79 )

68H15 + 1.2 02 +ﬁNZ

11.75
— aC0, +bCO + dH,0 +——=*3.76 N,
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Carbon balance

3=a+b a=8-b....(1)

Hydrogen balance 15=2d d=7.5
Oxygen balance 9.79*2=2a+b+d
19.58=2(8-b)+b+5 b=3.92 a=4.08

11.75 11.75
massofair _T*32 +T*3'76*28

mass of fuel [(8+12) + (15 1)]

Mi(kg/k | ni Xi=ni/¥ni - mi=ni* | Yi=mi/Zm -
mole) (wet) Mi i(wet)
44 : 0.078 0.091 179.52 |0.1234
28 : 0.074 0.087 109.76 | 0.075
18 : 0.143 WithoutH2o | 135 0.0928
28 : 0.703 0.821 1030 0.708
i= | YXi=1 |[YXi=l |Ymi=14]|YYi=1
54.2

=12.109

A—
=
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Engine exhaust analysis

The control system of modern (smart automobile engine ) includes
(sensors ) that continuously monitor for the exhaust leaving the engine
These sensors determine the chemical composition of the hot exhaust
by various (chemical , electronic and thermal methods )

Ex6: 4-cylinder engine ( CsHs fuel ) a dry analysis of the engine
exhaust of the following volumetric percentage CO2 4.9% |,
CO 9.79% , 02 2.45% Calculate ¢

Sol:

For dry engine product =4.9+9.79+2.45 = 17.14 % and that remaining
gas (N2) =82.86% if unknow of fuel burned with an unknown amount
of air , the resulting reaction is

stoich equation

79 79
C3H8 + 5 (02 +_N2> — 3602 + 4H20 + 5 *_N2

21 21

79
() _ massof air _ 5*32+5x57
stoic

77 *2%8
F " massof fuel [(3*12)+(8x1)] 15.6

Actual combustion equation
xC3Hg + y(0, + 3.76N,)
— 4.9C0, +9.79C0 + ZH,0 + 2.450, + 82.86N,

z -no of H20O vapor removed before dry analysis
N2 :y*3.76 =82.86 » y =22.037

C: 3*x=4.9+49.79 »x=4.9

H : 8*x=8(4.9)=2*Z » Z =19.588

4.9C4Hg + 22.037(0, + 3.76N,)

— 4.9C0, + 9.79C0 + 19.588H,0 + 2.450,
+ 82.86N,
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CsHg + 4.5(0, + 3.76N,)
— €0, + 2 CO + 4H,0 + 0.50, + 16.92 N,

= 14.12

F

(A) _ massofair  45%32+45%3.76+28
wct massof fuel  [(3*12)+ (8%1)]

_ (A/F)stoich _ 15.89

= = =1.11
(A/F)actual 14.12

H.W:

4-cylinder engine ( CsHisfuel ) a dry analysis of the engine exhaust of the
following volumetric percentage CO2 9.85% , CO 0.9% ,02 5.7%
Calculate ¢
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Lecture No (4)

Application of 1% law of thermodynamic on combustion process

1. Class: third Year

2. Subject Application of 1% law of thermodynamic on combustion process

3. Number of weeks: Two week

4. Central idea: Study Application of 1% law of thermodynamic on
combustion process

5. The Test:
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Application of 1% law of thermodynamic on combustion process

Combustion

Closed system (non-flow process ) Open system (steady -flow process )

Q-W=AU Q-W=AU

——

stant volume Q=AU Constant pressure Q=AH Constant volume Q=AH Adiabatic AH=0

A

v
Adiabatic -W=AU Normal combustion

Q-W=AH

Q = AH

Q= znihi _Znihi
P R

h; = (hpo + AR)

h;: enthalpy of each an item

ho: enthalpy of formation @ (298 k)
Ah = R(T) — hyo(298)

or

Q =AU

h=u+Pv —->u=h-—pv

Pv=nR,T
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u=h—-nR, T
Ureac = ZR Nihreac — ZR n Ry, T;
Uprod = YpNihreqc — Xpn iRy T;

Q=AU = Uprod — Ureac

= (z nihreac - z n iRu Ti > - (z nihreac
R

P P

_zniRuTi)

R

Ex: An LE C3Hg (0.00005 kg) in each cylinder during cyclen_ . = 0.95

Combustion start T=700K & p=2000 Kpa the end of compression is Texh
1200 K calculate and for ¢ = 0.8 calculate Combustion heat

Sol:
Stoichiometric equation

CiHg + A(0, + 3.76N,) — aCO, + bH,0 + A * 3.76N,

A=n+Z=342-5
=n 1= 1

C3Hg + 5(0, + 3.76N,) — 3C0, + 4H,0 + 5 * 3.76N,
for ¢ =0.8

5
CgHS + E(OZ + 376N2) 4 aC02 + bH20 + W02 + 5 * 376N2

5
+ 55 (02 +3.76N;) — 30, + 4H,0 + 1.250; + 6.25 x 376N,

Q = AH
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Q = Enihi —Znihi
P R

hi = (hyo + AR)

At T=700K before combustion using data from Appendix A and table B1 &
B2

700k e &Y Jsaadl g adabaall IR (e 2 68 51 AIEY] o

A sl e Ol LY b 4k

TableB.2  Curvefit coefficients for fuel specific heat and enthalpy® for reference state of zero enthalpy of the elements ot 298.15 K, 1atm

G (kI/kmol-K) = 4.184(a) + a8 + 036 + 0,6 + 0507,
h° (k) /kmol) = 4184 (018 +0s0%/2 + a36°/3 + 040 /4 — a5 + ag),
where 6 = T (K)/1000

Formula Fuel MW @ a a3 ay as a5

CH, Methane 16.043 -0.29149 26.327 -10.610 1.5656 0.16573 -18.331
C3Hg Propane 44.096 ~1.4867 74.339 -39.065 8.0543 0.01219 -21313
CgH)4 Hexane 86.177 -20.777 210.48 ~164.125 52.832 0.56635 -39.836
CgHyg Isooctane 114.230 ~0.55313 181.62 -97.787 20.402 0.03095 -60.751
CH;0H Methanol 32.040 -2.7059 44.168 -27.501 7.2193 0.20299 ~48.288
C,H;0H Ethanol 46.07 6.9%0 39.741 -11.926 0 0 -60.214

Caa6Hiss Gasoline 114.8 -24.078 256.63 -201.68 64.750 0.5808 -27.562
Cr6Hi3 106.4 ~22.501 221.99 ~177.26 56.048 0.4845 -17.578

CiosHis s Diesel 148.6 -9.1063 246.97 -143.74 32329 0.0518 -50.128

°SOURCE: From Heywood, J. B., Internal Combustion Engine Fundamentals, McGrow-Hill, New York, 1988, by permission of McGraw-Hill, Inc.
*To obtain 0 K reference state for enthalpy, add o5 to ag.
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H,. = 1(—103847 + 44792) + 6.25 (0 + 12503) + 6.25
% 3.76(0 + 11942) = 299725Kj/KMole

Enthalpy of product at Texh=1200k

Hproa = 3(—393,546 + 44488) + 4 (—241,845 + 34518) + 6.25

% 3.76(0 + 28118) + 1.25(0 + 29775)
= —1302758 Kj/KMole

Mw of C3Hg = 36 + 8 = 44 kg/kmol

Q= Znihi _Znihi
P R

0 =(—130275484—299725) +0.0005 = —1.821 K]

ol all ale JolAild dua ga o JLEN) 1Y) g 5 ) all Eely Jeld) ) Lalina dullad) o LN

Ex: determine HHV & LHYV at 298k of gases n-decane C,;,H,, per kmol of
fuel & per kg of fuel (Mw=142.284 kg/kmol) if hs of n-decane (359 kj/kg)

At 298 k , what are the HHV & LHV of liquid n- decane
Sol:

CioHy + A(O, + 3.76N,) — 10C0, + 11H,0 + A * 3.76N,

A=n+ 10422155
Ty T 4 -

CioHy, + 15.5(0, + 3.76N,) — 10C0, + 11H,0 + 15.5 * 3.76N,

Q =AH = Hprod — Hyeqe = Znihi - Znihi
P R

h; = (hpo + Ah)

HHV il ae gl il 8 ela) ()5S Lanie
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hfg = hg _hl

- _ _ kj
hyh20)=hg(nze) — hyg = —241,845 — 440,10 = —285,857 ——

Hyeqe = Yrnih; = Xrn; (ko + Ah) = —249,659 4+ 15.5(0 + 0) + 15.5 *
— kj
3.76(0 + 0)= —249,659 ——

Hproa = Xpnihi = X, n; (hpo + AR) = 10(—393,546) +
11(—285,857) + 15.5 * 3.76(0 + 0)= —7,079,887%

Q = AH = Hpyoq — Hyeqe = —7,079,887 — (—249659)

= 6,830,096 i
o kmol

@ GOl o anlia sl Gaarsl AR Aad Y

_AH 6,830,096 48,000 k]
- Mw 142284 kg

AH

For the LHV hy20)= = —241,845

Hproa = Xpnih; = X, n; (hpo + Ah) = 10(—393,546) +
11(—241,845) + 155 % 3.76(0 + 0)= —6,595,755 ——

Q = AH = Hpyoq — Hyeqe = —6,595,755 — (—249659)
k]

= 6,345,986 ——
kmol

RN PR RYE JUITI R
_AH 6,345,986 _

AH Mw 142284
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B)
I htg (fuel)= 359 ki/kg of (CyoH,2)

Hypne = 1=hg(C10H22) - hfg =

k]
kg of (CioH3z)

kj
kg of (C1oH3,)

H.H.V = Ahc(liquid) = 48004 — 359 = 47645

L.H.V = Ahc(gas) = 44602 — 359 = 44243

( kJ/kg per of mixture) Julill AU saa of ilil) culla 13} ; daga 4ABiadla

Ahe (kgk:ux) = Ahc (kg,;]uel) n"z:j:

mfuel _ mfuel _ 1
Mypix mfuel+mair 1+(A/F)

Ahe (kgkrftix) = Bhe (kg,;]uel) ' 1+(:/F)

Ex2: A mixture of C,H,, and air of strength 1.25 is initially at 298K and 1
bar in a piston cylinder arrangement where is loaded by a weigh .If the
combustion occurs and the temperature is 600k , calculate Combustion heat

Sol:
Al 8 yiaY) ddalee 4S5 glad J

79 79
C4H10 + 65 (02 + ﬁNz) — 4C02 + 5H20 + 65 * ﬁNZ

Aagall ) iaY) Aales S Ll
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C.H +6'5(0 +79N> co +bCO+5H0+6'5 79N
—_ JR— RN _ % —
a0 T (Y2 Tz ) 7 abts 28 T 25721

Carbon balance

4=a+b a=4-b....(1)

Oxygen balance 6.5/1.25*2=2a+b+5
10.4=2(4-b)+b+5  b=2.6 a=1.4

Constant pressure + closed system Q=AH

Q = AH

Q= znihi _znihi
P R

h; = (hpo + AR)
hi=hf 3 (298K) 5 (25°C) Sileliiall o)) ya an pralls 8 alaadle
S 058 pal) jualiall Y5 2850
h; = (hpo + AR)
hro Bl 2585l Jsia s
Ah = h(T) — h(298)
T =298 K
Ah = h(298) — h(298) = 0

h; = (hyo + AR) = (hso + 0) = hpo = —124733 kj /k mol
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H 1(—124733 +65 0+0)+ 65
rac = ( ) 1_25( ) 1.25

= —124733Kj/Mole

% 3.76(0 + 0)

Enthalpy of product at Texh=600k

H

rod = 1.4(—393549 + 12899) + 2.6 (—110541 + 8955)

6.5
+5(~241845 + 10528) + =

% 3.76(0 + 8905)
= —1779508 Kj/Mole

Mw of C4H,y = 36 + 8 =58 kg/kmol

Q= Znihi _Znihi
P R

—1779508—(—124733)
58

Q =( ) = —28530 kJ/kg of (C4H;0)

H.W : An L.E CgH;¢ (0.000055 kg) in each cylinder during cycle n
0.95

omb

Combustion start T=700K & p=2000 Kpa the end of compression is Texh
1300 K calculate Combustion heat
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Lecture No (4)

Adiabatic flame temperature
1. Class: third Year
2. Subject: Adiabatic flame temperature

3. Number of weeks: Two week

4. Central idea: Study Adiabatic flame temperature

5. The Test:
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Adiabatic flame temperatures (Tad): is ideal theoretical maximum
temperature can be obtained for a given fuel and air mixture.

We define two adiabatic flame temperatures: one for constant-pressure com-
bustion and one for constant-volume. If a fuel-air mixture burns adiabatically
at constant pressure, the absolute enthalpy of the reactants at the initial state
(say, T = 298 K, P = 1 atm) equals the absolute enthalpy of the products at the
final state (T = T,4, P = | atm),

Hreac(Tiv P) = Hprod(Tad’ P),
or, equivalently, on a per-mass-of-mixture basis,
heeac(Tis P) = hprod(Tads P).

This first-law statement, Eqn. 2.40, defines what is called the constant-pressure
adiabatic flame temperature. This definition is illustrated graphically in Fig.

1 Conceptually, the adiabatic flame temperature is simple; however, eval-
uating this quantity requires knowledge of the composition of the combustion
products. At typical flame temperatures, the products dissociate and the

h (kJ/Kg i)
h

Figure 1 Illustration of constant-pressure adiabatic flame temperature on h-T
coordinates.
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mixture comprises many species. As shown in Table 2.1 and Table B.1 in
Appendix B, flame temperatures are typically several thousand kelvins.
Calculating the complex composition by invoking chemical equilibrium is the
subject of the next section. The following example illustrates the fundamental
concept of constant-pressure adiabatic flame temperatures, while making crude
assumptions regarding the product mixture composition and evaluation of the
product mixture enthalpy.

Ex1:Find Tad of CgH;g burned with ¢ = 0.833 can assumed that the
reactants at 700 k after compression stroke

Sol:
Stoichiometric equation
CgH.g + A(O, + 3.76N,) — aCO, + bH,0 + A * 3.76N,

Mgt =5
A—Tl+z— 4—

CgHyg + 12.5(0, + 3.76N,) — 8CO, + 9H,0 + 12.5 * 3.76N,
for ¢ = 0.833

12.5
0.833

To calculate Tad @ Treac=700K

0= Znihi —Znihi
P R

CoHyg + (0, + 3.76N,) — 8CO, + 9H,0 + 2.50, + 15 * 3.76N,

z ny(hyo + Ah); = z ny(hyo + Ah),

Prod Reca
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8(—393546 + Ahgp,) + 9(—241845 + Ahy o) + 2.5(0 + Ahy ) + 15
%3.76(0 + Ahy, )
= 1(—259280 + 73473) + 15(0 + 12499) + 15
% 3.76(0 + 11937)

8Ahco, + 9Ahy, o + 2.50h,, + 56.4Ahy, = 5,999,535

By trial and error find Tad , try T=2400 K

8(115,779)co, + 9(93,741) 5,0 + 2.5(74,453),, + 56.4(70,640) .
= 5,940,130

This is too low , so try T=2600 K

8(128,074) o, + 9(104,520)y, + 2.5(82,453) 5, + 56.4(77,963),
= 6,567,948

This is too high, so Tad is found by interpolation
Tad 2419 K

Ex2: Ethanol CH;CH,0H or C,HsOH C,H,,0,H
Stoichiometric equation

CH;CH,OH + A(O, + 3.76N,) — aCO0, + bH,0 + £3.76N,

A=n+ D Yoy 0 1o
TRy Ty T ATy T2

CH;CH,0H + 3(0, + 3.76N,) — 2C0, + 3H,0 + 3 = 3.76N,
A massof air 3% (32+3.76 * 28)
F  massof fuel [(2%12)+ (6%1)+ (16 *1)]

_ (A/F)stoich
(A/F)actual

= 8.953

¢
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_ (A/F)stoich _ 8.953
(A/F)actual (A/F)actual

for ¢ =0.6

(¥)
— = 14.921
F actual

for¢p =0.6 = T,; = 1883.30K

(A/F)stoich _ 8.953
(A/F)actual (A/F)actual

— = 11.19125
<F)actual

for ¢ =0.8 = T,y = 2220.64K

for¢p =08 =

(A/F)stoich _ 8.953
(A/F)actual (A/F)actual

(A/F)actual = 8.953

ford =1= T, ; = 2402.64K

forp =1=

(A/F)stoich _ 8.953
(A/F)actual (A/F)actual

(A/F)actual = 7.4608

forp =12=

for ¢ =1.2 = T,; = 2421.41K

_ (A/F)stoich _ 8.953
(A/F)actual (A/F)actual

(A/F)actual =6.395

for¢p =14

for¢p =14 = T, ; = 2350.74K
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_ (A/F)stoich _ 8.953
(A/F)actual (A/F)actual

(A/F)actual =5.595

fordp =14 = T,y = 2262.85K

for¢p =1.6

¢
effect of ¢ on Tad at constant pressure
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Ex3: Determine adiabatic flame temperature for constant pressure
combustion for n-butane burned with 80% theoretical of air can assumed
that the reactants at 298 k

Sol:

79 79
C4_H10 + 65 (02 + ﬁN2> — 4‘602 + 5H20 + 65 * HNZ

A=n+ % =4+10/4=6.5

CiHyp + 0.8 * 6.5 (02 + Z—sz) — aC0, + bCO + dH,0 + 0.8 * 6.5 *

Carbon balance

4=atb a=4-b....(1)

Hydrogen balance 10=2d d=5
Oxygen balance 0.8*6.5*2=2a+b+d
10.4=2(4-b)+b+5  b=2.6 a=1.4
To calculate Tad @ Treac=290K

0= Znihi —Znihi
P R

z ny(hyo + Ah); = z ny(hyo + Ah);

Prod Reca

1.4(—393546 + Ahgp, ) + 2.6(—110541 + Ah,,) + 5(—241845
+ Ahy o) + 5.2 % 3.76(0 + Ahy, )
=1(-124733+0) + 5.2(0+0) + 5.2 x3.76(0 + 0)

1.4Ahgo, +5Ahy o + 2.6Ah,, + 19.552Ahy = 1,922,863

prepared by : Dr. Omar M. yousif




Northern Technical University
Technical college of Engineering / Mosul
Power Mechanics Engineering Technology
Combustion Engineering (Fourth year)

By trial and error find Tad , try T=2300 K

1.4(109670) 0, + 5(88426)y,0 + 2.6(67682), + 19.552(66997),
= 2,081,566

This is too high, so try T=2100 K

1.4(97477)co, + 5(77952) 1,0 + 2.6(60371), + 19.552(59738) ,
= 1,851,189

This is too low , so Tad is found by interpolation

Tad 2162 K

Ex4: Estimate the constant — pressure adiabatic flame temperature for
combustion of a stoichiometric CHas air mixture .P=1atm and T initial 298
K. use the following assumptions

1-complete combustion (no dissociation) (CO2 , H20 ,N2).

2- the Cp of product estimated at 1200 K (T1+Tad)/2 where Tad about
2100K.

Sol:
CH,+2(0, +3.76N,) — CO, + 2H,0 + 2 =« 3.76N,

Enthalpy o_f Formation (@ 298K Specific Heat @ 1200K
hg ; (kJ/kmol) Cpi (kJ/kmol-K)
—-74,831
—393,546 56.21
—241,845 43.87

0 33.71
0 -

Qszrod — Hyeqe =0
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H,,,, = Z ny(hyo + Ah), = 1(~74,831) + 2(0) + 7.52(0)
Reca

= —74,831 k] /Kmole

Hprod = Zprod ni(hfo + Ah)i = ni(hf0 + Cp(Tad - 298)1’ =
1(=393,546 + 56.21(T,y — 298) + 2(—241,845 + 43.87(T,, — 298) +
7.52(0 + 33.7(Tgq — 298) =?7?

Hyeqe = Hprod

T,q = 2318 K
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In the above, we dealt with a constant-pressure system, which would be
appropriate in dealing with a gas-turbine combustor, or a furnace. Let us look
now at constant-volume adiabatic flame temperatures, which we might require in
an ideal Otto-cycle analysis, for example. The first law of thermodynamics

| requires
Ureac(Tinitv Pinil) = Uprod(Taa's Pf)- 1
where U is the absolute (or standardized) internal energy of the mixture.
Graphically, Eqn. 1 . resembles the sketch 1 used to illustrate the
constant-pressure adiabatic flame temperature, except the internal energy
replaces the enthalpy. Since most compilations or calculations of thermo-

dynamic properties provide values for H (or h) rather than U (or u) [1, 6],
we can rearrange Eqn. 1 . to the following form:

Hreac_Hprod— V(Pinit-Pf):O' 2
We can apply the ideal-gas law to eliminate the PV terms:

Pini( V= Z N;R, Tinit = NreacRuTinit

reac

PV =3 NiR,Tw = NyoaRuTua-
prod

Thus,
Hreac - Hprod - Ru(Nreac Tinit - Nprod Tad) =0. 3

An alternative form of Eqn. 2 , on a per-mass-of-mixture basis, can be

obtained by dividing Eqn. 3 by the mass of mixture, mpy;,, and recognizing
that

mmix/Nreac = MWreac

mmix/NprOd = MWprod'
We thus obtain

Tini T,
h . /’l _ R nit N ad —
reac prod u ( M Wreac MW ) 0.

prod
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Ex5: Estimate the constant — volume adiabatic flame temperature for
combustion of a stoichiometric CHa4 air mixture .P=1atm and T initial 298
K. use the same assumptions as in Ex4.

Sol:

Hreac - Hprod - Ru(Nreac * Linit — Nprod * ad) =0

Z ni(h)i - z ni(h)i - Ru(Nreac * Linie — Nprod * Tad) =0

reac prod

H,,,. = Z ny(hyo + Ah); = 1(—74,831) + 2(0) + 7.52(0)

Reca

= —74,831 k] /Kmole

Z ni(hyo + Ah); = ny(hyo + Cy(Taq — 298);
prod

Horoq = Z ni(hyo + Ah); = ny(hyo + Cy(Taq — 298);
prod
— 1(=393,546 + 56.21(T,4 — 298)
+ 2(—241,845 + 43.87(T,, — 298)
+7.52(0 + 33.7(T,y — 298)
— 887,236 + 397.5(T,, — 298)

Ru (Nreac * Linit — N

roa * Taa) = 8,315(10.52)(T,q — 298)

—74,831 — 887,236 + 397.5(T,y — 298) — 8,315(10.52) (T4, — 298) = 0
T, = 2889 K

(i) For the same initial conditions, constant-volume combustion results in much higher
temperatures (571 K higher in this example) than for constant-pressure combustion.
This is a consequence of the pressure forces doing no work when the volume is fixed.
(ii) Note, also, that the number of moles was conserved in going from the initial to final
state. This is a fortuitous result for CH4 and does not occur for other fuels. (iii) The final
pressure is well above the initial pressure: Py = Pipi(Toq/ Tinit) = 9.69 atm.
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H.W: Determine adiabatic flame temperature for constant pressure
combustion for propane burned with 20% excess of air can assumed that the
reactants at 298 k
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Lecture No (5)

Classifications of engines and their performance

1. Class: third Year

2. Subject: Classifications of engines and their performance

3. Number of weeks: Two week

4. Central idea: Classifications of engines and their performance
5. The Test:

prepared by : Dr. Omar M. yousif




Northern Technical University
Technical college of Engineering / Mosul
Power Mechanics Engineering Technology
Combustion Engineering (Fourth year)

ENGINE CLASSIFICATIONS
Internal combustion engines can be classified in a number of different ways:
1. Types of Ignition
(a) Spark Ignition (SI). An Sl engine starts the combustion process in each
cycle by use of a spark plug. The spark plug gives a high-voltage electrical

discharge between two electrodes which ignites the air-fuel mixture in the
combustion chamber surrounding the plug. In early engine development,

before the invention of the electric spark plug, many forms of torch holes

were used to initiate combustion from an external flame.

(b) Compression Ignition (Cl). The combustion process in a Cl engine
starts when the air-fuel mixture self-ignites due to high temperature in the
combustion chamber caused by high compression.

2. Engine Cycle

(a) Four-Stroke Cycle. A four-stroke cycle experiences four piston
movements over two engine revolutions for each cycle.

(b) Two-Stroke Cycle. A two-stroke cycle has two piston movements over
one revolution for each cycle.

3. Basic Design

(a) Reciprocating. Engine has one or more cylinders in which pistons
reciprocate back and forth. The combustion chamber is located in the closed
end of each cylinder. Power is delivered to a rotating output crankshaft by
mechanical linkage with the pistons

(b) Rotary. Engine is made of a block (stator) built around a large non-
concentric rotor and crankshaft. The combustion chambers are built into the
nonrotating block.

4. Position and Number of Cylinders of Reciprocating Engines (Fig. 1)

(a) Single Cylinder. Engine has one cylinder and piston connected to the
crankshaft.

(b) In-Line. Cylinders are positioned in a straight line, one behind the other
along the length of the crankshaft. They can consist of 2 to 11 cylinders or
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possibly more. In-line four-cylinder engines are very common for
automobile and other applications. In-line six and eight cylinders are
historically common automobile engines. In-line engines are sometimes
called straight (e.g., straight six or straight eight).

(c) V Engine. Two banks of cylinders at an angle with each other along a
single crankshaft. The angle between the banks of cylinders can be
anywhere from 15° to 120°, with 60°-90° being common. V engines have
even numbers of cylinders from 2 to 20 or more. V6s and V8s are common
automobile engines, with V12s and V16s (historic) found in some luxury
and high-performance vehicles.

(d) Opposed Cylinder Engine. Two banks of cylinders opposite each other
on a single crankshaft (a V engine with a 180°V). These are common on
small aircraft and some automobiles with an even number of cylinders from
two to eight or more. These engines are often called flat engines (e.g., flat
four).

(e) W Engine. Same as a V engine except with three banks of cylinders on
the same crankshaft. Not common, but some have been developed for racing
automobiles, both modern and historic. Usually 12 cylinders with about a
60° angle between each bank.

(L) Opposed Piston Engine. Two pistons in each cylinder with the
combustion chamber in the center between the pistons. A single-combustion
process causes two power strokes at the same time, with each piston being
pushed away from the center and delivering power to a separate crankshaft
at each end of the cylinder. Engine output is either on two rotating
crankshafts or on one crankshaft incorporating complex mechanical linkage.
(9) Radial Engine. Engine with pistons positioned in a circular plane around
the central crankshaft. The connecting rods of the pistons are connected to

a master rod which, in turn, is connected to the crankshaft. A bank of
cylinders on a radial engine always has an odd number of cylinders ranging
from 3 to 13 or more. Operating on a four-stroke cycle, every other cylinder
fires and has a power stroke as the crankshaft rotates, giving a smooth
operation. Many medium- and large-size propeller-driven aircraft use

radial engines. For large aircraft, two or more banks of cylinders are
mounted together, one behind the other on a single crankshaft, making

one powerful, smooth engine. Very large ship engines exist with up to 54
cylinders, six banks of 9 cylinders each.
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Figl.u-e 1 Engine Classification by Cylinder Arrangement. (a) Single cylinder. (b) In-line, or
straight. (¢) V engine. (d) Opposed cylinder. (¢) W engine. (f) Opposed piston. (g) Radial.
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5. Air Intake Process

(a) Naturally Aspirated. No intake air pressure boost system.

(b) Supercharged. Intake air pressure increased with the compressor driven
off of the engine crankshaft

(c) Turbocharged. Intake air pressure increased with the turbine-compressor
driven by the engine exhaust gases .

(d) Crankcase Compressed. Two-stroke cycle engine which uses the
crankcase

as the intake air compressor. Limited development work has also been

done on design and construction of four-stroke cycle engines with

crankcase compression.

6. Method of Fuel Input for SI Engines

(a) Carbureted.

(b) Multipoint Port Fuel Injection. One or more injectors at each cylinder
intake.

(c) Throttle Body Fuel Injection. Injectors upstream in intake manifold.

7. Fuel Used

(a) Gasoline.

(b) Diesel Oil or Fuel Oil.

(c) Gas, Natural Gas, Methane.

(d) LPG.

(e) Alcohol-Ethyl, Methyl.

() Dual Fuel. There are a number of engines that use a combination of two
or more fuels. Some, usually large, Cl engines use a combination of methane
and diesel fuel. These are attractive in developing third-world countries
because of the high cost of diesel fuel. Combined gasoline-alcohol fuels

are becoming more common as an alternative to straight gasoline automobile
engine fuel.

(g) Gasohol. Common fuel consisting of 90% gasoline and 10% alcohol.

8. Application

(a) Automobile, Truck, Bus.

(b) Locomotive.

(c) Stationary.

(d) Marine.

(e) Aircraft.

(f) Small Portable, Chain Saw, Model Airplane.
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10-Type of Cooling
(a) Air Cooled.
(b) Liquid Cooled, Water Cooled.

Several or all of these classifications can be used at the same time to identify
a given engine. Thus, a modern engine might be called a turbocharged,
reciprocating, spark ignition, four-stroke cycle, overhead valve, water-
cooled, gasoline, multipoint fuel-injected, V8 automobile engine
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Engine performance

TN

Figure 2  Piston and cylinder geometry
of reciprocating engine. B = bore; S =
stroke; r = connecting rod length: a = crank
offset; s = piston position; ¢ = crank angle;
V¢ = clearance volume: V4 = displacement
volume.

End of
combustion

1) Brake power

__ 2mNT
P T 60%1000 Intakel %
val\:‘ opens L&"fon

Exhaust

re e 5

Bp: Brake power (KW) T

Exhaust[
valvel
opens

L
TDC

N: speed (r.p.m)
T:Torque (n.m)

m; : mass flow rate of fuel (kg/s)

L.C.V: lower calorific value (KJ/kg)
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Nptn - brake thermal efficiency.

Motn = nip*LV.C

B, = bmep v, *

V.: swept volume (m?3/sec)

bemp: brake mean effective pressure (bar): t is hypothetical pressure if it
was placed on the piston in the power stroke, it would not give us the same
net work that could be obtained a full turn.

Wnet P
b = .. (4
meP = Wy = vy« 102

B2

L L ce N
*k *k *k
s =77 60+ Z

V,: swept volume (m?3/sec)

V,: clearance volume (m?3/sec)

L: stroke (m)
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B:diameter of cylinder (bore)(m)

C:number of cylinder

Z.crank shaft revolution for complete power cycle
Z=2 four stroke cycle

Z=1 two stroke cycle

_ VS + VC
Ve

r: Compression ratio
2- Indicate power Ip (KW)
L, =m;*L.C.V*
m; . mass flow rate of fuel (kg/s)
Npen - Indicate thermal efficiency
I, = Imep * V
brake mean effective pressure (bar)

3) Specific fuel consumption (kg/Kw.hr)

a) Brake specific fuel consumption (b.s.f.c)

my = By *b.s.f.c (Kg/hr)

_ B, xb.s.f.c
3600

my (Kg/sec)

b) Indicated specific fuel consumption (b.s.f.c)
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_ me x L.C.V * Npep _ NMptn _ b.s.f.c _ bmep

Nm - (9)

S My x LGV e Npen LS fec "~ Imep "

5) Volumetric efficiency 7y : the ratio of the air induced measured at the
free air conditions to the swept volume of the cylinder

T] _ (mair)actual
vV — L. <~
(Mair)ideal

(mair)ideal = Pair * Vs

Nbth=(0.25-0.33)
Nith=(0.26—0.38)
Nm=(0.7-0.95)

Nv=(0.6-0.96)
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Ex1: a 2-stroke diesel engine has a capacity of 1.8 liter . if the (s.f.c) is 0.3
kg/kw.hr and the engine develops a torque of 100 N.m at 2000 r.p.m

calculate the volumetric and brake thermal efficiency , given that (A/F) 30/1
L.C.V =4000 KJ/kg and ambient conditions are p=1.013 bar , T=25°C .

Sol:

2rNT __ 2m+2000%100

= = 209KW
60%1000 60%1000

=mp*xLV.Cx 1,

my = 6.28 Kg/hr

6.28

= 3600~ 0.00174 kg/sec

my

B, 20.9

me*L.C.V  0.0017 * 40000

Npen = = 0.0 = 299 = 29.9%

_ (mair)actual

vV — T
L (Mair)ideal

(mair)ideal = Pair * Vs

V. =V. N 1.8%1073 2000 0.26 m3
e *k = . k3 *k = .
ST 0%z 60 * 1 m*/sec

P x10% 1.013 = 102
RT  0.287 * 298

= 1.184 kg/m?

Pair =
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= Mg, = 0.0522 kg/sec

Mair 0.0522
Ny = - = = 0.73 = 73%
Pair * Vs 1.184 % 0.06

Ex2: a-4 cylinder 4-stroke diesel engine has a bore =21 cm and stroke
L= 29cm .and running at 720 r.p.m .the bmep =6 bar , and b.s.f.c is 0.23

kg/kw.hr . the (A/F) is 24/1. calculate the Ny, , My and Ny, given
ambient conditions are P=1 bar, T=15°C, L.C.V of fuel is 44000 KJ/Kg and

Nm = 80% .
Sol:

. mB? N w(0.21)2
Vs = * L xC % =

0.29 4 x—20_ _ 024 m3
= x 0.29 x 4 * = 0.
4 60 * Z 4 60 * 2 m*/s

B, = bmep x V; ¥ 10% = 6 x 0.24 » 10% = 144 KW
B, =myp*L.C.V*1,,

S.f.c=—=023=—"—>Dm=——
s-f.c My 3600

B, 144

144 0.35 = 35%
Moth = 570092 « 44000 > 07

0.35

Nith

= 0.0092 Kg/s
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= My, = 0.2208 kg /sec

1.01 * 102

= 0.287 * 298
0.2208

= 1.22 kg/m?

= 0.75=75%
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Air-Standard Assumptions

In our study of gas power cycles, we assume that the working fluid is air,
and the air undergoes a thermodynamic cycle even though the working fluid
in the actual power system does not undergo a cycle.

To simplify the analysis, we approximate the cycles with the following
assumptions:

« The air continuously circulates in a closed loop and always behaves as an
ideal gas.

All the processes that make up the cycle are internally reversible.

The combustion process is replaced by a heat-addition process from an
external source.

A heat rejection process that restores the working fluid to its initial state
replaces the exhaust process.

The cold-air-standard assumptions apply when the working fluid is air
and has constant specific heat evaluated at room temperature (25°C or
77°F).

Terminology for Reciprocating Devices

 The following is some terminology we need to understand for
reciprocating engines—typically piston-cylinder devices. Let’s look at
the following figures for the definitions of top dead center (TDC), bottom
dead center (BDC), stroke, bore, intake valve, exhaust valve, clearance
volume, displacement volume, compression ratio, and mean effective
pressure.
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Pressure-Volume Diagrams

A pressure volume diagram (or PV diagram, or volume-pressure loop) is
used to describe corresponding changes in volume and pressure in a system.
They are commonly used in thermodynamics,

PV diagrams, originally called indicator diagrams, were developed in the
18th century as tools for understanding the efficiency of steam engines.

A PV diagram plots the change in pressure P with respect to volume V for
some process or processes. Typically in thermodynamics, the set of
processes forms a cycle, so that upon completion of the cycle there has been
no net change in state of the system; i.e. the device returns to the starting
pressure and volume.

The figure shows the features of a typical PV diagram. A series of numbered
states (1 through 4) are noted. The path between each state consists of some

process (A through D) which alters the pressure or volume of the system (or
both).
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A key feature of the diagram is that the amount of energy expended or
received by the system as work can be estimated as the area under the curve
on the chart. For a cyclic diagram, the net work is that enclosed by the curve.
In the example given in the figure, the processes 1-2-3 produce a work
output, but processes from 3-4-1 require a smaller energy input to return to
the starting position / state; thus the net work is the difference between the
two.

Note that this figure is highly idealized, and a diagram showing the
processes in a real device would tend to depict a more complex shape of the
PV curve.

Mean process on p-v diagram

Recall from the previous section...

AU=Q+W
Q>0  system absorbs heat from the environment
Q<0  system releases heat to the environment
W>0  work done on the system by the environment
W<0  work done by the system on the environment

A system can be described by three thermodynamic variables. — pressure,
volume, and temperature. Well, maybe it's only two variables. With
everything tied together by the ideal gas law, one variable can always be
described as dependent on the other two.

PV=mRT
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Curves

isobaric
« constant pressure
« "bar" comes from the Greek word for heavy: Bapvic [varys]
. examples: weighted piston, flexible container in earth's atmosphere, hot
air balloon
PV graph is a horizontal line
W =-PAV = AU =Q — PAV

isobar

constant pressure

horizontal PV graph
W=—PAV&A U=Q-PAV

@
e
=
w
w
@
—
(=N
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isochoric
 constant volume
« "chor" comes from the Greek word for volume: y®pog [khoros]
« examples: closed rigid container, constant volume thermometer
PV graph is a vertical line

W=0=>AU=Q

isochor
constant volume
vertical PV graph

W=0&A U=Q

@
e
=
w -
w
[<4]
—
(=8

volume

v V.
Q =mey(T, — Ty) 1p;1=p;2
1 2

PV=mRT
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isothermal
. constant temperature
« "therm" comes from the greek work for heat: Oeppotra [thermotita]
. examples: "slow" processes, breathing out through a wide open mouth
PV graph isa rectangular hyperbola
AU 0=0=

isotherm

constant temperature
hyperbolic PV graph
AU=0& Q=-W

@
—
=
w ]
w
18]
—
o
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adiabatic
no heat exchange with the environment
adiabatic has a complex Greek origin that means "not + through +go":
o + Ao + Batog [a + dia + vatos]
examples: "fast" processes, forcing air out through pursed lips, bicycle
tire pump
PV diagram is a "steep hyperbola"

Q 0=>AU=W

adiabat

no heat transfer

“steep hyperbolic” PV graph
Q=0&A U=W

pressure

P1V1Y=P2sz '

whereas( y) gas index is y = g

Forairy=14, C, = 1.005kJ]/Kg.k, C, =0.717k]/Kg.k
R=287 J/Kg. K
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Lecture No (7)

Otto Cycle
1. Class: third Year

2. Subject: Otto Cycle

3. Number of weeks: one week

4. Central idea: Otto Cycle
5. The Test:
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Otto Cycle: The Ideal air standard Cycle for Spark-Ignition Engines
(petrol engine)

Consider the automotive spark-ignition power cycle.

Processes

Intake stroke
Compression stroke
Power (expansion) stroke

Exhaust stroke

End of

combustion ExhaustC Air—fuell

mixture

Exhaust[
valvell

(eN opens
Intakel ’h,),,e&y - Air—fuell
valye opens on mixture
\ Exhaust [ B 3
B O =

Intake

F———1——
|
1J
Compression[ Power (expansion)[] ExhaustC
stroke stroke stroke stroke

(a) Actual four-stroke spark-ignition engine

l Din ! 9out

(2)-(3)

L I 1 ®H-1)

Isentropicl] v = const.[] Isentropic(] v = const.[]
compression heat addition expansion heat rejection

1
BDC v
(b) Ideal Otto cycle

prepared by : Dr. Omar M. yousif




Northern Technical University
Technical college of Engineering / Mosul
Power Mechanics Engineering Technology
Combustion Engineering (Fourth year)

Process 1-2 isentropic compression ( piston moves from BDC to
TDC gas compressed isentropically pvY=c.

Process 2-3 constant volume heat adding ( at the TDC ,the piston is
kept at rest instantaneous , combustion occurs , heat adding at
constant volume .

Process 3-4 isentropic expansion (the piston returns to the BDC,
gas is expanded isentropically pvY=c.

Process 4-1 constant volume heat rejection (piston kept at rest heat
Is rejected from gas at constant volume until the initial condition is
attained .

Compression ratio :the ratio of the maximum volume formed in the
cylinder to the minimum (clearance ) volume
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_ Vmax _ V1
~ Vmin V2

r

swept volume + clearance volume
r =

clearance volume

_ VstV

Ve Intake Exhaust
T ) valve valve
V. =— D°L

4

TDC: Top died center

BDC: Bottom died center

Vs: swept volume

V.: clearance volume

L:stroke

D: diameter of cylinder (bore)

Thermal efficiency of the ideal Otto cycle :

_ Wnet __ Qadd _Qrej

Notto = =
Qadd Qadd

1 — Qrej
Qadd

Qaaa = mc, (T3 — T3)

Qrej =mc,(Ty, — Ty)

Notto =

prepared by : Dr. Omar M. yousif




Northern Technical University
Technical college of Engineering / Mosul
Power Mechanics Engineering Technology
Combustion Engineering (Fourth year)

mc, (T, — T1) (T, — Ty)

" mey(T; — Ty) (T,

mc, (T4 - Tl)

Notto = - va(T?, _ Tz) - —

Process (1-2)

T v \Y 1 _
T2 _ (_1) rr-1
T V2

Process (3-4)

Ty V3 2}

Typicall

i compression
ratios for
gasolinel
engines

6 8 10 12 14
Compression ratio, »

We see that increasing the compression ratio increases the thermal
efficiency. However, there is a limit on r depending upon the fuel. Fuels
under high temperature resulting from high compression ratios will
prematurely ignite, causing knock.
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Example(1):Calculate the thermal efficiency of Otto cycle with a cylinder
bore of (50 mm) and stroke of (75 mm) .and a clearance volume of 21.3
cm?

Sol :

1
Notto = 1 — -1

_ Vmax _ V1
"~ Vmin V2

r

swept volume + clearance volume
T =

clearance volume

V1=VS+VC

T 2
V. =— D%L
4

n
V, = n (50%) * 75 = 147.2 cm?®

Vv, =147.2+21.3 =168.2

168.2
Yy = — =
21.3

1
7.92Y—-1

=1 =56.3%
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Example2: ) The compression ratio of an air standard Otto cycle is 9 .the
pressure and temperature at the beginning of the compression process is 100
Kpa , 30 °C respectively .and the temperature and volume at the end of
expansion process is 800k ,600 cm? respectively. Determine

1)Maximum pressure and temperature in the cycle.
2)The amount of heat added to the cycle.

3)The thermal efficiency of the cycle.

Sol:

Process 1-2

y—1
B (ﬁ) =T, = 303(9)*"1=729.69k

T V5
Vl == V4, = 00006 m3

v,  0.0006 ,
=1 =9 = V, = 0.0000666m
v, W

P, = 2170.44 Kpa

Process 3-4

y—1
L (V_) = Ty = 800(9)*~1=1926.57k

Ty V3

Process 2-3

psVa oV, T, (1926.57

)(2170.44) = 5730.55Kpa

., 1, P371,P27\72069
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Quaa = cy(Ts — Ty) = 0.717(1926.57 — 729.69)
= 858.1629 KJ/Kg

= 5847%
9Y
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Lecture No (8)

diesel cycle

1. Class: third Year

2. Subject: diesel cycle

3. Number of weeks: one week

4. Central idea: diesel cycle
5. The Test:
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diesel cycle

The ideal approximation of the diesel compression ignition internal
combustion engine is the air standard diesel cycle :

P

injector

Diesel engine
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Process 1-2 isentropic compression ( piston moves from BDC to
TDC gas compressed isentropically pvY=c.

Process 2-3 constant pressure heat adding ( at the TDC ,the piston
IS kept at rest instantaneous , combustion occurs , heat adding at
constant pressure .

Process 3-4 isentropic expansion (the piston returns to the BDC,
gas is expanded isentropically pvY=c.

Process 4-1 constant volume heat rejection (piston kept at rest heat
Is rejected from gas at constant volume until the initial condition is
attained .

Volume at Point (3) called cut off volume
Definition :

1-Compression ratio :the ratio of the maximum volume formed in
the cylinder to the minimum (clearance ) volume .

_Vmax Vi1

"~ Vmin V2
2- Expansion ratio (re ) :the ratio between the volumes in the
expansion process (3-4)

_ Vmax V4
e = Vewt of f vol V3

3-Cut off ratio (e) :the ratio of the cylinder volumes after and
before the combustion process :
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_ Veutoffvol V3

¢ Vmin V2

e Vo, V3 V3 V3

Te

Thermal efficiency of the ideal diesel cycle :

_ Wpet _ Qadd —Qrej

MIpiesel Qadd Qadd

Qrej

Npieser = 1 — 0
add

Qaaa = mcy (T3 — T)
Qrej =mc,(Ty — Ty)

_ mey(Ty—T1) _ . (Ty—T1)

"IDiesel = mcp (T3 —T2) B Y(T3-T2)

Process (1-2)

T V2

T V-
_3=_3=e ﬁTg =T2.e
T; 2}

_ y—1
T; =Tir .e

Process (3-4)
r=@ =G
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=n ()

r
e¥1

= y-1
T, =Tyr e

T4 = Tley

T,e¥-T. eV-1
Npieser = 1 — _1 - - Npieset = 1 — -
y[TyrY~le-TrY—1] yrY=—1l(e—1)

Ex1:-The compression ratio of an air standard diesel cycle is 18
and cutoff ratio 1.5 .at the beginning of the compression stroke the
temperature 290 k . determine :-

1-the maximum temperature of the air
2- the heat addition

3-thermal efficiency

y—1
) =T, =290(18)"*"1=921.5k

T V-
= (V_Z) =T, =T,.e = (921.5).(1.5) = 1382 k
2-Qaaq = ¢p(T5 — T,) = 1.005(1382 — 921.5) = 462.80 K] /K g

e¥-1

3- Npieser = 1 — yrY—1(e—1)
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1.514-1

Npieset = 1 — 14184 1(15-1) = 0.6565

Ex2: Calculate the thermal efficiency of air standard diesel cycle
with a compression ratio of (15) and the maximum and minimum
cycle temperature of (1650 °C ) and (15 °C) respectively .the
maximum pressure is (45) bar .the properties of air at room
temperature.(cp=1.005Kj/kg.k).(cv=0.718KJ/kg.k).(R=0.287
kJ/kg.k) (y=1.4)

y—1
- (ﬁ) =T, = 288(15)*~1=850.802k

2}

3
Vs = 0.12264 =
kg

T _ Vz _ 1923 _ 0.12264

3
=23 = = =V, = 0.05426 —

V3 012264
e =0 —

=== = 2.262
V,  0.05426

2.26214 1

Mpieset = 1 = 141514-1(2262-1) 0.59 = 59%
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Lecture No (9)
Air-fuel cycle

1. Class: third Year

2. Subject: Air-fuel cycle

3. Number of weeks: Two week

4. Central idea: Air-fuel cycle
5. The Test:
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Air-fuel cycle

The theoretical cycle based on the actual properties of the cylinder gases is

called the (Air-fuel). this cycle may be taken the following consideration.

1- The actual composition of cylinder gases
2- The variation in the specific heat of gases with temperature.(i.e cp & cv

not constant )

3- The fact the fuel — air not completely combine chemically at high

temperature.

4- The variation in the number molecular present in the cylinder at high

temperature.

Air-fuel cycle assumption

Fuel is completely vaporized and perfectly mixed with air .

Burning or combustion take place at top dead center .

Assume no heat exchange occurs between the gases and cylinder wall,
Compression and expansion are reversible and charge (air+fuel)

transfer happen but work transfer may be ignored .
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Definitions :

1- Fresh air ( mass flow rate of air ) ( m;- ) : which is the new mass of
air supplied to cylinder for each cycle :

tigy = (1= ) v (1)

f: Residual gases fraction

2- Fresh fuel ( 7iye;) : may be defined as new mass of fuel supplied to

the cylinder for each cycle .

Where :
F= Fuel — Air ratio
my 3 1

e

Total charge my:
Is the total constant of cylinder at any time of the cycle .
mT - Thair + mf + mR

Where
mpy : Residual mass
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4- Fresh mixture (m;) :
This may be classified according to the type of engine (S.1 or C.1)

For S.I (Mfresn = Mg + M)

For C.1 (mfresh = My )

Finally : we may summarized then as follows :
my;, = (1—f)

my = (1—f)F

mg = (1+F)f

m, =(1+F)
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The fuel -air cycle
1-constant volume cycle (gasoline engine cycle):

Exhaust valve
Vet

point (4) exhaust valve is opened
T4=To = Texn

point (0) exhaust valve is closed
Po=P1 = Pexh

JP}@(;\}A} .3}5} )d;.l.} g_ﬁ}u: g_:;a..d\ L)ﬁ: < L) u.s).ul\ gﬁJJ;A 0 )9 AJ\AL;
4l sl Jaly asdle &l jle
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f: Residual gases fraction

at point (4) Ta= Texn

PVy = My RT gy e v oee e
At point (0)

PexnVa = MgRTexn

PV, = (1 + F)RT, .. ...
PonVo = (1 + F)fRT, .. .......
(3) o (2) Asadl it

P4V1 = (1 + F)RT4_
PexnVo = (1 + F)fRT,

my =(1-f)F
mp = (1+F)f
m,, =(1+F)

Lpm

Ym =

- Cym

i 1
— Cpi = m_ (Mg Cpair + mepf + mRCpR)

m m
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2-constant pressure cycle (Diesel engine cycle):

Fuel
Injection
Exhaust Valve
Opens

Pressure

Atmospheric
sy -, .03 ~—®  Pressure

-

0 1

Inlet Valve Opens

IS
T

Volume

Actual p-v Diagram for a Four Stroke Diesel Cycle Engine

Pexh 1
= k% —

P,
m,, = (Mg, +mg)
atpoint (1) m = my,
(0-1) intake stroke (air only)
(1-2) compression stroke (air + Residual gases )

mm = (mair + mR)

= — (Mg Cpair + mRCpR)
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Start of
injection

Pressure

Start of
combustion

TDC
Crank Angle

Qada = My Com (T3 — T)

Qadd - mf x L.C.V

_ mme(T3 - T4)
34 Yy — 1

_ mmRm(TZ - Tl)
12 ym _ 1

Whet = W3y — Wi,

_ Wnet
Nth =
Qada

T3 = Thnax

P3 = Brax

Prosses 3-4 isentropic expansion
T,: Temperature of exhaust

P,: pressure at the end of expansion (before the exhaust valve
opened)
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Calculation of trapped temperature:
T} : trapped Temperature

Enthalpy balance

1- For constant volume cycle

H = z Hy oo (A)

Hp = (Hyyr + Hy + Hg)
H,, = m,,Com(T; — 273)

Hair = mairCPair (Tair - (2)

Hp = myCpy(Ty —

Hg = mgCpg(Tg — 273)
Put equ (1,2,3,4) inequ A
Mo Com (Ty — 273) = Mgy Cpair(Tair — 273) + My Cps (T — 273) + mgCpr(Tg — 273)

2- For constant pressure cycle :

H = z Hyooooooo (A)

Hy, = (Hgir + Hg)

H,, =m,,Cp,,(T; — 273)

Hoir = Mair Cpair (Tair — (2)
Hp = mgCpr(Tg — 273) 3)

M Cpm (Ty — 273) = Myir Cpair (Tair — 273) + mgCpr(Tg — 273)
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Ex1: a constant volume fuel air cycle of compression ratio (7) uses a fuel of
CgH.g .the actual air -fuel ratio is 120% of the stoichiometric one. the
ambient Patm is 1.01 bar & Temp is 30°C. the temperature and pressure
before the exhaust valve opened is 1100 K and 5bar. calculate the maximum
temperature in the cycle. mean effective pressure and thermal efficiency.
taking in the account that for reactants (total charge) m=28.5, cp =1.45
Kj/kg.k , L.C.V =40000 kj /kg .assume Tf=20 °C, Cpf=1.8 kj/kg.k

Sol:
CgHyg + A(O, + 3.76N,) — aCO, + bH,0 + A * 3.76N,

A=n+Dl=g1 s
=n 4_ 4_

CsHyg + 12.5(0, + 3.76N,) — 8C0, + 9H,0 + 12.5 * 3.76N,

A, 125%32+125%3.76%28 _
(Flstoic = —@v12)+ 18+ D]

A
(—) =1.2%x15=18
F actual

1 1
= ——=—=0.0553

g, (%) 18
f — Pexh *l

P, r
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Mg, =(1—f)=1-0.0288 =0.971kg
i, = (1— f)F = (1 - 0.0288)0.0559 = 0.0542 kg
mg = (1+F)f = (1+ 0.0559)0.0288 = 0.0304 kg
1, = (1+ F) =1+0.0559=1.0559 kg

Hp = (Hgir + Hy + Hg)

Mo Com (Ty — 273) = Mgy Cpair(Tair — 273) + myCps (T — 273) + mgCpgr (T — 273)

1.0559 * 1.45(T, — 273)
= 0.971 % 1.005(303 — 273) + 0.0542 * 1.8(293 — 273)
+0.0304 * 1.15(1100 — 273) = T, = 312.279K

_ Com

Ym =

CVm

Ro
m=——=

Cym = Cpm — R = 145 — 0.2918 =

Cpm 145
pm
= 2 425
m = T 116

T, = T, (r)Y~1 = 312.279(r)***™! = 507.94K

Qqaa = My * L.C.V = 0.0542 « 40000 = 2168 kJ
Quad = MimCym(T3 — T2) = 2168 = 1.0559 % 1.16(T3 — 507.94)

T, = 2277.96K

Whet
(V1 = V) * 107

mep =
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MR (T, —T;)  1.0559 % 0.29(507.94 — 312.279)
Ym — 1 125—1
= 239.65K]/Kg

Wi, =

Cvp = Cpp — Ry
R, 8314 K]

= — =02725——
M~ 305 Kg.K

K]

Cyp = Cpp — R, = 1.15 — 0.2725 = 0.877 KoK
Com 115

= pm - 1.31
Y=, T 0877

 MpRy(Ts—T,)  1.0559 + 0.2725(2277.96 — 1100)

A | 131—1
= 1093.34K] /Kg

Wit = W3, — Wy, = 1093.34 — 239.65 = 853.747K] /Kg
PV, =m,R,,T;

1.01 «V; = 1.0559 « 0.2918 * 303

V; =0.92m3

Vi
r=— =V,=0.132m3
V2

W, _ 853.747
(V, = V,) 102 (0.92 — 0.132) * 102

= 10.83 bar

Wper  853.747
Nen = = = 39.37%
Quaa 2168
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EX2: A constant pressure fuel-air cycle , the compression ratio is 16 , and
the ambient condition are 1.0 bar & 25°C . the fuel air ratio is gives as 0.075
& residual gas fraction is 5% . if the pressure at the end of expansion stroke
Is 6 bar and exhaust temperature 1000K and the L.C.V 42000 KJ /Kg
.Calculate the cut off ratio and mep .assume Cer is 1.2 KJ /Kg.K & M=29 &
for reactants (total charge) m=28

Sol:

Mgy = (1—f) =1—0.05=0.95 kg
mg = (1+ F)f = (1 +0.075)0.05 = 0.0537 kg
1, = (1+ F) =1+0.0559=1.0037 kg

m; 1
Com = z; Cpi = 700 (0.95 * 1.005 + 0.0537 * 1.2)

37
= 1.015KJ/Kg.K

Hy = (Hair + Hg)
mmCPm(Tl - 273) = mairCPair(Tair - 273) + mRCPR(TR - 273)

1.0037 « 1.015(T, — 273)
= 0.95 * 1.005(298 — 273) + 0.0537 * 1.2(1000 — 273)
> T,=380K

R, 8314 KJ
Rm = ﬁ = W = 02969[(9—1(
Cym = Cpm — Ry = 1.015 — 0.2969 = 0.718
_ Cym _1.015

Ym = T 0718
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T, = T;(r)Y1 =380(16)**'"1 = 1184 K
1y = (1— f)F = (1-0.05)0.075 = 0.0712 kg
Qaqa = M * L.C.V = 0.0712 = 42000 = 2990 kJ
Qaaa = MmCym (T4 — T3) = 2990 = 1.0037 * 1.015(T, — 1184)
Ty = 4119.34K

Wnet
(Vy = V) = 102

mep =

_ MyR,(T, —T;)  1.0037  0.2969(1184 — 380)
12— Yim — 1 B 1.41 -1
= 584.34K]/Kg

R0_8.314_0286 K]
M 29 7T Kg.K

KJj
Cyp = Cpp — R, = 1.2 — 0.286 = 0.914 KoK

C 1.2
= PP _ =1.312
Cyp 0914

Yp

_ MuRy(Ts —T,)  1.0037 » 0.286(4119.34 — 1000)
oy -1 1312 -1
= 2869.97K]/Kg

Wer = Way — Wy, = 2869.97 — 584.34 = 2285.63K]/Kg

PV, = mpy R, Ty
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100 « V; = 1.0037 * 0.2969 * 380
V, = 1.132m3

A 3
r=— =V, =0.0707m
V2

~ Wor 2285.63

= 21.53 bar

(V. =V, * 102 (1.132 — 0.0707) * 102

_ Veutoff vol V3
~ Vmin V2

V3 _T3_411934 __
V2 T2 1184

e
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Lecture No (10)
HYDROCARBON FUELS

1. Class: third Year

2. Subject: hydrocarbon fuels

3. Number of weeks: Two week

4. Central idea: hydrocarbon fuels

5. The Test:
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Hydrocarbon fuels

SOME COMMON HYDROCARBON COMPONENTS

Carbon atoms form four bonds in molecular structures, while hydrogen has
one bond. A saturated hydrocarbon molecule will have no double or triple
carbon-to carbon bonds and will have a maximum number of hydrogen
atoms. An unsaturated molecule will have double or triple carbon-to-carbon
bonds. A number of different families of hydrocarbon molecules have been
identified; a few of the more common ones are described :

Paraffins

The paraffin family (sometimes called alkanes) are chain molecules with a
carbon-hydrogen combination of CnH2n+ 2, n being any number. The
simplest member of this family, and the simplest of all stable hydrocarbon
molecules, is methane(CH4), which is the main component of natural gas. It

can be pictured as:

methane (CHy)

Other species of this family include:

propane (C3Hs)

butane (C4Hio)

prepared by : Dr. Omar M. yousif




Northern Technical University
Technical college of Engineering / Mosul
Power Mechanics Engineering Technology
Combustion Engineering (Fourth year)

L

Sometimes tl}e chains in the molecule are branched, and other molecular
structures are obtained with the same number of carbon and hydrogen atoms. One

such isomer is isobutane, which has the same chemical formula as butane (C4H;g)
but has a different structure:

isobutane (C4Hq)

isooctane (CgHig)

Olefins

The olefin family consists of chain molecules that contain one double carbon-
carbon bond, and are therefore unsaturated. The prefixes from Table 4-2 are used
with the suffix “ene.” The chemical makeup is C,H2,. Examples of olefins are:

ethene (C: Hy)

butene-1 (C4Hs)

butene-2 (C4Hg)

isobutene or 2-methylpropene (C4Hg)
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3 Diolefins
Diolefins are chain molecules similar to olefins, except that they have two double
carbon-carbon bonds. These unsaturated compounds have the chemical formula

CnH;, _, and use the suffix “diene.”

H H H
| l |
2,5-heptadiene (C;H;3) H—(IZ—(|3=C—(|I—C=?—C—H
l l l
H H H H H H H

Acetylene
The acetylene family has unsaturated chain molecules with a triple carbon—carbon
bond and the chemical formula C.Hz, - 2. The best known member of the family is
acetylene (G Hy).

acetylene (C;H3) H—C=C—H

Cycloparaffins

Cycloparaffins have unsaturated molecules with a single-bond ring and a chemical
formula of C,H,,,.

cyclobutane (C,Hjg)

cyclopentane (CsHyy)

Many variations of these molecules are possible, with one or more of the
attached hydrogen atoms replaced with various side radicals and/or chains.
Cycloparaffins make good automobile gasoline components.
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6 Aromatics

Aromatic molecules have an unsaturated ring structure with double car}?on—f.;arbon
bonds and a general chemical formula of C,H>,_s. The basic molecule in this fam-
ily is the benzene ring:

benzene (C¢Hs)

H H

This is modified by replacing the hydrogen atoms with various groups:

CH; CoHs

J J

toluene (C;Hg) ethylbenzene (CgHig)

When more than one hydrogen atom is replaced, many isomers are possible:

CH,
CH;

CH3 CHj;
orthoxylene (CsHio) metaxylene (CgHio) paraxylene (CsHp)

When more than one ring combine in a single large molecule, many additional
species are possible:

CH,

Aromatics generally make good gasoline fuel components, with some
exceptions due to exhaust pollution. They have high densities in the liquid
state and thus have high energy content per unit volume. Aromatics have
high solvency characteristics, and care must be used in material selection for

the fuel delivery system (e.g., they will dissolve or swell some gasket
materials). Aromatics will dissolve a greater
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amount of water than some other hydrocarbons and thus can create fuel line freez-
ing problems when the temperature is lowered and some of the water comes out of
solution. Aromatics make poor CI engine fuel.

Alcohol

Alcohols are similar to paraffins with one of the hydrogen atoms replaced with the
hydroxyl radical OH. The most common alcohols are:

H

methyl alcohol (methanol), CH; OH H—C—0—H

l
H

H H

|
ethyl alcohol (ethanol), C,Hs OH H—C—C—0—H

|
H H

H H H

o
propyl alcohol (propanol), C;H;OH H—C—C—C—0—H

|
H H H
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1-Hydrocarbon fuels gasoline

The main fuel for Sl engines is gasoline, which is a mixture of many
hydrocarbon components and is manufactured from crude petroleum . Crude
oil is made up almost entirely of carbon and hydrogen with some traces of
other species. It varies from 83% to 87% carbon and 11% to 14% hydrogen
by weight The crude oil mixture which is taken from the ground is separated
into component products by cracking and/or distillation using thermal or
catalytic methods at an oil refinery. Cracking is the process of breaking large
molecular components into more useful components of smaller molecular
weight. Preferential distillation is used to separate the mixtures into single
components or smaller ranges of components. Generally, the larger the
molecular weight of a component, the higher is its boiling temperature. Low
boiling temperature components (smaller molecular weights) are used for
solvents and fuels (gasoline), while high boiling temperature components
with their large molecular weights are used for tar and asphalt or returned to
the refining process for further cracking. The component mixture of the
refining process is used for many products, including:

automobile gasoline , diesel fuel , aircraft gasoline ,jet fuel ,home heating
fuel ,industrial heating fuel ,natural gas ,lubrication oil , asphalt ,alcohol

,rubber ,paint , plastics , explosives
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2-DIESEL FUEL

Diesel fuel (diesel oil, fuel oil) is obtainable over a large range of molecular
weights and physical properties. Diesel fuel can be classified as Light diesel
fuel has a molecular weight of about 170 and can be approximated by the
chemical formula C12.3H22.2 . Light diesel fuel will be less viscous and
easier to pump, will generally inject into smaller droplets, and will be more
costly. Heavy diesel fuel has a molecular weight of about 200 and can be
approximated as C14.6H24.8.. Heavy diesel fuel can generally be used in
larger engines with higher injection pressures and heated intake systems.
Often an automobile or light truck can use a less costly heavier fuel in the
summer, but must change to a lighter, less viscous fuel in cold weather

because of cold starting and fuel line pumping problems.

ALTERNATE FUELS
1-Alcohol

Alcohols are an attractive alternate fuel because they can be obtained from a

number of sources, both natural and manufactured. Methanol (methyl
alcohol) and ethanol (ethyl alcohol) are two kinds of alcohol that seem most
promising and have had the most development as engine fuel.

The advantages of alcohol as a fuel include:

1. Can be obtained from a number of sources, both natural and
manufactured.

2. Is high octane fuel with anti-knock index numbers (octane number on fuel
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pump) of over 100. High octane numbers result, at least in part, from the
high flame speed of alcohol. Engines using high-octane fuel can run more
efficiently by using higher compression ratios.

3. Generally less overall emissions when compared with gasoline.

4. When burned, it forms more moles of exhaust, which gives higher
pressure and more power in the expansion stroke.

5. Has high evaporative cooling (hfg) which results in a cooler intake
process and compression stroke. This raises the volumetric efficiency of the
engine and reduces the required work input in the compression stroke.

6. Low sulfur content in the fuel.

The disadvantages of alcohol fuels include:

1. Low energy content of the fuel. This means that almost twice as much
alcohol as gasoline must be burned to give the same energy input to the
engine. With equal thermal efficiency and similar engine output usage, twice
as much fuel would have to be purchased, and the distance which could be
driven with a given fuel tank volume would be cut in half. The same amount
of automobile use would require twice as much storage capacity in the
distribution system, twice the number of storage facilities, twice the volume
of storage at the service station, twice as many tank trucks and pipelines, etc.

Even with the lower energy content of alcohol, engine power for a given

displacement would be about the same. This is because of the lower air-fuel

ratio needed by alcohol. Alcohol contains oxygen and thus requires less air
for stoichiometric combustion. More fuel can be burned with the same

amount of air.
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2. More aldehydes in the exhaust. If as much alcohol fuel was consumed as
gasoline, aldehyde emissions would be a serious exhaust pollution problem.
3. Alcohol is much more corrosive than gasoline on copper, brass,
aluminum, rubber, and many plastics. This puts some restrictions on the
design and manufacturing of engines to be used with this fuel. This should
also be considered when alcohol fuels are used in engine systems designed
to be used with gasoline. Fuel lines and tanks, gaskets, and even metal
engine parts can deteriorate with long-term alcohol use (resulting in cracked
fuel lines, the need for special fuel tank, etc). Methanol is very corrosive on
metals.

4. Poor cold weather starting characteristics due to low vapor pressure and
evaporation. Alcohol-fueled engines generally have difficulty starting at
temperatures below 10°C. Often a small amount of gasoline is added to

alcohol fuel, which greatly improves cold-weather starting. The need to do

this, however, greatly reduces the attractiveness of any alternate fuel.

5. Poor ignition characteristics in general.

6. Alcohols have almost invisible flames, which is considered dangerous
when

handling fuel. Again, a small amount of gasoline removes this danger.

7. Danger of storage tank flammability due to low vapor pressure. Air can
leak into storage tanks and create a combustible mixture.

8. Low flame temperatures generate less NOx, but the resulting lower
exhaust temperatures take longer to heat the catalytic converter to an

efficient operating temperature.
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9. Many people find the strong odor of alcohol very offensive. Headaches
and dizziness have been experienced when refueling an automobile.

10. Vapor lock in fuel delivery systems

2-Hydrogen

advantages of using hydrogen as a fuel:

1. Low emissions. Essentially no CO or HC in the exhaust as there is no
carbon in the fuel. Most exhaust would be H20 and N2«

2. Fuel availability. There are a number of different ways of making
hydrogen, including electrolysis of water.

3. Fuel leakage to environment is not a pollutant.

4. High energy content per volume when stored as a liquid. This would give

a large vehicle range for a given fuel tank capacity, but see the following.

Disadvantages of using hydrogen as a fuel:

1. Heavy, bulky fuel storage, both in vehicle and at the service station.
Hydrogen can be stored either as a cryogenic liquid or as a compressed gas.
If stored as a liquid, it would have to be kept under pressure at a very low
temperature. This would require a thermally super-insulated fuel tank.
Storing in a gas phase would require a heavy pressure vessel with limited
capacity.

2. Difficult to refuel.

3. Poor engine volumetric efficiency. Any time a gaseous fuel is used in an

engine,
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the fuel will displace some of the inlet air and poorer volumetric efficiency
will result.

4. Fuel cost would be high at present-day technology and availability.

5. High NOx emissions because of high flame temperature.

6. Can detonate.
3-Natural Gas-Methane

Natural gas is a mixture of components, consisting mainly of methane (60-
98%) with small amounts of other hydrocarbon fuel components. In addition
it contains various amounts of N2, CO2, He, and traces of other gases. Its
sulfur content ranges from very little (sweet) to larger amounts (sour). It is
stored as compressed natural gas (CNG) at pressures of 16 to 25 MPa, or as
liquid natural gas (LNG) at pressures of 70 to 210 kPa and a temperature
around -160°C. As a fuel, it works best in an engine system with a single-
throttle body fuel injector. This gives a longer mixing time, which is needed
by this fuel. Tests using CNG in various sized vehicles continue to be

conducted by government agencies and private industry

Advantages of natural gas as a fuel include:
1. Octane number of 120, which makes it a very good Sl engine fuel. One

reason for this high octane number is a fast flame speed. Engines can operate

with a high compression ratio.

2. Low engine emissions. Less aldehydes than with methanol.
3. Fuel is fairly abundant worldwide with much available in the United

States. It can be made from coal but this would make it more costly.
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Disadvantages of natural gas as an engine fuel:

1. Low energy density resulting in low engine performance.

2. Low engine volumetric efficiency because it is a gaseous fuel.

3. Need for large pressurized fuel storage tank. Most test vehicles have a
range of only about 120 miles. There is some safety concern with a
pressurized fuel tank.

4. Inconsistent fuel properties.

5. Refueling is slow process.

4- Propane

Propane has been tested in fleet vehicles for a number of years. It is a good
high octane Sl engine fuel and produces less emissions than gasoline: about
60% less CO, 30% less HC, and 20% less NOXx. Propane is stored as a liquid
under pressure and delivered through a high-pressure line to the engine,
where it is vaporized. Being a gaseous fuel, it has the disadvantage of lower

engine volumetric efficiency

And other type of fuel

5- Reformulated Gasoline.
6- Coal-Water Slurry
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Lecture No (11)
Octane Number &Cetane Number
1. Class: third Year

2. Subject: Octane Number &Cetane Number

3. Number of weeks: one week

4. Central idea: Octane Number &Cetane Number

5. The Test:

prepared by : Dr. Omar M. yousif




Northern Technical University
Technical college of Engineering / Mosul
Power Mechanics Engineering Technology
Combustion Engineering (Fourth year)

Octane Number &Cetane Number

Self-Ignition Characteristics of Fuels

If the temperature of an air-fuel mixture is raised high enough, the mixture
will self ignite without the need of a spark plug or other external igniter. The
temperature above which this occurs is called the self-ignition temperature
(SIT). This is the basic principle of ignition in a compression ignition
engine. The compression ratio is high enough so that the temperature rises
above SIT during the compression stroke. Self ignition then occurs when
fuel is injected into the combustion chamber. On the other hand, self-ignition
(or pre-ignition, or auto-ignition) is not desirable in an Sl engine, where a
spark plug is used to ignite the air-fuel at the proper time in the cycle. The
compression ratios of gasoline-fueled Sl engines are limited to about 11:1

to avoid self-ignition. When self-ignition does occur in an Sl engine higher

than desirable, pressure pulses are generated. These high-pressure pulses can

cause damage to the engine and quite often are in the audible frequency

range. This phenomenon is often called knock or ping.
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Figure (1) shows the pressure-time history within a cylinder of a typical Sl

engine. With no self-ignition the pressure force on the piston follows a
smooth curve, resulting in smooth engine operation. When self-ignition does

occur, pressure forces on the piston are not smooth and engine knock occurs

Cylinder Pressure
Cylinder Pressure

Time Time
{a) Normal Combustion with No Knock (b) Combustion with Light Knock

Cylinder Pressure

Time
(c) Combustion with Heavy Knock

l'j‘igure 1 Cylind.cr pressure as a function of time in a typical SI engine combus-
tion chambgr showing (a) normal combustion, (b) combustion with light knock, and
(¢) combustion with heavy knock. Adapted from [33].
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The idea of combustion can then be extrapolated to real combustion engine
shapes. Before combustion the chamber is divided into four equal mass
units, each occupying an equal volume. Combustion starts at the spark plug
on the left side, and the flame front travels from left to right. As combustion
occurs, the temperature of the burned gases is increased to a high value.
This, in turn, raises the pressure of the burned gases and expands the volume
of that mass as shown in Fig. 2(b). The unburned gases in front of the flame
front are compressed by this higher pressure, and compressive heating raises
the temperature of the gas. The temperature of the unburned gas is further
raised by radiation heating from the flame, and this then raises the pressure
even higher. Heat transfer by conduction and convection are not important
during this process due to the very short time interval involved.

The flame front moving through the second mass of air-fuel does so at an
accelerated rate because of the higher temperature and pressure, which
Increase the reaction rate. This, in turn, further compresses and heats the
unburned gases in front of the flame as shown in Fig. 4-5(c). In addition, the
energy release in the combustion process raises further the temperature and
pressure of the burned gases behind the flame front. This occurs both by

compressive heating and radiation. Thus, the flame front continues its travel

through an unburned mixture that is progressively higher in temperature and

pressure. By the time the flame reaches the last portion of unburned gas, this
gas is at a very high temperature and pressure. In this end gas near the end of

the combustion process is where self-ignition and knock occur.
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To avoid knock, it is necessary for the flame to pass through and consume

all unburned gases which have risen above self-ignition temperature before

the ignition delay time elapses. This is done by

1-a combination of fuel property control

2-design of combustion chamber geometry.

. By limiting the compression ratio in an Sl engine, the temperature at the
end of the compression stroke where combustion starts is limited. The
reduced temperature at the start of combustion then reduces the temperature
throughout the entire combustion process, and knock is avoided. On the
other hand, a high compression ratio will result in a higher temperature at
the start of combustion.
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Octane Number and Engine Knock

The fuel property that describes how well a fuel will or will not self-ignite is
called the octane number or just octane.
The two standard reference fuels used are
1- Isooctane = octane number (ON) of 100 .( high-compression ratios )
2- n-heptane =octane number (ON ) of 0 (low compression ratios)
There are several different tests used for rating octane numbers,
1- Motor Method (MON)
2- Research Method (RON)
3-anti-knock index: AKI = (MON + RON)/2

Common octane numbers (anti-knock index) for gasoline fuels used in
automobiles range from 87 to 95, with higher values available for special
high-performance and racing engines. Reciprocating Sl aircraft engines

usually use low-lead fuels with octane numbers in the 85 to 100 range.

The octane number of a fuel depends on a number of variables, that affect
ON are combustion chamber geometry, turbulence, swirl, temperature, inert
gases, etc.

The higher the flame speed in an air-fuel mixture, the higher the octane
number. This is because, with a higher flame speed, the air-fuel mixture that
is heated above SIT will be consumed during ignition delay time, and knock

will be avoided.
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Generally there is a high correlation between the compression ratio and the

ON of the fuel an engine requires to avoid knock (Fig. 3).
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Octane Number (AKI)

If several fuels of known ON are mixed, a good approximation of the

mixture octane number is:
ONmix = (% ofA)(ONA) + (% ofB)(ONB) + (% of C)(ONc)

where % = mass percent.
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There are a number of gasoline additives that are used to raise the octane

number. For many years the standard additive was tetraethyllead TEL,
(C2Hs)4Pb.A few milliliters of TEL in several liters of gasoline could raise
the ON several points in a very predictable manner but TEL which has toxic

vapors and is even harmful in contact with human skin. (Fig. 4).
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Cetane Number

In a compression ignition engine, self-ignition of the air-fuel mixture is a
necessity. The correct fuel must be chosen which will self-ignite at the
precise proper time in the engine cycle. It is therefore necessary to have
knowledge and control of the ignition delay time of the fuel. The property
that quantifies this is called the cetane number. The larger the cetane
number, the shorter is the ID and the quicker the fuel will self-ignite in the
combustion chamber environment. A low cetane number means the fuel will
have a long ID. Like octane number rating, cetane numbers are established

by comparing the test fuel to two standard reference fuels. The fuel
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component n-cetane (hexadecane), Cis6Hz34, is given the cetane number value
of 100, while heptamethylnonane (HMN), C12Hz3a4,is given the value of 15.
The cetane number (CN) of other fuels is then obtained by comparing the ID

of that fuel to the ID of a mixture blend of the two reference fuels with

CN of fuel = (percent of n-cetane) + (0.15)(percent of HMN)

Normal cetane number range is about 40 to 60. For a given engine injection

timing and rate, if the cetane number of the fuel is low the ID will be too
long. When this occurs, more fuel than, desirable will be injected into the
cylinder before the first fuel particles ignite, causing a very large, fast
pressure rise at the start of combustion. This results in low thermal

efficiency and a rough-running engine. If the CN

of the fuel is high, combustion will start too soon in the cycle. Pressure will rise
before TDC, and more work will be required in the compression stroke.

Cetane numbers below 40 result in unacceptable levels of exhaust smoke and
are illegal by many emission laws. The cetane number of a fuel can be raised with
certain additives which include nitrates and nitrites. There is a strong inverse corre-
lation between the cetane number of a fuel and its octane number.
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APPENDIX

A

SELECTED THERMODYNAMIC PROPERTIES OF GASES
CompPRISING C—H-O-N SYSTEM

TABLES A.1 TO A.12
Ideal-gas values for standard reference state (7' = 298.15K, P = 1 atm) for
Ep(T), h(T) = hf g, WY(T). (1), gUT)  for
CO, CO,, H,, H, OH, H,0, N,, N, NO, NO,, 0,, O.

Enthalpy of formation and Gibbs function of formation for compounds
are calculated from the elements as

W AT)=h(T)- Y vhA(T)

Jjelements
FAT)=g(T)— > gD
Jj elements
=W AT) - TS~ Y v/[-T5D))

J elements

SOURCE: Tables were generated from curvefit coefficients given in Kee, R. J.,
Rupley, F. M., and Miller, J. A., “The Chemkin Thermodynamic Data Base,”
Sandia Report, SANDS87-8215B, March 1991.

TABLE A.13

Curvefit coefficients for ¢,(T) for the same gases as above.

SOURCE: ibid.
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Table A.1 Carbon monoxide (CO), MW = 28.010, enthalpy of formation @ 298K
(kd/kmol) = -110, 541

o (h°(T ) — h3(298)) B(T) 5°(T) g(T)

T(K)  (kJ/kmol-K) (kJ/kmol) (kJ/kmol)  (kJ/kmol-K)  (kJ/kmol)

200 28.687 ~2,835 ~111,308 186.018 —128,532

298 29.072 0 —110,541 197.548 —137,163

300 29.078 54 —110,530 197.728 137,328

400 29.433 2,979 —110,121 206.141 —146,332

500 29.857 5,943 —110,017 212.752 —155,403

600 30.407 8,955 ~110,156 218.242 —164,470

700 31.089 12,029 ~110,477 222.979 ~173,499

800 31.860 15,176 ~110,924 227.180 _182,473

900 32.629 18,401 —111,450 230.978 ~191,386
1,000 33.255 21,697 ~112,022 234.450 -200,238
1,100 33.725 25,046 112,619 237.642 —209,030
1,200 34.148 28,440 113,240 240.595 ~217,768
1,300 34.530 31,874 113,881 243.344 226,453
1,400 34.872 35,345 ~114,543 245915 —235,087
1,500 35.178 38,847 115,225 248.332 ~243,674
1,600 35.451 42,379 ~115,925 250.611 —252,214
1,700 35.694 45,937 — 116,644 252.768 —260,711
1,800 35.910 49,517 —~117,380 254.814 269,164
1,900 36.101 53,118 ~118,132 256.761 —2717,576
2,000 36.271 56,737 —118,902 258.617 —285,948
2,100 36.421 60,371 —119,687 260.391 —294,281
2,200 36.553 64,020 120,488 262.088 -302,576
2,300 36.670 67,682 —121,305 263.715 ~310,835
2,400 36.774 71,354 —122,137 265.278 ~319,057
2,500 36.867 75,036 ~122,984 266.781 —327,245
2,600 36.950 78,727 —123,847 268.229 —335,399
2,700 37.025 82,426 —124,724 269.625 —343,519
2,800 37.093 86,132 —125,616 270.973 —351,606
2,900 37.155 89,844 —126,523 272.275 ~359,661
3,000 37.213 93,562 —127,446 273.536 —367,684
3,100 37.268 97,287 128,383 274.757 —375,677
3,200 37.321 101,016 —129,335 275.941 —383,639
3,300 37.372 104,751 —130,303 277.090 ~391,571
3,400 37.422 108,490 —131,285 278.207 —399,474
3,500 37.471 112,235 ~132,283 279.292 —407,347
3,600 37.521 115,985 —133,295 280.349 415,192
3,700 37.570 119,739 —134,323 281.377 423,008
3,800 37.619 123,499 ~135,366 282.380 430,796
3,900 37.667 127,263 ~136,424 283.358 438,557
4,000 37.716 131,032 137,497 284.312 446,291
4,100 37.764 134,806 138,585 285.244 453,997
4,200 37.810 138,585 —139,687 286.154 —461,677
4,300 37.855 142,368 140,804 287.045 —469,330
4,400 37.897 146,156 ~141,935 287.915 —476,957
4,500 37.936 149,948 —143,079 288.768 484,558
4,600 37.970 153,743 —144,236 289.602 —492,134
4,700 37.998 157,541 —145,407 290.419 —499,684




Appendix A

Table A.1 (continued)
& (h°(T) — i7(298)) m(T) 5°(T) &(T)
T(K) (kJ/kmol-K) (kJ/kmol) (kJ/kmol) (kJ/kmol-K) (kJ/kmol)
4,800 38.019 161,342 —146,589 291.219 —507,210
4,900 38.031 165,145 —147,783 292.003 —514,710
5,000 38.033 168,948 —148,987 292.771 —522,186
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Table A.2

Carbon dioxide (CO3), MW = 44.011, enthalpy of formation @ 298K
(kd/kmol) = —393,546

g (B(T)— i2(298))  R(T) §9(T) g(T)

T(K)  (kJ/kmol-K) (kJ/kmol) (kd/kmol)  (kJ/kmol-K)  (kJ/kmol)

200 32.387 -3,423 393,483 199.876 394,126

298 37.198 0 —393,546 213.736 —394,428

300 37.280 69 —393,547 213.966 —394,433

400 41.276 4,003 —393,617 225.257 —394,718

500 44.569 8,301 —393,712 234.833 —394,983

600 47313 12,899 393,844 243.209 ~395,226

700 49.617 17,749 —394,013 250.680 ~395,443

800 51.550 22,810 —394.213 257.436 —395,635

900 53.136 28,047 394,433 263.603 -395,799
1,000 54.360 33,425 —394,659 269.268 —395,939
1,100 55.333 38,911 —394,875 274.495 —396,056
1,200 56.205 44,488 395,083 279.348 —396,155
1,300 56.984 50,149 —395,287 283.878 —396,236
1,400 57.677 55,882 —395,488 288.127 ~396,301
1,500 58.292 61,681 —395,691 292.128 ~396,352
1,600 58.836 67,538 —395,897 295.908 —396,389
1,700 59.316 73,446 ~396,110 299.489 -396,414
1,800 59.738 79,399 ~396,332 302.892 ~396,425
1,900 60.108 85,392 —396,564 306.132 ~396,424
2,000 60.433 91,420 —396,808 309.223 —396,410
2,100 60.717 97,477 —397,065 312.179 ~396,384
2,200 60.966 103,562 —397,338 315.009 —396,346
2,300 61.185 109,670 —397,626 317.724 ~396,294
2,400 61.378 115,798 ~397,931 320.333 ~396,230
2,500 61.548 121,944 ~398,253 322.842 ~396,152
2,600 61.701 128,107 —398,594 325.259 —396,061
2,700 61.839 134,284 ~398,952 327.590 —395,957
2,800 61.965 140,474 -399,329 329.841 ~395,840
2,900 62.083 146,677 ~399,725 332.018 —395,708
3,000 62.194 152,891 —400,140 334.124 —395,562
3,100 62.301 159,116 —400,573 336.165 —395,403
3,200 62.406 165,351 —401,025 338.145 ~395,229
3,300 62.510 171,597 —401,495 340.067 ~395,041
3,400 62.614 177,853 —401,983 341.935 —394,838
3,500 62.718 184,120 —402,489 343.751 —394,620
3,600 62.825 190,397 ~403,013 345.519 —394,388
3,700 62.932 196,685 —403,553 347.242 —394,141
3,800 63.041 202,983 —404,110 348.922 —393,879
3,900 63.151 209,293 —404,684 350.561 ~393,602
4,000 63.261 215,613 —405,273 353.161 ~393,311
4,100 63.369 221,945 —405,878 353.725 ~393,004
4,200 63.474 228,287 — 406,499 355.253 ~392,683
4,300 63.575 234,640 —407,135 356.748 ~392,346
4,400 63.669 241,002 —407,785 358.210 ~391,995
4,500 63.753 247,373 —408,451 359.642 ~391,629
4,600 63.825 253,752 —409,132 361.044 ~391,247
4,700 63.881 260,138 —409,828 362.417 ~390,851
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Table A.2 (continued)
& (F°(T) — K2(298)) B(T) 5°(T) 2(T)
T(K)  (kJ/kmol-K) (kJ /kmol) (J/kmol)  (kJ/kmol-K)  (kJ/kmol)
4,800 63.918 266,528 -410,539 363.763 —390,440
4,900 63.932 272,920 —411,267 365.081 —390,014
5,000 63.919 279,313 —412.010 366.372 —389,572
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Table A.3 Hydrogen (Hz), MW = 2.016, enthalpy of formation @ 298K (kd/kmol) =0

& (F°(T) — h}(298)) B(T) §°(T) g(T)
T(K)  (kJ/kmol-K) (kJ/kmol) (kJ/kmol)  (kJ/kmol-K)  (kJ/kmol)
200 28.522 -2,818 0 119.137 0
298 28.871 0 0 130.595 0
300 28.877 53 0 130.773 0
400 29.120 2,954 0 139.116 0
500 29.275 5,874 0 145.632 0
600 29.375 8,807 0 150.979 0
700 29.461 11,749 0 155.514 0
800 29.581 14,701 0 159.455 0
900 29.792 17,668 0 162.950 0
1,000 30.160 20,664 0 166.106 0
1,100 30.625 23,704 0 169.003 0
1,200 31.077 26,789 0 171.687 0
1,300 31.516 29,919 0 174.192 0
1,400 31.943 33,092 0 176.543 0
1,500 32.356 36,307 0 178.761 0
1,600 32.758 39,562 0 180.862 0
1,700 33.146 42,858 0 182.860 0
1,800 33.522 46,191 0 184.765 0
1,900 33.885 49,562 0 186.587 0
2,000 34.236 52,968 0 188.334 0
2,100 34.575 56,408 0 190.013 0
2,200 34.901 59,882 0 191.629 0
2,300 35216 63,388 0 193.187 0
2,400 35.519 66,925 0 194.692 0
2,500 35.811 70,492 0 196.148 0
2,600 36.091 74,087 0 197.558 0
2,700 36.361 77,710 0 198.926 0
2,800 36.621 81,359 0 200.253 0
2,900 36.871 85,033 0 201.542 0
3,000 37.112 88,733 0 202.796 0
3,100 37.343 92,455 0 204.017 0
3,200 37.566 96,201 0 205.206 0
3,300 37.781 99,968 0 206.365 0
3,400 37.989 103,757 0 207.496 0
3,500 38.190 107,566 0 208.600 0
3,600 38.385 111,395 0 209.679 0
3,700 38.574 115,243 0 210.733 0
3,800 38.759 119,109 0 211.764 0
3,900 38.939 122,994 0 212.774 0
4,000 39.116 126,897 0 213.762 0
4,100 39.291 130,817 0 214.730 0
4,200 39.464 134,755 0 215.679 0
4,300 39.636 138,710 0 216.609 0
4,400 39.808 142,682 0 217.522 0
4,500 39.981 146,672 0 218.419 0
4,600 40.156 150,679 0 219.300 0
4,700 40.334 154,703 0 220.165 0
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Table A.3 (continued)
& (#(T) — £3(298)) (T) 5°(T) g(T)
TK)  (kJ/kmol-K) (kJ/kmol) (kJ/kmol)  (kJ/kmol-K)  (kJ/kmol)
4,800 40.516 158,746 0 221.016 0
4,900 40.702 162,806 0 221.853 0
5,000 40.895 166,886 0 222.678 0
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Table A.4 Hydrogen atom (H), MW = 1.008, enthalpy of formation @ 298K (kJ/kmol)

=217,977
& (r°(T) — h7(298)) m(T) 5°(T) g:(T)
TK)  (kJ/kmol-K) (kJ/kmol) (kj/kmol)  (kJ/kmol-K)  (kJ/kmol)
200 20.786 —2,040 217,346 106.305 207,999
298 20.786 0 217,977 114.605 203,276
300 20.786 38 217,989 114.733 203,185
400 20.786 2,117 218,617 120.713 198,155
500 20.786 4,196 219,236 125.351 192,968
600 20.786 6,274 219,848 129.351 187,657
700 20.786 8,353 220,456 132.345 182,244
800 20.786 10,431 221,059 135.121 176,744
900 20.786 12,510 221,653 137.569 171,169
1,000 20.786 14,589 222,234 139.759 165,528
1,100 20.786 16,667 222,793 141.740 159,830
1,200 20.786 18,746 223,329 143.549 154,082
1,300 20.786 20,824 223,843 145.213 148,291
1,400 20.786 22,903 224,335 146.753 142,461
1,500 20.786 24,982 224,806 148.187 136,596
1,600 20.786 27,060 225,256 149.528 130,700
1,700 20.786 29,139 225,687 150.789 124,777
1,800 20.786 31,217 226,099 151.977 118,830
1,900 20.786 33,296 226,493 153.101 112,859
2,000 20.786 35,375 226,368 154.167 106,869
2,100 20.786 37,453 227,226 155.181 100,860
2,200 20.786 39,532 227,568 156.148 94,834
2,300 20.786 41,610 227,894 157.072 88,794
2,400 20.786 43,689 228,204 157.956 82,739
2,500 20.786 45,768 228,499 158.805 76,672
2,600 20.786 47,846 228,780 159.620 70,593
2,700 20.786 49,925 229,047 160.405 64,504
2,800 20.786 52,003 229,301 161.161 58,405
2,900 20.786 54,082 229,543 161.890 52,298
3,000 20.786 56,161 229,772 162.595 46,182
3,100 20.786 58,239 229,989 163.276 40,058
3,200 20.786 60,318 230,195 163.936 33,928
3,300 20.786 62,396 230,390 164.576 27,792
3,400 20.786 64,475 230,574 165.196 21,650
3,500 20.786 66,554 230,748 165.799 15,502
3,600 20.786 68,632 230,912 166.954 9,350
3,700 20.786 70,711 231,067 166.954 3,194
3,800 20.786 72,789 231,212 167.508 ~2,967
3,900 20.786 74,368 231,348 168.048 -9,132
4,000 20.786 76,947 231,475 168.575 —15,299
4,100 20.786 79,025 231,594 169.088 —21,470
4,200 20.786 81,104 231,704 169.589 —27,644
4,300 20.786 83,182 231,805 170.078 —33,820
4,400 20.786 85,261 231,897 170.556 —39,998
4,500 20.786 87,340 231,981 171.023 ~46,179
4,600 20.786 89,418 232,056 171.480 —52,361
4,700 20.786 91,497 232,123 171.927 —58,545
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Table A.4 (continued)
& (#°(T) — h3(298)) B(T) 5°(T) &(T)
T(K)  (kJ/kmol-K) (kJ/kmol) (kJ/kmol)  (kJ/kmol-K)  (kJ/kmol)
4,800 20.786 93,575 232,180 172.364 —64,730
4,900 20.786 95,654 232,228 172.793 -70,916
5,000 20.786 97,733 232,267 173.213 —77,103
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Table A.5 Hydroxyl (OH), MW = 17.007, enthalpy of formation @ 298K (kl/kmol)
= 38,985
g (1) - BQ®) (D) 5°(1) (1)
T(K)  (kJ/kmol-K) (kJ/kmol) (kJ/kmol)  (kJ/kmol-K)  (kJ/kmol)
200 30.140 —2,948 38,864 171.607 35,808
298 29.932 0 38,985 183.604 34,279
300 29.928 55 38,987 183.789 34,250
400 29.718 3,037 39,030 192.369 32,662
500 29.570 6,001 39,000 198.983 31,072
600 29.527 8,955 38,909 204.369 29,494
700 29.615 11,911 38,770 208.925 27,935
800 29.844 14,883 38,599 212.893 26,399
900 30.208 17,884 38,410 216.428 24,885
1,000 30.682 20,928 38,220 219.635 23,392
1,100 31.186 24,022 38,039 222.583 21,918
1,200 31.662 27,164 37,867 225.317 20,460
1,300 32.114 30,353 37,704 227.869 19,017
1,400 32.540 33,586 37,548 230.265 17,585
1,500 32.943 36,860 37,397 232.524 16,164
1,600 33.323 40,174 37,252 234.662 14,753
1,700 33.682 43,524 37,109 236.693 13,352
1,800 34.019 46,910 36,969 238.628 11,958
1,900 34.337 50,328 36,831 240.476 10,573
2,000 34.635 53,776 36,693 242.245 9,194
2,100 34915 57,254 36,555 243.942 7,823
2,200 35.178 60,759 36,416 245.572 6,458
2,300 35.425 64,289 36,276 247.141 5,099
2,400 35.656 67,843 36,133 248.654 3,746
2,500 35.872 71,420 35,986 250.114 2,400
2,600 36.074 75,017 35,836 251.525 1,060
2,700 36.263 78,634 35,682 252.890 -275
2,800 36.439 82,269 35,524 254.212 —-1,604
2,900 36.604 85,922 35,360 255.493 -2,927
3,000 36.759 89,590 35,191 256.737 —4,245
3,100 36.903 93,273 35,016 257.945 —5,556
3,200 37.039 96,970 34,835 259.118 —6,862
3,300 37.166 100,681 34,648 260.260 —8,162
3,400 37.285 104,403 34,454 261.371 -9,457
3,500 37.398 108,137 34,253 262.454 —10,745
3,600 37.504 111,882 34,046 263.509 -12,028
3,700 37.605 115,638 33,831 264.538 —13,305
3,800 37.701 119,403 33,610 265.542 —14,576
3,900 37.793 123,178 33,381 266.522 —15,841
4,000 37.882 126,962 33,146 267.480 ~17,100
4,100 37.968 130,754 32,903 268.417 —18,353
4,200 38.052 134,555 32,654 269.333 —19,600
4,300 38.135 138,365 32,397 270.229 —20,841
4,400 38.217 142,182 32,134 271.107 -22,076
4,500 38.300 146,008 31,864 271.967 —23,306
4,600 38.382 149,842 31,588 272.809 —-24.528
4,700 38.466 153,685 31,305 273.636 —25,745
T - o T
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Table A.5 (continued)
2 (h*(T) ~ ky(298)) K(T) 5°(T) &(T)
T(K)  (kJ/kmol-K) (kJ/kmol) (&J/kmol)  (kJ/kmol-K)  (kJ/kmol)
4,800 38.552 157,536 31,017 274.446 ~26,956
4,900 38.640 161,395 30,722 275.242 —28,161
5,000 38.732 165,264 30,422 276.024 —29.360
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Appendix A

Table A.6

Water (H,0), MW = 18.016, enthalpy of formation @ 298K (ki/kmol)
= —241,845,-enthalpy of vaporization (kJ/kmol) = 44,010

3 (B(T) - (298)  R(T) 59(T) a(7)

T(K)  (kJ/kmol-K) (kJ/kmol) &J/kmo)  (kJ/kmol-K)  (kJ/kmol)
200 32.255 -3,227 ~240,838 175.602 ~232,779
298 33.448 0 —241,845 188.715 —228,608
300 33.468 62 ~241,865 188.922 —228,526
400 34.437 3,458 —242,858 198.686 223,929
500 35.337 6,947 ~243,822 206.467 ~219,085
600 36.288 10,528 ~244,753 212.992 —214,049
700 37.364 14,209 245,638 218.665 —208,861
800 38.587 18,005 —246,461 223.733 ~203,550
900 39.930 21,930 ~247,209 228.354 —198,141
1,000 41315 25,993 —247,879 232.633 ~192,652
1,100 42.638 30,191 —248,475 236.634 ~187,100
1,200 43.874 34,518 ~249,005 240.397 —181,497
1,300 45.027 38,963 —249.477 243.955 —175,852
1,400 46.102 43,520 -249,895 247.332 ~170,172
1,500 47.103 48,181 —250,267 250.547 —164,464
1,600 48.035 52,939 ~250,597 253.617 —158,733
1,700 48.901 57,786 —250,890 256.556 ~152,983
1,800 49.705 62,717 ~251,151 259.374 —147,216
1,900 50.451 67,725 ~251,384 262.081 —141,435
2,000 51.143 72,805 —251,594 264.687 ~135,643
2,100 51.784 77,952 —251,783 267.198 —129,841
2,200 52.378 83,160 ~251,955 269.621 ~124,030
2,300 52.927 88,426 252,113 271.961 ~118,211
2,400 53:435 93,744 ~252,261 274.225 —112,386
2,500 53.905 99,112 ~252,399 276.416 ~106,555
2,600 54.340 104,524 ~252,532 278.539 ~100,719
2,700 54.742 109,979 —252,659 280.597 —94,878
2,800 55.115 115,472 —252,785 282.595 ~89,031
2,900 55.459 121,001 ~252,909 284.535 —83,181
3,000 55.779 126,563 ~253,034 286.420 ~77,326
3,100 56.076 132,156 ~253,161 288.254 —71,467
- 3,200 56.353 137,777 —253,290 290.039 —65,604
3,300 56.610 143,426 ~253,423 291.777 —59,737
3,400 56.851 149,099 ~253,561 293.471 —53,865
3,500 57.076 154,795 ~253,704 295.122 —47,990
3,600 57.288 160,514 —253,852 296.733 ~42,110
3,700 57.488 166,252 —254,007 298.305 —36,226
3,800 57.676 172,011 —254,169 299.841 ~30,338
3,900 57.856 177,787 ~254338 301.341 ~24,446
4,000 58.026 183,582 ~254,515 302.808 —18,549
4,100 58.190 189,392 —254,699 304.243 ~12,648
4,200 58.346 195,219 —254,892 305.647 —6,742
4,300 58.496 201,061 ~255,093 307.022 —831
4,400 58.641 206,918 —255,303 308.368 5,085
4,500 58.781 212,790 —255,522 309.688 11,005
4,600 58.916 218,674 -255,751 310.981 16,930
4,700 59.047 224,573 —255,990 312.250 22,861
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Table A.6 (continued)
& (°(T) — k2(298)) K(T) §T) &)
T(K)  (kJ/kmol-K) (kJ/kmol) (kJfkmol)  (kJ/kmol-K)  (kJ/kmol)
4,800 59.173 230,484 —256,239 313.494 28,796
4,900 59.295 236,407 —256,501 314.716 34,737
5,000 59.412 242,343 —256,774 315.915 40,684
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Appendix A

Table A.7

Nitrogen (N2}, MW = 28.013, enthalpy of formation @ 298K {(kJ/kmol}) =0

& (B(T) —i2(298))  k(T) ) (7
TK)  (kJ/kmol-K) (kJ/kmol) (kJ/kmol)  (kJ/kmol-K)  (kJ/kmol)
200 28.793 ~2,841 0 179.959 0
298 29.071 0 0 191.511 0
300 29.075 54 0 191.691 0
400 29.319 2,973 0 200.088 0
500 29.636 5,920 0 206.662 0
600 30.086 8,905 0 212.103 0
700 30.684 11,942 0 216.784 0
800 31.394 15,046 0 220.927 0
900 32.131 18,222 0 224.667 0
1,000 32.762 21,468 0 228.087 0
1,100 33.258 24,770 0 231.233 0
1,200 33.707 28,118 0 234.146 0
1,300 34.113 31,510 0 236.861 0
1,400 34.477 34,939 0 239.402 0
1,500 34.805 38,404 0 241.792 0
1,600 35.099 41,899 0 244.048 0
1,700 35.361 45,423 0 246.184 0
1,800 35.595 48,971 0 248.212 0
1,900 35.803 52,541 0 250.142 0
2,000 35.988 56,130 0 251.983 0
2,100 36.152 59,738 0 253.743 0
2,200 36.298 63,360 0 255.429 0
2,300 36.428 66,997 0 257.045 0
2,400 36.543 70,645 0 258.598 0
2,500 36.645 74,305 0 260.092 0
2,600 36.737 77,974 0 261.531 0
2,700 36.820 81,652 0 262.919 0
2,800 36.895 85,338 0 264.259 0
2,900 36.964 89,031 0 265.555 0
3,000 37.028 92,730 0 266.810 0
3,100 37.088 96,436 0 268.025 0
3,200 37.144 100,148 0 269.203 0
3,300 37.198 103,865 0 270.347 0
3,400 37.251 107,587 0 271.458 0
3,500 37.302 111,315 0 272.539 0
3,600 37.352 115,048 0 273.590 0
3,700 37.402 118,786 0 274.614 0
3,800 37.452 122,528 0 275.612 0
3,900 37.501 126,276 0 276.586 0
4,000 37.549 130,028 0 277.536 0
4,100 37.597 133,786 0 278.464 0
4,200 37.643 137,548 0 279.370 0
4,300 37.688 141,314 0 280.257 0
4,400 37.730 145,085 0 281.123 0
4,500 37.768 148,860 0 281.972 0
4,600 37.803 152,639 0 282.802 0
4,700 37.832 156,420 0 283.616 0
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Table A.7 (continued)
) (5"(7)—5}(298)) B(T) 5°(T) &(T)
T(K)  (kJ/kmol-K) (kJ/kmol) (kJ/kmol)  (kJ/kmol-K)  (kJ/kmol)
4,800 37.854 160,205 0 284412 0
4,900 37.868 163,991 0 285.193 0
5,000 37.873 167,778 0 285.958 0
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Table A.8 Nitrogen atom (N), MW = 14.007, enthalpy of formation @ 298K (kd/kmol)

= 472,629
o (K (T) — K;(298)) k(T) 5°(T) g/(T)
TK)  (kJ/kmol-K) (kJ/kmol) (kJ/kmol)  (kJ/kmol-K)  (kJ/kmol)
200 20.790 2,040 472,008 144.889 461,026
298 20.786 0 472,629 153.189 455,504
300 20.786 38 472,640 153.317 455,398
400 20.786 2,117 473,258 159.297 449,557
500 20.786 4,196 473,364 163.935 443,562
600 20.786 6,274 474,450 167.725 437,446
700 20.786 8,353 475,010 170.929 431,234
800 20.786 10,431 475,537 173.705 424,944
900 20.786 12,510 476,027 176.153 418,590
1,000 20.786 14,589 476,483 178.343 412,183
1,100 20.792 16,668 476,911 180.325 405,732
1,200 20.795 18,747 477,316 182.134 399,243
1,300 20.795 20,826 477,700 183.798 392,721
1,400 20.793 22,906 478,064 185.339 386,171
1,500 20.790 24,985 478,411 186.774 379,595
1,600 20.786 27,064 478,742 188.115 372,996
1,700 20.782 29,142 479,059 189.375 366,377
1,800 20.779 31,220 479,363 190.563 359,740
1,900 20.777 33,298 479,656 191.687 353,086
2,000 20.776 35,376 479,939 192.752 346,417
2,100 20.778 37,453 480,213 193.766 339,735
2,200 20.783 39,531 480,479 194.733 333,039
2,300 20.791 41,610 480,740 195.657 326,331
2,400 20.802 43,690 480,995 196.542 319,612
2,500 20.818 45,771 481,246 197.391 312,883
2,600 20.838 47,853 481,494 198.208 306,143
2,700 20.864 49,938 481,740 198.995 299,394
2,800 20.895 52,026 481,985 199.754 292,636
2,900 20.931 54,118 482,230 200.488 285,870
3,000 20.974 56,213 482,476 201.199 279,094
3,100 21.024 58,313 482,723 201.887 272,311
3,200 21.080 60,418 482,972 202.555 265,519
3,300 21.143 62,529 483,224 203.205 258,720
3,400 21214 64,647 483,481 203.837 251,913
3,500 21.292 66,772 483,742 204.453 245,099
3,600 21.378 68,905 484,009 205.054 238,276
3,700 21.472 71,048 484,283 205.641 231,447
3,800 21.575 73,200 484,564 206.215 224,610
3,900 21.686 75,363 484,853 206.777 217,765
4,000 21.805 77,537 485,151 207.328 210,913
4,100 21.934 79,724 485,459 207.868 204,053
4,200 22,071 81,924 485,779 208.398 197,186
4,300 22217 84,139 486,110 208.919 190,310
4,400 22372 86,368 486,453 209.431 183,427
4,500 22.536 88,613 486,811 209.936 176,536
4,600 22.709 90,875 487,184 210.433 169,637
4,700 22.891 93,155 487,573 210.923 162,730
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Table A.8 (continued)
% (#°(T) — i;(298)) BA(T) 5°(T) &(T)
T(K) (kJ/kmol-K) (kJ/kmol) (kJ/kmol) (kJ/kmol-K) (kJ/kmol)
4,800 23.082 95,454 487,979 211.407 155,814
4,900 23.282 97,772 488,405 211.885 148,890
5,000 23.491 100,111 488,850 212.358 141,956
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Table A.9 Nitric oxide (NO), MW = 30.006, enthalpy of formation @ 298K (kJ/kmol)

= 90,297

& (e (T) — K2(298)) R (T) 59(T) (1)

T(K) (kJ/kmol-K) (kJ/kmol) (kJ/kmol) (kJ /kmol-K) (kJ/kmol)
200 29.374 -2,901 90,234 198.856 87,811
298 29.728 0 90,297 210.652 86,607
300 29.735 55 90,298 210.836 86,584
400 30.103 3,046 90,341 219.439 85,340
500 30.570 6,079 90,367 226.204 84,086
600 31.174 9,165 90,382 231.829 82,828
700 31.908 12,318 90,393 236.688 81,568
800 32.715 15,549 90,405 241.001 80,307
900 33.489 18,860 90,421 244.900 79,043
1,000 34.076 22,241 90,443 248.462 77,778
1,100 34.483 25,669 90,465 251.729 76,510
1,200 34.850 29,136 90,486 254.745 75,241
1,300 35.180 32,638 90,505 257.548 73,970
1,400 35.474 36,171 90,520 260.166 72,697
1,500 35.737 39,732 90,532 262.623 71,423
1,600 35.972 43317 90,538 264.937 70,149
1,700 36.180 46,925 90,539 267.124 68,875
1,800 36.364 50,552 90,534 269.197 67,601
1,900 36.527 54,197 90,523 271.168 66,327
2,000 36.671 57,857 90,505 273.045 65,054
2,100 36.797 61,531 90,479 274.838 63,782
2,200 36.909 65,216 90,447 276.552 62,511
2,300 37.008 68,912 90,406 278.195 61,243
2,400 37.095 72,617 90,358 279.772 59,976
2,500 37.173 76,331 90,303 281.288 58,711
2,600 37.242 80,052 90,239 282.747 57,448
2,700 37.305 83,779 90,168 284.154 56,188
2,800 37.362 87,513 90,089 285.512 54,931
2,900 37.415 91,251 90,003 286.824 53,677
3,000 37.464 94,995 89,909 288.093 52,426
3,100 37.511 98,744 89,809 289.322 51,178
3,200 37.556 102,498 89,701 290.514 49,934
3,300 37.600 106,255 89,586 291.670 48,693
3,400 37.643 110,018 89,465 292.793 47,456
3,500 37.686 113,784 89,337 293.885 46,222
3,600 37.729 117,555 89,203 294.947 44,992
3,700 3771 121,330 89,063 295.981 43,766
3,800 37.815 125,109 88,918 296.989 42,543
3,900 37.858 128,893 88,767 297.972 41,325
4,000 37.900 132,680 88,611 298.931 40,110
4,100 37.943 136,473 88,449 299.867 38,900
4,200 37.984 140,269 88,283 300.782 37,693
4,300 38.023 144,069 88,112 301.677 36,491
4,400 38.060 147,873 87,936 302.551 . 35,292
4,500 38.093 151,681 87,755 303.407 34,098
4,600 38.122 155,492 87,569 304.244 32,908
4,700 38.146 159,305 87,379 305.064 31,721
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Table A.9 (continued)
& (i (T) — i (298)) (T) §°(T) Z(T)
T(K)  (kJ/kmol-K) (kJ/kmol) (kJ/kmol)  (kJ/kmol-K)  (kJ/kmol)
4,800 38.162 163,121 87,184 305.868 30,539
4,900 38.171 166,938 86,984 306.655 29,361
5,000 38.170 170,755 86,779

307.426 28,187

639




640

Appendix A

Table A.10

Nitrogen dioxide {NO,), MW = 46.006, enthalpy of formation @ 298K
{kl/kmol) = 33,098

5 (F(T)—i2(298))  BX(T) 5°(T) (7
TK)  (kJ/kmol-K) (kJ /kmol) (kJ/kmol)  (kJ/kmolK)  (kJ/kmol)
200 32.936 ~3432 33,961 226.016 45,453
298 36.881 0 33,098 239.925 51,291
300 36.949 68 33,085 240.153 51,403
400 40.331 3,937 32,521 251.259 57,602
500 43227 8,118 32,173 260.578 63,916
600 45.737 12,569 31,974 268.686 70,285
700 47913 17,255 31,885 275.904 76,679
800 49.762 22,141 31,880 282.427 83,079
900 51.243 27,195 31,938 288.377 89,476
1,000 52.271 32,375 32,035 293.834 95,864
1,100 52.989 37,638 32,146 298.850 102,242
1,200 53.625 42,970 32,267 303.489 108,609
1,300 54.186 48,361 32,392 307.804 114,966
1,400 54.679 53,805 32,519 311.838 121,313
1,500 55.109 59,295 32,643 315.625 127,651
1,600 55.483 64,825 32,762 319.194 133,981
1,700 55.805 70,390 32,873 322.568 140,303
1,800 56.082 75,984 32,973 325.765 146,620
1,900 56.318 81,605 33,061 328.804 152,931
2,000 56.517 87,247 33,134 331.698 159,238
2,100 56.685 92,907 33,192 334.460 165,542
2,200 56.826 98,583 32,233 337.100 171,843
2,300 56.943 104,271 33,256 339.629 178,143
2,400 57.040 109,971 33,262 342.054 184,442
2,500 57.121 115,679 33,248 344,384 190,742
2,600 57.188 121,394 33,216 346.626 197,042
2,700 57.244 127,116 33,165 348.785 203,344
2,800 57.291 132,843 33,095 350.868 209,648
2,900 57.333 138,574 33,007 352.879 215,955
3,000 57.371 144,309 32,900 354.824 222,265
3,100 57.406 150,048 32,776 356.705 228,579
3,200 57.440 155,791 32,634 358.529 234,898
3,300 57.474 161,536 32,476 360.297 241,221
3,400 57.509 167,285 32,302 362.013 247,549
3,500 57.546 173,038 32,113 363.680 253,883
3,600 57.584 178,795 31,908 365.302 260,222
3,700 57.624 184,555 31,689 366.880 266,567
3,800 57.665 190,319 31,456 368.418 272,918
3,900 57.708 196,088 31,210 369.916 279,276
4,000 57.750 201,861 30,951 371.378 285,639
4,100 57.792 207,638 30,678 372.804 292,010
4,200 57.831 213,419 30,393 374.197 298,387
4,300 57.866 219,204 30,095 375.559 304,772
4,400 57.895 224,992 29,783 376.889 311,163
4,500 57.915 230,783 29,457 378.190 317,562
4,600 57.925 236,575 29,117 379.464 323,968
4,700 57.922 242,367 28,761 380.709 330,381

—



Table A.10 (continued)

Appendix A

& (h°(T) — k2(298)) K (T) 5°(T) &(T)
T(K)  (kJ/kmol-K) (kJ /kmol) (kJfkmol)  (kJ/kmol-K)  (kJ/kmol)
4,300 57.902 248,159 28,389 381.929 336,803
4,900 57.862 253,947 27,998 383.122 343.232
5,000 57.798 259,730 27,586 384.290 349,670
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Table A.11 Oxygen (O2), MW = 31.999, enthalpy of formation @ 298K (kd/kmol) =0

& (#(T) - B(98)  R(T) 5°(T) 2(T)
TK)  (kJ/kmol-K) (kJ/kmol) (kJ/kmol)  (kJ/kmol-K)  (kJ/kmol)
200 28.473 -2,836 0 193.518 0
298 29.315 0 0 205.043 0
300 29.331 54 0 205.224 0
400 30.210 3,031 0 213.782 0
500 31.114 6,097 0 220.620 0
600 32.030 9,254 0 226.374 0
700 32.927 12,503 0 231.379 0
800 33.757 15,838 0 235.831 0
900 34.454 19,250 0 239.849 0
1,000 34.936 22,721 0 243.507 0
1,100 35.270 26,232 0 246.852 0
1,200 35.593 29,775 0 249.935 0
1,300 35.903 33,350 0 252.796 0
1,400 36.202 36,955 0 255.468 0
1,500 36.490 40,590 0 257.976 0
1,600 36.768 44,253 0 260.339 0
1,700 37.036 47,943 0 262.577 0
1,800 37.296 51,660 0 264.701 0
1,900 37.546 55,402 0 266.724 0
2,000 37.788 59,169 0 268.656 0
2,100 38.023 62,959 0 270.506 0
2,200 38.250 66,773 0 272.280 0
2,300 38.470 70,609 0 273.985 0
2,400 38.684 74,467 0 275.627 0
2,500 38.891 78,346 0 277.210 0
2,600 39.093 82,245 0 278.739 0
2,700 39.289 86,164 0 280.218 0
2,800 39.480 90,103 0 281.651 0
2,900 39.665 94,060 0 283.039 0
3,000 39.846 98,036 0 284.387 0
3,100 40.023 102,029 0 285.697 0
3,200 40.195 106,040 0 286.970 0
3,300 40.362 110,068 0 288.209 0
3,400 40.526 114,112 0 289.417 0
3,500 40.686 118,173 0 290.594 0
3,600 40.842 122,249 0 291.742 0
3,700 40.994 126,341 0 292.863 0
3,800 41.143 130,448 0 293.959 0
3,900 41.287 134,570 0 295.029 0
4,000 41.429 138,705 0 296.076 0
4,100 41.566 142,855 0 297.101 0
4,200 41.700 147,019 0 298.104 0
4,300 41.830 151,195 0 299.087 0
4,400 41.957 155,384 0 300.050 0
4,500 42.079 159,586 0 300.994 0
4,600 42.197 163,300 0 301.921 0
4,700 42312 168,026 0 302.829 0
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Table A.11 (continued)
) (h°(T) — k3(298)) R(T) 59(T) 2(T)
TK)  (kJ/kmolK) (kJ/kmol) (kd/kmol)  (kJ/kmol-K)  (kJ/kmol)
4,800 42.421 172,262 0 303.721 0
4,900 42.527 176,510 0 304.597 0
5,000 42.627 180,767 0 305.457 0
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Table A.12 Oxygen atom (O), MW = 16.000, enthalpy of formation @ 298K (kd/kmol)

= 249,197
& (F°(T) — h7(298)) m(T) 5°(T) g(T)
T(K)  (kJ/kmol-K) (kJ fkmol) (ki/kmol)  (kJ/kmol-K)  (kJ/kmol)
200 22477 ~2,176 248,439 152.085 237,374
298 21.899 0 249,197 160.945 231,778
300 21.890 41 249,211 161.080 231,670
400 21.500 2,209 249,890 167.320 225,719
500 21.256 4,345 250,494 172.089 219,605
600 21.113 6,463 251,033 175.951 213,375
700 21.033 8,570 251,516 179.199 207,060
800 20.986 10,671 251,949 182.004 200,679
900 20.952 12,768 252,340 184.474 194,246
1,000 20915 14,861 252,698 186.679 187,772
1,100 20.898 16,952 253,033 188.672 181,263
1,200 20.882 19,041 253,350 190.490 174,724
1,300 20.867 21,128 253,650 192.160 168,159
1,400 20.854 23214 253,934 193.706 161,572
1,500 20.843 25,299 254,201 195.145 154,966
1,600 20.834 27,383 254,454 196.490 148,342
1,700 20.827 29,466 254,692 197.753 141,702
1,800 20.822 31,548 254,916 198.943 135,049
1,900 20.820 33,630 255,127 200.069 128,384
2,000 20.819 35,712 255,325 201.136 121,709
2,100 20.821 37,794 255,512 202.152 115,023
2,200 20.825 39,877 255,687 203.121 108,329
2,300 20.831 41,959 255,852 204.047 101,627
2,400 20.840 44,043 256,007 204.933 94,918
2,500 20.851 46,127 256,152 205.784 88,203
2,600 20.865 48,213 256,288 206.602 81,483
2,700 20.881 50,300 256,416 207.390 74,757
2,300 20.899 52,389 256,535 208.150 68,027
2,900 20.920 54,480 256,648 208.884 61,292
3,000 20.944 56,574 256,753 209.593 54,554
3,100 20.970 58,669 256,852 210.280 47,812
3,200 20.998 60,768 256,945 210.947 41,068
3,300 21.028 62,869 257,032 211.593 34,320
3,400 21.061 64,973 257,114 212.221 27,570
3,500 21.095 67,081 257,192 212.832 20,818
3,600 21.132 69,192 257,265 213.427 14,063
3,700 21.171 71,308 257,334 214.007 7,307
3,800 21.212 73,427 257,400 214.572 548
3,900 21.254 75,550 257,462 215.123 6,212
4,000 21.299 77,678 257,522 215.662 ~12,974
4,100 21.345 79,810 257,579 216.189 ~19,737
4,200 21.392 81,947 257,635 216.703 —26,501
4,300 21.441 84,088 257,688 217.207 33,267
4,400 21.490 86,235 257,740 217.701 —40,034
4,500 21.541 88,386 257,790 218.184 —46,802
4,600 21.593 90,543 257,840 218.658 —53,571
4,700 21.646 92,705 257,889 219.123 ~60,342
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Table A.12 (continued)
& (#°(T) — k3(298)) r(T) 5°(T) &(T)
T(K) (kJ/kmol-K) (kJ/kmol) (kJ/kmol) (kJ/kmol-K) (kJ/kmol)
4,800 21.699 94,872 257,938 219.580 —67,113
4,900 21.752 97,045 257,987 220.028 —73,886
5,000 21.805 99,223 258,036 220.468 ~80,659
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APPENDIX

SELECTED PROPERTIES OF AIR, NITROGEN, AND
OXYGEN

Table C.1 Selected properties of air at 1 atm®
T P [ w107 v-10° k- 103 a-10°
(K) (kg/m’) (kJ/kg-K)  (N-s/m?) (m’[s) (W/m-K) (m’/s) Pr
100 3.5562 1.032 71.1 2.00 9.34 2.54 0.786
150 2.3364 1.012 103.4 4.426 13.8 5.84 0.758
200 1.7458 1.007 132.5 7.590 18.1 10.3 0.737
250 1.3947 1.006 159.6 11.44 22.3 15.9 0.720
300 1.1614 1.007 184.6 15.89 26.3 225 0.707
350 0.9950 1.009 208.2 20.92 30.0 299 0.700
400 0.8711 1.014 230.1 26.41 33.8 38.3 0.690
450 0.7740 1.021 250.7 32.39 373 47.2 0.686
500 0.6964 1.030 270.1 38.79 40.7 56.7 0.684
550 0.6329 1.040 288.4 45.57 439 66.7 0.683
600 0.5804 1.051 305.8 52.69 46.9 76.9 0.685
650 0.5356 1.063 322.5 60.21 49.7 87.3 0.690
700 0.4975 1.075 338.8 68.10 524 98.0 0.695
750 0.4643 1.087 354.6 76.37 54.9 109 0.702
800 0.4354 1.099 369.8 84.93 57.3 120 0.709
850 0.4097 1.110 384.3 93.80 59.6 131 0.7t6
900 0.3868 1.121 398.1 102.9 62.0 143 0.720
950 0.3666 1.131 411.3 112.2 64.3 155 0.723
1,000 0.3482 1.141 424.4 121.9 66.7 168 0.726
1,100 0.3166 1.159 449.0 141.8 71.5 195 0.728
1,200 0.2902 1.175 473.0 162.9 76.3 224 0.728
1,300 0.2679 1.189 496.0 185.1 82 238 0.719
1,400 0.2488 1.207 530 213 91 303 0.703
1,500 0.2322 1.230 557 240 100 350 0.685
1,600 0.2177 1.248 584 268 106 390 0.688
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Appendix C

Table C.1 (continued)
T p ¢ p- 107 v- 108 k-10° o - 10°
X) (kg/m’)  (kJ/kg-K) (N-s/m’)  (m’/s) (W/mK)  (m’/s) Pr
1,700 0.2049 1.267 611 298 113 435 0.685
1,800 0.1935 1.286 637 329 120 482 0.683
1,900 0.1833 1.307 663 362 128 534 0.677
2,000 0.1741 1.337 689 396 137 589 0.672
2,100 0.1658 1.372 715 431 147 646 0.667
2,200 0.1582 1.417 740 468 160 714 0.655
2,300 0.1513 1.478 766 506 175 783 0.647
2,400 0.1448 1.558 792 547 196 869 0.630
2,500 0.1389 1.665 818 589 222 960 0.613
3,000 0.1135 2.726 955 841 486 1,570 0.536

9SOURCE: Incropera, F. P., and DeWitt, D. P., Fundamentals of Heat and Mass Transfer, 3rd Ed.

Reprinted by permission, ©1990, John Wiley & Sons, Inc.



Table C.2 Selected properties of nitrogen and oxygen at 1 atm®

Appendix C

T p e u- 107 v- 108 k- 10° a- 10
(X) (kg/m’)  (I/kgK) (Ns/m®)  (m¥s) (Wm-K) (m¥s) Pr
Nitrogen (N,)
100 3.4388 1.070 68.8 2.00 9.58 2.60 0.768
150 2.2594 1.050 100.6 4.45 13.9 5.86 0.759
200 1.6883 1.043 129.2 7.65 18.3 10.4 0.736
250 1.3488 1.042 154.9 11.48 222 15.8 0.727
300 1.1233 1.041 178.2 15.86 259 22.1 0.716
350 0.9625 1.042 200.0 20.78 293 29.2 0.711
400 0.8425 1.045 220.4 26.16 327 37.1 0.704
450 0.7485 1.050 2396 32.01 358 45.6 0.703
500 0.6739 1.056 257.7 38.24 38.9 54.7 0.700
550 0.6124 1.065 274.7 44 .86 41.7 63.9 0.702
600 0.5615 1.075 290.8 51.79 44.6 73.9 0.701
700 0.4812 1.098 321.0 66.71 499 944 0.706
800 0.4211 1.22 349.1 82.90 54.8 116 0.715
900 0.3743 1.146 375.3 100.3 59.7 139 0.721
1,000 0.3368 1.167 399.9 118.7 64.7 165 0.721
1,100 0.3062 1.187 423.2 138.2 70.0 193 0.718
1,200 0.2807 1.204 445.3 158.6 75.8 224 0.707
1,300 0.2591 1.219 466.2 179.9 81.0 256 0.701
Oxygen (0,)
100 3.945 0.962 76.4 1.94 9.25 2.44 0.796
150 2.585 0.921 114.8 4.44 13.8 5.80 0.766
200 1.930 0.915 147.5 7.64 18.3 10.4 0.737
250 1.542 0915 178.6 11.58 22.6 16.0 0.723
300 1.284 0.920 207.2 16.14 26.8 22.7 0.711
350 1.100 0.929 2335 21.23 29.6 29.0 0.733
400 0.9620 0.942 258.2 26.84 33.0 36.4 0.737
450 0.8554 0.956 281.4 32.90 36.3 44.4 0.741
500 0.7698 0.972 303.3 39.40 41.2 55.1 0.716
550 0.6998 0.988 324.0 46.30 44.1 63.8 0.726
600 0.6414 1.003 343.7 53.59 47.3 73.5 0.729
700 0.5498 1.031 380.8 69.26 52.8 93.1 0.744
800 0.4810 1.054 415.2 86.32 58.9 116 0.743
900 0.4275 1.074 4472 104.6 64.9 141 0.740
1,000 0.3848 1.090 477.0 124.0 71.0 169 0.733
1,100 0.3498 1.103 505.5 144.5 75.8 196 0.736
1,200 0.3206 1.115 532.5 166.1 81.9 229 0.725
1,300 0.2960 1.125 588.4 188.6 87.1 262 0.721

°SOURCE: incropera, F. P., and DeWitt, D. P., Fundamentals of Heat and Mass Transfer, 3rd Ed.

Reprinted by permission, © 1990 John Wiley & Sons, inc.
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BinARY DirFFUSION COEFFICIENTS AND METHODOLOGY
FOR THEIR ESTIMATION

Table D.1 Binary diffusion coefficients at 1 atm®®
Substance A Substance B T(K) Das - 105 (m?/s)
Benzene Air 273 0.77
Carbon dioxide Air 273 1.38
Carbon dioxide Nitrogen 293 1.63
Cyclohexane Air 318 0.86
n-Decane Nitrogen 363 0.84
n-Dodecane Nitrogen 399 0.81
Ethanol Air 273 1.02
n-Hexane Nitrogen 288 10.757
Hydrogen Air 273 0.611
Methanol Air 273 1.32
n-Octane Air 273 0.505
n-Octane Nitrogen 303 0.71
Toluene Air 303 0.88
2,2,4-Trimethyl pentane Nitrogen 303 0.705
(Isooctane)
2,2,3-Trimethyl heptane Nitrogen 363 0.684
Water Air 273 2.2

°SOURCE: Perry, R. H., Green, D. W., and Maloney, J. O., Perry’s Chemical Engineers’ Handbook, 6th
Ed., McGraw-Hill, New York, 1984.

bAssuming ideal-gas behavior, the pressure and temperature dependence of the binary diffusion
coefficient can be estimated using Dap o« T3/2/P.

656



Appendix D

657

PREDICTING BINARY DIFFUSION COEFFICIENTS
FROM THEORY

The following approach for predicting binary diffusion coefficients is a brief
summary of that presented by Reid er al. [1]. The methodology is based on the
Chapman-Enskog theoretical description of binary mixtures of gases at low to
moderate pressures. In this theory, the binary diffusion coefficient for the
species pair A and B is

_ 3 (47TkBT/MWAB)1/2 .
16 (P/R, ol Q) 7

AB (D.1)

where kg is the Boltzmann constant, T (K) is the absolute temperature, P (Pa)
is the pressure, R, is the universal gas constant, and fp is a theoretical correc-
tion factor whose value is sufficiently close to unity to be assumed to be the
same. The remaining terms are defined below:

MW g = 2[(1/MW,) + (1/ MWg)] !, (D.2)

where MW, and MWy are the molecular weights of species A and B, respec-
tively;

oap = (0a +08)/2, (D.3)

where o and og are the hard-sphere collision diameters of species A and B,
respectively, values of which are shown in Table D.2 for several species of
interest in combustion.

The collision integral, Qp, is a dimensionless quantity calculated using the
following expression:

A C E G
Qp = , D4
2= 78V eapdr) T pFT) T exp(HTY (D.4)
where
A = 1.06036, B =10.15610,
C =0.19300, D =0.47635,
E =1.03587, F =1.52996,
G = 1.76474, H =3.89411,
and where the dimensionless temperature T* is defined by
T" = kpT/enn = kpT/(snep)". (D.5)

Values of the characteristic Lennard-Jones energy, ¢;, are also tabulated in
Table D.2 [1].
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Table D.2 Lennard-Jones parameters for selected species [2]

Species o (A) e/kg (K) Species s (A) e/kg (K)
Air 3.711 78.6 n-CsHja 5.784 341.1
Al 2.655 2750 CeHg 5.349 412.3
Ar 3.542 93.3 CsHio 6.182 297.1
B 2.265 3331 n-C¢Ha 5.949 399.3
BO 2.944 596 H 2.708 37.0
B,0O3 4.158 2092 H, 2.827 59.7
C 3.385 30.6 H,0 2.641 809.1
CH 3.370 68.7 H,0, 4.196 389.3
CH;0H 3.626 481.8 He 2.551 10.22
CH,4 3.758 148.6 N 3.298 71.4
CN 3.856 75 NH; 2.900 558.3
CcO 3.690 91.7 NO 3.492 116.7
CO, 3.941 195.2 N, 3.798 71.4
C;H; 4.033 231.8 N,O 3.828 232.4
CyHy 4.163 224.7 [0} 3.050 106.7
CyHg 4.443 215.7 OH 3.147 79.8
C3H;s 5.118 237.1 O, 3.467 106.7
n-C;H;0H 4.549 576.7 S 3.839 847
n-C4Hyo 4.687 5314 SO 3.993 301
iso-C4Hjyo 5.278 330.1 SO, 4.112 335.4

Substituting numerical values for the constants in Eqn. D.1 results in

0.0266T/?
AB = ——15 5 (D.6)
PMWAB UABQD
with the following associated units: DAB[=]m2/s, T[=]K, P[=]Pa, and
oap[=]A.
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APPENDIX

GENERALIZED NEWTON’S METHOD FOR THE SOLUTION
OF NONLINEAR EQUATIONS

The Newton-Raphson method, Eqn. E.1, can be extended and applied to a
system of nonlinear equations, Eqn. E.2:

J(x) S (x)

Xl = X — 700 =X; — a7 ; k = iteration. (E.1)
ar (xx)
System:
fl(xlsXZ’x3v'~'vxn,):Ov (EZ)
.fZ(xl’ X2, X3, .1y xn) = 01
Jalx1, X2, x3, ..., x,) = 0.

Each of these may be expanded in Taylor’s series form (truncating second-
order and higher terms) as

9 o, B
SGE+ D) f,(x>+i81+8f s Vs @)
X7 X3 Xn
fori=1,23,...,n where
x = {x}.

At the solution, f (X 4+ 8) — 0; the above can be arranged as a set of /inear
equations in the matrix form,

[f]{}——{f}
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that is,
W N W
x, ax, | oox, |[& -h
: : : =1 (E.4)
ax, ox, = ox,

where the coefficient matrix on the left-hand-side is called the Jacobian.

Equation E.4 may be solved (for §) using Gauss elimination; once & is
known, the next (better) approximation is found from the recursion relation,

(X} ey = (X} + {0}

The process of forming the Jacobian, solving Eqn. E.4, and calculating
new values for {x} is repeated until a stop criterion is met. The following is

suggested by Suh and Radcliffe [1]:

Stop criterion Condition
16;/x;1 < 107 x;| > 107
or

-7 =7
18,1 < 10 x| < 10

forj=1,2,3,...,n
Estimates to the partial derivatives may be formed numerically from
B_ﬁ_f,»(xl,xz,...,xj—i-s,...,x,,)—f,-(xl,xz,x3,...,xj,...,x,,)
0x; £

where
€= 10’5|xj| for |x;| > 1.0
=107 for |x;| <1.0.

Instability may (in many cases) be avoided as follows:

1. Compare the norm of the new function vector to the norm of the previous

function vector, where

norm = Z | /().
i=1

2. If the norm of the new function vector is greater than that of the old,
assume that the full step {8} would not be productive and take a partial

step {8}/5; otherwise, take a full step as usual.

The process of comparing norms and dividing {8} by an arbitrary constant is
termed ‘‘damping” and has proved successful in obtaining convergence even

with very poor initial guesses.




Appendix E 661

A weakness of the Newton—Raphson method is that the Jacobian must be
calculated at every step.

REFERENCE

I. Suh, C. H., and Radcliffe, C. W., Kinematics and Mechanisms Design, John Wiley &
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